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Abstract 
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Seoul National University 
 

 Nowadays technical demands from project clients and construction 

industry are becoming more and more diversified and growing. Many advanced 

design methods and constructional technologies are increasingly being applied 

to meet the demands. Among many building design technologies, fire design is 

one of the most under-developed and its improvement is urgently needed. 

However, in spite of the fact that the structural fire design guides in Korea is 

still at a relatively low-level of fire engineering, associated experimental and 

analytical fire studies are still lacking and reliable fire test database 

accumulated from systematic full-scale testing of composite members are very 

scarce. This study, therefore, was intended to develop thermal and structural 

analysis technologies for the composite column and beam members and to 
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establish both rational and practical approach under the framework of 

performance-based fire safety design. 

Thermal and structural behavior of rectangular concrete-filled steel 

tubular (CFT) columns under fire condition was first investigated by an 

experimental program to augment the reliable fire test database. One of the key 

observation in this testing program was that early local buckling of steel tubes 

of CFT columns tends to induce load transfer from steel tube to concrete, and 

eventually triggered concrete crushing, or complete loss of the load bearing 

capacity of the columns. This implies that the limit state of local buckling as 

well as overall flexural buckling should be incorporated for a rational fire 

design procedure. Test results also showed that the limiting temperature method 

in current design codes and existing empirical design formula overestimate the 

fire resistance of CFT columns. In order to supplement costly and time-

consuming fire testing, nonlinear finite element modeling technique to simulate 

the thermal and structural response of CFT columns under fire condition was 

also developed and verified against fire tests. Comparison of fire behavior 

between numerical simulations and test results indicated that the numerical 

modeling in this study can predict the fire resistance of CFT columns reasonably. 

Based on the experimental and numerical studies of CFT columns, 

design methods to improve the approaches in current design codes were also 

suggested and verified: (1) To predict more accurately the temperature 

distribution of CFT sections under standard fire condition, new formula was 

proposed based on test-backed finite element heat transfer analysis. (2) 

Limitations of the current simple calculation model for rectangular CFT 
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columns were critically evaluated and a modified simple calculation model was 

proposed considering the effects of column length, sectional width, and steel 

tube thickness. The applicability of the proposed method was validated against 

the fire test results. (3) To determine critical compressive strength of steel tubes 

in CFT sections at elevated temperatures as governed by local buckling, 

theoretical and analytical studies were conducted. Critical buckling curve of 

steel tubes in CFT sections at elevated temperatures was developed based on 

the parametric thermo-mechanical coupled analysis of CFT stub columns. 

Next, fire behavior and resistance of various composite beams 

including H-shaped composite beam, partially encased beam, and slimfloor 

beam were investigated by the standard fire tests. The test results showed that 

partially encased and slimfloor beams can be a promising alternative to 

conventional H-shape composite beams which requires costly and cumbersome 

fire protection works. Numerical study to describe the thermal and structural 

responses of these composite beams was also conducted. Comparison with test 

results showed that the nonlinear finite element modeling developed in this 

study can predict the fire behavior of various composite beams reasonably.  

The fire behavior of CFT columns and composite beams subjected to 

parametric fire conditions was also investigated. It was found that the CFT 

columns under the parametric fires should resist the additional compressive 

load due to the thermal contraction of steel tube by temperature decrease during 

the cooling phase. In the case of composite beams, it was observed that different 

ventilation conditions affect the fire behavior significantly and, especially, slow 

fire-growing condition with lower maximum gas temperature may induce the 



 

iv 

 

larger maximum and residual deflection of composite beam.  

Experimental and analytical studies including the proposed design 

methods in this research can be used to improve current irrational prescriptive 

fire design practice for composite members under the framework of 

performance-based fire safety design. 
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tubular column, Composite beam, Fire resistance, Thermo-
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Notations 

 

,s TA  Cross sectional area of the steel at the temperature T  (mm2) 
 

,sr TA  Cross sectional area of the reinforcing steel bars at the temperature 
T  (mm2) 

 
,c TA  Cross sectional area of the concrete at the temperature T  (mm2) 

 
b  Width of the square section (mm) 
 

effb  Effective width of the concrete slab (mm) 
 

fb  Width of the flange of the steel section (mm) 
 

wb  Height of the web of the steel section (mm) 
 

cc  Specific heat of concrete (J/kgK) 
 

sc  Specific heat of steel (J/kgK) 
 
D  Diameter of the circular section or width of the square section (mm) 
 

eqD  Equivalent diameter of the square section (mm) 
 
d  Depth of the beam (mm) 
 

dE  Design effect of actions for normal temperature design 
 

,fi dE  Design effect of actions in fire condition 
 

sE  Modulus of elasticity of steel at ambient temperature (MPa) 
 

,s TE  Modulus of elasticity of steel at the temperature T  (MPa) 
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cE  Tangent modulus of concrete at ambient temperature (MPa) 
 

,c TE  Tangent modulus of concrete at the temperature T  (MPa) 
 

,seccE  Secant modulus of concrete at ambient temperature (MPa) 
 

,sec,c TE  Secant modulus of concrete at the temperature T  (MPa) 
 

,fi effEI  Effective flexural stiffness in fire (MPa) 
 

ijF  View factor 
 

,p TF  Proportional limit strength of structural steel at the temperature T  

(MPa) 
 

yF  Yield strength of structural steel at ambient temperature (MPa) 
 

,y TF  Effective yield strength of structural steel at the temperature T  

(MPa) 
 

ysrF  Yield strength of reinforcing steel at ambient temperature (MPa) 
 

,ysr TF  Effective yield strength of reinforcing steel at the temperature T  

(MPa) 
 

cf  Compressive cylinder strength of concrete at 28 days (MPa) 
 

,c Tf  Compressive cylinder strength of concrete at the temperature T  

(MPa) 
 
FR  Fire resistance time or fire exposure time (hour or minute) 
 
h  Heat convective coefficient (W/m2K) 
 

ch  Contact thermal conductance of steel-concrete joint (W/m2K) 
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gh  Gap thermal conductance of steel-concrete joint (W/m2K) 
 

jh  Thermal conductance of steel-concrete joint (W/m2K) 
 

,s TI  Second moment of area of the steel section at the temperature T  
(mm4) 

 
,c TI  Second moment of area of the concrete section at the temperature 

T  (mm4) 
 
K  Effective column length factor 
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Chapter 1. Introduction 

 

1.1. Background of research 
 

Fire is one of the severe disasters that cause a great loss of life and 

property. People have expected that their life and property can be protected 

from destructive effects of fire but it is hard to predict and control the unwanted 

fire. Fire safety engineering began to reduce these kinds of fire hazards and can 

be defined as follows (Purkiss 2007): 

 

“The application of scientific and engineering principles to the effects 

of fire in order to reduce the loss of life and damage to property by quantifying 

the risks and hazards involved and provide an optional solution to the 

application of preventive or protective measure.” 

 

Fire safety engineering, thus, is considered as a multi-disciplinary 

field including fire science, fire protection engineering, smoke and heat control, 

human behavior, fire risk analysis, design and management. Among these 

subjects, the passive fire protection engineering which encompasses the design 

procedures to provide the fire resistance and the structural stability for buildings 

have been the most interesting area to structural engineers and have been 

accepted as meaning “Structural fire engineering” (whereas the active fire 

protection includes fire alarms/detection systems and sprinklers). 
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Table 1.1 Example of prescriptive fire design code (IBC 2012) 

Structural 
parts 

Insulating material 

Minimum thickness for 
required fire resistance time 

(inches) 

4 
hours 

3 
hours 

2 
hours 

1 
hour 

Steel 
columns 

and  
all of 

primary 
trusses 

Carbonate, lightweight and sand-
lightweight aggregate concrete, 

members 6”×6” or greater 
2.5 2 1.5 1 

Carbonate, lightweight and sand-
lightweight aggregate concrete, 

members 8”×8” or greater 
2 1.5 1 1 

Carbonate, lightweight and sand-
lightweight aggregate concrete, 

members 12”×12” or greater 
1.5 1 1 1 

Siliceous aggregate concrete, 
members 6”×6” or greater 

3 2 1.5 1 

Siliceous aggregate concrete, 
members 8”×8” or greater 

2.5 2 1 1 

Siliceous aggregate concrete, 
members 12”×12” or greater 

2 1 1 1 

Webs or 
flanges of 

steel 
beams and 

girders 

Carbonate, lightweight and sand-
lightweight aggregate concrete 

with 3” or finer metal mesh placed 
1” from the finished surface 

anchored to the top flange and 
providing no less than 0.025 

square inch of steel area per foot 
in each direction 

2 1.5 1 1 
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Table 1.2 Example of required fire resistance time in the Korean legislation 

Use 
Floor / 

Height (m) 

Required fire resistance time (hour) 

Columns 
and beams 

Floors Roofs 

Office, shop, 
commercial, 

and 
recreation 

More than 12/50  3 2 1 

12/50 or less 2 2 0.5 

4/20 or less 1 1 0.5 

Residential 

More than 12/50  3 2 1 

12/50 or less 2 2 0.5 

4/20 or less 1 1 0.5 

Industry 

More than 12/50  3 2 1 

12/50 or less 2 2 0.5 

4/20 or less 1 1 0.5 

Fig. 1.1 Hierarchical relationship for performance-based design 



 
                                                  Chapter 1. Introduction 

 

 

4 

To achieve the structural fire safety of structural members, the 

prescriptive fire design has been widely used due to the simplicity and 

convenience in practice. Table 1.1 is the example of the prescriptive fire 

resistance recommended by the International Building Code (IBC) of the 

United States (ICC 2012). This kind of method is generally based on the 

required fire resistance for structural members in building code (e.g. Table 1.2) 

and the existing standard fire test results. However, the validity of the traditional 

prescriptive fire design has long been questioned since it does not rationally 

address the specific design conditions. Moreover, it often focuses on the 

immoderate protection of the structural elements against fires and leads to a 

significant addition to construction costs (e.g. overestimation of the protection 

material thickness).  

Recently, in order to overcome the drawbacks of the prescriptive fire 

design, many advanced countries have adopted or are moving toward 

performance-based fire design. This design perspective is based on the 

hierarchical relationship as shown in Fig. 1.1. Overall goals, functional 

objectives, and performance requirements are specified at the high levels in a 

building legislation. Table 1.3 is the example of the hierarchical provisions 

documented in New Zealand building code (2012), which is one of the design 

codes including the performance-based fire design concept.  
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Table 1.3 Hierarchical provision documented in New Zealand building code 

(Building Amendment Regulation 2012) 

Provision for structural stability during fire (Clause C6) 

Objective 

(a) Safeguard people from an unacceptable risk of injury 
or illness caused by fire 
(b) Protect other property from damage caused by fire 
(c) Facilitate firefighting and rescue operations 

Functional 
requirement 

C6.1 Structural systems in buildings must be constructed 
to maintain structural stability during fire so that there is: 
(a) a low probability of injury or illness to occupants 
(b) a low probability of injury or illness to fire service 
personnel during rescue and firefighting operations 
(c) a low probability of direct or consequential damage to 
adjacent household units or other property 

Performance 

C6.2 Structural systems in buildings that are necessary for 
structural stability in fire must be designed and 
constructed so that they remain stable during fire and after 
fire when required to protect other property taking into 
account: 
(a) the fire severity 
(b) any automatic fire sprinkler systems within the 
buildings 
(c) any other active fire safety systems that affect the fire 
severity and its impact on structural stability 
(d) the likelihood and consequence of failure of any fire 
safety systems that affect the fire severity and its impact 
on structural stability 
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Table 1.3 Hierarchical provision documented in New Zealand building code 

(continued) 

Provisions for structural stability during fire (Clause C6) 

Performance 

C6.3 Structural systems in buildings that are necessary to 
provide firefighters with safe access to floors for the 
purpose of conducting firefighting and rescue operations 
must be designed and constructed so that they remain 
stable during and after fire 
C6.4 Collapse of building elements that have lesser fire 
resistance must not cause the consequential collapse of 
elements that are required to have a higher fire resistance. 

 

At the lowest level, there are the three options to evaluate the fire 

resistance of structural members: (1) acceptable solution (so-called ‘deemed-

to-satisfy’ solution) is similar to aforementioned prescriptive approach; (2) 

approved calculation method means standard formulas for calculating the fire 

resistance; (3) performance-based alternative design is comprised of fire 

modeling, thermal and structural analysis. 

Fig. 1.2 compares the design procedure between the prescriptive and 

performance-based design. As shown in Fig. 1.2, the performance-based fire 

design makes it possible to consider the parametric (or natural) fire conditions 

depending on fire load, opening, and boundary condition and offers design 

flexibility and cost-efficiency to structural engineers and project clients, 

respectively. For ‘fully’ performance-based design, of course, the use of 

sophisticated computer models may be inevitable. 
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However, in spite of various advantages of the performance-based fire 

design, implementation in practice is not technically easy because of the lack 

of reliable standard calculation methods, the insufficiency of the experimental 

evidences to assess fire performance, and the complexity of numerical 

modeling. Thus code-compliance is often achieved by returning back to the 

traditional prescriptive approach (Ahn, Lee, and Park 2013).  

According to the existing experimental and analytical observations, 

the underestimation of the fire resistance by this traditional prescriptive 

approach is more obvious in composite members with steel section exposed to 

fire (e.g. CFT columns and partially encased beams). An inherent fire resistance 

of composite members has been neglected by the fire resistance evaluation 

Fig. 1.2 Comparison of design procedure between prescriptive and 

performance-based design 
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based on the critical temperature criteria which has been applied to pure steel 

columns and beams. 

Under this situation, it is indispensable to investigate the inherent fire 

resistance of composite columns and beams and to develop thermal and 

structural analysis technologies for structural members including CFT column 

and composite beam. Experimental and numerical studies in this dissertation 

focuses on the following subjects: (1) augmentation of reliable standard fire test 

results; (2) analysis of the thermal and structural behavior of composite 

members under both standard and natural fires; (3) development of the 

Numerical modeling method and practical design recommendation for 

composite members.  
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1.2. Literature review 
 

1.2.1 Review of current fire design code 

 

1.2.1.1 CFT column 

 

 Nowadays several countries have their design codes which includes 

calculation method to the fire resistance of CFT columns. These design method 

was developed through a long-time study based on the experimental and 

numerical investigations by various researchers. The calculation methods 

generally used in Europe are those recommended in EN 1994-1-2 (CEN 2005b). 

This design code includes two calculation methods to the fire resistance of CFT 

columns, which will be briefly described in the subsequent sections. In North 

America, the design equation proposed by Kodur (1999), which is included in 

the National Building Code of Canada (NRCC 2005) and ASCE/SEI/SFPE 29-

05 (ASCE 2005), is in wide use. In Japan, fire safety designers use the simple 

design formula recommended in the design guide for CFT columns provided 

by the Association of New Urban Housing Technology (ANUHT 2004).  

 
General method for composite columns in EN 1994-1-2 

 The calculation method in Clause 4.3.5 of EN 1994-1-2 (CEN 2005b) 

can be generally used for various types of composite columns. Fig. 1.3 shows 

the flow chart for calculating axial compressive resistance of CFT columns 

under fire. 
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In this method, the design value of the resistance of composite column 

in axial compression under fire condition ,fi RdN  is calculated as 

 

, , ,fi Rd fi pl RdN Nχ=  (1.1) 

 

where χ  is the reduction coefficient for buckling curve “c” (Fig. 1.4) of 

Clause 6.3.1 of EN 1993-1-2 (CEN 2005a) and depending on the relative 

slenderness Tλ  and , ,fi pl RdN  is the design value of the plastic resistance of 

the cross-section to axial compression in the fire situation. 

Fig. 1.3 Flow chart for calculating axial compressive resistance of CFT 

columns under fire: Eurocode 4 
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Considering that buckling curve “a” and “b” are applied for ambient 

temperature, it means that buckling curve “c” under fire condition induces 

conservative approach for the axial resistance of composite column.  

The design value of the plastic resistance of the cross-section to axial 

compression in the fire situation is given by 

 

( ) ( )

( )

, , , , , , , , , ,

, , , ,

/ /

/

fi pl Rd s T y T M fi s sr T ysr T M fi sr
j k

c T c T M fi c
m

N A F A

A f

Fγ γ

γ

= +

+

∑ ∑

∑
 

 
 

(1.2) 

 

where ,i TA  is the area of each element of the cross-section to which a certain 

temperature T  is attributed, ,i Tf  is the material strength at the temperature 

T  and , ,M fi iγ  is the partial factor for the material in the fire situation. And 

Fig. 1.4 Column buckling curves (EN 1993-1-2) 
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subscripts “s”, “sr”, and “c” refer to structural steel, reinforcing steel and 

concrete, respectively. 

 The effective flexural stiffness of the column is calculated as 

 
( ) ( ) ( )

( )

, , , , , ,,

, ,sec, ,

s T s T s T sr T sr T sr Tfi eff
j k

c T c T c T
m

EI E I E I

E I

ϕ ϕ

ϕ

= +

+

∑ ∑

∑
 

 
 

(1.3) 

 

where ,i TI  is the second moment of area of the partially reduced part i  of 

the cross-section for bending around the weak or strong axis, ,i Tϕ  is the 

reduction coefficient depending on the effect of thermal stresses, ,s TE  is the 

characteristic value for the slope of the linear elastic range of the stress-strain 

relationship of structural steel at elevated temperatures, ,sr TE  is the 

characteristic value for the slope of the linear elastic range of the stress-strain 

relationship of reinforcing steel at elevated temperatures, and ,sec,c TE  is the 

characteristic value for the secant modulus of concrete in the fire situation, 

given by ,c Tf  divided by ,cu Tε .  

 Based on the effective flexural stiffness of the column, the Euler 

buckling load or elastic critical load of the composite column in the fire 

situation is as follows 

 

( )2 2
, , /fi cr Tfi effN EI Lπ=  (1.4) 

 

where TL  is the buckling length of the column in the fire situation. 
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 The relative slenderness of the composite column at the temperature 

T  is given by 

 

, , ,/T fi pl R fi crN Nλ =  (1.5) 

 

where , ,fi pl RN  is the value of , ,fi pl RdN  according to Eq. (1.2) when the factors 

, ,M fi sγ , , ,M fi srγ , and , ,M fi cγ  are taken as 1.0.  

 
Simple calculation model for concrete filled hollow sections exposed to 
fire in Annex H of EN 1994-1-2 

 EN 1994-1-2 (CEN 2005b) recommends a simple calculation model 

for the composite columns with concrete filled hollow section subjected to fire 

in Annex H. this model is composed with two independent steps. The first step 

is to calculate the temperature distribution of CFT section in accordance with 

Clause 4.4.2 of EN 1994-1-2 (CEN 2005b). In this model, the thermal 

resistance between the steel tube and the concrete may be neglected when 

calculating the temperature distribution. And then the design axial buckling 

load ,fi RdN  may be obtained from Eq. (1.6). 

 

,?fi Rd fi cr fi pl RdN N N= =  (1.6) 

 

where ,fi crN  is the Euler buckling load of the composite column under fire 

condition and , ,fi pl RdN  is the design value of the plastic resistance of 

composite column in axial compression under fire condition.  
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 The normal procedure to find the design axial buckling load is to 

increase the strain in steps. As the strain increase, , ,i TE σ  and ,fi crN  decrease 

while ,i Tσ  and , ,fi pl RdN  increase. The level of strain is found where ,fi crN  

and , ,fi pl RdN  are equal and the condition in Eq. (1.6) is satisfied. In this 

procedure, the axial strain of all the elements of the cross-section is the same. 

Fig. 1.5 illustrates this procedure.  

 

 

 The method in Annex H can only be applied to concrete filled square 

or circular hollow sections in the fire situation with buckling length TL  below 

4.5 m, depth or diameter of cross-section in a range of 140 mm D≤ ≤ 400 mm, 

concrete grades from C20/25 to C40/50, the percentage of reinforcing steel 

below 5% and the standard fire resistance below 120 minutes. 

Fig. 1.5 Procedure of the simple calculation model for concrete filled hollow 

sections exposed to fire in Annex H of EN 1994-1-2 

Strain

Load

Design 
resistance

Plastic resistance 
curve

Euler buckling 
curve
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Simplified design equation proposed by Kodur 

 The simplified design equation for evaluating the fire resistance of 

CFT columns proposed by Kodur (1999) was based on the experimental studies 

on concrete filled circular and square steel tubular columns conducted by the 

National Research Council of Canada (Lie and Chabot 1992; Chabot and Lie 

1992; Kodur and Lie 1995). The building codes in North America such as 

ASCE/SEI/SFPE 29 (ASCE 2005), ACI 216 (ACI 2007), AISC Steel Design 

Guide (Ruddy et al. 2003) and NBCC (NRCC 2005) have included this 

simplified design equation for fire design of CFT columns.  

 The advantage of Kodur’s design equation is to predict the fire 

resistance time directly by using design parameters of CFT column. The fire 

resistance time of a CFT column in the fire condition is given by 

 

220
1000

c

T app

f DFR f D
L N

+
=

−
 (1.7) 

 

where FR  is the fire resistance time in minutes, cf  is the cylinder strength 

of concrete at the age of 28 days in MPa, D  is the outside diameter or width 

of the column in mm, appN  is the applied load in kN, TL  is the effective 

buckling length of the column in mm and f  is a coefficient which depends 

on the type of concrete filling (plain, bar-reinforced or fiber-reinforced 

concrete), the type of aggregate mixed (carbonate or siliceous), the percentage 

of reinforcement, the thickness of the concrete cover and the shape of the steel 

tube (circular or square).  
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 This formula helps structural engineers calculate the fire resistance 

economically and conveniently based on the design parameters such as 

mechanical properties, effective length, sectional dimensions and applied load. 

However, it should be noted that the fire resistances obtained using the Kodur’s 

equation were somewhat more conservative than those obtained from the fire 

tests conducted by NRCC. And the applicability of the equation is limited to 

the range of variables as shown in Table 1.4. 

 

Table 1.4 Limitation of applicability of Kodur’s equation 

Variable 

Type of concrete infill 

Plain 
concrete 

Reinforced 
concrete 

Steel fiber-
reinforced 
concrete 

Fire resistance ≤120 min ≤180 min ≤180 min 

Axial load 
≤1.0 times ≤1.7 times ≤1.1 times 

Factored compressive resistance  
of the concrete core 

Effective length 2-4 m 2-4.5 m 2-4.5 m 

Compressive strength 
of the concrete 

20-40 MPa 20-55 MPa 20-55 MPa 

Section 
size 

Circular 140-410 mm 165-410 mm 140-410 mm 

Square 140-305 mm 175-305 mm 100-305 mm 

Percentage of steel 
reinforcement 

- 1.5-5 % 1.75 % 
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Strength index formulation proposed by Han et al. 

 Han et al. (2003) proposed a formula to predict the fire resistance of 

circular hollow steel columns without fire protection, filled with plain concrete. 

The proposed formula was obtained by using regression analysis, based on the 

strength index (𝑆𝑆𝑆𝑆 ) defined as Eq. (1.8) and regression coefficients which 

depend on the various design parameters.  

 
( )u

u

N tSI
N

=  (1.8) 

 

where ( )uN t  is ultimate strength corresponding to the fire resistance time ( )t  

of the composite columns and uN  is ultimate strength of the composite 

columns at ambient temperatures. 

 The fire resistance for composite columns is expressed as 

 

0 12.5
0

1 0 2
0

0 0 2

1 ( )
1

1 ( )

( )

t t
a t

SI t t t
b t c
k t d t t

 ≤ + ⋅


= ≤ ≤
⋅ +

 ⋅ + >



 (1.9) 

 
( ) ( )3 2

0 0 0 07.08 3 5.69 0.556 2.53a Dλ λ λ= − + − ⋅ −  

( )2 0.46
0 0 01.32 10.78 2.49b Dλ λ −= − + − ⋅  

2.5
1 11c a t b t= + ⋅ − ⋅  

( )2 21d b t c k t= ⋅ + − ⋅  
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( )( )
( )
3 2 2 2

0 0 0 0 0 0
4

15.5 73 1.5 8 21.33 17.48

6.75 10

k D D Dλ λ λ
−

= − + + − + −

×
 

 

( )( )
( )
2 3 2

2 0 0 0 0 0
4

2 17.33 10.33 37.33 63

6.75 10

t D D λ λ λ
−

= − + − + −

− ×
 

0 100t t= ; 0 600D D= ; 0 40λ λ=  

 

where, t  is the fire resistance time (min) and D  is the diameter of the 

circular section (mm). The validity limits of Han’s formula are t ≤ 180 min; 

D = 150-2000 mm; α = 0.04-0.2; λ (= 4L D ) = 15-80; yF = 200-500 MPa 

and ckf = 20-60 MPa. 

 
Design formula used in Japan 

 In Japan, the Association of New Urban Housing Technology 

published a design guide (ANUHT 2004) in which a simple design formula for 

predicting the fire resistance of CFT was introduced. The equations for circular 

and square CFT columns are as follows ( appN  is the applied load (N), cA  is 

the concrete area (mm2), cf  is the concrete strength (MPa), FR  is the fire 

exposure time (min)).  

 

(1) Sway-uninhibited 

For circular section (23.5 MPa cf≤ ≤42 MPa), 
0.31311.950app c cN A f

FR
 =  
 

 (1.10a) 

( )( )
( )
2 3 2

1 0 0 0 0 0
4

1.85 16.67 12.98 54.96 113.74

2.12 10

t D D λ λ λ
−

= − + − + −

− ×
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For circular section (42 MPa cf< ≤60 MPa), 
0.31811.701app c cN A f

FR
 =  
 

 (1.10b) 

 

For square section (23.5 MPa cf≤ ≤42 MPa), 
0.36712.177app c cN A f

FR
 =  
 

 (1.10c) 

 

(2) Sway-inhibited 

For circular section (23.5 MPa cf≤ ≤42 MPa), 
0.30111.726app c cN A f

FR
 =  
 

 (1.10d) 

 

For square section (23.5 MPa cf≤ ≤42 MPa), 
0.17610.673app c cN A f

FR
 =  
 

 (1.10e) 

 
1.2.1.2 Composite beam 

 

 The fire design of steel and concrete composite structures with 

partially or fully encased steel elements is covered by EN 1994-1-2 (CEN 

2005b). It is expected that the design of a composite structural element at 

ambient temperature is according to EN 1994-1-1 (CEN 2004b). Slabs are 

expected to be heated from the bottom, columns from all four sides and beams 

from three sides. For composite beams with the concrete section on top of the 

steel section, either the critical temperature method or the bending moment 
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resistance method may be used. 

 
Critical temperature method 

 The critical temperature method in EN 1994-1-2 (2005b) is applicable 

to symmetric cross sections of a maximum steel beam depth ( sh ) of 500 mm 

and a minimum slab depth ( ch ) not less than 120 mm, used in conjunction with 

simply supported beams exclusively subject to sagging bending moments. The 

temperature of the steel cross section is assumed to be uniform. The advantage 

of this method is that the critical temperature ( crT ) may be determined from the 

load level ( ,fi tη ) applied to the composite cross section and from the yield 

strength of steel at elevated temperatures ( yF ) without calculating the bending 

resistance of the cross section. The critical temperature is a function of the load 

level in the fire design at time t . 

 

, , , ,
,

fi d t fi d fi d t
fi t

d d d

E E R
R R R

η
η = = =  (1.11) 

 

where , ,fi d tE  is the design effect of actions in the fire situation, dR  is the 

design resistance for normal temperature design, and dE  is the design effect 

of actions for normal temperature design. The ultimate limit state is reached 

when the design resistance in the fire situation ( , ,fi d tR ) has decreased to the level 

of the design effect of actions in the fire situation ( , ,fi d tE ). The load level may 

be used to derive an expression to obtain the required level of steel yield 

strength ( , cry TF ) at elevated temperatures as follows: 



 
                                                  Chapter 1. Introduction 

 

 

21 

, ,, ,
,

,20 ,20

1
0.9

cr cry T y Tfi d t
fi t

y Cd y C

M

F FR
FR F

η

γ
° °

= ≅ ≅  
(1.12) 

 

where Mγ  is the partial factor for the material in the fire situation and ,20y CF °  

is the yield strength of steel at temperature 20°C. 

 The required steel yield strength value can be used to obtain the critical 

temperature of the composite beam. 

 
Bending capacity method 

  

 

When calculating the plastic moment capacity at elevated 

temperatures, the composite cross section may be divided into a number of 

areas, each with the same temperature. If the plastic neutral axis of the 

composite cross section is in the concrete slab, the resultant tension force is 

obtained from the steel cross section, and it can be calculated as follows: 

Fig. 1.6 Calculation of plastic moment capacity 
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( ) ( ) ( ), , , , ,slf w ufy T f f y T w w y T f f M fiT F b t F h t F b t γ = + +   (1.13) 

 

where ,y TF  is the yield stress of steel at elevated temperatures, , ,M fi sγ  is the 

partial factor for steel in the fire situation, lfT , ufT , and wT  are the 

temperatures of lower flange, upper flange, and web, respectively.  

 The thickness of the compressive zone in the concrete slab ( uh ) is 

determined from equilibrium T F=  and expressed as  

 

( ),20 C , ,u eff c M fi ch T b f γ°=  (1.14) 

 

where ,20c Cf °  is the concrete strength at temperature 20°C and , ,M fi cγ  is the 

partial factor for concrete in the fire situation. 

 The moment capacity under fire condition ( ,fi RdM ) is 

 

,fi Rd oM T y= ⋅  (1.15) 

 
1.2.2 Previous studies 
 

Experimental investigations 

 Before and after the 1980’s, several experimental programs to 

investigate the fire behavior of composite hollow section columns were carried 

out by research projects sponsored by CIDECT. The CIDECT research project 

15A (COMETUBE 1976), 15B (Grandjean et al. 1980), and 15C (Kordina and 

Klingsch 1983) presented the fire tests on composite columns carried out in 
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France and Germany for the period. Most of specimens including circular and 

square steel tubular section were filled with unreinforced or bar-reinforced 

concrete. Some columns with different types of external fire protection were 

also tested. In the project 15A, 75 fire tests were performed. The sectional 

dimensions of the specimens varied from 140mm to 225mm and the length of 

the specimens was 3600mm. In the project 15B, 86 fire tests were performed 

and the effect of the eccentricity was also investigated. While the sectional 

dimensions of the specimens with the square section varied from 140mm to 

350mm, those of the specimens with the circular section was 406.3mm. The 

length of the specimens was 3600mm. In the project 15C, 26 fire tests on CFT 

columns with bar-reinforced section were conducted.  

 The National Research Council of Canada (NRCC) carried out a series 

of experimental programs on fire resistance of unprotected CFT columns 

between the 1980’s and 1990’s (Lie and Chabot 1992; Chabot and Lie 1992; 

Kodur and Lie 1995). The NRCC fire tests included circular and square sections 

filled with plain, bar-reinforced and steel fiber reinforced concrete. The 

sectional dimensions of the columns varied from 141.3mm to 406.4mm and the 

thicknesses of steel tubes varied from 4.78mm to 12.7mm. All the columns had 

a length of 3810mm and the ends of most columns were rotationally and 

horizontally restrained. In these tests, most of the specimens failed by inelastic 

buckling at elevated temperatures. Test results indicated that unprotected CFT 

columns with plain concrete can achieve a fire resistance rating of 2 hours and 

the bar-reinforced or fiber-reinforced CFT columns can have a fire resistance 

rating above 3 hours.  
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(a) RP-1 (b) RP-2 

Fig. 1.8 Typical failure mode of the CFT columns (Han et al. 2003) 

 

Fig. 1.7 General time-axial deformation relationship of a CFT column 

during fire test 
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 In China, the researchers including Han have conducted fire tests on 

circular, rectangular, square, and double skin CFT columns (Han et al. 2003; 

Han et al. 2003; Han et al. 2004). The specimens were subjected to axial load 

corresponding to the load ratio (0.3~0.6) under standard fire condition. The 

specimens failed by column buckling or concrete crushing in the final limit state 

(Fig. 1.8). Han et al. indicated that the fire resistance of the concrete filled steel 

tubular columns with high load ratios can be enhanced through the use of fire-

protection coating and the column section geometry and dimensions had a 

significant influence on the fire resistance.  

Recently, several researchers in Korea have also interested in the fire 

behavior of CFT columns. Park et al. (2007) carried out fire tests on concrete 

filled square steel tubular columns with the sectional dimensions of 300 and 

350mm and the tube thickness of 9mm. Cho et al. (2010) also conducted fire 

tests on concrete filled square steel tubular columns subjected to a wide range 

of the axial load ratio (0.2, 0.6, and 0.9).   

The behavior of composite beams including partially encased and 

slimfloor beams (Fig. 1.9) have been widely investigated by tests at ambient 

temperatures, but limited experiments under fire conditions have been 

conducted. Kodaira at al. (2004) studied the effect of the reinforcement through 

the fire tests of 8 partially encased beam specimens. They investigated the fire 

resistance of partially encased beams based on the deflection criterion or the 

rate of deflection criterion.  

Correia and Rodrigues (2011) studied the influence of load level and 

thermal elongation restraint on partially encased columns under fire conditions. 
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They suggested that the stiffness of surrounding structure affected the fire 

behavior for lower load levels. The increasing of the surrounding stiffness led 

to the reduction of the fire resistant time. For the specimens with higher load 

levels, the fire resistant times were unchanged.  

Piloto et al. (2013) studied the bending limit state of partially encased 

beams through the experimental program under fire conditions and ambient 

temperature. They investigated the influence of load level on the fire resistance 

and compared the behavior of partially encased beams with different shear 

conditions between stirrups and web (welded and not welded stirrups). They 

also observed the structural response and deformed shape mode of the partially 

encased beam specimens under fire condition.  

 

   

(a) H-shape (b) Partially encased (c) Slimfloor 

Fig. 1.9 Examples of composite beam section 
 

Newman (1995) carried out the fire tests on unprotected slimfloor 

beams with precast concrete floor. The specimens had different cross-section 

geometries and were subjected to the load ratios varied from 0.17 to 0.55. 

Nadjai et al. (2007) conducted an experimental and analytical study of the 

behavior of composite floor cellular steel beams in fire conditions. They 

suggested that the cellular steel beams failed due to web-post buckling and the 
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instability of beams resulted in sudden loss of stiffness and strength in the 

beams.  

 
Numerical studies 

 To understand the fire behavior of structural elements, fire tests have 

been a significant mean for a long time. However, real fire tests on structures 

are generally expensive and time consuming. Because of these drawbacks, it is 

hard for researchers to conduct the fire tests on a wide range of specimens. The 

alternative method to overcome high cost and time consuming of fire tests is 

numerical modeling. Nowadays, there are a large number of finite element 

computer codes to solve the nonlinear heat transfer problem and simulate the 

fire behavior of structural element. The program FIRE-T3 (Iding et al. 1977), 

TASEF (Sterner and Wickstrom 1990), and SAFIR (Franssen 2003) have been 

developed for the fire analysis of structural elements and widely used. The 

commercial finite element program such as ABAQUS (2010), ANSYS (2007), 

and ADINA (2008), on the other hand, have also been used to perform heat 

transfer and mechanical analysis.  

 There are several numerical studies to investigate the fire behavior of 

CFT columns. Wang (1999) presented a global model to evaluate the effects of 

structural continuity of CFT columns at elevated temperatures. Bailey (2000) 

also proposed a global model to investigate the effective length of CFT columns 

in fire. Ding and Wang (2008) developed a numerical model for CFT columns 

under fire condition by using the commercial code ANSYS. They showed 

satisfactory results of the temperature distribution thorough considering the 
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thermal resistance between steel tube and concrete surface of CFT section. 

Hong and Varma (2009) also presented a numerical modeling for predicting fire 

resistance ratings of CFT columns by using other commercial code ABAQUS. 

To simulate the fire behavior of CFT columns, they used a three-step 

sequentially analysis including fire dynamics analysis, heat transfer analysis, 

and stress analysis. They studied the effects of the constitutive material model, 

the geometric imperfection, and the thermal expansion model at elevated 

temperatures on the fire behavior of CFT columns. Lu et al. (2009) carried out 

an experimental program for high strength self-consolidating concrete filled 

steel tubular columns in fire and presented a finite element model. In this study, 

specific thermal properties for high strength concrete proposed by Kodur (2007) 

were used and the thermal resistance between steel tube and concrete surface 

were also considered. 

On the other hand, numerical approach has also contributed to the 

investigation into the behavior of composite beams under fire conditions. In 

numerical study by Bailey (1999), asymmetrical composite beams were 

represented as one-dimensional two-noded finite elements with 7 degrees of 

freedom. The numerical model were shown to be very accurate at modelling 

simply supported asymmetrical slim floor steel beams, tested in standard fire 

furnaces. Ma and Makelainen (2006) conducted numerical analysis of 

composite slimfloor beams by using the finite element program, ABAQUS. The 

composite slim floor beam was modeled by combining a shell element 

(concrete slab) and a beam element (asymmetric steel beam). In their modeling, 

concrete was assumed to be an elastic–plastic material, which has a plastic 
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plateau after reaching the compressive and tensile strength. No descending 

phase in compression and in tension was taken into account. Ellobody (2011) 

investigated the behavior of unprotected composite slim floor steel beams under 

fire conditions by developing a nonlinear 3D finite element model. The FE 

model included the mechanical and thermal material nonlinearities of concrete 

and steel components. The model were validated against existing fire tests and 

gave good agreement.  

 
1.3. Research objectives and scope 
 

As mentioned above, several design equations and design guides for 

composite members have been proposed. However, some research results 

(Wang 1997; Espinos 2012) showed that the exiting design methods do not 

ensure a safe and accurate prediction for fire resistance of composite members. 

In Korea, even structural fire design guide and framework toward performance-

based fire safety design of composite members have not been developed. 

Consequently, structural designers have been induced to conform the traditional 

prescriptive approach. 

The main objectives of this dissertation are to develop thermal and 

structural analysis technologies for composite columns and beams and to 

establish both rational and practical approaches toward performance-based fire 

safety design framework. To this end, experimental and numerical studies of 

fire behavior and design for CFT columns, partially encased beams and 

slimfloor beams were conducted. The behavior of composite members at 



 
                                                  Chapter 1. Introduction 

 

 

30 

elevated temperatures were observed through the standard fire tests. As an 

alternative of the expensive and time-consuming fire test, a numerical method 

to predict the fire resistance of composite members was proposed by using 

finite element modelling.  

Based on the experimental and analytical studies, design guide and 

recommendation to improve the current design codes were also suggested and 

verified. Equations for the prediction of temperature distribution of CFT section 

under standard fire condition were proposed. A modified simple calculation 

model for the prediction of fire resistance was proposed based on a parametric 

study for rectangular CFT columns. Analytical studies to determine critical 

compressive strength of steel tubes in CFT sections at elevated temperatures 

considering local buckling were also conducted. For various CFT columns and 

composite beams, the fire behavior under parametric fire conditions were 

investigated and the effect of span length on the fire resistance of composite 

beams under the standard fire condition was also discussed.  
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Fig. 1.10 Research objectives and scope in this study related to three basic 

components of performance-based fire design framework  
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1.4. Organization of dissertation 
 

The organization of this dissertation is as follows: 

 

In Chapter 2, an experimental program to investigate the behavior of 

CFT columns under the standard fire condition is described. 

In Chapter 3, finite element modeling method for thermo-mechanical 

coupled analysis of CFT columns is developed and the applicability of the 

numerical method is discussed. 

In Chapter 4, fire design methods based on the numerical studies of 

CFT columns are developed. 

In Chapter 5, an experimental program to investigate the behavior of 

composite beams including H-shape, partially encased, and slimfloor beams 

under the standard fire condition is described. 

In Chapter 6, numerical method to simulate the thermal and structural 

response of H-shape, partially encased, and slimfloor composite beams under 

fire condition is proposed and verified. 

In Chapter 7, fire behavior of CFT columns and composite beams 

exposed to parametric fire conditions are discussed. 

In Chapter 8, the summary and conclusions of this dissertation are 

presented. 
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Chapter 2. Experimental Behavior of CFT 

Columns under Fire 

 

 Experimental program was carried out to evaluate the behavior and 

the fire resistance of unprotected rectangular CFT columns subjected to the 

standard fire. It was expected that this program help us understand the behavior 

of CFT columns under fire condition and would be one of the database of the 

full scale fire test to support of the development of the fire safety design. The 

key testing parameters included the length effect, the load ratio, and the 

sectional dimensions of the CFT columns. In this chapter, the temperature 

distribution and axial deformation observed in the CFT column specimens were 

analyzed and the effect of the testing parameters on the fire resistance of the 

CFT column specimens was discussed.  

 

2.1. Test program 
 
2.1.1 Design of test specimens 

 

 In this experimental program, a total of 5 CFT columns without fire 

protection were tested. Test parameters were the length of the column, the load 

ratio, and the sectional dimension. Table 2.1 shows the details of test specimen 

information. In Table 2.1, appN  is the applied load subjected to each specimen 

in fire test. desN  is the design compressive load bearing capacity of the 
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member at ambient temperature based on the nominal material strength. uN  

is the compressive load bearing capacity of the member at ambient temperature 

based on the coupon test. And conN  is the compressive load bearing capacity 

of the concrete core of CFT section at ambient temperature. The calculation 

procedure of the compressive load bearing capacity followed the general 

method for composite columns recommended in EN 1994-1-2 (CEN 2005b). 

 

Table 2.1 Summary of test specimen information 

Specimen 
Sectional 
dimension 

(mm) 

Length 
(mm) 

appN  

(kN) 

Load ratio 

app

des

N
N  

app

u

N
N  

app

con

N
N  

SHS1-H1 □-300×300×9 4500 1966 0.4 0.39 0.76 
SHS2-H2 □-300×300×9 3900 1980 0.4 0.38 0.76 
SHS3-H3 □-300×300×9 3300 1984 0.4 0.37 0.77 
SHS4-LR □-300×300×9 4500 2457 0.5 0.48 0.95 
SHS5-WD □-400×400×9 4500 3133 0.4 0.38 0.66 

 

 All columns had rectangular CFT section without fire protection. 

Their width ranged from 300 to 400 mm and the thickness of steel tube was 9 

mm. And the length of columns varied from 3300 to 4500 mm. The length of 

specimens included the thickness of the top and bottom plates (50 mm). 

Specimen SHS1-H1 and SHS4-LR which have same sectional dimension were 

applied to different axial loads (or the load ratio).  

 Only one type of steel was used and four rib plates were attached to 

strengthen the connections between the top or bottom plate and the steel tube. 
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Three couples of holes of 20 mm in diameter for the ventilation of the water 

vapor produced during the fire test were drilled in the steel tube, which were 

located as shown in Fig. 2.1.  

 

 

Fig. 2.1 Specimen details 

 

 To measure the temperatures of steel tube and concrete core, several 

thermocouples were installed in the cross section of the specimens and on the 

surface of steel tube at mid-height of the specimens. The location of 

thermocouples is illustrated in Fig. 2.2. 
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Fig. 2.2 The location of thermocouples 

 

 The load ratio in this experimental program was defined as the applied 

axial load ( appN ) in fire test to the compressive load bearing capacity ( uN ) of 

the column at ambient temperature. Several international fire design codes and 

the design equations based on various experimental and numerical studies have 

recommended that the load ratio should be considered as the key parameter 

when evaluating the fire resistance of structural members. However, the Korean 

fire design code has not reflected the effect of the design parameter such as the 

load ratio on fire safety design of steel and composite members. It should be 

also noted that current Korean fire design code does not yet permit the reduction 

of live load for the fire limit state.  

 Many researchers (Lie and Chabot 1992; Kodur 1999; Han et al. 2003) 

have generally selected the values between 0.2 and 0.5 as the load ratio 
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subjected to CFT columns in their experimental programs, which were based 

on the predicted design load and the compressive load bearing capacity of 

columns. In this program, therefore, the values of 0.4 and 0.5 were selected as 

the load ratio. Lie and Chabot (1992) suggested that the ratio of the applied load 

to the load bearing capacity of concrete core ( app conN N ) is more usable for fire 

safety design because the load bearing contribution of steel tube at the elevated 

temperatures decreases considerably. Thus, the effect of the load ratio of 

app conN N  on the fire resistance of CFT columns were also discussed in the 

Clause 2.2.  

 
Mechanical properties of materials 

 To determine the properties of the steel material, three tension coupons 

were cut from steel tube. The tension coupon test was conducted in accordance 

with KS B 0801 (KSA 2007). The compressive strength of the concrete material 

was investigated in accordance with KS F 2405 (KSA 2010). The measured 

strength of steel and concrete are summarized in Table 2.2 and 2.3. The concrete 

mix proportions are shown in Table 2.4. The width-to-thickness ratios of the 

steel tubes of the specimens did not exceed the limiting width-to-thickness ratio 

(Eqs. (2.1) and (2.2)) recommended by the Korean Building Code (AIK 2009) 

and EN 1994-1-1 (CEN 2004b). 

 
2.26 yb t E F=  (2.1) 

  
52 235 yb t F=  (2.2) 
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where b  is the width of steel tube, t  is the thickness of steel tube, E  is the 

modulus of elasticity of steel, and yF  is the yield strength of steel. 

 

Table 2.2 Mechanical properties of steel 

Steel tube thickness 
(mm) 

Yield strength 
(MPa) 

Tensile strength 
(MPa) 

9 288.0 432.7 

 

Table 2.3 Mechanical properties of concrete 

Design compressive strength (MPa) Average cylinder strength (MPa) 

30.0 32.6 

 

Table 2.4 Concrete mix proportions 

Cement 
(kg/m3) 

Water 
(kg/m3) 

Fine aggregate 
(kg/m3) 

Coarse aggregate 
(kg/m3) 

392 169 825 952 

 
2.1.2 Test setup and procedure 

 
Test setup 

 The fire tests were carried out in a furnace in the Korea Institute of 

Civil Engineering and Building Technology (KICT). This furnace (Fig. 2.3) has 

a hydraulic jack with an axially loading capacity of 1000 tons, which is located 

at the bottom of the furnace chamber. The bottom plate of the testing column 
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can be attached to the top plate of this loading jack. Prior to exposing the 

columns to heat in the furnace, the testing columns were applied the axial loads 

corresponding with the load ratio calculated as previously stated. The columns 

started to be subjected to the fire 15 minutes after loading under room condition. 

The furnace temperatures are measured with the thermocouples in the furnace 

and controlled automatically in accordance with the standard fire curve (ISO-

834 (ISO 1999) or KS F 2257-1 (KSA 2005)). The axial deformation of the 

specimen was measured by the displacement of the loading jack under the 

column. As shown in Fig. 2.4, the actual temperature curves measured in the 

furnace agree with the standard fire curve.  

 

 

Fig. 2.3 Overall view of test setup 
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Fig. 2.4 Standard fire curve and the actual temperatures measured in the 

furnace 

 
Test procedure 

 Temperatures and axial deformation in the specimens were measured 

at interval of 1 minute. The failure criterion of load bearing capacity 

recommended in ISO-834 (ISO 1999), which is same with that of KS F 2257-1 

(KSA 2005), is applied to the evaluation of the fire resistance of the specimens. 

According to this failure criterion, a column is considered to have failed if the 

column has contracted axially by 100L  (mm) and the rate of contraction has 

reached 3 1000L  (mm/min) (where L  is the length of the column in 

millimeters). All the columns had rotationally fixed-end conditions and only 

bottom plate of the columns were fixed horizontally. Therefore, the coefficient 

of buckling length of all columns was considered as 1.0.  
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Table 2.5 Failure criteria of specimens 

Specimen 
Limiting  

axial contraction 
(mm) 

Limiting rate of  
axial contraction 

(mm/min) 

SHS1-H1 45 13.5 
SHS2-H2 39 11.7 
SHS3-H3 33 9.9 
SHS4-LR 45 13.5 
SHS5-WD 45 13.5 

 

2.2. Test results 
 

2.2.1 Temperature distribution 

 

 Fig. 2.5 shows the temperature-time relationships of the steel surface 

of the specimens. The specimens with same CFT section showed similar 

tendency in temperature evolution of the steel surface (SHS1-H1, SHS3-H3 and 

SHS4-LR), even though they had different column length or the load ratio. 

However, temperature evolution of steel surface of specimens SHS2-H2 and 

SHS5-WD was somewhat delayed in comparison with that of other specimens. 

It is considered that this result was caused by the accidental testing conditions 

such as the instability of heating at the early stage of temperature evolution, the 

separation of the installed thermocouples, and the initial imperfection of the 

specimens. It was found that the delay of temperature evolution had influence 

on the fire resistance time (Clause 2.2.2).  
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Fig. 2.5 Temperature-time relationships of the steel surface of the 

specimens (S1) 

Fig. 2.6 Temperature-time relationships of the steel-concrete 

interface of the specimens (C1) 
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Fig. 2.6 shows the temperature-time relationships of the steel-concrete 

interface of the specimens. The temperature of the steel-concrete interface of 

specimen with small section (300×300 mm) increased more rapidly than that of 

specimen (SHS5-WD) with large section (400×400 mm). Meanwhile, during 

the tests, the breakage of the several thermocouples such as C1 in specimen 

SHS4-LR made it difficult to measure the temperature changes. 

Fig. 2.7 shows that there was little difference among the temperature 

evolutions of inside concrete of the specimens. The temperature measured in 

the thermocouples near the center of concrete core increased slowly. The 

maximum temperatures of concrete core located more than 40 mm in depth 

from steel-concrete interface did not exceed 200 °C. The compressive strength 

and the modulus of elasticity of concrete below this temperature experience 

little change. This result indicates that concrete core located more than 40 mm 

in depth from steel-concrete interface maintains the compressive loading 

capacity and the flexural stiffness of the columns at ambient temperature during 

the fire exposure time of at least 1 hour.  

 Fig. 2.7 also shows that the temperature evolutions of the 

thermocouples located diagonally in concrete infill were somewhat rapidly 

because the corners of rectangular CFT section were subjected to fire in two 

direction. The effect of two-directional heating was insignificant in the inside 

part of concrete core. 
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(a) C2 
 

(b) C3 
 

 

Fig. 2.7 Temperature-time relationships of the concrete core of the specimens 
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(c) C4 
 

(d) C5 

 

Fig. 2.7 Temperature-time relationships of the concrete core of the specimens 

(continued) 
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(e) C6 
 

(f) C7 
 

Fig. 2.7 Temperature-time relationships of the concrete core of the specimens 

(continued) 
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2.2.2 Axial deformation 

 

 The measured axial deformation of the specimens are plotted in Fig. 

2.8. The behavior of each column was similar to those of the CFT columns 

tested by other researchers, which included the elongation of steel tube, the 

local buckling, load transfer into concrete core and failure by concrete crushing.  

(Lie and Chabot 1992; Kodur 1999; Wang 2002). 

 The maximum elongation (14~18 mm) and the transition period from 

elongation to contraction (16~18 minutes) observed in each specimen were 

similar. This implies that the transition of the behavior of the columns in fire 

was induced by the reduction of the yield strength and the modulus of elasticity 

of steel tube at the elevated temperature (the temperature increase of steel tube 

of each specimen was almost same as shown in Fig. 2.5). The contraction of 

the specimen SHS5-WD with the large section (400×400 mm) just before 

column failure was about 20 mm while those of the other specimens with the 

small section (300×300 mm) were less than 10 mm. 
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2.2.3 Fire resistance  

 

 Table 2.6 shows the fire resistance of the specimens based on the 

limiting axial contraction and the limiting rate of axial contraction. The fire 

resistance times predicted by using the equations of Kodur (Eq. (2.3)) and the 

formula of ANUHT (Eq. (2.4)) are also shown. 

 

220
1000

c

T app

f DFR f D
L N

+
=

−
 (2.3) 

 

where FR  is the fire resistance time (min), cf  is the cylinder strength of 

concrete at the age of 28 days (MPa), D  is the outside diameter or width of 

the column (mm), appN  is the applied load (kN), TL  is the effective buckling 

Fig. 2.8 Axial deformation-time responses during the fire test 
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length of the column (mm) and f  is a coefficient which depends on the type 

of concrete filling (plain, bar-reinforced or fiber-reinforced concrete), the type 

of aggregate mixed (carbonate or siliceous), the percentage of reinforcement, 

the thickness of the concrete cover and the shape of the steel tube (circular or 

square).  

 
0.36712.177app c cN A f

FR
 =  
 

 (2.4) 

 

where appN  is the applied load (N), cA  is the concrete area (mm2), cf  is the 

concrete strength (MPa), FR  is the fire exposure time (min).  

 

Table 2.6 Comparison of the fire resistance between test results and simple 

prediction methods 

Specimen 

Fire resistance (min) 

Test 
Prediction 
formula by 

Kodur (1999) 

Prediction 
formula by 
ANUHT 
(2004) 

Limiting 
temperature 

method  
in Eurocode 3 

SHS1-H1 36 32 18 27 

SHS2-H2 42 38 17 35 

SHS3-H3 32 48 17 26 

SHS4-LR 29 28 10 26 

SHS5-WD 40 52 26 39 
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 The fire resistance time based on the limiting temperature method by 

considering the load ratio of the specimens, which is recommended in Eurocode 

3, was compared together in Table 2.6. In the limiting temperature method, the 

limiting temperature of the column with high load ratio is generally lower than 

that of the column with low load ratio.  

  

 

 Fig. 2.9 gives the comparison of fire resistance between calculated and 

test results. It should be noted that the fire resistances by the limiting 

temperature method and ANUHT formula were more conservative than those 

by the failure of load bearing capacity (ANUHT formula was much more 

conservative). This implies that when designing a composite member such as 

CFT column for fire safety, the limiting temperature method or ANUHT 

formula may lead an over-design due to the underestimation of the fire 

Fig. 2.9 Comparison of fire resistance between calculated and test results 
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resistance of the column. This over-design may demand the fire protection of 

the column and result in the deterioration of the workability and economic 

efficiency. Fig. 2.9 also shows that the Kodur’s equation (Kodur 1999) 

overestimates the fire resistance of the specimens SHS3-H3 and SHS5-WD. 

 Fig. 2.10 shows the failure modes of the specimens after the fire tests. 

Different shapes of the local buckling of steel tube was observed in all the 

specimens. In the specimens SHS4-LR and SHS5-WD, the concentrative local 

buckling was developed at the distance of L /4 ( L  is column height) from the 

top or bottom plate. In other specimens, on the other hand, the local buckling 

was not concentrated at a specific location. This observation implies that it is 

hard to specify the local buckling shape of steel tube in CFT columns exposed 

to fire.   
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(a) SHS1-H1 (b) SHS2-H2 (c) SHS3-H3 
   

  

(d) SHS4-LR (e) SHS5-WD 
 

Fig. 2.10 Specimens after the fire tests 
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 Fig. 2.11 shows the typical failure mode of the specimens. It was 

observed that the outside concrete core was crushed in a brittle manner at the 

location where steel tube was locally buckle. This means that the fire resistance 

of the CFT column depends on the combination of the load bearing capacity of 

the buckled steel tube and the concrete core at the elevated temperature.  

 

 

Fig. 2.11 Typical failure mode of the specimens 

 

2.2.4 Effect of test parameters  

 

Effect of column length 

 The specimens SHS1-H1, SHS2-H2 and SHS3-H3 have same 

sectional dimension but different column lengths (4500 mm, 3900mm and 3300 

mm). It was predicted that the fire resistance time of the specimen with shorter 

column length would be longer. However, the fire resistance time of the 

specimen SHS3-H3 ( L = 3300 mm) was shorter than that of the specimen 
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SHS1-H1 ( L = 4500 mm). The column length have little influence on the fire 

resistance time because the behavior of the CFT column at the elevated 

temperature was governed not by global buckling of the column but by local 

buckling of steel tube. There were a little difference among the transition 

periods from elongation to contraction of the specimens (18, 22 and 18 minutes). 

The delay of local buckling in the specimen SHS2-H2 was due to the slow 

temperature evolution of the steel tube. The temperatures of steel tubes of the 

specimens at the transition periods were almost same (522~546 °C). It is not 

reasonable that the test results of the specimens SHS2-H2 and SHS3-H3 were 

considered as outliers. The effect of the column length to the fire resistance was 

just insignificant.  

 

Effect of load ratio 

 The fire resistance times of all the specimens were within 1 hour. This 

was because the contribution of steel tubes to the load bearing capacity of CFT 

sections was so high that the loss of the load bearing capacity was serious at the 

elevated temperature. Also, the high load ratio applied in this test, compared to 

the previous test programs by other researchers (Lie and Chabot 1992; Han et 

al. 2003), seems to be the other reason for the fire resistance within 1 hour. In 

this test program, the load ratio app uN N , which was defined as the applied 

load to the compressive load bearing capacity of the column at ambient 

temperature, had a range of 0.38~0.48. And the other load ratio app conN N , 

which was defined as the applied load to the load bearing capacity of concrete 

core ( app conN N ), had a range of 0.66~0.95 (in the previous test programs (Lie 
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and Chabot 1992; Han et al. 2003), the load ratio app conN N  was below 0.5 

when the fire resistance time of CFT column was over 1 hour).  

 The specimens SHS1-H1 and SHS4-LR have same sectional 

dimension and column length, but they were applied different load ratios 

( app uN N  of 0.39 and 0.48). The temperature distribution of the two 

specimens at the elevated temperature were similar and the transition periods 

from elongation to contraction were almost same. In the maximum elongation 

of the specimen observed at the early stage of fire test, the specimen SHS4-LR 

was more elongated (SHS1-H1: 18.8 mm, SHS4-LR: 16.2 mm). The fire 

resistance time of the specimen SHS4-LR was shorter than that of the specimen 

SHS1-H1 due to the difference of the period which depends on load bearing by 

concrete core after the local buckling of steel tube.   

 

Effect of section dimension 

 The specimens SHS1-H1 and SHS5-WD have same thickness of steel 

tube and column length, but section dimension of SHS5-WD was larger 

(300×300 mm, 400×400 mm). While the load ratios app uN N  applied to them 

were similar (0.39 and 0.38), the load ratio app conN N  applied to the specimen 

SHS5-WD was lower (0.76 and 0.66). As a result, the fire resistance time of the 

specimen SHS5-WD which had higher load bearing redundancy by concrete 

core after local buckling was longer than that of the specimen SHS1-H1. This 

result shows that if the development of local buckling of thin steel tube is 

inevitable, increasing the contribution of concrete core to load bearing capacity 

is an efficient strategy for the enhancement of fire resistance of CFT column.  
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Effect of width to thickness ratio 

 Although steel tube of all the specimens satisfied the limitation for the 

width-to-thickness ratio at ambient temperature (Eqs. (2.1) and (2.2)), they all 

experienced the local buckling at the elevated temperatures. This indicated that 

an unexpected local buckling can arise in fire condition and the limiting width-

to-thickness ratio at ambient temperature should not be applied in the same way 

at the elevated temperature. EN 1993-1-2 (2005a) has recommended the 

modification of the limiting width-to-thickness ratio at the elevated temperature, 

based on the reduction of the yield strength and modulus of elasticity of steel. 

The limiting width-to-thickness ratio modified at the elevated temperatures 

includes the reduction coefficient of 0.85 as shown in Eq. (2.5).  

 

( )0.85 52 235 yb t F=  (2.5) 

 

where b  is the width of steel tube, t  is the thickness of steel tube, E  is the 

modulus of elasticity of steel, and yF  is the yield strength of steel. 

 However, it is not clear how the compressive load bearing capacity of 

CFT column at elevated temperatures is affected by the local buckling of steel 

tube. This issue is investigated minutely in Chapter 4.   
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2.3. Discussions 
 

In this chapter, the experimental program for evaluating the fire 

resistance of CFT columns subjected to the standard fire were described and 

the test results were discussed. The findings of the experimental study are 

summarized as follows. 

 Early local buckling of steel tubes was observed in all the specimens. 

This caused the subsequent load transfer from steel tube to concrete, and 

eventually triggered the concrete crushing, or the complete loss of the load 

bearing capacity of CFT columns. This implies that the limit state of local 

buckling as well as overall flexural buckling should be incorporated in fire 

design procedure of CFT columns. As expected, the fire resistance time of the 

specimen with higher load ratio consistently lessened (the fire resistance times 

of specimens SHS1-H1 and SHS4-LR subjected to the load ratios of 0.39 and 

0.48 were 36 and 29 minutes, respectively). The prediction of fire resistance 

time of unprotected CFT columns based on the limiting steel temperature in 

current design codes or the existing formula was slightly conservative 

compared to the fire test results in this study. 
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Chapter 3. Numerical Study of CFT Columns 

under Fire 

 

 During the past decades, the standard fire test has been a foundational 

method to investigate the fire behavior of structural members such as beams 

and columns. Although fire test is simple and straightforward to observe the 

behavior of structural element in fire condition, it is certain that fire test has the 

drawbacks in cost and time effectiveness. For this reason, numerical method 

has been studied as an alternative to overcome the shortcomings of fire test. In 

this chapter, a numerical method to simulate the thermal and structural 

responses of CFT columns under fire condition is described and the validation 

of the numerical modeling against fire tests is discussed. 

 

3.1. Basics of heat transfer analysis 
 

 The basic mechanisms of heat transfer include conduction, convection 

and radiation. The thermal response of structural members in fire condition is a 

transient heat transfer problem including convection and radiation from the gas 

fire to the external surface of structural element and the conduction into the 

inside section. To solve this heat transfer problems, an understanding of the 

basics of three heat transfer mechanisms is essential.  
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3.1.1 Conduction 

  

Heat conduction problem is based on some basic equation of three-

dimensional transient state heat transfer. Fig. 3.1 shows a heat-conducting 

element dxdydz  with its edge parallel to the Cartesian coordinates x , y , and 

z . It is assumed that there is no internal heat generation.  

 

 

 Considering heat transfer in the x  direction, the conduction heat 

rates ( xq ) is given by  

 

x x
Tq k dydz
x

∂
= −

∂
 (3.1a) 

 

where xk  is the thermal conductivity in the x  direction.  

And the total heat outflow ( x dxq + ) from the element can be expressed 

as a Tayler series expansion neglecting higher order terms.  

 

Fig. 3.1 Heat conduction in a three-dimensional volume 
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x
x dx x

qq q dx
x+

∂
= +

∂
 (3.1b) 

 

 The net heat inflow ( xq∆ ) into the control volume in the x  direction 

can be obtained by combining Eqs. (3.1a) and (3.1b).  

 
2 2

2 2x x x dx x x
T Tq q q k dxdydz k dV

x x+
∂ ∂

∆ = − = =
∂ ∂

 (3.2a) 

 

 Similarly, the net heat inflows into the control volume in y  and z  

directions are 

 
2

2y y
Tq k dV

y
∂

∆ =
∂

 (3.2b) 

  
2

2z z
Tq k dV

z
∂

∆ =
∂

 (3.2c) 

 

And energy storage ( stE ) can be expressed as  

 

st
TE c dV
x

ρ ∂
=

∂
  (3.3) 

 

where ρ  is the mass density and c  is the specific heat. 

 If there is no energy generation ( gE ), according to the principle of 

energy conservation (Eq. (3.4)), the total heat accumulated in the element 

equals the heat to increase the element temperature. Thus, the heat conduction 

problem is to find the solution for temperatures in Eq. (3.5). 
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in g out stE E E E+ − =     (3.4) 

 
2 2 2

2 2 2x y z
T T T Tk k k c

tx y z
ρ∂ ∂ ∂ ∂

+ + =
∂∂ ∂ ∂

 (3.5) 

 

 While Eq. (3.5) presents heat transfer problem of three-dimensional 

system, general structural elements such as columns and beams have same 

section longitudinally. Solving the heat problem of structural element, therefore, 

can be idealized as investigating the solution of one or two dimensional system. 

Hereafter, analytical solutions of simplified one-dimensional systems under 

steady and transient conditions are described.  

 

Steady state 

 Steady state condition means that the temperature at each point in this 

condition is independent of time. Although this condition does not describe real 

fire condition of structural elements, beginning from solving solutions under 

this simplified condition is helpful to understand the characteristics of heat 

transfer problem.  
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 As shown in Fig. 3.2, for one-dimensional, steady state conduction 

problem in a plane wall with no heat generation, the temperature distribution in 

the wall is expressed as a one-dimensional function of Eq. (3.6).  

 
2

2 0x
Tk

x
∂

=
∂

 (3.6) 

 

 If the thermal conductivity ( xk ) in the wall is constant, the general 

solution of Eq. (3.7) is obtained.    

 

1 2( )T x C x C= +  (3.7) 

 

 Considering the boundary conditions ( ,1(0) sT T=  at 0x =  and 

,2( ) sT L T=  at x L= ), the temperature distribution in the wall is express as   

 

( ) ( ),1 ,2 ,1s s s
xT x T T T
L

= − +  (3.8) 

Fig. 3.2 Plane wall under steady-state condition 
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 Cylindrical sections (Fig. 3.3) such as steel tube and circular CFT 

columns under fire condition show the temperature gradients in the radial 

direction only. These section may be treated as one-dimensional heat transfer 

problem and Eqs. (3.6) and (3.8) can be substituted by Eqs. (3.9) and (3.10) 

respectively.    

 
1 0d dTkr
r dr dr

  = 
 

 (3.9) 

  

( ) ( )
,1 ,2 1

,2
1 2 2

ln
ln

s s
s

T T rT r T
r r r
−  

= + 
 

 (3.10) 

 

where r  is the distance from the center of the section.  

 

Transient state 

 Steady state condition describes the simple case neglecting the time 

Fig. 3.3 Hollow cylinder under steady-state condition 
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dependency of temperature distributions in plane walls and cylindrical sections 

(the right-hand side of Eq. (3.5)). However, it is well known that temperature 

evolutions of structural elements under real fire situation are time dependent. 

In fire tests, heat energy is transmitted by convection and radiation from the 

furnace to the surface of specimens and furnace temperature are changed in 

accordance with fire condition (standard or parametric fire curve). Transient 

state means this kind of condition where thermal environment changes. 

 Simplified method to solve the transient heat transfer problem is the 

lumped capacitance method assuming that the temperature of the element is 

uniform at any point. Although this kind of the thermal condition is clearly ideal, 

it is useful if the section consists of single material with high conductivity like 

structural steel. In neglecting temperature gradients in the elements, the 

transient heat transfer problem depends on an overall energy balance on the 

elements like Eq. (3.11) or Eq. (3.12).   

 

out stE E− =   (3.11) 
  

( ) dThA T T Vc
dt

ρ∞− − =  (3.12) 

 

where h  is the heat convective coefficient, A  is the surface area, ρ  is the 

density, V  is the volume, c  is the specific heat, T  is the temperature of the 

lumped mass, and T∞  is the temperature of the fluid in contact with the surface 

of the lumped mass. 

 Using this step by step approach with the small time increment, the 
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temperature increase ( sT∆ ) of unprotected steel element can be calculated by 

Eq. (3.13), which is adopted in Eurocode 3 Part 1.2 (CEN 2005a).  

 

( )s g
hAT T T t
Vcρ

∆ = − − ∆  (3.13) 

 

where h  is the heat convective coefficient, A  is the surface area, ρ  is the 

density, V  is the volume, c  is the specific heat, T  is the temperature of the 

steel element, and gT  is the furnace temperature.  

 

(a) Plane wall                    (b) Infinite cylinder 

 

On the other hand, exact solution to transient heat transfer problem is 

more complex and needs many assumption and mathematical techniques for 

simplicity. For example, an exact solution to symmetric plane wall (Fig. 3.4a) 

with the thickness of 2L  (i.e. one-dimensional problem) is expressed as Eqs. 

(3.14) and (3.15a-c) using dimensionless variables (Incropera and DeWitt 

2002). 

Fig. 3.4 One-dimensional systems subjected to convective conditions 



 
                         Chapter 3. Numerical study of CFT columns under fire 

 

 

66 

 
*

i i

T T
T T

θθ
θ

∞

∞

−
= =

−
 (3.14) 

 

where *θ  is the non-dimensional temperature difference, θ  is the 

temperature difference, iθ  is the initial temperature difference, iT  is the 

initial temperature of the plane wall, and T∞  is the outside fluid temperature 

in contact with the plane wall.  

 

( ) ( )* 2 *

1
exp cosn n n

n
C Fo xθ ζ ζ

∞

=

= −∑  (3.15a) 

 

where Fo  is the Fourier number defined as 2t Lα  (α  is the thermal 

diffusivity (= k cρ ) and L  is the half-thickness of the plane wall) and 
*x x L= ( x  is the distance from the center of the plane wall).  

In Eq. (3.15a), the coefficient nC  is 

 

( )
4sin

2 sin 2
n

n
n n

C ζ
ζ ζ

=
+

 (3.15b) 

 

where the values of nζ  are positive roots of Eq. (3.15c). 

 
tann n Biζ ζ =  (3.15c) 

 

where Bi  is the Biot number defined as hL k  ( h  is the heat convective 

coefficient and k  is the thermal conductivity). 
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 In the case of the cylindrical system (Fig. 3.4b), Eq. (3.15a) are 

substituted by Eq. (3.16a).  

 

( ) ( )* 2 *
0

1
expn n n

n
C Fo J rθ ζ ζ

∞

=

= −∑  (3.16a) 

 

where Fo  is the Fourier number defined as 2
0t rα  (α  is the thermal 

diffusivity (= k cρ ) and 0r  is the radius of the cylinder) and *
0r r r= ( r  is 

the distance from the center of the cylinder). 

The coefficient nC  and the values of nζ  are obtained by Eqs. 

(3.16b-c). 

 
( )

( ) ( )
1

2 2
0 1

2 n
n

n n n

J
C

J J
ζ

ζ ζ ζ
=

+
 (3.16b) 

  
( )
( )

1

0

n
n

n

J
Bi

J
ζ

ζ
ζ

=  (3.16c) 

 

where the quantities 0J  and 1J  are the Bessel functions of the first kind and 

Bi  is the Biot number defined as hr k  ( h  is the heat convective coefficient 

and k  is the thermal conductivity).  

Generally, these analytical solutions to transient problems are only 

applicable to simple geometries and boundary conditions such as one-

dimensional solid and constant boundary condition. Therefore, most of heat 

transfer problems depend on the finite difference (or finite element) method.  
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3.1.2 Convection and radiation 

 

The analytical approach to the thermal transient condition mentioned 

previously accounts for the situation considering the heat transmission by only 

convection. Convection is heat transfer to the solid surface by the movement of 

fluids, gas or liquids. The convective heat transfer is usually taken to be 

proportional to the temperature difference between the two materials 

(Buchanan 2001).  

Radiation is heat transfer by electromagnetic waves and is main 

mechanism for heat transfer from flames in the furnace to structural elements. 

Generally, the radiant heat transfer is affected by the emissivity of both emitting 

and receiving surfaces. The emissivity indicates the efficiency of the emitting 

surface as a radiator and varies from zero to unity. A black body radiation means 

that the emissivity is unity. 

Total heat flux considering both convection and radiation boundary 

conditions can be calculated as follows (CEN 2002).  

 

( ) ( ) ( )4 4

" " "

273 273

convection radiation

fi s f m fi s

q q q

h T T T Tσε ε

= +

 = − + + − +  
 (3.17) 

 

where "q  is the input heat flux (W/m2), h  is the heat convective coefficient 

(W/m2K), fiT  is the temperature of fire (°C), sT  is the temperature of 

exterior surface (°C), fε  is emissivity of fire, mε  is emissivity of surface 

material and σ  is the Stefan-Boltzmann constant (= 5.67×10-8 W/m2K4).  
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 It is generally hard to obtain analytical solutions to heat transfer 

problem including conduction, convection and radiation. In this study, to solve 

heat transfer process of structural elements subjected to fire, numerical method 

providing approximate solutions was investigated.  

 

3.2. Numerical analysis 
 

 When conducting the thermo-mechanical coupled analysis of 

structural members in fire condition, there are two different procedures. The 

first method is a fully thermo-mechanical coupled analysis, which is more 

realistic but more time-consuming. The advantage of this procedure is that it 

can consider a two-way coupling between thermal and mechanical responses. 

For example, this two-way coupling enables the thermal resistance at the steel-

concrete interface to apply as a function of the gap clearance to the numerical 

analysis. When the separation between the two contacting surfaces is induced 

by the differences of the thermal expansion between the two materials, the 

thermal and mechanical response can affect each other. In this case, the stress, 

displacement, and temperature solutions need to be solved simultaneously. 

 The other method is a sequentially coupled thermal-stress analysis. 

This analysis procedure can be used when it is assumed that the stress and 

displacement solutions are dependent on the temperature field but there is no 

inverse dependency. In this type of analysis, the thermal analysis is conducted 

first to solve the heat transfer problem, afterwards, the mechanical analysis is 

performed with the temperature solution as a predefined field. The advantage 
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of the sequentially coupled thermal-stress analysis is that it is simpler and more 

efficient.  

 Most researchers have agreed that the two-way coupling between 

thermal and mechanical response may be neglected for most structural elements. 

In this study, therefore, the sequentially coupled thermal-stress analysis was 

adopted and the commercial code, ABAQUS (ABAQUS 2010), was used for 

nonlinear finite element modeling of CFT columns under fire condition.  

 

3.2.1 Finite element modeling 

 

 Three-dimensional finite elements were modeled for each analysis 

step of the sequentially coupled thermal-stress analysis. In first step for heat 

transfer analysis, the steel tube and the concrete infill were modeled by using 

4-node shell element (DS4) and 8-node solid element (DC3D8), respectively. 

The temperature dependent thermal properties of steel and concrete including 

the thermal conductivity and specific heat is applied. . In second step for stress 

analysis, the steel tube and the concrete infill were also modeled by using 4-

node shell element (S4R) and 8-node solid element (C3D8R), respectively. The 

temperature dependent stress-strain relationships of steel and concrete were 

considered. The base plates at the ends of the specimens were modeled by using 

rigid body element. In the sequentially coupled thermal-stress analysis, it 

should be noted that the finite meshes for heat transfer and stress analysis 

should be identical.  
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3.2.1.1 Thermal analysis 

 The thermal response of CFT columns in fire condition is a transient 

heat transfer problem including convection and radiation from the gas fire to 

the external surface of steel tube and the conduction into the concrete infill. As 

shown in Eq. (3.17) of previous section, heat energy by convection and 

radiation depends on the heat convective coefficient and the emissivity of fire 

and steel surfaces. In this numerical study, the values recommended in EN 

1994-1-2 (CEN 2005b) for the standard fire condition were used.  

 

- Heat convective coefficient: h = 25 W/m2K 

- Emissivity of fire: fε = 1.0 

- Emissivity of steel surface: mε = 0.7  

- Stefan-Boltzmann constant: σ = 5.67×10-8 W/m2K4  

Fig. 3.5 Typical finite element model for CFT column 
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 In numerical analysis for heat transfer problem, it is important to take 

account of appropriate thermal properties of materials. Chung et al. (2008) 

indicated that the fire behavior predicted with the material model in Eurocode 

is in reasonably good agreement with the experimental results. The numerical 

model in this study also used the thermal properties of steel and concrete at 

elevated temperatures recommended in EN 1994-1-2 (CEN 2005b).  

  

Thermal conductance 

In composite structures, the temperature drop across the interface 

between materials (e.g. steel and concrete) has been traditionally overlooked. 

This temperature change is attributed to the thermal contact resistance to heat 

flow between materials, which is generally due to surface roughness effects as 

shown in Fig. 3.6. Thermal conductance ( jh ) is defined as the inverse of 

thermal contact resistance and the heat flux across the interface is expressed as 

follows.  

 
" ( )jq h T= ∆  (3.18) 

 

where "q  is the heat flux and T∆  is the temperature difference between 

materials.  

Heat transfer between the contact surfaces is due to conduction across 

actual contact spots and to conduction or radiation across the gaps. Therefore, 

thermal conductance is generally comprised of the contact thermal conductance 

( ch ) and the gap thermal conductance ( gh ). However, it is not easy to find the 
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contact and gap thermal conductance respectively. The most reliable results of 

the thermal conductance ( jh ) have been obtained experimentally.  

 

 

 Ghojel (2004) indicated that the thermal conductance has a significant 

effect on thermal response of CFT section under fire condition, particularly on 

the concrete surface. Ghojel (2004) proposed the following formula for the 

thermal conductance ( jh ) between the steel tube and concrete surface of CFT 

columns.   

 

( )1.4160.5 63.8exp 339.9jh T −= − −   (W/m2K) (3.19) 

 

where T (°C) is the steel temperature.  

Ding and Wang (2008), on the other hand, recommended a constant 

value of 200 W/m2K for the contact conductance through the parametric 

numerical analysis.  

Fig. 3.6 Steel-concrete interface in an unloaded circular element at the 

elevated temperature (Ghojel 2004) 
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 In the numerical model of this study, the contact conductance 

depending on the gap clearance between the steel tube and concrete surface 

included and the proper value for CFT sections was studied through the 

sensitivity analysis in Clause 3.2.2. 

 

3.2.1.2 Mechanical analysis 

 In the mechanical analysis, the material properties including the 

elastic and inelastic mechanical properties and thermal expansion are required. 

These material properties have temperature dependent values at elevated 

temperatures. EN 1994-1-2 (CEN 2005b) and AISC specification (AISC 2010) 

present the mechanical properties of steel and concrete at the elevated 

temperatures. As shown in Figs. 3.8-3.10, the reduction factors for the effective 

Fig. 3.7 Temperature-thermal conductance relationship (Ghojel 2004) 
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yield strength (defined at 2% strain), the proportional limit, and modulus of 

elasticity of structural steel in those design guides are similar. The compressive 

strength of concrete decreases similarly at elevated temperatures as shown in 

Fig. 3.11. In the numerical model of this study, the mechanical properties of 

steel and concrete at elevated temperatures in EN 1994-1-2 (CEN 2005b) were 

used. 

 For the steel element, the isotropic multi-axial plasticity model with 

the Von Mises yield surface was used. For the concrete element, the concrete 

damaged plasticity model developed by Lee and Fenves (1998) was employed. 

This model considers a modified hyperbolic Drucker-Prager yield surface with 

multi-hardening plasticity in compression. The dilation angle of the concrete of 

20° recommended by Lee and Fenves (1998) was used. Generally, a low value 

of the dilation angle produces brittle behavior while a high value gives more 

ductile behavior. The concrete damaged plasticity model in ABAQUS 

(ABAQUS 2010) allows the stress-strain behavior in tension. In this study, the 

peak stress of concrete in tension was assumed to be 10% of the compressive 

strength. 
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Fig. 3.8 Reduction factors for the effective yield strength of structural steel at 

elevated temperatures (CEN 2005b; AISC 2010) 

Fig. 3.9 Reduction factors the proportional limit of structural steel at elevated 

temperatures (CEN 2005b; AISC 2010) 
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Fig. 3.10 Reduction factors for the modulus of elasticity of structural steel at 

elevated temperatures (CEN 2005b; AISC 2010) 

Fig. 3.11 Reduction factors for the compressive strength of concrete at 

elevated temperatures (CEN 2005b; AISC 2010) 
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 Considering the separation and contact of steel tube and concrete core 

at elevated temperatures, interaction condition is also defined. A hard contact 

option was selected for the normal directional behavior and a coulomb friction 

model was used for the tangential behavior between the contact surfaces. The 

hard contact means that the transmission of all contact pressure was allowed 

when the surfaces are in contact and no pressure is transmitted when the 

surfaces are separated.  

 Baltay and Gjelsvik (1990) carried out experimental study to 

investigate the friction coefficient between steel and concrete and concluded 

that this coefficient varied from 0.3 to 0.6 (Fig. 3.12). Based on their research, 

they proposed that the average friction coefficient between steel and concrete 

surfaces is 0.47.  

 

 

Fig. 3.12 Coefficients of friction for machined mild steel surface  

(Baltay and Gjelsvik 1990) 



 
                         Chapter 3. Numerical study of CFT columns under fire 

 

 

79 

 In this study, two different thermal expansion models of steel and 

concrete recommended by EN 1994-1-2 (CEN 2005b) and Lie (1994) were 

considered. In addition, the simplified linear models of above two thermal 

expansion models were also discussed. The details of material model at 

elevated temperatures are described in the following section.   

 

3.2.2 Sensitivity analysis 

 

 Sensitivity analysis were performed to investigate the effects of 

various input conditions in finite element modeling and to find the most 

appropriate values of them. In this study, the sensitivity of fire behavior of CFT 

column to the following parameters are considered: (a) thermal conductance (b) 

friction coefficient, (c) thermal expansion model, (d) Initial imperfection, and 

(e) type of aggregate. 

 In conducting the sensitivity analysis, test results of other researchers 

(Park et al. 2007; Cho et al. 2010; Lie and Chabot 1992) as well as own tests 

were considered. These test results were also used for the verification of the 

numerical modeling in the following section. Table 3.1 shows the selected 

specimens. Specimens 1-5 are the SHS1, SHS2, SHS3, SHS4, and SHS5 

specimens tested in this study, respectively. Specimens 6-13 are square CFT 

columns tested by Park et al. (2007) and Cho et al. (2010) in Korea. Specimens 

14-23 are the square (specimens 14 and 15) and circular (specimens 16-23) CFT 

columns tested by Lie and Chabot (1992) in NRCC. 
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Thermal conductance across the steel-concrete interface 

 In previous section, it was mentioned that the thermal conductance is 

the property to account for the thermal conductivity between the steel tube and 

concrete and the inverse of this property is termed the thermal contact resistance. 

The thermal contact resistance between the steel tube and concrete surface have 

been traditionally neglected in numerical study of CFT columns, i.e., the steel-

concrete interface have been assumed to be a thermally tied condition. This 

assumption have made it hard to predict the accurate thermal response of 

composite structures. This study took account of four conditions of the thermal 

conductance: 50, 100, and 200 W/m2K of the thermal conductance and the 

thermally tied condition. 

 Figs. 3.13-3.16 are the comparisons of the temperature results by own 

fire tests and heat transfer analysis in this study. To minimize the influence of 

the accidental temperature change of specimen, average temperatures of the 

own specimens with same sectional dimensions (specimens 1, 2, 3, and 4) were 

compared with FEM results. As shown in Figs. 3.13-3.15, the thermally tied 

condition may induce that the steel temperature is underestimated while the 

steel-concrete interface temperature is overestimated. Applying the thermal 

conductance of 100 W/m2K gave a good agreement with test results. This 

assumption of a constant thermal conductance also corresponds with the 

formula (Eq. (3.19)) suggested by Gohjel (2004).  
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Fig. 3.13 Comparison of steel temperatures between fire tests and 

FEM (specimens 1, 2, 3, and 4) 

Fig. 3.14 Comparison of steel-concrete interface temperatures 

between fire tests and FEM (specimens 1, 2, 3, and 4) 
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Fig. 3.15 Comparison of concrete temperatures between fire tests 

and FEM (specimens 1, 2, 3, and 4) 

Fig. 3.16 Comparison of concrete temperatures between fire tests 

and FEM (specimens 1, 2, 3, and 4) 
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Friction coefficient 

 As forementioned, the fiction coefficients between steel and concrete 

surfaces at ambient temperature investigated by Baltay and Gjelsvik (1990) 

were the range of 0.3 to 0.6. In this study, three different conditions were 

considered to find the effect of the fiction coefficients on the fire behavior of 

CFT columns at elevated temperatures: 0.3 and 0.45 of the friction coefficients 

and no friction. Fig. 3.17 shows that the fiction condition have little influence 

on the fire behavior of CFT column. This result is induced by the difference of 

the thermal expansions between steel and concrete at elevated temperatures. 

The numerical result indicates that the separation of steel tube and concrete 

infill at elevated temperatures minimizes the effect of the fiction condition.  

 

 

Fig. 3.17 Effect of friction coefficient on numerical prediction of 

fire behavior of CFT column (specimen 1) 
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Thermal expansion 

 The Thermal expansion models recommended by Eurocode 4 (CEN 

2005b) and Lie (1994) have little difference in elongation of steel, particularly 

below 750 °C (Fig. 3.18). In the case of concrete, however, there is a significant 

difference between Eurocode 4 and Lie models (Fig. 3.19). Although 

considering that the concrete infill of the CFT columns remains at much lower 

temperatures than the steel tube, which reaches more than 800°C in an hour 

under the standard fire condition, it is not easy to ignore the difference. 

 In addition, Eurocode 4 allows the application of the linear thermal 

expansion model ( sα =14×10-6/°C and cα =18×10-6/°C) in simple calculation 

models and Hong and Varma (2009) suggest that the linear modification of Lie 

model ( sα =12×10-6/°C and cα =16×10-6/°C) may be used to simplify the 

modeling and the analysis. This study considered above four thermal expansion 

models: (a) nonlinear Eurocode 4 model, (b) linear Eurocode 4 model, (c) 

nonlinear Lie model, and (d) linear Lie model.  

 Figs. 3.20(a) and (b) show the time-axial deformation relationships 

predicted for specimens 1 and 20 by the numerical simulation. Table 3.2 

presents the effect of thermal expansion models on numerical prediction of fire 

resistances of CFT columns. The results indicates that the simplified linear Lie 

model gives the highest fire resistance time. Considering the fire behavior and 

resistances predicted for the specimens 1, 4, 7, and 20, nonlinear Eurocode 4 

model was used in further numerical study.  

 

 



 
                         Chapter 3. Numerical study of CFT columns under fire 

 

 

87 

 

 

 

 

 

Fig. 3.18 Thermal expansion of steel at elevated temperatures 

Fig. 3.19 Thermal expansion of concrete at elevated temperatures 
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(a) Specimen 1 

 

(b) Specimen 20 

 

Fig. 3.20 Effect of thermal expansion model on numerical 

prediction of fire behavior of CFT column 
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Table 3.2 Effect of thermal expansion model on numerical prediction of fire 

resistance of CFT column 

Specimen 
no. 

Fire resistance (min) 

Test 
result 

Eurocode 4 
(nonlinear) 

Eurocode 4 
(linear) 

Lie 
(nonlinear) 

Lie 
(linear) 

1 36 38.5 37.2 42.9 46.1 
4 29 31.5 32.3 32.9 35.7 
7 108 88.1 95.7 122.1 159.8 

20 111 96.8 94.9 115.9 163.9 

 

Initial imperfection 

 In the sequentially coupled thermal-stress analysis, the initial 

geometric imperfection obtained by the buckling analysis can be applied. The 

first mode shape, generally describing the flexural buckling of column, is 

employed. It is not easy to find the accurate initial imperfection of the 

specimens or the actual CFT columns. To investigate the appropriate initial 

geometric imperfection, three different values were discussed: (a) L/500, (b) 

L/1000, and (c) L/5000.  

 Fig. 3.21 indicates that local and global buckling of specimens under 

fire were clearly simulated by the numerical modeling. In the cases of the 

imperfection value of L/500 or L/1000, the concentrative local buckling were 

developed at center and ends of column. On the other hand, in the case of the 

imperfection value of L/5000, the local buckling was not concentrated at a 

specific location. These different distributions of local buckling of steel tube 

were also observed in the fire tests described in the previous chapter. 
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(a) Imperfection value of L/1000 

 

(b) Imperfection value of L/5000 

Fig. 3.21 Local and global buckling of specimen 14 
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(a) Specimen 14 

 

(b) Specimen 18 

 

Fig. 3.22 Effect of initial imperfection on numerical prediction of fire 

behavior of CFT column 
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Fig. 3.22 and Table 3.3 show that the initial geometric imperfection 

has a significant influence on the fire behavior of CFT columns. Based on the 

numerical results, the initial imperfection values of L/1000 and L/5000 were 

applied to the rectangular and circular CFT section, respectively.  

 

Table 3.3 Effect of initial imperfection on numerical prediction of fire 

resistance of CFT column 

Specimen 
no. 

Fire resistance (min) 

Test result L/500 L/1000 L/5000 

8 90 105.8 109.0 115.0 
14 97 76.5 87.7 103.3 
18 112 86.0 85.3 104.3 
20 111 73.1 80.1 96.8 

 

Type of aggregate 

 It is well known that type of aggregate has influence on the thermal 

and mechanical properties of concrete at elevated temperatures. Generally, 

carbonate (or calcareous) aggregate shows higher residual strength (Fig. 3.23) 

and lower thermal expansion (Fig. 3.24) at elevated temperatures compared 

with siliceous aggregate (CEN 2004a). In this study, by using the test results of 

CFT columns with siliceous or carbonate aggregate in NRCC fire tests (Lie and 

Chabot 1992), the effect of aggregates on the fire resistance of CFT column was 

investigated.  
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Fig. 3.23 Reduction factor for compressive strength of concrete at elevated 

temperatures (CEN 2004a) 

Fig. 3.24 Thermal expansion of concrete (CEN 2004a) 
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Fig. 3.25 shows the numerical analysis results applying the material 

property models of siliceous and carbonate aggregates. This indicates that the 

rate of axial contraction of carbonate concrete is lower than that of siliceous 

concrete and the consideration of the aggregate type is important for the 

accurate prediction of fire resistance of composite members.  

 

 

 

 

  

Fig. 3.25 Effect of the type of aggregate on fire behavior of CFT column 

(specimen 21)  
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3.3. Verification of the numerical modeling 
 

 The input values of principal parameters were discussed in previous 

section by conducting the sensitivity analysis. Hereafter, the comparisons of the 

numerical and experimental fire behavior including the temperature distribution 

and the fire resistance time are described.  

 

3.3.1 Temperature distribution 

 In the discussion about the effect of the thermal conductance through 

the sensitivity analysis, the numerical prediction of the temperature distribution 

for rectangular CFT sections have shown a good agreement with the test results. 

The following comparisons present the applicability of the numerical modeling 

for the circular CFT sections. The specimens 18 and 19 in Table 3.1, having 

same sectional dimension (273.1×5.56 mm), tested by Lie and Chabot (1992) 

were selected. The specimens 22 and 23 (406.4×12.7 mm) were also discussed 

for the verification. Figs. 3.26 and 3.27 reaffirm that the numerical predictions 

and the test results show good agreements. The time-temperature curves for 

concrete between the specimens with same sectional dimension, compared with 

those of steel, appears to be the slight differences. This seems to be induced by 

the differences of strength and moisture content of concrete in specimens. In 

the numerical modeling, based on the recommendation by Eurocode 4, moisture 

content of concrete was assumed to be 10% and the upper limit of thermal 

conductivity of normal strength concrete was considered. As shown in Figs. 

3.26 and 3.27, it is considered that these application were appropriate. 
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Fig. 3.26 Comparison of time-temperature curves of numerical prediction 

and test results for specimens 18 (C20) and 19 (C21) 

Fig. 3.27 Comparison of time-temperature curves of numerical prediction 

and test results for specimens 22 (C59) and 23 (C60) 
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3.3.2 Fire resistance 

 

 Figs. 3.29-3.31 present the time-axial deformation relationships of 

numerical predictions and test results for specimens in Table 3.1. As shown in 

the figures, the fire behaviors by the numerical modeling trace those by the tests 

favorably. Most of the time-axial deformation relationships of numerical 

predictions show typical behavior of CFT columns under fire condition, 

experiencing the expansion of steel tubes in the early heating stage, the rapid 

contraction, the transition of the main load bearing material from steel to 

concrete infill, and the failure (Fig. 1.7). Table 3.4 and Fig. 3.32 give the 

comparisons of the fire resistance times between numerical predictions (FRnum) 

and tests (FRtest), which are obtained by the load capacity failure criteria: (1) 

axial contraction of L /100 ( L  is column length); (2) the rate of axial 

contraction of 3 L /1000 (mm/min). Average value and standard deviation of 

FRnum/FRtest in Table 3.4 are 1.05 and 0.33, respectively. In general, the 

numerical models predicted the reasonable fire resistance times compared with 

the test results.  

 Figs. 3.29(a-e) show that there are the differences of peak expansion 

between the numerical predictions and test results. It is assumed that this was 

induced by somewhat difference in the stress-strain relationships of steel 

between the numerical model and the specimen. At elevated temperatures, the 

actual elastic range up to proportional limit ( ,p TF  and ,p Tε  in Fig. 3.28) in 

the stress-strain relationship of steel of the specimens may be larger compared 

with the recommendation of design guides for the numerical modeling. 
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Considering this difference, as shown in Fig. 3.29(a-e), the total expansion 

including the thermal expansion and the mechanical contraction by the 

numerical analysis can be smaller than that observed in the actual fire test. In 

addition, it can be shown clearly when, like the specimens 1-5, CFT column is 

subjected to larger load ratio resulting in lower fire resistance.  

 

 

In the case of the specimen 19, as shown Fig. 3.30(f), the numerical 

predictions provide the earlier expansion and transition to contraction of the 

columns than the test results. This is because that, in the early heating stage of 

the specimen 19, there was a delay in increasing the furnace temperature (Lie 

and Chabot 1992). In the case of specimen 15, concrete infill with high strength 

resulted in extremely overestimation of fire resistance time by the numerical 

prediction.  

  

Fig. 3.28 Stress-strain relationship of structural steel at elevated temperatures 

Strain

Stress

,y TF

,y Tε

Difference of 
mechanical strain
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    (a) Specimen 1                      (b) Specimen 2 

    (c) Specimen 3                      (d) Specimen 4 

(e) Specimen 5 

Fig. 3.29 Comparisons of time-axial deformation relationships of numerical 

predictions and test results for specimens 1-5 
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    (a) Specimen 14                      (b) Specimen 15 

    (c) Specimen 16                      (d) Specimen 17 

    (e) Specimen 18                      (f) Specimen 19 

Fig. 3.30 Comparisons of time-axial deformation relationships of numerical 

predictions and test results for specimens 14-19 
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    (a) Specimen 21                    

   (b) Specimen 22 

    (c) Specimen 23  

Fig. 3.31 Comparisons of time-axial deformation relationships of numerical 

predictions and test results for specimens 21-23 
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Table 3.4 Comparison of fire resistances between the numerical predictions 

and test results 

Specimen 
Fire resistance (min.) 

FRnum / FRtest 
Test result Numerical prediction 

1 36 38.5  1.07  
2 42 38.7  0.92  
3 32 38.8  1.21  
4 29 31.5  1.09  
5 40 40.4  1.01  
6 57 69.8  1.22  
7 108 88.1  0.82  
8 90 109.0  1.21  
9 28 26.0 0.93  
10 19 21.2  1.12  
11 28 33.5  1.20  
12 33 31.1  0.94  
13 31 42.5  1.37  
14 97 87.7  0.90  
15 131 180.0  1.37  
16 80 53.8  0.67  
17 102 76.3  0.75  
18 112 104.3  0.93  
19 133 112.1  0.84  
20 111 96.8  0.87  
21 149 180.0  1.21  
22 125 140.7  1.13  
23 152 172.4  1.13  
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 Like these, the real fire tests, generally, do not allow consistent results. 

Although the simplified assumption of material properties and the uncertainty 

of real fire tests interfered in the accuracy of the numerical predictions, as 

shown in Fig. 3.32, it should be noted that the numerical model in this study 

predicts the fire behavior of CFT columns reasonably.  
  

Fig. 3.32 Comparison of fire resistances between simulation and test results 
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3.4. Discussions 
 

In this chapter, the numerical approach to simulate the thermal and 

structural response of concrete filled steel tubular column under fire condition 

has been described and nonlinear finite element modeling against fire tests was 

verified. The thermal and mechanical properties of steel and concrete at 

elevated temperatures, the initial imperfection, the thermal conductance and the 

friction between the steel and concrete interface were discussed.  

Heat convective coefficient of 25 W/m2K and resultant emissivity of 

0.7 were applied as thermal boundary condition. To reflect the thermal contact 

resistance at steel-concrete interface, thermal conductance of 100 W/m2K was 

employed. The thermal and mechanical properties of steel and concrete at 

elevated temperatures in Eurocode 4 were used. By sensitivity analysis, friction 

coefficient of 0.45, nonlinear thermal expansion models of steel and concrete 

recommended by Eurocode 4 were chosen. L/1000 for rectangular CFT 

columns and L/5000 for circular CFT columns were used as initial imperfection 

values. In addition, this study showed that the consideration of concrete 

aggregate type may give better agreement with the test result.  

Comparison of fire resistances between numerical simulations and test 

results indicated that the numerical modeling in this study predicts the fire 

behavior of CFT columns reasonably.  
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Chapter 4. Improvement of Fire Safety Design of 

CFT Columns 

 

4.1. Prediction of temperature distribution  
 

 Most fire design methods for steel and composite structural members 

are based on the methodology of structural design at ambient temperature and 

take account of the changes of material properties at elevated temperatures. As 

mentioned in above chapter, the prediction of the temperature distribution for 

structural elements is first step to evaluate the strength and stiffness reductions 

prior to calculating the contribution of elements to the load bearing capacity.  

 To obtain the accurate prediction of the temperature distribution of 

CFT sections, fire tests or numerical approach are necessary. These, however, 

are tedious process to require the time and cost to structural engineers. Lawson 

and Newman (1996) proposed the simplified temperature calculation method 

for unprotected CFT columns. This approximate prediction method was 

developed, based on the modification on the one-dimensional heat transfer 

analysis, and applicable to both circular and rectangular CFT section.  

 The temperature of concrete core in the circular and rectangular CFT 

section is higher than the results from the one-dimensional heat transfer 

analysis of composite section with infinite length. This is because that, unlike 

the section with infinite length, the perimeter of inner layer of concrete core in 

CFT section is shorter than that of outer layer. In consideration of this difference, 
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Lawson-Newman method was simplified by multiplying the correction 

coefficients to the results from the one-dimensional heat transfer analysis. 

 Table 4.1 includes the basic temperatures ( basicT ) of infinitely large 

concrete sections exposed to the standard fire on outer surface and Table 4.2 

gives the multiplication factor C1 for the modification on the concrete 

temperatures. These correction factors are equally applicable to both circular 

and rectangular CFT section. Multiplication factor C2 obtained by Eq. (4.1) 

depends on the thickness of the steel tube between concrete infill and the 

external heat source. As the fire exposure time is longer, the effect of the tube 

thickness is reduced. 

 

 

 

 

Table 4.1 Basic temperatures of infinitely large concrete sections exposed to 

fire on outer surface 

Fire 
resistance  

Fire 
temperature 

Basic temperature of concrete ( basicT ,°C) 

Distance from outer surface (mm) 

(min) ( fiT ,°C) 10 30 50 70 >70 

200 840 470 250 140 100 70 
300 945 642 421 250 150 130 
400 1005 738 519 345 245 190 
500 1049 850 591 415 310 240 
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Table 4.2 Multiplication factor C1 

Diameter or 
width (mm) 

Distance from outer surface (mm) 

10 30 50 70 >70 

200 1.08 1.22 1.41 1.60 1.80 
300 1.05 1.14 1.22 1.36 1.50 
400 1.03 1.09 1.18 1.25 1.35 
500 1.02 1.07 1.12 1.18 1.25 

 
2 1 0.01C t= −  for 60 minutes fire resistance or below (4.1a) 

   
2 1 0.005C t= −  for 90 minutes fire resistance (4.1b) 

   
2 1.0C =  for 120 minutes fire resistance or above (4.1c) 

 

where t  is steel tube thickness.  

Wang proposed the modified multiplication factor C2 to be applied to 

the full range of the fire exposure time (FR) below 120 minutes. 

 

2
1201 0.02

120
FRC t −

= −  (4.2) 

 

 Temperature of the steel tube ( sT , °C) is obtained by multiplying the 

factor C2 by the fire temperature ( fiT , °C) and the temperature of the concrete 

section ( cT , °C) is calculated by multiplying the factors C1 and C2 by the basic 

temperature of the concrete infill ( basicT , °C).  

 

2s fiT C T=  (4.3a) 
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1 2c basicT C C T=  (4.3b) 

  

Lawson-Newman method tends to predict more conservative 

temperatures than the actual test results of CFT columns. For example, a 

constant temperature with respect to the depth of more than 70mm may be more 

conservative assumption in large CFT sections. In addition, Lawson-Newman 

method may not reflect the effect of the thermal resistance at the interface 

between steel and concrete. In this chapter, a method to predict more accurately 

the temperature distribution of CFT sections under standard fire condition was 

investigated by using finite element heat transfer analysis in the previous 

chapter. 

 
4.1.1 Parametric heat transfer analysis 

 

 To analyze the characteristics of the temperature distribution of the 

CFT sections according to the parameters including the diameter of the section, 

the thickness of steel tube, and the fire exposure time, in this study, parametric 

heat transfer analysis verified in previous chapter was conducted. The range of 

values of the parameters were as follows.  

 

-  Diameter of the section ( D ): 200, 300, 400, and 500 mm 

-  Steel tube thickness ( t ): 4, 6, 8, 10, 12, 14, 16, 18, and 20 mm 

-  Fire exposure time (FR): 30, 60, 90, 120, 150, and 180 minutes 
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 Based on the numerical study in previous chapter, thermal boundary 

condition (Heat convective coefficient of 25 W/m2K and resultant emissivity of 

0.7) and the thermal properties of steel and concrete recommended by Eurocode 

4 (CEN 2005b) were used and normal strength concrete was considered. 

Figs. 4.1 and 4.2 are the examples of the temperature distribution of 

circular CFT section obtained by the heat transfer analysis (maximum fire 

exposure time is 180 minutes). In describing the temperature distribution of 

CFT section, normalized distance from steel-concrete interface nd  were used.  

 

0.5 0.5n
out in

d dd
D t D

= =
−

 (4.4) 

 

where outD  is the outer diameter of steel tube, inD  is the inner diameter of 

steel tube, d  is the distance from steel-concrete interface, and t  is the 

thickness of steel tube. 

 Numerical results provides the following characteristics: (a) Effects of 

the parameters on the temperatures of steel tube and concrete infill are different. 

(b) Concrete infill of the smaller CFT section experiences the larger 

temperature change. (c) Effect of the steel tube thickness on the temperature 

distribution in concrete infill is negligible. (d) The thickness of the steel tube at 

the fire exposure times more than 90 minutes has little influence on the 

temperature of the steel tube. Based on the above observation, in this study, a 

simple method for predicting the temperature distribution of steel tube and 

concrete infill is proposed.  
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Fig. 4.1 Temperature distributions of CFT sections with various fire 

exposure times by heat transfer analysis ( D = 200mm and t = 6mm) 

Fig. 4.2 Temperature distributions of CFT sections with various steel tube 

thickness by heat transfer analysis ( D = 300mm and FR= 90 minutes) 
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4.1.2 Simplified prediction method of temperature distribution  

 

 Figs. 4.3 and 4.4 present the temperature ratios, which are the 

temperatures of steel tubes and steel-concrete interfaces to the furnace 

temperatures, obtained by parametric heat transfer analysis. The results indicate 

that the sectional dimensions of CFT columns have little influence on the 

temperatures of steel tubes and steel-concrete interfaces. Based on these results, 

as shown in Figs. 4.3 and 4.4, a simplified tabular method is proposed. 

Maximum applicable fire exposure time (FR) is 180 minutes. This tabular 

method can be used to predict the temperatures of steel tube and steel-concrete 

interface by using Eqs. (4.5a-b) including the coefficients of Table 4.3. 

 

( )s s s gT t Tα β= −  (4.5a) 
  

( )i i i gT t Tα β= −  (4.5b) 

 

where sT  is the temperature of steel tube (°C), iT  is the temperature of steel-

concrete interface (°C), gT  is the furnace temperature (°C), sα , sβ , iα , and 

iβ  are the coefficients. 

 The simplified tabular method is equally applicable to both circular 

and rectangular CFT section because it reflects the negligible effect of sectional 

dimensions on the temperatures of steel tube and steel-concrete interface. The 

tabular method is simple and easy to use in practice. However, this method is 

not much different from the approach by Lawson and Newman (1996).  
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    (a) FR30                           (b) FR60 

    (c) FR90                           (d) FR120 

    (e) FR150                          (f) FR180 

 

Fig. 4.3 Temperatures of steel tubes obtained by heat transfer analysis 
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   (a) FR30                           (b) FR60 

    (c) FR90                           (d) FR120 

    (e) FR150                          (f) FR180 

Fig. 4.4 Temperatures of steel-concrete interfaces obtained by heat transfer 

analysis 
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Table 4.3 Coefficients for temperature prediction 

FR (min) sα  sβ  iα  iβ  

30 0.90 0.010 0.64 0.010 
60 0.97 0.004 0.82 0.007 
90 0.97 0.001 0.87 0.004 

120 0.98 0 0.90 0.003 
150 0.99 0 0.92 0.002 
180 1.00 0 0.94 0.002 

 

 In this study, equations for predicting the temperatures of steel tube 

and steel-concrete interface by using multiple nonlinear regression analysis are 

proposed. These equations are also based on the above parametric heat transfer 

analysis results (Figs. 4.3 and 4.4). It should be noted that Eqs. (4.6a-b) are 

effective in fire exposure time up to 180 minutes. 

 

( ) ( )
( ) ( )

25 5

3 3

0.789 1.526 10 FR 5.698 10 FR

3.666 10 FR 8.908 10
s gT T t

t

− −

− −

= − ⋅ + ⋅ ⋅

+ ⋅ − ⋅   

 
 

(4.6a) 
  

( ) ( )
( ) ( ) ( )

25 5

3 4 3

0.491 2.471 10 FR 5.47 10 FR

6.934 10 FR 1.515 10 9.12 10
i gT T t

D t

− −

− − −

= − ⋅ + ⋅ ⋅

+ ⋅ − ⋅ − ⋅  

 
 

(4.6b) 

 

where sT  is the temperature of steel tube (°C), iT  is the temperature of steel-

concrete interface (°C), gT  is the furnace temperature (°C), FR is fire 

exposure time (min), D  is section width (mm), and t  is steel tube thickness 

(mm). 
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(a) Temperatures of steel tubes 

 

(b) Temperatures of steel-concrete interfaces 

Fig. 4.5 Comparisons of the temperatures of steel tube and steel-concrete 

interfaces between the proposed equations and heat transfer analysis 
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It is worth noting that the effect of the sectional dimension is not 

included in Eq. (4.6a) for predicting the temperatures of steel tube. Fig. 4.5 

shows that the temperatures of steel tube and steel-concrete interface by the 

proposed equations agree with those by the previous parametric heat transfer 

analysis.  

As shown in Figs. 4.1 and 4.2, generally, the temperatures in concrete 

infill decreased slowly near the center of the section. In addition, Fig. 4.2 shows 

that the steel tube thickness have little influence on the temperature distribution 

in concrete infill. In this study, it is assumed that the temperature distribution in 

concrete infill may be expressed as follows.  

 
exp[ (FR, ) ]c i nT T f D d= ⋅  (4.7) 

 

 When nd  is zero, the temperature of the steel-concrete interface is 

obtained. By using multiple nonlinear regression analysis, a single equation for 

predicting the coefficient f  of the temperature distribution in concrete infill 

is proposed as follows.   

 

( ) ( ) ( )
( ) ( )

24 5

2 2

FR, 1.597 1.861 10 FR 4.674 10 FR

4.980 10 FR 1.837 10

f D D

D

− −

− −

= − − ⋅ + ⋅ ⋅

+ ⋅ − ⋅  

 
 

(4.8) 

 

where FR is fire exposure time (min) and D  is section width (mm). 
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(a) 200mm in diameter and 8mm in steel tube thickness 

 

(b) 300mm in diameter and 8mm in steel tube thickness 

  

Fig. 4.6 Comparisons of the temperatures of concrete infill between the 

proposed equations and heat transfer analysis 
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(c) 400mm in diameter and 10mm in steel tube thickness 

 

(d) 500mm in diameter and 10mm in steel tube thickness 

 

Fig. 4.6 Comparisons of the temperatures of concrete infill between the 

proposed equations and heat transfer analysis (continued) 
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It should be noted that Eq. (4.8) is effective in fire exposure time up 

to 180 minutes. Fig. 4.6 indicates that, comparing with heat transfer analysis, 

the proposed equation provides approximately accurate prediction of the 

temperature distribution in concrete infill.  

 

4.1.3 Verification of the proposed method 

 

 The proposed equations for predicting the temperature distribution 

were derived from the results of the parametric heat transfer analysis of circular 

CFT section. Considering the concept of the equivalent heat capacity for the 

CFT column, the equations are also applicable to the rectangular CFT section. 

Rectangular CFT section with the section width ( D ) is replaced by circular 

CFT section with the equivalent diameter ( eqD ). The distance from steel-

concrete interface ( d ), is also replaced by the equivalent distance ( eqd ). 

 
2 1.13eqD D D
π

= ≈  (4.9a) 

  
2 1.13eqd d d
π

= ≈  (4.9b) 

 

 Fig. 4.7 shows the comparison of temperatures of steel tubes between 

the proposed equation and the test results by Lie and Chabot (1992). In both 

cases of the circular and rectangular CFT sections, the steel temperatures 

obtained by the proposed equation are good agreement with the test results. Fig. 
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4.8 presents the comparison of temperatures of steel-concrete interfaces 

between the proposed equation and own test results. It also shows that the 

proposed equation for the temperatures of steel-concrete interfaces is 

reasonable.  
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(a) Specimens C20 and C21 (273.1×5.56 mm) 

(b) Specimens SQ17 and SQ20 (254×6.35 mm) 

 

Fig. 4.7 Comparisons of the temperatures of steel tubes between the 

proposed equation and test results 
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 Accuracy of the proposed equation for the temperature distribution of 

concrete infill was investigated at two different points in the test specimens by 

Lie and Chabot (1992). Fig. 4.9 indicates that the temperature change of 

concrete infill is more complex and not easy to predict accurately. Nevertheless, 

it should be noted that the proposed equation gives the reasonable temperature 

prediction for concrete infill.  

 

 

 
  

Fig. 4.8 Comparisons the temperatures of steel-concrete interfaces between 

the proposed equation and test results (300×9 mm) 
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(a) / 8inD  

(b) / 4inD   

Fig. 4.9 Comparisons between predicted and measured temperatures in 

concrete infill 



 
                   Chapter 4. Improvement of fire safety design of CFT columns 

 

 

124 

4.2. Improvement of simple calculation method  
 

In Eurocode 4 (CEN 2005b), if the temperature distribution of CFT 

section is obtained by the heat transfer analysis or the prediction method 

discussed in the previous section, the fire resistance of CFT column can be 

calculated by using the simple calculation model as shown in Chapter 1. 

Although Eurocode gives three options for calculating the fire resistance: (a) 

tabulated data, (b) simple calculation model, and (c) advanced calculation 

model, the simple calculation model is the most widespread method, which is 

based on the extended application of the buckling curves for the column design 

at ambient temperature. 

Several researchers including Wang (1997) and Espinos (2012) 

studied the limitation of the current simple calculation model for circular CFT 

columns and proposed the improved calculation model. However, only a few 

studies have investigated the applicability of the simple calculation model to 

rectangular CFT columns.  

 In this section, the limitation of the current simple calculation model 

for rectangular CFT columns is discussed and a modified simple calculation 

model is proposed based on the parametric study for rectangular CFT columns 

with various lengths, sectional widths, and steel tube thicknesses. The proposed 

method is also verified against the fire test results mentioned in the previous 

sections.  

 
  



 
                   Chapter 4. Improvement of fire safety design of CFT columns 

 

 

125 

4.2.1 Review of existing method: Eurocode 4  

 

The great advantage of the simple calculation model in Eurocode 4 

(CEN 2005b) is the versatile applicability to the composite columns including 

the encased steel section and concrete-filled section. In this method, the 

procedure for calculating the load capacity of CFT columns at elevated 

temperatures is similar to that at ambient temperature as discussed in Chapter 

1. The important differences between column designs at ambient and elevated 

temperatures are in the change of the material properties and the effective 

flexural stiffness. The material properties at elevated temperatures are obtained 

by the recommended values in Eurocode 4 and the effective flexural stiffness 

of CFT section without reinforcement is calculated as 

 
( ) ( ) ( ), , , , , ,, s T s T s T c T c T c Tfi eff

j k
EI E I E Iϕ ϕ= +∑ ∑  (4.10) 

 

where ,i TI  is the second moment of area of the partially reduced part i  of 

the cross-section, ,i Tϕ  is the reduction coefficient depending on the effect of 

thermal stresses, ,s TE  is the characteristic value for the slope of the linear 

elastic range of the stress-strain relationship of structural steel at the 

temperature T , and ,sec,c TE  is the secant modulus of concrete at the 

temperature T . 

For partially encased steel sections, the reduction coefficients in Eq. 

(4.10) have been recommended in Annex G of EN 1994-1-2. For concrete-filled 
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sections, however, the no specific value has included in above design code. 

Only few studies have been investigated the appropriate values of the reduction 

coefficients. The design guide (Lennon et al. 2007) has recommended that the 

value of unity may be applied in practice and the French National Annex to EN 

1994-1-2 proposed the reduction coefficient of 1.2 for the concrete core.  

In this study, first, the applicability of the recommended values by 

European design guide was discussed by using the test results of the specimens 

in Table 3.1. For the specimens 1-15 with rectangular CFT sections, the 

predicted and applied load capacity at the actual fire resistant times obtained by 

their fire tests were compared. The predicted load capacity was calculated based 

on the reduction coefficients of the unity and the simple calculation model in 

Eurocode 4. The temperature distributions were obtained by the proposed 

method verified in the previous section.  

 

Fig. 4.10 Comparison between the predicted and applied load capacity of the 

test specimens with rectangular CFT sections 

( ) 0.77test predictedAVG P P =

Predicted load 
capacity
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As shown in Fig. 4.10, the current simple calculation model predicted 

the unconservative load capacity for the rectangular CFT specimens. This result 

indicates that the simple calculation model procedure needs to be modified for 

more accuracy. This study investigated the way to overcome this inaccuracy of 

the simple calculation model while maintaining the overall design frame. 

 

4.2.2 Parametric studies 

 

Due to lack of the existing experimental results for analyzing the 

tendency of the prediction of fire resistance with the current simple calculation 

model, the parametric study was conducted by using the numerical modeling 

method developed for rectangular CFT columns in Chapter 3. The range of 

values of the parameters were as follows: (a) column length ( L ) of 2.5, 4.0, and 

5.5 m; (b) Sectional width ( D ) of 200, 300, 400, and 500 mm; steel tube 

thickness ( t ) of 6, 10, and 14 mm; load ratio (LR): 0.15, 0.20, 0.25, and 0.30. 

For all columns, fixed-fixed restraint conditions at the column ends 

were considered, reflecting general end condition of columns connected to the 

so-called ‘cool’ ambient structural members under fire compartmentation 

circumstance. CFT sections with steel tube thickness of 6 mm and the sectional 

width of 400 and 500 mm, having high width-to-thickness ratio ( D t >65), 

were precluded. The load ratio was given by the applied load to the axial 

compressive resistance at temperature 20°C combining the contribution by steel 

tube and concrete infill. The yield strength of steel and the compressive strength 

of concrete considered in the parametric study were 300MPa and 30MPa, 
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respectively, which were considered as representatives of normal strength steel 

and concrete. Therefore, it should be noted that the results of this study are not 

applicable to CFT columns with high strength steel (more than the yield 

strength of 440 MPa) or concrete (more than the compressive strength of 50 

MPa).  

The total number of the numerical models in this parametric study was 

120. Figs. 4.11-4.13 show that, as well known, the low load ratio guarantees the 

enhancement of fire resistance. As CFT columns are subjected to higher load 

ratio, the differences of fire resistances between the columns decrease. As 

shown in Figs. 4.11 and 4.13, the fire resistances of CFT columns with larger 

sectional dimension and thinner steel tube were improved due to the extension 

of the contribution of concrete infill to the compressive resistance (Table 4.4).  

 

Table 4.4 Effect of section width on fire resistance of rectangular CFT 

columns ( L =4000 mm, LR=0.25) 

Steel tube 
thickness 

(mm) 

Section width (mm) 

200 300 400 500 

 Fire resistance (min) 

6 50.2 70.7 - - 
10 42.9 57.2 70.6 105.6 
14 45.7 54.9 63.5 71.8 
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(a) 2.5m in length and 10mm in steel tube thickness 

(b) 5.0m in length and 10mm in steel tube thickness 

Fig. 4.11 Comparison of fire resistant times among CFT columns with 

different sectional dimensions 
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(a) 200mm in sectional width and 10mm in steel tube thickness 

 

(b) 400mm in sectional width and 10mm in steel tube thickness 

Fig. 4.12 Comparison of fire resistant times among CFT columns with 

different column lengths 
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(a) 300mm in sectional width and 2.5m in column length 

 

(b) 300mm in sectional width and 4.0m in column length 

Fig. 4.13 Comparison of fire resistant times among CFT columns with 

different steel tube thicknesses 
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Likewise with the actual test specimens discussed previously, for 120 

rectangular CFT columns, the predicted (based on the simple calculation model) 

and applied load capacity at the fire resistant times obtained by their numerical 

simulations of fire tests were compared as shown Fig. 4.14.  

 

 

Fig. 4.14 also indicates that the current simple calculation model may 

overestimates the compressive capacity of rectangular CFT columns at elevated 

temperatures. To recover the accuracy of the simple calculation model at 

elevated temperatures, this study focused on the modification of the flexural 

stiffness reduction coefficient for rectangular CFT columns at elevated 

temperatures. 

 

Fig. 4.14 Comparison of the load capacity between the simple calculation 

model and the numerical simulation 
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4.2.3 Modification of flexural stiffness reduction coefficient 

 

To investigate the required modification values of the flexural stiffness 

reduction coefficient for rectangular CFT columns at elevated temperatures, the 

results of the parametric study were used. First, it can be assumed that the 

required reduction coefficients ( reqχ ) for predicting the accurate fire 

resistances of the CFT columns in the parametric study are calculated as the 

compressive resistance of the numerical simulation ( numN ) divided by the 

plastic resistance ( , ,fi pl RdN ) at the fire resistant time.  

 

, ,

num
req

fi pl Rd

N
N

χ =  (4.11) 

 

Subsequently, the required relative slenderness ( reqλ ) can be derived 

from the relationship based on the required reduction coefficient and the 

buckling curve “c”. Using Eq. (4.12), the elastic critical load to obtain the 

required relative slenderness is recalculated.  

 

( )
( )

, ,
, 2

fi pl R
fi cr req

req

N
N

λ
=  (4.12) 

 

where , ,fi pl RN  is the value of , ,fi pl RdN  according to Eq. (1.2) when the 

factors , ,γM fi a , , ,γM fi s , and , ,γM fi c  are taken as 1.0. 

Based on the definition of the elastic critical load at elevated 

temperatures,  
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( ) ( )2 2
, , /fi cr Tfi effreq

N EI Lπ=  (4.13) 

 

The effective flexural stiffness of CFT section without reinforcements 

is comprised of the contribution of steel tube and concrete infill and expressed 

as follows.  

 
( ) ( ) ( ), , , , ,sec, ,, s T s T s T c T c T c Tfi eff

j k
EI E I E Iϕ ϕ= +∑ ∑  (4.14a) 

 

Considering the inelastic stress-strain relationship of steel at elevated 

temperatures, it is clear that the unity value of ,s Tϕ  recommended by 

European design guide (Lennon et al. 2007) gives the unsafe prediction of the 

effective flexural stiffness. Moreover, although assuming the uniform 

temperature of steel tube under general fire exposed condition, considering that 

the stress of steel exceeds the proportional limit, it is hard to define an accurate 

value of ,s Tϕ . Defining the reduction coefficient of ,c Tϕ  is also hard due to 

nonuniform temperature distribution from concrete surface to center of 

rectangular CFT section under fire condition. In this study, to simplify the 

design procedure in practice, the flexural stiffness reduction coefficients of steel 

and concrete were assumed that they have same values. It should be noted that 

this assumption is effective when all exterior surfaces of column are subjected 

to fire (4-sides exposure condition) and the CFT section is rectangular. The 

effective flexural stiffness of the column is modified by the effective reduction 
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factor ( effϕ ) as follows: 

 

( ) ( ) ( ), , ,sec, ,, eff s T s T c T c Tfi eff
j k

EI E I E Iϕ= +
 
 
  
∑ ∑  (4.14b) 

 

Combining Eqs. (4.12), (4.13), and (4.14b), the flexural stiffness 

reduction coefficients required to predict the accurate fire resistances of the 

rectangular CFT columns in the parametric study were expressed as 

 

( ) ( ) ( )
2

,

,

,
22

, ,sec, ,

fi p

s

l RT
req

req T s T c T c T
j k

E I
N

E I
L

π λ
ϕ

 
 

=
+ 

 
 
∑ ∑

 (4.15) 

 

Fig. 4.15 shows that the column length ( L ) and the sectional width 

( D ) have significant influence on the flexural stiffness reduction coefficient 

and fire exposure time and steel tube thickness is negligible. Based on these 

results, a simplified formula for the flexural stiffness reduction coefficient is 

proposed as the following form. 

 
( ) ( )eff c L Dα βϕ =  (4.16) 
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(a) 2.5m in column length 
 

(b) 4.0m in column length 

Fig. 4.15 Comparison between required and proposed flexural stiffness 

reduction coefficient 
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(c) 5.5m in column length 

Fig. 4.15 Comparison between required and proposed flexural stiffness 

reduction coefficient (continued) 

 

By using linear regression analysis, a formula for the effective flexural 

stiffness reduction coefficient were obtained.  

 

( )
( )

1.56

2.471.34 1eff
L

D
ϕ = ≤  (4.17a) 

 

where L  is column length (mm) and D  is section width (mm). 

Taking into account the slenderness of CFT column, which can be 

expressed as ratio of column length to section width, the effective flexural 

stiffness reduction coefficient can be simplified as 
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1.5 11.34 1eff
L
D D

ϕ  = ≤ 
 

 (4.17b) 

 

Considering that the flexural stiffness reduction coefficient includes 

the effect of the different thermal stresses within the composite cross-section, 

Eq. (4.17) means that the flexural stiffness is reduced when larger section size 

induces the difference of thermal stress inside CFT section. As shown in Eq. 

(4.17), the effective flexural stiffness reduction coefficient of CFT columns 

with higher slenderness is larger because higher slenderness induces the 

instability problem of CFT column at lower stress condition of stress-strain 

relationship where the flexural stiffness is close to initial flexural stiffness of 

CFT section.  
 

4.2.4 Application of modified flexural stiffness reduction coefficient 

 

Figs.  4.16 and 4.17 show the application results of the proposed 

flexural stiffness reduction coefficient to the simple calculation method (120 

sample columns in the parametric study). As can be seen, the prediction 

accuracy for the compressive resistance at elevated temperatures is improved 

significantly.  
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Fig. 4.16 Application of modified flexural stiffness reduction coefficient to 

simple calculation method 

Fig. 4.17 Comparison of the prediction accuracy between the proposed 

formula and current design recommendation 
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The application of the proposed flexural stiffness reduction coefficient 

was also conducted to the actual test results (rectangular CFT columns in Table 

3.1). Though the steel and concrete strength of the specimens ( yF =235-363 

MPa and cf =24.2-58.8 MPa) were various (but all of them may be accounted 

normal strength steel and concrete), Fig. 4.18 indicates that the proposed 

formula for flexural stiffness reduction coefficient is reliable and useful to 

predict the fire resistance of rectangular CFT columns with normal strength 

steel and concrete. It should be noted that the validity limits of proposed 

flexural stiffness reduction coefficient are the fire exposure time up to 180 

minutes, sectional width from 200 to 500 mm, and column length less than 5500 

mm). 
  

Fig. 4.18 Application of modified reduction coefficients to the test result 
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4.3. Critical compressive strength of steel tubes at elevated 
temperatures considering local buckling 

 

When thin steel plate assemblies such as wide flange and hollow steel 

section are under compression, they may be susceptible to the local buckling. 

As shown in experimental and analytical studies of Chapters 2 and 3, the thin 

steel tubes in CFT sections also experience the local buckling during fire 

situation. The local buckling behavior of CFT sections, however, is 

fundamentally different from the behavior of hollow steel sections due to the 

presence of the concrete infill. The concrete infill changes the buckling mode 

of the steel tube both within the cross section and along the length of the 

member.  

The local buckling behavior of steel tubes in CFT sections at ambient 

temperature have been investigated by several researchers (Uy and Bradford 

1996; Bradford et al. 2002; Liang et al. 2006). On the other hand, there have 

been only few studies on the local buckling behavior and the critical 

compressive strength of steel tubes in CFT sections at elevated temperatures. 

In this section, theoretical and numerical studies were conducted to determine 

critical compressive strength of steel tubes in CFT sections at elevated 

temperatures considering local buckling.  
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4.3.1 Critical compressive strength and limiting width-to-thickness 

ratios of steel tubes at ambient temperature 

 

To investigate the critical strength and limiting width-to-thickness 

ratios of steel sections such as hollow steel boxes and concrete-filled steel tubes, 

it is necessary to understand the buckling behavior of thin plate. The elastic 

buckling stress of a rectangular plate subjected to a uniform longitudinal 

compressive stress is derived from Eq. (4.18a).  

 
4 4 4 2

4 2 2 4 22 xNw w w w
Dx x y y x

∂ ∂ ∂ ∂
+ + = −

∂ ∂ ∂ ∂ ∂
 (4.18a) 

 

( )
3

212 1
EtD

ν
=

−
 (4.18b) 

 

where xN  is the compressive force, D  is the flexural rigidity of the plate, 

E  is the modulus of elasticity, t  is the plate thickness, and ν  is the 

Poisson’s ratio.  

The elastic buckling stress is obtained by solving Eq. (4.18a) and 

expressed as (Timoshenko and Gere 1961) 

 

( )( )

2

2212 1
cr

kE
b t

πσ
ν

=
−

 (4.19) 

 

where k  is a plate buckling coefficient determined by plate geometry and 
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boundary conditions, E  is the modulus of elasticity, b  is the plate width, t  

is the plate thickness, and ν  is the Poisson’s ratio. 

Generally, the stiffened thin plates can carry additional loads after 

initial elastic buckling. To evaluate this ultimate load capacity of the plates 

defined as the postbuckling strength, the effective width concept was 

introduced by von Karman et al. (1932). Local buckling of the plates induces a 

loss of stiffness and a nonuniform stress distribution in the plates. The central 

region is assumed to be unstressed after buckling. As a result, the load capacity 

and stiffness of the plates depend on the longitudinally stiffened edge strips. 

Von Karman et al. derived the approximate formula for effective width ( eb ), 

based on the assumption that two edge strips carry the compressive load. 

 

( )23 1
e

e

Eb tπ
σν

 
 =  −  

 (4.20) 

 

where eσ  is the plate edge stress.  

Combining Eqs. (4.19) and (4.20), the normalized effective width is 

obtained as follows: 

 

e cr

e

b
b

σ
σ

=  (4.21) 

 

The average stress of whole plate ( avgσ ) can be expressed as 
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e
avg e

b
b

σ σ=  (4.22) 

 

Assuming that the edge stress reaches the yield stress, 

 

avg cr yσ σ σ=  (4.23) 

 

Winter (1947) modified the equation for the effective width ( eb ) to 

include a transition between slender and stocky elements observed by tests. 

Based on Winter’s modification, both AISI and AISC have adopted the 

modified equations considering the difference of the modulus of elasticity 

between cold-formed and hot-rolled steel (AISI 2007, AISC 2010).  

 

AISI: 
( )
0.4151.9 1e

y y

E Eb t b
F b t F

 
 = − ≤
 
 

 (4.24a) 

 

AISC: 
( )

1.92 1e
y y

E C Eb t b
F b t F

 
 = − ≤
 
 

 (4.24b) 

 

where E  is the modulus of elasticity, yF  is the yield strength of steel, b  is 

the plate width, t  is the plate thickness, C  is 0.34 for uniformly compressed 

slender elements except flanges of square and rectangular sections and 0.38 for 

flanges of square and rectangular slender-element sections of uniform thickness. 

The limiting width-to-thickness ratio for stiffened elements is 

obtained when the full width of the plate is effective ( eb b= ).   
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For webs of doubly-symmetric I-shaped sections and channels, 

 

1.49
y

b E
t F
=  (4.25a) 

 

For square and rectangular box sections, 

 

1.40
y

b E
t F
=  (4.25b) 

 

The effective width concept does not apply to unstiffened plates such 

as flanges. The theoretical local buckling stress of Eq. (4.19) is used for the 

ultimate capacity of unstiffened plates because the advantages of the 

postbuckling strength are not available for unstiffened steel plates in structural 

members.  

The elastic local buckling of the steel tube in CFT section is also 

derived from the elastic plate buckling equation of Eq. (4.19). It should be noted 

that the plate buckling coefficient in the plate buckling equation changes due to 

the presence of the concrete infill. Bradford et al. (1998) suggested that the plate 

buckling coefficient for rectangular steel tubes increases from 4.0 (for hollow 

sections) to 10.6 (for concrete-filled sections). Liang et al. (2006) proposed the 

plate buckling coefficient of 9.81 for CFT sections. Based on the increase in the 

plate buckling coefficient, the elastic local buckling stress for rectangular CFT 

sections have been developed as follows (AISC 2010): 
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( )2
9

cr
EF

b t
=  (4.26) 

 

This equation designates the limiting width-to-thickness ratio between 

the noncompact and slender sections, which is expressed as 

 

3.00 y
b E F
t
=  (4.27) 

 

The limit between the compact and noncompact sections is determined 

by about 1.61 times of the limit value between rectangular hollow slender and 

nonslender sections, based on the increased plate buckling coefficient.  

 

4.3.2 Theoretical approach  

 

As steel temperature increases under fire condition, the strength and 

the stiffness of steel decreased and the elastoplastic stress-strain relationship of 

steel changes to the nonlinear relationship. In addition, the rapid expansion of 

steel section generates the gap between the steel tube and concrete infill, which 

affects the boundary condition in local buckling problem. Thus, the critical 

compressive steel strength of CFT section (or CFT stub column) in current 

design guides, which was introduced in the previous section, is not available 

for elevated temperature. In this section, a theoretical approach to the critical 

compressive strength of steel tubes in CFT sections at elevated temperatures is 
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discussed.  

Since the behavior of the steel tubes in CFT section becomes a 

nonlinear manner at elevated temperatures and the mechanical strain of steel 

exceeds the proportional limit strain, the inelastic buckling should be 

considered inevitably. Bleich (1952) proposed the generalized expression for 

the inelastic buckling stress ( ,in crF ) of a plate under uniform compression as 

follows: 

 

( )( )

2

, 2212 1
in cr

k E
F

b t
π η
ν

=
−

 (4.28) 

 

where η  is defined as tE E  and tE  is the tangent modulus. This 

modification of Eq. (4.19) was derived for a stress level higher than the 

proportional limit of stress-strain relationship.  

For a steel plate at elevated temperature T , Eq. (4.28) can be 

substituted by the following expression.  

 

( )
( ) ( )

( )( )

2

, 2212 1
in cr

k E T T
F T

b t

π η

ν
=

−
 (4.29) 

 

Eq. (4.29) can be normalized by the yield stress at elevated temperatures.  
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( )
( )

( )
( )( )

( )
( )

( )
( )( )

( )
( )

( ) ( )
( ) ( )

2
,

22

2

22

2

12 1

12 1

(0.9)

in cr

y y

E

y y

E

y y

k TF T E T
F T F Tb t

k T k T E
k T Fb t

k T kT
k T b t E F

π η

ν

π η

ν

η

=
−

=
−

=
 
 

 

 
 
 
 
 
 

(4.30) 

 

where Ek  and yk  are the stiffness and strength reduction factors at elevated 

temperatures, respectively.  

Since the tangent modulus varies in nonlinear range of stress-strain 

relationship of steel at elevated temperatures, Selamet and Garlock (2013) 

proposed a conservative assumption that the steel behaves in a bilinear manner, 

as shown in Fig. 4.19. This assumption gives a constant tangent modulus at 

elevated temperatures, which is expressed as Eq. (4.31).  

 

 

Fig. 4.19 Bilinear assumption of nonlinear stress-strain relationship at 

elevated temperature 
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( ) ( ) ( ) ( ) ( )
( )
( )

0.02
0.02

y p y y p y
t

p yp

E

F T F T k T F k T F
E T

k T F
k T E

ε
− −

= =
−

−
 

(4.31) 

 

 The value of ( ) ( ) ( )E yT k T k Tη     can be obtained by the 

reduction factors at elevated temperatures and material properties at ambient 

temperature. Fig. 4.20 indicates that ( ) ( ) ( )E yT k T k Tη     may be 

simplified as constants only depending on yield strength of steel at ambient 

temperature. The recommended constants according to yield strength of steel 

of 235, 325, 355, and 440 MPa are presented in Table 4.5. 

 

 

 

 

Fig. 4.20 Variation of ( ) ( ) ( )E yT k T k Tη     at elevated temperatures 
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Table 4.5 Recommended constants of ( ) ( ) ( )E yT k T k Tη     

Yield strength of steel (MPa) 235 325 355 440 

( ) ( ) ( )E yT k T k Tη     0.15 0.18 0.19 0.22 

 

If a coefficient of C  is defined as ( ) ( ) ( )E yT k T k Tη     

recommended in Table 4.5, Eq. (4.30) can be simplified as follows:  

 
( )
( )

( )
( )

,
2

0.9in cr

y y

F T kC
F T b t E F

=
 
 

 (4.32) 

 

Combining Eqs. (4.23) and (4.32) to evaluate the ultimate load 

capacity of steel sections at elevated temperatures based on the effective width 

concept, the ratio of the maximum average stress to the yield stress is  

 

( )
( )

( )
( ) ( )

(0.9)avgcr

y y y

F TF T kC
F T F T b t E F

= =
 
 

 (4.33) 

 

It is worth noting that the maximum average stress at elevated 

temperatures can be predicted by using the plate buckling coefficient and the 

normalized width-to-thickness ratio at ambient temperature ( C  is also 

determined by steel strength at ambient temperature). However, it is complex 

and difficult to find the plate buckling coefficient of steel tube of CFT column 

at elevated temperature, which is due to a change of boundary condition 
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induced by the separation of steel tube surface from concrete surface at elevated 

temperature. Boundary condition of the steel-concrete interface in CFT section 

at elevated temperature is considered between those of steel hollow section and 

CFT section at ambient temperature. In subsequent section, the critical average 

stress at elevated temperatures ( )crF T , is investigated by parametric 

numerical analysis.  

 

4.3.3 Parametric studies 

 

In this section, to evaluate the critical compressive strength of steel 

tubes in CFT columns at elevated temperatures, parametric studies were 

conducted by using the finite element models. To simulate the behavior of steel 

section in the CFT stub columns at elevated temperatures, the length of each 

column was considered as 4 times of the width of column (Ziemian 2010). This 

range of the aspect ratio (length to width) precludes the global buckling of 

column and induces the local buckling to govern the compressive behavior of 

steel tube. Top plate transferring the axial load to steel section was separated 

from concrete surface sufficiently (above 5% of the length of steel tube) in order 

that the contribution of concrete infill to the compression is negligible. 
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Analysis procedure is comprised of two steps. In first step, the 

sequentially coupled thermal-stress analysis including the thermal expansion of 

steel tube without axial loading was conducted until the average temperature of 

steel tube reached the specified target temperature. Subsequently, maintaining 

the temperature distribution in CFT column, the static load-displacement 

analysis was performed by using the displacement control until the strength of 

steel section reached the maximum strength. The average stress of steel section 

in each increment of axial contraction was obtained by axially reaction force 

divided by sectional area. The average mechanical strain was obtained by the 

deflection of steel tube divided by the length of column. 

The objective of this parametric study was to investigate the critical 

compressive stress of steel tubes in CFT section at elevated temperatures 

considering the local buckling. To this end, the following values of the 

parameters were considered.  

Fig. 4.21 Typical finite element model for CFT stub column 
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-  Section width: 200, 300, 400, and 500 mm 

-  Steel tube thickness: 6, 10, and 14 mm 

-  Temperature of steel section: 400, 500, and 700 °C 

-  Yield strength of steel: 300 and 440 MPa 

 

The modulus of elasticity of steel at ambient temperature were 

assumed to be 205000 MPa. The material properties and the stress-strain 

relationships at elevated temperatures in Eurocode 4 were adopted. The initial 

imperfection was taken as 0.1% of the plate thickness (Selamet and Garlock 

2012).  

 

 

 

Fig. 4.22 Local buckling of CFT stub column 
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Fig. 4.23 shows the relationships between the average strain and the 

average stress normalized by the yield stress. When the width-to-thickness ratio 

is high enough to induce the local buckling, the maximum average stress is 

lower than the yield stress. In the case of 200 mm in width and 10 mm in tube 

thickness, the maximum average stress reached the yield stress corresponding 

to elevated temperature. This case shows that steel section with low width-to-

thickness ratio yielded before it buckled. Temperature is little influence on the 

compression behavior of steel tubes. Table 4.6 summarized the critical strength 

ratio defined as the critical average stress to the yield stress of steel tube at 

elevated temperatures.  
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(a) 200mm in width and 6mm in tube thickness (Fy=300 MPa) 

(b) 200mm in width and 10mm in tube thickness (Fy=300 MPa) 

Fig. 4.23 Relationships between the average strain and the average 

stress normalized by the yield stress 
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(c) 300mm in width and 6mm in tube thickness (Fy=300 MPa) 

(d) 300mm in width and 10mm in tube thickness (Fy=300 MPa) 

 

Fig. 4.23 Relationships between the average strain and the average stress 

normalized by the yield stress (continued) 
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(e) 400mm in width and 6mm in tube thickness (Fy=300 MPa) 

(f) 400mm in width and 10mm in tube thickness (Fy=300 MPa) 

 

Fig. 4.23 Relationships between the average strain and the average stress 

normalized by the yield stress (continued) 
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Table 4.6 Critical strength ratio of steel tube at elevated temperatures 

Yield 
strength 
(MPa) 

b  
(mm) 

t  
(mm) 

( )
y

b t
E F

 
Critical strength ratio 

400°C 500°C 700°C 

300 200 6 1.28 0.881 0.880 0.833 
300 200 10 0.77 1.013 1.017 1.044 
300 300 6 1.91 0.675 0.658 0.617 
300 300 10 1.15 0.910 0.926 0.907 
300 300 14 0.82 1.013 1.008 1.041 
300 400 6 2.55 0.524 0.536 0.500 
300 400 10 1.53 0.784 0.779 0.750 
300 400 14 1.09 0.944 0.937 0.931 
300 500 10 1.91 0.666 0.664 0.646 
300 500 14 1.37 0.828 0.830 0.820 
440 200 6 1.56 0.852 0.851 0.779 
440 200 10 0.94 1.009 1.010 1.032 
440 300 6 2.34 0.623 0.622 0.562 
440 300 10 1.41 0.898 0.884 0.861 
440 300 14 1.00 0.981 1.007 1.014 
440 400 6 3.12 0.504 0.519 0.491 
440 400 10 1.87 0.735 0.733 0.710 
440 400 14 1.34 0.909 0.918 0.903 
440 500 10 2.34 0.625 0.629 0.577 
440 500 14 1.67 0.797 0.807 0.765 
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4.3.4 Development of critical buckling curve of steel tubes at elevated 

temperatures 

 

Fig. 4.24 shows the ratio of the critical average stress to the yield stress 

for various width-to-thickness ratio at the temperatures of 400, 500, and 700 °C. 

It also indicates that current design guide (AISC 2010) overestimates the 

critical strength of steel tube at elevated temperatures.  

 

 

Previously, the critical strength of steel tube at elevated temperatures 

was proposed as the formula of Eq. (4.33), which was based on the inelastic 

buckling and the effective width concept. Eq. (4.33) includes the plate buckling 

Fig. 4.24 Comparison of the critical compressive strength between the 

numerical results and the proposed buckling curve 
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coefficient ( k ) and the strength-dependent coefficient ( C ) replacing the values 

of ( ) ( ) ( )E yT k T k Tη    .  In this study, it was considered that the wall 

effect by concrete infill on local buckling of steel tube may be negligible at 

elevated temperatures due to the expansion of gap between steel tube and 

concrete infill by the difference in thermal expansion. The occurrence of this 

gap also precludes the confinement effect of the steel tube on concrete infill at 

elevated temperatures. Sakino (2004) suggested that the confinement effect of 

rectangular CFT columns may be ignored even at ambient temperature.  

Accordingly, taking account of the bucking shape of steel tube and 

aforementioned boundary condition at elevated temperatures, the plate 

buckling coefficient of 6.97 (both edge fixed condition in Table 4.7) was 

applied to Eq. (4.33). This also means that boundary condition of steel tube at 

elevated temperatures exists between those of steel hollow section ( k =4.00) 

and concrete filled section ( k =9.81~10.6) at ambient temperature.  

Based on these assumptions, Eq. (4.33) for calculating the critical 

compressive strength of steel tube of stub CFT column at elevated temperatures 

considering local buckling can be substituted as following simplified formula.  

 

( )
( ) ( ) ( )

(0.9) 7.92 1cr

y y y

F T kC C
F T b t E F b t E F

= = ≤
   
   

 (4.34) 

 

where C  is the strength-dependent coefficient given by Table 4.5. 
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Table 4.7 Plate buckling coefficient for plates in compression with different 

boundary conditions. 

Boundary conditions of the unloaded edges k 

Both edges simply 
supported 

 

4.00 

Both edges fixed 

 

6.97 

 

It is a great advantage that the proposed formulas are applicable 

without considering the material properties at elevated temperatures. It should 

be noted that proposed formula is applicable to steel tube temperatures of not 

less than 400°C. This is because that, when steel temperature is less than 400°C, 

stress-strain curve is close to elasto-plastic relationship and the assumption of 

inelastic buckling in Eq. (4.28) is not effective. In addition, this formula is 

effective in case that yield strength of steel is not more than 440 MPa, because 

strength and strain proportional limit ratios of high strength steel is not identical 

to that of normal strength steel.  
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4.4. Critical temperature method  
 

As mentioned in previous section, underestimation of fire resistance 

by the traditional prescriptive approach is more obvious in composite members 

with steel section subjected to fire such as CFT column. In the fire design 

practice, an inherent fire resistance of CFT column has been neglected by fire 

resistance evaluation based on the critical temperature criteria which has been 

applied to pure steel columns and beams. In fact, critical temperature criteria 

for structural steel element under fire condition has been based on the allowable 

stress design method. The strength reduction factor of steel at the limiting 

average temperature of 538°C (1000°F) corresponds to safety factor of 1.5 in 

the allowable stress design method.  

 In this section, by using the parametric numerical analysis results 

conducted in clause 4.2, critical temperature of CFT columns was investigated. 

The total number of the numerical models was 120. The range of values of the 

parameters were as follows: (a) column length ( L ) of 2.5, 4.0, and 5.5 m; (b) 

sectional width ( D ) of 200, 300, 400, and 500 mm; steel tube thickness ( t ) of 

6, 10, and 14 mm; load ratio (LR): 0.15, 0.20, 0.25, and 0.30. 

 Fig. 4.25 shows the relationship of the steel tube temperatures and the 

load ratio when CFT columns reached the failure time. The load ratio of x-axis 

is the applied load to the compressive resistance of CFT column at ambient 

temperature (20°C) including the contribution of steel tube and concrete infill. 

FEM result shows that, if CFT columns are subjected to same load ratio, the 

critical temperature of column with larger sectional dimension is higher. In this 
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study, linear critical temperature values following the low bound limit of the 

numerical results was proposed (Eq. (4.35)), considering current single critical 

average temperature (538°C) and safety of practical design.  

 
( )538 1.65 538crT LR= − ≥  (°C) (4.35) 

 

By Eq. (4.35), when the load ratio of column is 0.65, critical 

temperature is identical to current single critical average temperature (538°C). 

Fig. 4.25 also includes the failure temperature of the specimens (SHS series) 

conducted in this study. The proposed equation seems to be appropriate 

compared with test results. Critical temperature recommended by Eurocode 3 

is a little more conservative than the proposed equation.  

 

Fig. 4.25 Critical temperature of rectangular CFT columns 
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4.5. Discussions  
 

In this chapter, the design methods to improve current fire safety 

design of CFT columns were proposed as follows:  

(1) Temperature prediction method to obtain more accurately the 

temperature distribution of CFT sections under standard fire condition 

was investigated. The effects of the design parameters such as the 

diameter of the section, the thickness of steel tube, and the fire exposure 

time on the temperature distribution of the CFT sections were analyzed 

through the parametric heat transfer analysis. Based on numerical 

analysis results, the new formulas for predicting the temperatures of steel 

tube (Eq. (4.6a)), steel-concrete interface (Eq. (4.6b)), and concrete infill 

(Eqs. (4.7) and (4.8)) were proposed and verified.  

(2) The modified simple calculation model to overcome the drawbacks of 

the current simple calculation model of EN 1994-1-2 (CEN 2005b) for 

rectangular CFT columns was proposed. To this end, based on the 

parametric study considering various lengths, sectional widths, and steel 

tube thicknesses, the flexural stiffness reduction coefficient was modified 

as Eq. (4.17b). The application results (numerical analysis and actual test 

results) showed that the proposed method for the flexural stiffness 

reduction coefficient can improve significantly the prediction accuracy 

for the compressive resistance of rectangular CFT columns in fire.  

(3) Theoretical and numerical studies for determining the critical 

compressive strength of steel tubes in rectangular CFT sections at 
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elevated temperatures considering local buckling were conducted. In the 

theoretical study, considering the inelastic buckling behavior and the 

effective width concept, the maximum average compressive strength of 

steel tube at elevated temperatures was proposed. The plate buckling 

coefficient of 6.97 for steel tube in rectangular CFT sections at elevated 

temperatures, taking account of the bucking shape and boundary 

condition, was also suggested. Finally, the simplified formula for 

calculating the critical compressive strength of steel tube of stub 

rectangular CFT column at elevated temperatures considering local 

buckling was proposed as Eq. (4.33).  

(4) Evaluating the fire resistance of CFT columns by the critical temperature 

criteria, based on the allowable stress design method, induces structural 

engineers to underestimate the inherent fire resistance of CFT columns. 

In this study, the linear equation for critical temperature of steel tube 

considering the load ratio of rectangular CFT columns was proposed by 

using the parametric numerical analysis results.  
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Chapter 5. Experimental Behavior of Composite 

Beams under Fire 

 

In this chapter, fire behaviors and resistances of various composite 

beams including H-shaped composite beam, partially encased beam, and 

slimfloor beam were investigated by standard fire tests. Cross-sectional shape, 

the number of the encased surface, the presence of the reinforcement, and the 

load ratio of the composite beam were considered as test parameters. 8 

specimens were prepared for the experimental program. Any kind of the fire 

protection were not added on the steel section. 

 

5.1. Test program  
 
5.1.1 Design of test specimens 

 

H-shaped composite and partially encased beams include H-

294×200×8×12 steel section, and slimfloor beams include asymmetric steel 

section (AH-350×230×350×12×19) made by cutting off the parts of the upper 

flange ends of H-350×350×12×19. In the case of HSB-L3, three sides of the 

steel section is exposed to fire. FEB-L6 is fully concrete encased section. Other 

specimens have only one steel side exposed to fire. PEB-R-L4 and PEB-R-L6 

has same section with PEB-L3, but the reinforcing rebars (4×D25) were 

embedded in concrete filling between the flanges. 
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Table 5.1 summarizes the information of the specimens including the 

applied loads, the maximum bending moment at the center of the beam, and the 

plastic moment at ambient temperature (based on the measured strength of steel 

and concrete in Tables 5.2 and 5.3). The load ratio is defined as the maximum 

bending moment to the plastic moment at ambient temperature. As shown in 

Fig. 5.1, the span of each specimen was 7.7 m and the width of the upper slab 

is 800 mm. The ends of all beams have simply supported conditions. The depth 

of the slabs of H-shaped composite or partially encased beams was 160mm 

while depth of slimfloor beams including the full depth of the deep steel deck 

was 411 mm (Fig. 5.2). 

At the supporting points of H-shaped composite beam without 

concrete filling, the stiffeners were attached between the web and flange. To 

measure the mid-span deflection of the beams, LVDT installed at the top of the 

frame was connected to the top of the slab. 
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(a) HSB and PEB 

 

 

 

 (b) SFB 

 

Fig. 5.2 Section details of specimens 
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Fig. 5.3 shows the section details and location of thermocouples in 

specimens. The steel temperatures were measured at the web and the flanges of 

the steel beams (TS-1~3) and the upper and lower reinforcements (TR-1~4). In 

addition, six thermocouples were installed in filling concrete (TC-1~3) and slab 

(TF-1~3) of each specimen. The temperatures of the shear-studs between the 

upper flange and the slab also measured (TS-4). For partially encased beams, 

studs were welded on both sides of the web to fix the concrete to the web. Steel 

grades of SS400 and SD400 were used for the steel beam and the 

reinforcements, respectively. The measured strength of steel and concrete were 

summarized in Tables 5.2 and 5.3.  

 

Table 5.2 Mechanical properties of steel 

Steel section 
(mm) 

Steel tube 
thickness 

(mm) 

Yield strength 
(MPa) 

Tensile strength 
(MPa) 

H-294×200×8×12 
8 307.8 450.6 

12 315.7 458.2 

H-294×200×8×12 
12 311.1 465.0 

19 285.0 457.8 

Reinforcement (D25) 515.9 708.5 

 

Table 5.3 Mechanical properties of concrete 

Design compressive strength 
(MPa) 

Average cylinder strength 
(MPa) 

24.0 24.2 
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(a) HSB-L3 

 

(b) PEB-L3 

 

Fig. 5.3 Section details and location of thermocouples 
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(c) PEB-R-L4 and PEB-R-L6 

 

(d) FEB-L6 

 

Fig. 5.3 Section details and location of thermocouples (continued) 

 



 
                 Chapter 5. Experimental behavior of composite beams under fire 

 

 

174 

 

(e) SFB-L4 

 

(f) SFB-R-L4 and SFB-R-L6 

 

Fig. 5.3 Section details and location of thermocouples (continued) 
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5.1.2 Test setup and procedure 

 

The fire tests for the composite beams were carried out in the furnace 

in the Korea Institute of Civil Engineering and Building Technology (KICT). 

As shown in Fig. 5.2, three hydraulic jacks were used to apply the constant 

loads at eight points on the specimens. This loading induces the bending 

moment at mid-span corresponding with the load ratio and the plastic moment. 

Fig. 5.4 shows the overall view of the test setup before applying the loads.  

Maintaining the constant loading condition, the specimens were 

heated in accordance with the standard fire curve expressed as Eq. (5.1).  

 
10345log (8 1) 20T t= + +  (5.1) 

 

Fig. 5.4 Overall view of test setup 
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During the fire test, the temperatures and the deflection were measured 

by the thermocouples and the LVDT. The fire tests had conducted until both the 

deflection and the deflection rate at midspan of specimens exceeded their limits 

recommended by ISO-834 (ISO 1999), which is same with that of KS F 2257-

1 (KSA 2005). Eq. (5.2) are the limit values of the deflection and the deflection 

rate. 

 
2

400
LD

d
=       (mm) (5.2a) 

  
2

9000
dD L
dt d

=  (mm/min) (5.2b) 

 

where D  is the deflection of the specimen, L  is the span of the specimen, 

and d  is the depth of the specimen. 

 

5.2. Test results 
 
5.2.1 Temperature evolution 

 

Steel temperature 

Fig. 5.5 shows the temperature changes of the lower flange (TS-1), the 

web (TS-2), and the upper flange (TS-3). Temperature of the bottom flange of 

the HSB-L3 increased close to the furnace temperature. FEB-L6, which the 

bottom of the lower flange was encased with concrete, reached 400°C after 3 

hours. For the other specimens (PEB series, SFB series), which the concretes 
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were encased between the flange and the web, the rate of temperature increase 

was similar. Temperatures of the web and the upper flange presented similar 

patterns to that of the lower flange. In the cases of the slimfloor beams like 

FEB-L6, the rates of temperature evolutions of the upper flanges were 

significantly lower due to fully concrete encasement. The shear studs 

maintained the temperature below 200°C after 2 hours and was found to retain 

the strength at ambient temperature.  

 

 

 

 

(a) TS-1 (lower flange) 

Fig. 5.5 Temperature evolution of steel section 
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(b) TS-2 (web) 

 

(c) TS-3 (upper flange) 

 

Fig. 5.5 Temperature evolution of steel section (continued)  
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Table 5.4 Fire resistance by current limiting temperature criteria 

Specimen 

Fire resistance (min) 

Average temperature 
(538°C) 

Maximum temperature 
(649°C) 

HSB-L3 23 23 
PEB-L3 122 59 (governs) 
PEB-R-L4 120 71 (governs) 
PEB-R-L6 124 76 (governs) 
FEB-L6 >180 >180 
SFB-L4 >70 70 (governs) 
SFB-R-L4 >161 70 (governs) 
SFB-R-L6 >87 64 (governs) 

 

Table 5.4 shows the fire resistance times of the specimens based on 

the limiting average and maximum temperatures (538°C and 649°C). In the 

cases of the specimens of which only lower flange was subjected to fire, the 

limiting temperature concept underestimates the fire resistance of the 

specimens because the steel temperature of the lower flange reached the 

limiting maximum temperature quickly. In the case of the specimens of FEB-

L6 and SFB series, the average steel temperature remain below the limiting 

temperature until the specimens reached the limiting deflection. This clearly 

indicates that the evaluation of the fire resistance based on the limiting 

temperature criteria may distort the actual fire resistance of the composite 

beams. 
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Temperatures of reinforcement and concrete  

Fig. 5.6 shows the temperature changes of the reinforcements in the 

partially encased beams and the slimfloor beams. The temperature changes at 

the same location in concrete encasement of unreinforced beams are presented 

together. Comparing the results of the specimens PEB-L3, PEB-R-L4, and 

PEB-R-L6, the reinforcements have little influence on the temperature in 

concrete encasement.  

In the cases of the slimfloor beams, having thicker concrete cover than 

the partially encased beams, the temperature evolution of the reinforcement was 

significantly lower. The results indicate that the temperature of the 

reinforcement with the concrete cover of 50mm maintains below 400℃ for at 

least 90 minutes and the strength reduction do not occur. The temperature of 

the lower reinforcement maintained higher than that of upper reinforcement.  

Fig. 5.7 compares the temperature of the concrete slab. After 2 hours, 

the temperatures at the depths of 30 mm and 60 mm reached about 400°C and 

200°C, respectively. The temperatures of interface of the deck plate and slab 

reached over 400°C in 60 minutes and the strength of the deck plate reduced. 
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(a) TR-1(PEB-R-L4, PEB-R-L6, SFB-R-L4, SFB-R-L6)  

and TC-2(PEB-L3, FEB-L6, SFB-L4) 

(b) TR-2(PEB-R-L4, PEB-R-L6, SFB-R-L4, SFB-R-L6)  

and TC-3(PEB-L3, FEB-L6, SFB-L4) 

Fig. 5.6 Temperature evolution in encasing concrete and reinforcement 
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(a) TF-2 

 

(b) TF-3 

Fig. 5.7 Temperature evolution in slab 
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5.2.2 Deflection 

 

Fig. 5.8 shows typical shape of the specimens after the tests. All 

partially encased specimens did not experienced the debonding of the concrete 

encasement while the bottom concrete covering the lower flange of the fully 

encased specimen was fallen off.  

Fig. 5.9(a) shows the time-deflection relationships of the H shape 

composite beam and partially encased beams. The specimen HSB-L3 lost the 

load-bearing capacity in 28 minutes due to the rapid temperature evolution of 

both the web and the lower flange subjected to fire. The specimen PEB-L3, 

having same plastic moment capacity with HSB-L3, demonstrated the fire 

resistance of more than 120 minutes under same loading condition. For the 

specimen PEB-R-L4 with the reinforcements, in spite of the higher load ratio 

than PEB-L3, the fire resistance of more than 150 minutes was achieved due to 

Fig. 5.8 Specimen after fire test 
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the reinforcements at lower temperatures. The specimen PEB-R-L6 subjected 

to the higher load ratio (1.5 times) achieved the fire resistance of 106 minutes 

based on the deflection criteria of the ISO.  

Fig. 5.9(b) shows the time-deflection relationships of the slimfloor 

beams. The specimen SFB-L4 without reinforcement shows the fire resistance 

of about 1 hour. The fire resistance of the unreinforced slim floor beam is lower 

than that of the specimen PEB-L3 with similar section type. This is because the 

upper flange of the slim floor beam is located in the slab and the contribution 

of the lower flange to the flexural capacity is higher than that of partially 

encased beam. The flexural strength reduction of the unprotected slimfloor 

beam, therefore, is earlier. For the specimen SFB-R-L4 with the reinforcements, 

the fire resistance was enhanced due to the reinforcements at lower 

temperatures. The specimen SFB-R-L6 subjected to the higher load ratio (1.5 

times) achieved only half the fire resistance of the specimen SFB-R-L4.  

 
5.2.3 Fire resistance 

 

Table 5.5 provides the fire resistances based on the load bearing 

capacity criteria such as the limiting deflection and the limiting rate of 

deflection. As mentioned in the previous section, the fire resistance is 

determined by the time when the deflection and the rate of deflection of 

specimens exceed both the limit values. In the fire tests of this study, however, 

in spite of the rate of deflection below the limit value in most specimens, it was 

hard to continue the tests due to the furnace condition when the deflections were 
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close to the depth of the specimens. The fire tests terminated when the 

deflection of specimens reached the limit deflection (L/20) recommended by 

BS 476, which is unconservative in comparison with ISO or KS standards. 

Fig. 5.10 shows the comparison of the fire resistances between the 

limiting temperature and the limiting deflection criteria. For the SFB specimens, 

the fire resistances by the average steel temperature could not be estimated due 

to early termination of test as mentioned previously. It is clear that the 

maximum temperature criterion underestimates significantly the fire resistance 

of the specimens compared with other criteria. This indicates that the 

temperature criteria may not predict the fire resistance of the composite beams 

accurately and fire tests without loading gives conservative prediction of fire 

resistance. 
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(a) PEB series 

(b) SFB series 

 

Fig. 5.9 Time-deflection relationship of the specimens 
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Table 5.5 Fire resistance by load bearing capacity criteria 

Specimen 

Fire resistance (min) 

Limiting rate  
of deflection  
in ISO 834 

Limiting 
deflection  
in ISO 834 

Limiting 
deflection  
in BS 476 

HSB-L3 25 28 30 
PEB-L3 - 120 135 
PEB-R-L4 - 146 155 
PEB-R-L6 - 106 119 
FEB-L6 - >180 >180 
SFB-L4 - 61 64 
SFB-R-L4 - 142 151 
SFB-R-L6 - 74 80 

 

Fig. 5.10 Comparison of fire resistances by temperature and limiting 

deflection failure criteria 
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5.3. Discussions 
 

Experimental study for the fire resistance of H shape, partially encased, 

and slimfloor composite beams subjected to the standard fire were described in 

this chapter. Unreinforced and reinforced partially encased beams and 

reinforced slimfloor beams achieved the fire resistances of 120 (PEB-L3), 146 

(PEB-R-L4), and 142 (SFB-R-L4) minutes under the load ratio of 0.25, 0.33, 

and 0.34, respectively. These results suggests that, when the fire resistance of 

120 minutes or more is required for beam member, partially encased and 

slimfloor beams can be alternatives for the conventional composite beams with 

fire protection. However, the fire resistances of the slimfloor beams without the 

reinforcement or under high load ratio more than 0.5 were less than 90 minutes. 

This study also indicates that the maximum temperature criterion may 

underestimate significantly the fire resistance of partially encased and slimfloor 

composite beams. This is because that the web of steel beam maintains 

relatively low temperature due to the concrete encasement and contributes to 

the bending moment capacity of the composite beam at elevated temperatures.   
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Chapter 6. Numerical Study of Composite Beams 

under Fire 

 

In Chapter 3, the numerical modeling method for composite columns 

are discussed. The numerical modeling procedure for composite beams is not 

different from composite columns. However, it is necessary to consider the 

differences in the thermal boundary and constraint conditions between 

composite columns and beams. In this chapter, numerical method to simulate 

the thermal and structural response of partially encased and slimfloor beams 

under fire condition is described and the validation of the numerical modeling 

against fire tests is discussed. 

 

6.1. Numerical analysis 
 

6.1.1 Finite element modeling 

For nonlinear finite element modeling of composite beams under fire 

condition, the commercial code ABAQUS (ABAQUS 2010) was also used. 

Since the flexural behavior of composite beams under fire conditions does not 

have the transition stage from the expansion to the contraction like CFT 

columns in previous sections, time-consuming by the convergence problem in 

fully coupled thermal-stress analysis was negligible. For composite beams, 

therefore, fully coupled thermal-stress analysis was employed.  

Three-dimensional 8-node solid elements (C3D8RT) were modeled 



 
                      Chapter 6. Numerical study of composite beams under fire 

 

 

190 

for the concrete and the reinforcements. 4-node shell elements (S4RT) were 

used for the steel beams. The wiremeshes were modeled by using the 2-node 

truss element and embedded in the slab element. The temperature dependent 

thermal and mechanical properties of steel and concrete recommended in EN 

1994-1-2 (CEN 2005b) were applied to above coupled temperature-

displacement elements. The steel deck plate was neglected in the numerical 

modeling because the loading capacity is lost in early heating stage due to the 

thin thickness.  

Considering symmetry of the specimens, only one-quarter of the 

composite beam was modeled. The contact pairs of the steel and concrete were 

tied by using the constraint option. Although the tied option may result in the 

conservative fire behavior, Bailey et al. (1999) indicated that the degree of shear 

connection have little influence on the fire resistance of composite beams.  

 

 

 

Fig. 6.1 Finite element model for the thermal-stress analysis  

(PEB-L3, 1/4 model) 
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The thermal boundary condition of composite beams in standard fire 

condition is considered by convection and radiation on the steel and concrete 

surfaces subjected to fire. The convective coefficients of 25 and 9 W/m2K were 

used for the exposed and unexposed surfaces, respectively. For only exposed 

surfaces, the emissivity value of 0.7 was applied. It was assumed that above 

convective coefficient for the unexposed surfaces includes the effect of heat 

transfer by the radiation. Maintaining the constant loads at the loading points, 

the standard fire was applied on the exposed surfaces of the steel, concrete 

encasement and slab. 

 

 

 

 

 

 

Fig. 6.2 Example of numerical simulation result of the partially encased 

beam (PEB-L3, 1/4 model) 
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6.1.2 View factor 

 

For CFT columns and the encased beams, generally, an additional 

consideration in the radiation problem between the fire and exposed surfaces is 

not needed. H-shape steel sections of composite beams have the spaces between 

the upper and lower flanges, and it is necessary to introduce a view factor (also 

called a configuration of shape factor) reflecting the geometrical feature of the 

fire exposed section.  

 

 

The view factor is defined as the fraction of the radiation leaving one 

surface iA  that is intercepted by the other surface jA  as shown in Fig. 6.3 

(Incropera and DeWitt 2002). The view factor ijF  is expressed as 

Fig. 6.3 View factor associated with radiation exchange between 

elemental surfaces of area idA  and jdA   
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2

cos cos1
i j

i j
ij i jA A

i

F dA dA
A R

θ θ
π

= ∫ ∫  (6.1) 

 

where R  is the length between the surfaces, iθ  and jθ  are the angles 

between a line of length R  and the surface normal n i  and n j .  

To compute the view factors for the web and flanges in H-shape steel 

section, Two-dimensional geometries of parallel and perpendicular plates are 

considered (Fig. 6.4). The view factors for two cases are expressed as follows:  

 

For parallel plates with midlines connected by perpendicular, 

( ) ( )
1/2 1/22 2

4 4

2

i j j i

ij
i

W W W W
F

W

   + + − − +      =
 

(6.2a) 

 

For perpendicular plates with a common edge, 

( ) ( )
1/22

1 / 1 /

2

j i j i

ij

w w w w
F

 + − +  =  
(6.2b) 

 

where /i iW w L=  and /j jW w L= . 
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(a) Parallel plates with midlines connected by perpendicular 

 

(b) Perpendicular plates with a common edge 

 

 

The view factors for the web and flange surfaces in the specimen HSB-

L3 are illustrated in Fig. 6.5. It should be noted that the summation rule of Eq. 

(6.3) is applied to both sides of the steel section.  

 

1
1

N

ij
j

F
=

=∑  (6.3) 

Fig. 6.4 View factors for two-dimensional geometries 
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Fig. 6.5 View factors to consider the shadow effect of H section in the 

numerical analysis 
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6.2. Validation of finite element modeling  
 

6.2.1 Temperature distribution 

 Figs. 6.6 and 6.7 show that the numerical predictions for the steel and 

concrete temperatures are in good agreement with the test results. The time-

temperature curves for the lower flange appear to be the slight differences 

between the predicted and measured results compared with the reinforcements. 

Considering the higher contribution of the reinforcements to the flexural 

strength of the composite beams at elevated temperatures, this error for the 

lower flange is negligible.  

 

 

Fig. 6.6 Comparison of temperature evolution between test and analysis 

(PEB-R-L4) 
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6.2.2 Fire resistance 

 

Figs. 6.8 and 6.9 present the time-deflection relationships of numerical 

predictions and test results for specimens in Table 5.1. As shown in the figures, 

the mid-span deflections of the composite beams by the numerical modeling 

and the fire tests show a good agreement. Fig. 6.10 summarizes the comparison 

the fire resistance times between numerical simulations and test results based 

on the limiting deflection criteria. The comparison result indicates that the 

numerical models predicted the reasonable fire resistance times compared with 

the test results.  

Fig. 6.7 Comparison of temperature evolution between test and analysis 

(SFB-R-L4) 
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     (a) HSB-L3                         (b) PEB-L3 

      (c) PEB-R-L4                       (d) PEB-R-L6 

(e) FEB-L6 

Fig. 6.8 Comparisons of time-deflection relationships of numerical 

predictions and test results (HSB, PEB, and FEB) 
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(a) SFB-L4 

(b) SFB-R-L4 

(c) SFB-R-L6 

Fig. 6.9 Comparisons of time-deflection relationships of numerical 

predictions and test results (SFB) 
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As forementioned in the fire test results of composite beams, it is hard 

to find the fire resistance based on the rate of deflection due to furnace 

conditions. The fire tests in this study terminated when the deflection of 

specimens reached the limit deflection (L/20) recommended by BS 476 (BSI 

1987). On the other hand, using the numerical method, the so-called “run-away” 

deflection behavior of composite beams can be investigated. Table 6.1 shows 

the fire resistance of composite beams based on FEM results. It should be noted 

that the specimens with high level of load ratio have similar fire resistances 

under the rate of deflection and deflection criteria while those with low level of 

load ratio have more conservative fire resistance under the deflection criteria.  

 

Fig. 6.10 Comparison of fire resistance between numerical simulations and 

test results based on the limiting deflection criteria 
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Table 6.1 Comparison of fire resistance based on FEM results 

Specimen 

Fire resistance (min) 

FEM  Test 

Moment 
capacity 

Limiting rate  
of deflection  

Limiting 
deflection  

 
Limiting 

deflection  

HSB-L3 36.8 27.6 26.1  28 
PEB-L3 159.9 156.1 120.1  120 
PEB-R-L4 169.5 152.2 142.3  146 
PEB-R-L6 146.4 104.4 103.2  106 
FEB-L6 >180.0 >180.0 >180.0  >180 
SFB-L4 72.0 68.6 66.7  61 
SFB-R-L4 >180.0 >180.0 161.2  142 
SFB-R-L6 68.5 57.3 57.3  74 

 

Table 6.1 also includes the fire resistant times of the specimens based 

on the bending moment capacity at elevated temperatures, which was obtained 

by the temperature evolution results. Fig. 6.11 shows the relationships between 

the fire resistant time and the plastic moment capacity at elevated temperatures. 

The results indicate that the fire resistance predicted by the bending moment 

capacity criteria were more unconservative than those by the rate of deflection 

and deflection criteria. This is because the bending moment capacity criteria is 

based on the assumption of the full plastification of elements. Generally, actual 

composite beams exceeds the limiting deflection before the full plastification 

of elements. However, it is worth noting that the bending moment capacity 

criteria provides the upper limit of fire resistance prediction rationally.  
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Fig. 6.11 Moment capacity curves of composite beams at elevated 

temperatures 
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6.3. Fire resistance of composite beams considering length 
effect 

 

The current fire design in Korea mainly depends on the prescriptive 

and approved fire resistant construction. The prescriptive fire resistant 

construction is specified in legislation while the approved fire resistant 

construction is obtained by achieving the required fire resistance under the 

standard fire test. For the approved fire resistant construction, it is provided that 

the fire resistance under lower level of design condition can be recognized 

without additional tests. Generally, composite beams can be used where the 

long span or the higher moment capacity is needed. Unfortunately, it is often 

impossible to conduct the fire test due to the limitation of furnace size and 

loading capacity. For composite beams, thus, it is important to extend the scope 

of application by utilizing the approved fire resistant construction. However, 

the ambiguous guideline on the application of design condition has become a 

major obstacle to acquiring the approval of the fire resistance for composite 

beams and applying in practice. In this section, the length effect on the fire 

resistance of composite beams is discussed.  

The finite modeling method verified in the previous chapter was used 

to compare the fire behavior of composite beams with different span length. It 

should be noted that all beams were subjected to different loading magnitudes 

resulting in same load ratio and same section design gave a guarantee of same 

temperature distribution at elevated temperature. Table 6.2 summarizes the 

specimen information.  
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Table 6.2 Summary of specimen information 

Specimen Section type Length (m) Load ratio 

HSB-7.7 H-shape 7.7 0.25 
HSB-6.0 H-shape 6.0 0.25 
PEB-7.7 Partially encased 7.7 0.25 
PEB-6.0 Partially encased 6.0 0.25 

 

As shown in Fig. 6.13, the specimens with longer span experienced 

the larger deflection and the rapid rate of deflection. Normalizing the 

deflections with the limit values (the deflection limit is defined as 2 400L d ) 

as shown in Fig. 6.14, the fire resistances of composite beams with different 

span length are almost same. The result indicates that the span length has little 

influence on the fire resistance of composite beam.  

In fact, this is applicable not only to composite beams but other beams. 

Fig. 6.12 represents a simply supported beam subjected to symmetric loading 

condition. In the standard fire test of beams, this is general loading condition. 

Theoretically, the deflection of this beam is calculated as Eq. (6.4). 

 

 

Fig. 6.12 Loading condition of a simply supported beam 
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(a) H-shape section 

 

(b) Partially encased section 

 

Fig. 6.13 Time-deflection relationship 
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(a) H-shape section 

 

(b) Partially encased section 

 

Fig. 6.14 Time-normalized deflection relationship 
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( )
3

23 4
24
P L

EI
αδ α= −  (6.4) 

 

Considering that the moment at mid-span ( CM ) is calculated as 

P Lα , Eq. (6.4) can be substituted as 

 

( )
2

23 4
24

CM L
EI

δ α= −  (6.5) 

 

Eq. (6.5) implies that the mid-span deflection subjected to same 

applied moment distribution is proportional to the square of the length, which 

is identical to the aforementioned deflection limit value. At elevated 

temperatures, there is only the reduction of the flexural stiffness. Consequently, 

the length effect on the evaluation of the fire resistance can be negligible. This 

is also applicable to the limit rate of the deflection ( 2 9000L d= ).  

In conclusion, the application range of the approved fire resistant 

construction needs to be proposed rationally based on the structural response of 

beams at elevated temperatures. It is most important to understand the 

relationship between the assessment domains for the fire resistance. 

Considering the strength domain such as the moment capacity method for 

beams, it is reasonable to assume that the length effect on fire resistance of 

composite beams may be neglected.  
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6.4. Discussions 
 

In this chapter, the analytical method to predict the thermal and 

structural response of the composite beams including conventional H shape, 

partially encased, and slimfloor composite beams under fire condition has been 

described. Comparison of fire resistances between numerical simulations and 

test results indicated that the numerical modeling in this study predicts the fire 

behavior of the composite beams reasonably. Also, based on FEM results, the 

fire resistances of composite beams were discussed under the bending moment 

capacity, the rate of deflection, and deflection criteria. The comparison results 

showed that the fire resistance predicted by the bending moment capacity 

criteria were more unconservative than those by the rate of deflection and 

deflection criteria. 

In addition, the length effect on the fire resistance of composite beams 

was discussed. Although the specimens with longer span experienced the larger 

deflection and the rapid rate of deflection, the fire resistances of composite 

beams with different span length were almost same. The result indicates that 

the span length has little influence on the fire resistance of composite beam 

based on the deflection limit criteria. 
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Chapter 7. Evaluation of Fire Resistance of CFT 

Columns and Composite Beams exposed to 

Parametric Fires 
 

When demonstrating the fire resistance of structural elements, two 

different fire scenarios may be employed: the standard fire curve and the 

parametric (or natural) fire curve. It is well known that the traditional standard 

fire condition have resulted in conservative fire safety design including an 

unreasonable fire protection. On the other hand, the parametric fire curve has 

the advantage of considering the fire load, ventilation condition, geometry and 

thermal properties of the boundary enclosure. In the performance-based fire 

safety design, the parametric fire curve describing realistic fire conditions is 

essential. In this section, the fire behavior of CFT columns and composite 

beams considering the parametric fire conditions is investigated. 

 

7.1. Parametric fire curves 
 

EN1991-1-2 (CEN 2002) gives an equation for evaluating the 

parametric fire curves which depend on the thermal properties of the boundary 

enclosure, the opening factor, and the fire load.  

The time-temperature curves in the heating phase are given by 
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( )* * *0.2 1.7 1920 1325 1 0.324 0.204 0.472t t t
gT e e e− − −= + − − −  (7.1) 

 

where gT  is the gas temperature in the fire compartment and *t t= ⋅Γ . The 

coefficient Γ  is defined as follows: 

 

( )
( )

2

20.04 1160

O b
Γ =  (7.2) 

 

where O  is the opening factor defined as the ratio of the area of openings to 

the total area of the enclosure and b  is the thermal property value of the 

boundary enclosure defined as cρ λ  ( ρ  is the density, c  is the specific 

heat, and λ  is the thermal conductivity).  

In the parametric curve recommended by EN1991-1-2 (CEN 2002), 

the thermal properties and opening factors of the boundary enclosure determine 

the heating rate of the fire temperature. For the so-called standard fire enclosure 

with the thermal property value of 1160 Jm2s1/2K and the opening factor of 0.04 

m1/2, the time-fire temperature relationship for the heating phase is almost 

identical to the standard fire curve.  

In this study, three time-fire temperature relationships representing 

fast, medium, and slow fires were considered. Three fire conditions were 

assumed to have same fire loads but different opening factors (0.08 for fast fire, 

0.04 for medium fire, and 0.02 for slow fire). The durations of heating phases 

of fast, medium, and slow fires were assumed to be 20 min, 40 min, and 80 min, 

respectively. All fire curves have the cooling phase after the heating phase. The 
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time-fire temperature relationships during the cooling phase are also according 

to EN1991-1-2 (CEN 2002). Fig. 7.1 compares the three parametric fire curves 

with the standard fire curve.  

 

 

 

 
  

Fig. 7.1 Comparison between the standard fire and the parametric fires 
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7.2. Fire behavior of CFT columns exposed to parametric 
fires 

 

To investigate the fire behavior of CFT columns under three kinds of 

fire scenarios (fast fire, medium fire, and slow fire), parametric study was 

conducted by using the finite element model verified the previous numerical 

study. In this parametric study, two square CFT columns (SHS1 and SHS5 in 

Chapter 2) with different sectional dimension and same steel tube thickness 

introduced in the previous experimental and numerical studies (Chapter 2 and 

3) were used. The load ratio (LR) was also considered as one of the parameters. 

The length of each column was 4.5 m. Table 7.1 shows the summary of 

specimen information. In numerical analysis, the material properties of steel 

and concrete were assumed to be identical to those used in the previous 

experimental and numerical studies.  

Figs. 7.2 and 7.3 show the time-temperature relationships of CFT 

columns subjected to different fire scenarios. Maximum temperatures of steel 

tubes under different fire scenarios ranged from 696 to 766 °C for SHS1 

specimens and from 690 to 757 °C for SHS5 specimens, respectively. Sectional 

dimension has little influence on the maximum temperature of steel tube while 

the difference of maximum temperatures between fast and slow fire scenarios 

was about 70 °C. As shown in Figs. 7.2 and 7.3, after reaching the maximum 

temperature, the steel temperature during the cooling phase decreased. 
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Table 7.1 Summary of specimen information (CFT columns) 

Specimen 
Sectional 
dimension 

(mm) 

Length 
(mm) 

Fire scenario Load ratio 

SHS1-FF-20 □-300×300×9 4500 Fast 0.20 

SHS1-MF-20 □-300×300×9 4500 Medium 0.20 

SHS1-SF-20 □-300×300×9 4500 Slow 0.20 

SHS5-FF-20 □-400×400×9 4500 Fast 0.20 

SHS5-MF-20 □-400×400×9 4500 Medium 0.20 

SHS5-SF-20 □-400×400×9 4500 Slow 0.20 

SHS5-FF-30 □-400×400×9 4500 Fast 0.30 

SHS5-MF-30 □-400×400×9 4500 Medium 0.30 

SHS5-SF-30 □-400×400×9 4500 Slow 0.30 

 

Figs. 7.4-7.6 show the time-axial deformation relationships of CFT 

columns subjected to parametric curves. It can be seen that CFT column under 

the fast fire had the largest residual contraction or reached the failure of fire 

resistance more quickly (the contraction limit of columns was 45 mm). It should 

be noted that, as shown in Fig. 7.6, SHS5 specimen under the slow fire did not 

experience the failure of fire resistance while the specimens failed under other 

fire scenarios. The maximum temperatures of steel tubes and the residual 

contractions of specimens are summarized in Table 7.2. In conclusion, the fire 

resistance and the residual contraction of CFT columns are significantly 

affected by fire scenario. 
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Fig. 7.2 Temperature evolutions of steel tube of CFT columns subjected 

to parametric fires (SHS1) 

Fig. 7.3 Temperature evolutions of steel tube of CFT columns subjected 

to parametric fires (SHS1) 
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Fig. 7.4 Time-axial deformation relationships of CFT columns subjected 

to parametric fires (SHS1, LR=0.2) 

Fig. 7.5 Time-axial deformation relationships of CFT columns subjected 

to parametric fires (SHS5, LR=0.2) 
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Table 7.2 Fire behavior of CFT columns subjected to parametric fires 

Specimen 
Maximum steel 
temperature (°C) 

Residual contraction 
(mm) 

SHS1-FF-20 766 30.6 

SHS1-MF-20 742 1.4 

SHS1-SF-20 696 3.6 (expansion) 

SHS5-FF-20 757 20.7 

SHS5-MF-20 734 1.4 

SHS5-SF-20 690 2.1 (expansion) 

SHS5-FF-30 757 Fail 

SHS5-MF-30 734 Fail 

SHS5-SF-30 690 6.5 

Fig. 7.6 Time-axial deformation relationships of CFT columns subjected 

to parametric fires (SHS5, LR=0.3) 
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Figs. 7.7-7.9 show the time-reaction force relationships of steel tube 

and concrete infill of CFT columns (SHS5) subjected to the fast fire (LR=0.2 

and 0.3) and the standard fire (LR=0.4). It should be noted that CFT columns 

under the parametric fire (Figs. 7.7 and 7.8) should resist the higher load ratio 

than the applied load ratio during the cooling phase. This is because that the 

thermal contraction of steel tube by temperature decrease during the cooling 

phase induces concrete infill to resist the additional compressive load. This 

implies that fire resistance of CFT columns subjected to the parametric fire 

should not be evaluated by current calculation or prediction method such as the 

simple calculation method of EN 1994-1-2 (CEN 2005b). To investigate this 

effect on fire resistance of CFT columns, more experimental research 

considering the parametric fires are needed.  

  

Fig. 7.7 Time-reaction force relationships of steel tube and concrete infill 

of CFT columns subjected to the fast fire (SHS5, LR=0.2) 
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Fig. 7.8 Time-reaction force relationships of steel tube and concrete infill 

of CFT columns subjected to the fast fire (SHS5, LR=0.3) 

Fig. 7.9 Time-reaction force relationships of steel tube and concrete infill 

of CFT columns subjected to the standard fire (SHS5, LR=0.4) 
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7.3. Fire behavior of composite beams exposed to 
parametric fires 

 

By using the finite element model verified the previous analytical 

study, parametric study was conducted to investigate the effects of different 

load ratios and different composite section types on the fire behavior under 

three kinds of fire scenarios. The load ratio, the composite section types, and 

the fire scenarios are summarized in Table 7.3. The material properties of steel 

and concrete were assumed to be same with those used in the previous 

experimental and numerical studies. The span length of each beam was 7.7 m.  

The time-temperature relationships of composite beams subjected to 

different fire scenarios are shown in Figs. 7.10-7.12. The temperature changes 

at the lower flange, which reached the highest temperature during the fire 

exposure, were investigated. Since all H-shape composite beams behaved large 

deflection over the limiting deflection criterion, they did not experience the 

cooling phase of the parametric fires. However, in the cases of the partially 

encased beams and slimfloor beams, the descending of the steel temperature 

during the cooling phase was shown clearly. 
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Table 7.3 Summary of specimen information (composite beams) 

Specimen Section type Fire scenario Load ratio 

HSB-FF-25 H-shape Fast 0.25 

HSB-MF-25 H-shape Medium 0.25 

HSB-SF-25 H-shape Slow 0.25 

PEB-FF-25 Partially encased Fast 0.25 

PEB-MF-25 Partially encased Medium 0.25 

PEB-SF-25 Partially encased Slow 0.25 

PEB-FF-38 Partially encased Fast 0.38 

PEB-MF-38 Partially encased Medium 0.38 

PEB-SF-38 Partially encased Slow 0.38 

PEB-FF-50 Partially encased Fast 0.50 

PEB-MF-50 Partially encased Medium 0.50 

PEB-SF-50 Partially encased Slow 0.50 

SFB-FF-34 Slimfloor Fast 0.34 

SFB-MF-34 Slimfloor Medium 0.34 

SFB-SF-34 Slimfloor Slow 0.34 
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Fig. 7.10 Temperature evolutions of lower flange of H-shape composite 

beams subjected to parametric fires 

Fig. 7.11 Temperature evolutions of lower flange of partially encased beams 

subjected to parametric fires 
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Figs. 7.13-7.16 present the time-deflection relationships of composite 

beams subjected to parametric curves. It can be seen that unprotected H-shape 

composite beams could not avoid “run-away” large deflection under the 

parametric fires as well as the standard fire. It should be noted that other 

specimens, which did not reach the limiting deflection, showed the decrease in 

the deflection and had the residual deflection after the cooling phase. The 

residual deflections of the specimens with the high load ratio were larger than 

those with the low load ratio. This result is due to larger inelastic deformation 

of steel and concrete in the specimens subjected to the high load ratio and 

elevated temperatures. 

 

Fig. 7.12 Temperature evolutions of lower flange of slimfloor beams 

subjected to parametric fires 
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Fig. 7.13 Time-deflection relationships of H-shape composite 

beams subjected to parametric fires 

Fig. 7.14 Time-deflection relationships of partially encased beams 

(LR=0.25) subjected to parametric fires 
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Fig. 7.15 Time-deflection relationships of partially encased beams 

(LR=0.50) subjected to parametric fires 

Fig. 7.16 Time-deflection relationships of slimfloor beams 

subjected to parametric fires 
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Table 7.4 Fire behavior of composite beams subjected to parametric fires 

Specimen 
Maximum steel 

temperature 
(°C) 

Maximum 
deflection 

(mm) 

Residual 
deflection 

(mm) 

HSB-FF-25 751.2 >326 - 

HSB-MF-25 731.7 >326 - 

HSB-SF-25 700.4 >326 - 

PEB-FF-25 606.6 148.1 50.4 

PEB-MF-25 629.0 158.8 61.6 

PEB-SF-25 627.2 177.7 65.5 

PEB-FF-38 606.6 186.5 104.7 

PEB-MF-38 629.0 197.2 117.0 

PEB-SF-38 627.2 225.1 122.5 

PEB-FF-50 606.6 246.2 183.0 

PEB-MF-50 629.0 258.9 193.6 

PEB-SF-50 627.2 294.9 201.5 

SFB-FF-34 535.4 215.2 55.0 

SFB-MF-34 582.6 233.2 70.0 

SFB-SF-34 592.3 229.6 67.4 
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Table 7.4 summarized the maximum temperature of lower flange, the 

maximum deflection, and the residual deflection of specimens. In the cases of 

H-shape composite specimens, maximum steel temperatures were obtained 

when the specimens reached the limiting deflection (326 mm). The results in 

Table 7.4 and Fig. 7.17 indicate that the fire scenarios with different ventilation 

conditions may have influence on the maximum deflection and temperature 

during the heating phase. It should be noted that slow fire condition with 

relatively lower maximum gas temperature may induce the larger maximum 

deflection and residual deflection. This implies that when evaluating the fire 

resistance of composite members under performance-based fire safety design 

concept, the application of the appropriate fire scenarios considering actual fire 

condition is important.  

Fig. 7.17 Comparison of the maximum deflections of partially encased 

beams under different load ratios and fire scenarios 
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7.4. Discussions  
 

Numerical studies were conducted to investigate the fire behavior of 

CFT columns and composite beams subjected to parametric fire scenarios. 

Based on EN1991-1-2 (CEN 2002), the three time-fire temperature 

relationships (fast fire, medium fire, and slow fire) including the cooling phase 

were considered.  

For CFT columns subjected to parametric fire scenarios, sectional 

dimension has little influence on the maximum temperature of steel tube while 

the difference of maximum temperatures between fast and slow fire scenarios 

was about 70 °C. CFT column under the fast fire had the largest residual 

contraction or reached the failure of fire resistance more quickly. Numerical 

analysis results showed that CFT columns under the parametric fire should 

resist the additional compressive load due to the thermal contraction of steel 

tube by temperature decrease during the cooling phase. 

In the cases of composite beams subjected to parametric fire scenarios, 

H-shape composite beams behaved large deflection over the deflection limit 

while partially encased beams and slimfloor beams showed the decrease in the 

deflection during the cooling phase and had the residual deflection after the 

cooling phase. The analysis results implies that the fire scenarios with different 

ventilation conditions have influence on the maximum deflection, the residual 

deflection and temperature change of composite beams. 
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Chapter 8. Summary and Conclusions 

 

In this dissertation, in order to investigate the thermal and structural 

behaviors of composite columns and beams under fire condition and propose 

their rational design methods, experimental and analytical studies for CFT 

columns, partially encased and slimfloor beams were conducted. Based on the 

experimental and analytical studies, both rational and practical design guides to 

improve the current design codes were suggested and verified under 

performance-based fire safety design concept. The conclusions drawn from this 

study can be summarized as follows: 

 

(1) Experimental program was carried out to evaluate the behavior and the 

fire resistance of unprotected rectangular CFT columns subjected to the 

standard fire. The length effect, the load ratio, and the sectional 

dimensions of the CFT columns were included as the key testing 

parameters. The test results indicated that the specimens with same 

CFT section (SHS1-H1, SHS3-H3 and SHS4-LR) showed similar 

tendency in temperature evolution of steel and concrete infill even 

though they had different column length or load ratio. The maximum 

temperatures of concrete core located more than 40 mm in depth from 

steel-concrete interface did not exceed 200 °C. This result implies that 

concrete core located more than 40 mm in depth from steel-concrete 

interface maintains the compressive loading capacity and the flexural 
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stiffness of the columns at ambient temperature during the fire exposure 

time of at least 1 hour. Early local buckling of steel tubes during the 

standard fire test of CFT columns was observed to induce load transfer 

from steel tube to concrete, and eventually triggered earlier concrete 

crushing, or complete loss of the load bearing capacity of the columns. 

This strongly indicates that the limit state of local buckling as well as 

overall flexural buckling at elevated temperatures should be 

incorporated in fire design procedure. The prediction of fire resistance 

time of unprotected CFT columns based on the limiting steel 

temperature in current design codes or existing design formula 

(ANUHT 2004; CEN 2005a; Kodur 1999) is generally conservative 

compared to the fire test results. 

(2) Nonlinear finite element modeling technique to simulate the thermal 

and structural responses of CFT columns under fire condition was 

developed and verified against fire tests. In this study, the heat 

convective coefficient of 25 W/m2K and resultant emissivity of 0.7 

were applied as thermal boundary condition. To reflect the thermal 

contact resistance at steel-concrete interface, thermal conductance of 

100 W/m2K was employed. The thermal and mechanical properties of 

steel and concrete at elevated temperatures in Eurocode 4 were used. 

By sensitivity analysis, friction coefficient of 0.45, nonlinear thermal 

expansion models of steel and concrete recommended by Eurocode 4 

were chosen. L/1000 for rectangular CFT columns and L/5000 for 

circular CFT columns were used as initial imperfection values. In 
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addition, this study showed that the consideration of concrete aggregate 

type may give better agreement with the test result. Comparison of fire 

behavior between numerical simulations and test results corroborates 

that the numerical approach in this study can predicts the fire resistance 

of CFT columns reasonably. 

(3) To predict more accurately the temperature distribution of CFT sections 

under standard fire condition, the effects of the design parameters such 

as the diameter of the section, the thickness of steel tube, and the fire 

exposure time on the temperature distribution of the CFT sections were 

analyzed through the parametric heat transfer analysis. Based on 

numerical analysis results, the new formulas for predicting the 

temperatures of steel tube (Eq. (4.6a)), steel-concrete interface (Eq. 

(4.6b)), and concrete infill (Eqs. (4.7) and (4.8)) were proposed and 

verified.  

(4) Limitations of the current simple calculation model for rectangular 

CFT columns were discussed and the improved simple calculation 

model was proposed. Based on the parametric study for rectangular 

CFT columns with various length, sectional width, and steel tube 

thickness, the flexural stiffness reduction coefficient was modified as 

Eq. (4.17b). The application results showed that the proposed method 

for the flexural stiffness reduction coefficient can improve significantly 

the prediction accuracy for the compressive resistance of rectangular 

CFT columns in fire.  

(5) Theoretical and numerical studies for determining the critical 
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compressive strength of steel tubes in rectangular CFT sections at 

elevated temperatures considering local buckling were conducted. In 

the theoretical study, considering the inelastic buckling behavior and 

the effective width concept, the maximum average compressive 

strength of steel tube at elevated temperatures was proposed. The plate 

buckling coefficient of 6.97 for steel tube in rectangular CFT sections 

at elevated temperatures, taking account of the bucking shape and 

boundary condition, was also suggested. Finally, the simplified formula 

for calculating the critical compressive strength of steel tube of stub 

rectangular CFT column at elevated temperatures considering local 

buckling was proposed as Eq. (4.33).  

(6) It was shown that evaluating the fire resistance of CFT columns by the 

critical temperature criteria may induce structural engineers to 

underestimate the inherent fire resistance of CFT columns. In this study, 

the linear equation (Eq. (4.35)) for critical temperature of steel tube 

considering the load ratio of rectangular CFT columns was proposed 

by using the parametric numerical analysis results. 

(7) Fire behavior and resistance of various composite beams including H-

shaped composite beam, partially encased beam, and slimfloor beam 

were investigated by the standard fire tests. Unreinforced and 

reinforced partially encased beams and reinforced slimfloor beams 

achieved the fire resistances of 120 (PEB-L3), 146 (PEB-R-L4), and 

142 (SFB-R-L4) minutes under the load ratio of 0.25, 0.33, and 0.34, 

respectively. The test results indicated that partially encased and 
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slimfloor beams can be a promising alternative to conventional H-

shape composite beams from fire design perspective. This study also 

indicated that the maximum temperature criterion may underestimate 

significantly the fire resistance of partially encased and slimfloor 

composite beams. This was because that the web of steel beam 

maintains relatively low temperature due to the concrete encasement 

and contributes to the bending moment capacity of the composite beam 

at elevated temperatures. 

(8) Numerical studies of these composite beams under fire condition were 

conducted to numerically predict thermal and structural response. 

Comparison of fire resistances between numerical simulations and test 

results showed that the nonlinear finite element modeling in this study 

predicts the fire behavior of the composite beams reasonably. Based on 

FEM results, the fire resistances of composite beams were discussed 

under the bending moment capacity, the rate of deflection, and 

deflection criteria. The comparison results showed that the fire 

resistance predicted by the bending moment capacity criteria were 

more unconservative than those by the rate of deflection and deflection 

criteria. 

(9) To overcome the limitation of the ambiguous fire design guide in Korea, 

which is major obstacle to applying composite beams in practice, the 

length effect on the fire resistance of composite beams was investigated. 

The numerical analysis results showed that, although the specimens 

with longer span experienced the larger deflection and the rapid rate of 
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deflection, the fire resistances of composite beams with different span 

length were almost same. The result indicates that the span length has 

little influence on the fire resistance of composite beam based on the 

deflection limit criteria. 

(10) The fire behavior of CFT columns and composite beams subjected to 

the parametric fire conditions was investigated. In this study, the three 

time-fire temperature relationships (fast fire, medium fire, and slow fire) 

including the cooling phase were considered. For CFT columns 

subjected to parametric fire scenarios, sectional dimension has little 

influence on the maximum temperature of steel tube while the 

difference of maximum temperatures between fast and slow fire 

scenarios was about 70 °C. CFT column under the fast fire had the 

largest residual contraction or reached the failure of fire resistance more 

quickly. Numerical analysis results showed that CFT columns under the 

parametric fire should resist the additional compressive load due to the 

thermal contraction of steel tube by temperature decrease during the 

cooling phase. 

(11) In the cases of composite beams subjected to parametric fire scenarios, 

H-shape composite beams behaved large deflection over the deflection 

limit while partially encased beams and slimfloor beams showed the 

decrease in the deflection during the cooling phase and had the residual 

deflection after the cooling phase. It was found that slow fire condition 

with relatively lower maximum gas temperature may induce the larger 

maximum deflection and residual deflection of the composite beam. 



 
                                       Chapter 8. Summary and conclusions 

 

 

234 

(12) Under the framework of performance-based fire safety design, 

nonlinear finite element modeling technique developed in this study 

can perform a key role as the promising alternative to costly and time-

consuming fire test. In addition, practical fire design recommendation 

proposed for composite members are expected to contribute to the 

improvement of current irrational prescriptive fire design practice.  

 

 

 

 

 



 
                                                            References 

 

 

235 

References 

 

ABAQUS (2010) ABAQUS Analysis User’s Manual, SIMULIA. 

ADINA (2008) ADINA Theory and Modeling Guide, ADINA R&D. 

Ahn, J.K., Lee, C.H., and Park, H.N. (2013) Prediction of fire resistance of steel 

beams with considering structural and thermal parameters, Fire Safety 

Journal, Vol. 56, pp. 65-73.  

American Concrete Institute (2007) Standard Method for Determining Fire 

Resistance of Concrete and Masonry Construction Assemblies, ACI 

216.M-07, ACI, Detroit, USA 

American Institute of Steel Construction (2010) Specification for Structural 

Steel Building, AISC, Chicago, USA. 

American Iron and Steel Institute (2007) Specification for the Design of Cold-

Formed Steel structural Members, AISI, Washington, USA. 

American Society of Civil Engineers (2005) Standard Calculation Methods for 

Structural Fire Protection, ASCE/SEI/SFPE 29-05, ASCE, Reston, 

USA. 

ANSYS (2007) ANSYS Release 11.0, ANSYS. 

Architectural Institute of Korea (2009) Korea Building Code-Structural, AIK, 

Korea. 

Association of New Urban Housing Technology (2004) Recommendation for 

Fire Resistance Design of Concrete-filled Steel Tube Structure, 

ANUHT, Japan. 



 
                                                            References 

 

 

236 

Bailey, C.G. (1999) The behaviour of asymmetric slim floor steel beams in fire, 

Journal of Constructional Steel Research, Vol. 50, pp. 235-257. 

Bailey, C.G. (2000) Effective lengths of concrete-filled steel square hollow 

sections in fire, Proceedings of the Institution of Civil Engineers, 

Structures & Buildings, Vol. 140, pp. 169-178. 

Baltay, P. and Gjelsvik, A. (1990) Coefficient of friction for steel on concrete, 

Journal of Materials in Civil Engineering, Vol. 2, No. 1, pp. 46-49. 

Bleich, F. (1952) Buckling Strength of Metal Structures, McGraw-Hill, New 

York, USA. 

Bradford, M.A., Loh, H.Y., and Uy, B. (2002) Slenderness limits for filled 

circular steel tubes, Journal of Constructional Steel Research, Vol. 58, 

No. 2, pp. 243-252. 

Bradford, M.A., Wright, H.D., and Uy, B. (1998) Local buckling of the steel 

skin in lightweight composites induced by creep and shrinkage, 

Advances in Structural Engineering, Vol. 2, No. 1, pp. 25-34. 

British Standards Institution (BSI) (1987) British Standard 476, Fire Tests on 

Building Materials and Structures, Part 20: Method for 

Determination of the Fire Resistance of Elements of Construction 

(General Principles), BSI, London, UK. 

Buchanan, A.H. (2001) Structural Design for Fire Safety, John Wiley and Sons 

Ltd.  

Chabot, M. and Lie, T.T. (1992) Experimental studies on the fire resistance of 

hollow steel columns filled with bar-reinforced concrete, Internal 

Report No. 628, NRCC, Ottawa, Canada. 



 
                                                            References 

 

 

237 

Cho, K.S., Kim. H.Y., Kim, H.J., and Kwon I.K. (2010) The study on the fire 

performance of the CFT column according to the concrete 

compressive strengths and load ratios, Journal of Korean Institute of 

Fire Science and Engineering, Vol. 24, No. 2, pp. 44-51. 

Cho, K.S., Kim. H.Y., Kim, H.J., Min, B.Y., and Kwon I.K. (2010) 

Experimental study on fire resistance performance of CFT column 

according to cross section of steel, concrete compressive strengths 

and load ratios, Journal of Korean Institute of Fire Science and 

Engineering, Vol. 24, No. 6, pp. 104-111. 

Chung, K.S., Park, S.H., and Choi, S.M. (2008) Material effect for predicting 

the fire resistance of concrete-filled square steel tube column under 

constant axial load, Journal of Constructional Steel Research, Vol. 64, 

pp. 1505-1515. 

COMETUBE (1976) Fire resistance of structural hollow sections, Cometube 

research, CIDECT programme 15A, Final report. 

Correia, A.J.P.M. and Rodrigues, J.P.C. (2011) Fire resistance of partially 

encased steel columns with restrained thermal elongation, Journal of 

Constructional Steel Research, Vol. 67, pp. 593-601. 

Ding, J. and Wang, Y.C. (2008) Realistic modeling of thermal and structural 

behavior of unprotected concrete filled tubular columns in fire, 

Journal of Constructional Steel Research, Vol. 64, No. 10, pp. 1086-

1102. 

Ellobody, E. (2011) Nonlinear behavior of unprotected composite slimfloor 

steel beams exposed to different fire conditions, Thin-Walled 



 
                                                            References 

 

 

238 

Structures, Vol. 49, pp. 762-771. 

Espinos, A., Romero, M.L., and Hospitaler, A. (2012) Simple calculation model 

for evaluating the fire resistance of unreinforced concrete filled 

tubular columns, Engineering Structures, Vol. 42, pp. 231-244. 

European Committee for Standardization (CEN) (2002) Eurocode 1. Actions 

on Structures, Part 1.2: General Actions - Actions on Structures 

Exposed to Fire, BSI, London, UK. 

European Committee for Standardization (CEN) (2004a) Eurocode 2. Design 

of Concrete Structures, Part 1.2: General Rules-Structural Fire 

Design, BSI, London, UK. 

European Committee for Standardization (CEN) (2004b) Eurocode 4. Design 

of Composite Steel and Concrete Structures, Part 1.1: General Rules 

and Rules for Buildings, BSI, London, UK. 

European Committee for Standardization (CEN) (2005a) Eurocode 3. Design 

of Steel Structures, Part 1.2: General Rules-Structural Fire Design, 

BSI, London, UK. 

European Committee for Standardization (CEN) (2005b) Eurocode 4. Design 

of Composite Steel and Concrete Structures, Part 1.2: General Rules-

Structural Fire Design, BSI, London, UK. 

Franssen, J.M. (2003) SAFIR - A thermal/structural program modeling 

structures under fire, Proceedings of the NASCC Conference, AISC, 

Baltimore, USA. 

Ghojel, J. (2004) Realistic modelling of thermal and structural behaviour of 

unprotected concrete filled tubular columns in fire, Experimental 



 
                                                            References 

 

 

239 

Thermal and Fluid Science, Vol. 28, pp. 347-354. 

Grandjean, G., Grimault, J.P., and Petit, L. (1980) Determination de la duree 

au feu des profils creux remplis de beton, CIDECT Research project 

15B-80/10, CIDECT. 

Han, L.H., Tao, Z., Huang, H., and Zhao, X.L. (2004) Concrete-filled double 

skin (SHS outer and CHS inner) steel tubular beam-columns, Thin-

Walled Structures, Vol. 42, pp. 1329-1355. 

Han, L.H., Yang, Y.F., and Xu, L. (2003) An experimental study and calculation 

on the fire resistance of concrete-filled SHS and RHS columns, 

Journal of Constructional Steel Research, Vol. 59, No. 4, pp. 427-452. 

Han, L.H., Zhao, X.L., Yang, Y.F., and Feng, J.B. (2003) Experimental study 

and calculation of fire resistance of concrete-filled hollow steel 

columns, Journal of Structural Engineering, ASCE, Vol. 129, No. 3, 

pp. 346-356. 

Hong, S. and Varma, A.H. (2009) Analytical modeling of the standard fire 

behavior of loaded CFT columns, Journal of Constructional Steel 

Research, Vol. 65, No. 1, pp. 427-452. 

Iding, R.H., Bresler, B., and Nizamuddin, Z. (1977) FIRES-T3: A computer 

program for the fires response of structures-Thermal, Report No. 

UCB-FRG 77-15, University of Buckley, California. 

Incropera, F.P. and DeWitt, D.P. (2002) Fundamental of Heat and Mass 

Transfer, John Wiley & Sons, USA. 

International Code Council (2012) International Building Code, ICC, USA. 

International Standards Organization (1999) ISO 834-1: Fire Resistance Test–



 
                                                            References 

 

 

240 

Elements of Building Construction, ISO, Geneva, Switzerland. 

Kodaira, A., Fujinaka, H., Ohashi, H., and Nishimura, T. (2004) Fire resistance 

of composite beams composed of rolled steel profile concreted 

between flanges, Fire Science and Technology, Vol. 23, No. 3, pp. 

192-208. 

Kodur, V.K.R. (1999) Performance-based fire resistance design of concrete-

filled steel columns, Journal of Constructional Steel Research, Vol. 

51, pp. 21-36. 

Kodur, V.K.R. (2007) Guidelines for fire resistant design of concrete-filled steel 

HSS columns - State-of-the-art and research needs, International 

Journal of Steel Structures, Vol. 7, pp. 173-182. 

Kodur, V.K.R. and Lie, T.T. (1995) Experimental studies on the fire resistance 

of circular hollow steel columns filled with steel-fibre-reinforced 

concrete, Internal Report No. 691, NRCC, Ottawa, Canada. 

Kordina, K. and Klingsch, W. (1983) Fire resistance of composite columns of 

concrete filled hollow sections, CIDECT Research project 15C1/C2-

83/27, CIDECT. 

Korea Standard Association (2005) KS F 2257-1: Methods Fire Resistance Test 

for Elements of Building Construction–General Requirements, KSA, 

Korea. 

Korea Standard Association (2006) KS F 2257-6: Methods Fire Resistance Test 

for Elements of Building Construction–Specific Requirements for 

Beams, KSA, Korea. 

Korea Standard Association (2007) KS B 0801: Test Pieces for Tensile Test for 



 
                                                            References 

 

 

241 

Metallic Materials, KSA, Korea. 

Korea Standard Association (2010) KS F 2405: Standard Test Method for 

Compressive Strength of Concrete, KSA, Korea. 

Lawson, R. M. and Newman, G. M. (1996) Structural Fire Design to EC3 & 

EC4, and Comparison with BS 5950, Technical Report, SCI 

Publication 159, The Steel Construction Institute, UK. 

Lee, J. and Fenves, G.L. (1998) Plastic-damage model for cyclic loading of 

concrete structures, Journal of Engineering Mechanics, Vol. 124, No. 

8, pp. 892-900. 

Lennon, T., Moore, D.B., Wang, Y.C., and Bailey, C.G. (2007) Designers’ 

Guide to EN1991-1-2, EN1992-1-2, EN1993-1-2, and EN1994-1-2, 

Thomas Telford Limited.  

Leon, R.T., Kim, D.K., and Hajjar, J.F. (2007) Limit state response of composite 

columns and beam-columns, Part 1: Formulation of design provisions 

for the 2005 AISC Specification, Engineering Journal, AISC, 4th 

Quarter, pp. 341-358. 

Liang, Q.Q., Uy, B., and Liew, J.Y.R. (2006) Nonlinear analysis of concrete-

filled thin-walled steel box columns with local buckling effects, 

Journal of Constructional Steel Research, Vol. 62, pp. 581-591. 

Lie, T.T. (1984) A procedure to calculate fire resistance of structural members, 

Fire and Materials, Vol. 8, No. 1, pp. 40-48. 

Lie, T.T. (1994) Fire resistance of circular steel columns filled with bar-

reinforced concrete, Journal of Structural Engineering, ASCE, Vol. 

120, No. 5, pp. 1489-1509. 



 
                                                            References 

 

 

242 

Lie, T.T. and Chabot, M. (1992) Experimental studies on the fire resistance of 

hollow steel columns filled with plain concrete, Internal Report No. 

611, NRCC, Ottawa, Canada. 

Lu, H., Zhao, X.L., and Han, L.H. (2009) Fire behaviour of high strength self-

consolidating concrete filled steel tubular stub columns, Journal of 

Constructional Steel Research, Vol. 65, pp. 1995-2010. 

Lu, H., Zhao, X.L., and Han, L.H. (2011) FE modelling and fire resistance 

design of concrete filled double skin tubular columns, Journal of 

Constructional Steel Research, Vol. 67, pp. 1733-1748. 

Ma, Z. and Makelainen, P. (2006) Structural behaviour of composite slim floor 

frames in fire conditions, Journal of Constructional Steel Research, 

Vol. 62, pp. 1282-1289. 

Makelainen, P. and Ma, Z. (2000) Fire resistance of composite slim floor beams, 

Journal of Constructional Steel Research, Vol. 54, pp. 345-363. 

Moon, J.H., Roeder, C.W., Lehman, D.E., and Lee, H.E. (2012) Analytical 

modeling of bending of circular concrete-filled steel tubes, 

Engineering Structures, Vol. 42, pp. 349-361. 

Nadjai, A, Vassart, O., Ali, F., Talamona, D., Allam, A., and Hawes, M. (2007) 

Performance of cellular composite floor beams at elevated 

temperatures, Fire Safety Journal, Vol. 42, pp. 489-497. 

National Research Council of Canada (2005) National Building Code of 

Canada, NRCC, Ottawa, Canada. 

New Zealand Government (2012) Building Amendment Regulation 2012-

Schdule 1: The Building Code, Department of Building and Housing, 



 
                                                            References 

 

 

243 

New Zealand. 

Newman, G.M. (1995) Fire resistance of slim floor beams, Journal of 

Constructional Steel Research, Vol. 33, pp. 87-100. 

Piloto, P., Gavilan, A., Zipponi, M., Marini, A., Mesquita, L., and Plizzari, G. 

(2013) Experimental Investigation of the Fire Resistance of Partially 

Encased Beams, Journal of Constructional Steel Research, Vol. 80, 

pp. 121-137. 

Poh, K.W. (2001) Stress-strain-temperature relationship for structural steel, 

Journal of Materials in Civil Engineering, Vol. 13, No. 5, pp. 371-

379. 

Purkiss, J.A. (2007) Fire Safety Engineering: Design of Structure, Butterworth-

Heinemann, UK. 

Ruddy, J.L., Marlo, J.P., Ioannides, S.A., and Alfawakiri, F. (2003) Fire 

Resistance of Structural Steel Framing, Steel Design Guide 19, AISC, 

Chicago, USA. 

Rush, D., Bisby, L., Melandinos, A., and Lane, B. (2011) Fire resistance design 

of unprotected concrete filled steel hollow sections: meta-analysis of 

available furnace test data, Proceedings of the Tenth International 

Symposium, International Association for Fire Safety Science, pp. 

1549-1562. 

Sakino, K., Nakahara. H., Morino, S., and Nishiyama, I. (2004) Behavior of 

centrally loaded concrete-filled steel-tube short columns, Journal of 

Structural Engineering, Vol. 130, pp. 180-188. 

Selamet, S. and Garlock, E. (2012) Predicting the maximum compressive beam 



 
                                                            References 

 

 

244 

axial force during fire considering local buckling, Journal of 

Constructional Steel Research, Vol. 71, pp. 189-201. 

Selamet, S. and Garlock, E. (2013) Plate buckling strength of steel wide-flange 

sections at elevated temperatures, Journal of Structural Engineering, 

ASCE, Vol. 139, No. 11, pp. 1853-1865.  

Sterner, E. and Wickstrom, U. (1990) TASEF - Temperature Analysis of 

Structures Exposed Fire, SP Report 1990:05, Swedish National 

Testing and Research Institute, Boras, Sweden. 

Timoshenko, S.P. and Gere, J.M. (1961) Theory of Elastic Stability, 2nd edition, 

McGraw-Hill, New York, USA. 

Uy, B. and Bradford, M.A. (1996) Elastic local buckling of steel plates in 

composite steel-concrete members, Engineering Structures, Vol. 18, 

No. 3, pp. 193-200. 

von Karman, T., Sechler, E.E., and Donnell, L.H. (1932) Strength of thin plates 

in compression, Transactions of the American Society of Mechanical 

Engineers, Vol. 54, pp. 53-57. 

Wang, Y.C. (1997) Some considerations in the design of unprotected concrete-

filled steel tubular columns under fire condition, Journal of 

Constructional Steel Research, Vol. 44, pp. 203-223. 

Wang, Y.C. (1999) The effects of structural continuity on the fire resistance of 

concrete filled columns in non-sway frames, Journal of 

Constructional Steel Research, Vol. 50, pp. 177-197. 

Wang, Y.C. (2002) Steel and Composite Structures: Behavior and Design for 

Fire Safety, Spon Press-Taylor & Francis Group. 



 
                                                            References 

 

 

245 

Wang, Y.C. and Davis, J.M. (2003) An experimental study of the fire 

performance of non-sway loaded concrete-filled steel tubular column 

assemblies with extended end plate connections, Journal of 

Constructional Steel Research, Vol. 59, No. 7, pp. 819-838. 

Winter, G. (1947) Strength of thin steel compression flanges, Transactions of 

the American Society of Mechanical Engineers, Vol. 112, pp. 527-554. 

Ziemian, R.D. (2010) Guide to Stability Design Criteria for Metal Structures, 

6th edition, John Wiley and Sons Ltd.  

 

 

 

 

  



 
                                                             Appendix 

 

 

246 

Appendix 

Material Properties of Steel and Concrete at 

Elevated Temperatures 

 

A.1 Thermal properties 
 

A.1.1 Steel at elevated temperatures 

 

1) Eurocode model 

 Eurocode 4 Part 1.2 (CEN 2005b) describes the thermal properties of 

structural and reinforcing steels in Clause 3.3.1. sT  in the following equations 

is the steel temperature. 

 

Thermal elongation 

The thermal elongation of steel l l∆  is determined from the 

following equations.  

 
4 5 8 22.416 10 1.2 10 0.4 10s sl l T T− − −∆ = − ⋅ + ⋅ + ⋅   

for 20°C≤ sT ≤750°C (A.1a) 
31.1 10l l −∆ = ⋅   

for 750°C < sT ≤860°C (A.1b) 
3 56.2 10 2 10 sl l T− −∆ = − ⋅ + ⋅   

for 860°C < sT ≤1200°C (A.1c) 
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where l  is the length at 20°C of the steel member and l∆  is the elongation 

of the steel member at elevated temperature. 

 In simple calculation models, the relationship between thermal 

elongation and steel temperature may be considered to be linear as follows.  

 
( )51.4 10 20sl l T−∆ = ⋅ −  (A.1d) 

 

Specific heat 

 The specific heat of steel sc  is determined from the following 

equations.  

 
1 3 2 6 3425 7.73 10 1.69 10 2.22 10s s s sc T T T− − −= + ⋅ − ⋅ + ⋅  (J/kgK) 

for 20°C≤ sT ≤600°C (A.2a) 
( ) ( )666 13002 738s sc T= + −  (J/kgK) 

for 600°C < sT ≤735°C (A.2b) 
( ) ( )545 17820 731s sc T= + −  (J/kgK) 

for 735°C < sT ≤900°C (A.2c) 
650sc =  (J/kgK) 

for 900°C < sT  (A.2d) 

 

 In simple calculation models, the specific heat may be considered to 

be an independent average value of 600 J/kgK. 

 

Thermal conductivity 

 The thermal conductivity of steel sλ  is determined from the 

following equations. 
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254 3.33 10s sTλ −= − ⋅  (W/mK) 

for 20°C≤ sT ≤800°C (A.3a) 
27.3sλ =  (W/mK) 

for 800°C≤ sT  (A.3b) 

 

 In simple calculation models, the thermal conductivity may be 

considered to be an independent average value of 45 W/mK. 

 

Density 

 The density of steel sρ  is considered to be an independent value of 

7850 kg/m3 in EN 1994-1-2 (CEN 2005b). 

 

2) Lie’s model 

 Lie (1984) proposed different formulations for the thermal properties 

of steel at elevated temperatures. sT  in each equation is the steel temperature. 

 

Thermal expansion coefficient 

 The thermal expansion coefficient of steel sα  is determined from the 

following equations.  

 
( ) 60.004 12 10s sTα −= ⋅ + ⋅  (m/m°C) 

for 0°C≤ sT ≤1000°C (A.4a) 
616 10sα
−= ⋅  (m/m°C) 

for sT >1000°C (A.4b) 
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Heat capacity 

 The heat capacity of steel s scρ  is determined from the following 

equations.  

 

( ) 60.004 3.3 10s s sc Tρ = ⋅ + ⋅  (J/m3 K) 
for 0°C≤ sT ≤650°C (A.5a) 

( ) 60.068 38.3 10s s sc Tρ = ⋅ − ⋅  (J/m3K) 
for 650°C≤ sT ≤725°C (A.5b) 

( ) 60.086 73.35 10s s sc Tρ = − ⋅ + ⋅  (J/m3K) 
for 725°C≤ sT ≤800°C (A.5c) 

64.55 10s scρ = ⋅  (J/m3K) 
for sT >800°C (A.5d) 

 

Thermal conductivity 

 The thermal conductivity of steel sλ  is determined from the 

following equations. 

 
0.022 48s sTλ = − ⋅ +  (W/mK) 

for 0°C≤ sT ≤900°C (A.6a) 
28.2sλ =  (W/mK) 

for sT >900°C (A.6b) 
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A.1.2 Concrete at elevated temperatures 

 

1) Eurocode model 

 Eurocode 2 and 4 Part 1.2 (CEN 2004a; CEN 2005b) describes the 

thermal properties of concrete. cT  in the following equations is the concrete 

temperature. 

 

Thermal elongation 

 The thermal elongation of normal weight concrete l l∆  with 

siliceous aggregates is determined from the following equations.  

 
4 6 11 31.8 10 9 10 2.3 10c cl l T T− − −∆ = − ⋅ + ⋅ + ⋅   

for 20°C≤ cT ≤700°C (A.7a) 
21.4 10l l −∆ = ⋅   

for 700°C < cT ≤1200°C (A.7b) 

 

where l  is the length at 20°C of the concrete member and l∆  is the 

elongation of the steel member at elevated temperature. 

 In simple calculation models, the relationship between thermal 

elongation and concrete temperature may be considered to be linear as follows.  

 
( )51.8 10 20cl l T−∆ = ⋅ −  (A.7c) 

 

Specific heat 

 The specific heat of normal weight concrete cc  is determined from 
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the following equations.  

 
900cc =  (J/kgK) 

for 20°C≤ cT ≤100°C (A.8a) 
( )900 100c cc T= + −  (J/kgK) 

for 100°C< cT ≤200°C (A.8b) 
( )1000 200 2c cc T= + −  (J/kgK) 

for 200°C< cT ≤400°C (A.8c) 
1100cc =  (J/kgK) 

for 400°C< cT ≤1200°C (A.8d) 

 

 The variation of cc  as a function of the temperature may be 

approximated by 

 

( ) ( )2890 56.2 100 3.4 100c c cc T T= + −              (J/kgK) (A.8e) 

 

 Considering the heat consumption due to water evaporation in a range 

between 100°C and 200°C, the above formulation for the specific heat of 

concrete may be completed by a peak value *
cc  at 115 ºC. 

 
* 2020cc =  (J/kgK) 

for a moisture content of 3% of concrete weight (A.8f) 
* 5600cc =  (J/kgK) 

for a moisture content of 10% of concrete weight (A.8g) 

 

 In simple calculation models, the specific heat of concrete may be 

considered to be an independent average value of 1000 J/kgK. 
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Thermal conductivity 

 The thermal conductivity of normal weight concrete cλ  may be 

determined between the lower and upper limit. 

 

Upper limit: ( ) ( )22 0.2451 100 0.0107 100c c cT Tλ = − +  (W/mK) 
for 20°C≤ cT ≤1200°C (A.9a) 

Lower limit: ( ) ( )21.36 0.136 100 0.0057 100c c cT Tλ = − +  (W/mK) 
for 20°C≤ cT ≤1200°C (A.9b) 

 

 In simple calculation models, the thermal conductivity may be 

considered to an independent average value of 1.60 W/mK. 

 

Density 

 According to EN 1994-1-2 (CEN 2005b), the variation of the density 

of concrete cρ  in function of temperature is approximated by 

 
( )2354 23.47 100c cTρ = −                        (kg/m3) (A.10) 

 

 For unreinforced normal weight concrete, the value of 2300 kg/m3 

may be taken. 

 

2) Lie’s model 

 Lie (1984) proposed different formulations for the thermal properties 

of concrete at elevated temperatures.  
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Thermal expansion coefficient 

 The thermal expansion coefficient of concrete cα  is determined 

from the following equations.  

 
( ) 60.008 6 10c cTα −= ⋅ + ⋅                        (m/m°C) (A.11) 

 

Heat capacity 

 The heat capacity of concrete c ccρ  is determined from the following 

equations.  

 
62.566 10c ccρ = ⋅  (J/m3K) 

for 0°C≤ cT ≤400°C (A.12a) 
( ) 60.1765 68.034 10c c cc Tρ = ⋅ − ⋅  (J/m3K) 

for 400°C≤ cT ≤410°C (A.12b) 
( ) 60.05043 25.00671 10c c cc Tρ = − ⋅ − ⋅  (J/m3K) 

for 410°C≤ cT ≤445°C (A.12c) 
62.566 10c ccρ = ⋅  (J/m3K) 

for 445°C≤ cT ≤500°C (A.12d) 
( ) 60.01603 5.44881 10c c cc Tρ = ⋅ − ⋅  (J/m3 K) 

for 500°C≤ cT ≤635°C (A.12e) 
( ) 60.16635 100.90225 10c c cc Tρ = ⋅ − ⋅  (J/m3 K) 

for 635°C≤ cT ≤715°C (A.12f) 
( ) 60.22103 176.07343 10c c cc Tρ = − ⋅ + ⋅  (J/m3 K) 

for 715°C≤ cT ≤785°C (A.12g) 
62.566 10c ccρ = ⋅  (J/m3 K) 

for cT >785°C (A.12h) 
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Thermal conductivity 

 The thermal conductivity of concrete is determined from the following 

equations. 

 
1.355cλ =  (W/mK) 

for 0°C≤ cT ≤293°C (A.13a) 
0.001241 1.7162c cTλ = − ⋅ +  (W/mK) 

for cT >293°C (A.13b) 
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A.2 Mechanical properties 
 

A.2.1 Steel at elevated temperatures 

 

1) Eurocode model 

 In Eurocode 4 Part 1.2 (CEN 2005b), for heating rates between 2 and 

50 K/min, the strength and deformation properties of structural steel at elevated 

temperatures should be obtained from the stress-strain relationship given in Fig. 

A.1. The stress-strain relationships given in Fig A.1 and Table A.1 are defined 

by three parameters: the slope of the linear elastic range ,s TE , the proportional 

limit ,p TF , and the maximum stress level or effective yield strength ,y TF . The 

parameters for a certain temperature sT  are obtained by applying the 

reduction factors ,y Tk , ,p Tk  and ,E Tk  in Table A.2 to the corresponding 

values yF  and sE  at ambient temperature.  

 

 

Fig. A.1 Illustration of stress-strain relationship of structural steel at elevated 

temperatures 
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Table A.1 Stress-strain relationships of structural steel at elevated 

temperatures recommended by Eurocode 4 

Strain 
range 

Stress at elevated temperatures ( ,s Tσ ) Tangent modulus 

I. Elastic: ,p Tε ε≤  

 , , ,s T s T s TEσ ε=  ,s TE  

II. Transit elliptical: , ,p T y Tε ε ε≤ ≤  

 

( ) ( )22
, , , ,s T p T y T s T

bF c a
a

σ ε ε= − + − −  

where 

( )( )2
, , , , ,y T p T y T p T s Ta c Eε ε ε ε= − − +  

( )2 2
, , ,s T y T p Tb E c cε ε= − +  

( )
( ) ( )

2
, ,

, , , , ,2
y T p T

s T y T p T y T p T

F F
c

E F Fε ε

−
=

− − −
 

( )
( )
, ,

22
, ,

y T s T

y T s T

b

a a

ε ε

ε ε

−

− −
 

III. Plastic: , ,y T u Tε ε ε≤ ≤  

 , ,s T y TFσ =  0 
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Table A.2 Reduction factors for stress-strain relationships of structural steel at 

elevated temperatures 

Steel 
temperature 

(°C) 
,E Tk (= ,s T

s

E
E

) ,p Tk (= ,p T

y

F
F

) ,y Tk (= ,y T

y

F
F

) ,u Tk (= ,u T

y

F
F

) 

20 1.00 1.00 1.00 1.25 
100 1.00 1.00 1.00 1.25 
200 0.90 0.807 1.00 1.25 
300 0.80 0.613 1.00 1.25 
400 0.70 0.420 1.00 
500 0.60 0.360 0.78 
600 0.31 0.180 0.47 
700 0.13 0.075 0.23 
800 0.09 0.050 0.11 
900 0.0675 0.0375 0.06 

1000 0.0450 0.0250 0.04 
1100 0.0225 0.0125 0.02 
1200 0 0 0 
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2) Lie’s model 

 The stress-strain relationships for steel at elevated temperatures 

proposed by Lie (1984) are expressed as Table A.3.  

 

Table A.3 Stress-strain relationships for steel at elevated temperatures 

proposed by Lie (1984)  

Strain 
range 

Stress at elevated temperatures ( ,s Tσ ) 

pε ε≤  ( )
, ,

,0.001
0.001
s

s T s T

f T
σ ε=  

where    64 10p yFε −= ⋅  

( ) ( ) ( )( ),0.001 50 0.04 1 exp 30 0.03 0.001 6.9s s sf T T T = − − − + ⋅          

pε ε>  ( ) ( )( ) ( ), ,

,0.001
, 0.001 ,0.001

0.001
s

s T p s s T p s

f T
f T f Tσ ε ε ε= + − + −  

where   
( )( )

( ) ( )( )
,

,

, 0.001

50 0.04 1 exp 30 0.03 0.001 6.9

s s T p

s s s T p

f T

T T

ε ε

ε ε

− +

 = − − − + − + ⋅ 
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A.2.2 Concrete at elevated temperatures 

 

1) Eurocode model 

 The mechanical properties of concrete at elevated temperatures are 

given in Clause 3.2.2 of Eurocode 4 Part 1.2 (CEN 2005b). For uniaxially 

stressed concrete under compression, the general stress-strain relationship in 

Fig. A.2, which can be obtained from Table A.4. 

 

 

Fig. A.2 Stress-strain relationships of structural steel at elevated temperatures 

 

Table A.4 Stress-strain relationships of concrete under compression at 

elevated temperatures recommended by Eurocode 4 

Strain range Stress 

, ,c T cu Tε ε≤  
3

, ,
, ,

, ,

3 2c T c T
c T c T

cu T cu T

f
ε ε

σ
ε ε

       = +              

 

, ,cu T ce Tε ε ε≤ ≤  For numerical purposes  
a descending branch should be adopted 
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 The stress-strain relationships given in Fig. A.2 are defined by two 

parameters: the compressive strength ,c Tf  and the strain ,cu Tε . Table A.5 

gives the reduction factor ,c Tk (= ,c T cf f ), the strain ,cu Tε , and the strain ,ce Tε  

at elevated concrete temperatures cT . 

Conservatively the tensile strength of concrete may be assumed to be 

zero. In the case that it is necessary to take account of the tensile strength in 

advanced calculation model, the equations in Clause 3.2.2.2 of Eurocode 2 Part 

1.2 (CEN 2004a) can be used. At elevated temperatures, the characteristic 

tensile strength of concrete ,ck Tf  is reduced by a coefficient ,c Tk , which is 

given by following expression: 

 
1ck =                              for 20°C≤ cT ≤100°C (A.14a) 

( )1 100 500c ck T= − −               for 100°C ≤ cT ≤600°C (A.14b) 
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Table A.5 Reduction factors for stress-strain relationships of concrete (normal 

weight concrete) at elevated temperatures 

Concrete 
temperature 

(°C) 
,c Tk (= ,c T cf f ) ,cu Tε  ,ce Tε  

20 1.00 0.0025 0.0200 
100 1.00 0.0040 0.0225 
200 0.95 0.0055 0.0250 
300 0.85 0.0070 0.0275 
400 0.75 0.0100 0.0300 
500 0.60 0.0150 0.0325 
600 0.45 0.0250 0.0350 
700 0.30 0.0250 0.0375 
800 0.15 0.0250 0.0400 
900 0.08 0.0250 0.0425 
1000 0.04 0.0250 0.0450 
1100 0.01 0.0250 0.0475 
1200 0 - - 
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2) Lie’s model 

 The stress-strain relationships proposed by Lie (1984) are defined by 

the reduced compressive strength and the maximum strain at elevated 

temperatures and expressed as Table A.6. 
 

Table A.6 Stress-strain relationships of concrete under compression at 

elevated temperatures proposed by Lie (1984) 

Strain range Stress 

, maxc Tε ε≤  
2

max ,
, ,

max

1 c T
c T c Tf

ε ε
σ

ε

 − 
 = −  
   

 

, maxc Tε ε>  
2

, max
, ,

max

1 c T
c T c Tf

ε ε
σ

ε

 − 
 = −  
   

 

Where ( )2 6
max 0.0025 6.0 0.04 10c cT Tε −= + ⋅ + ⋅  

      ,c T cf f=                        for 0 450cC T C° ≤ ≤ °  

      ,
202.011 2.353

1000
c

c T c
Tf f  − = −   
  

   for 450 874cC T C° ≤ ≤ °  
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초    록 

 

오늘날 건설산업기술에 대한 수요는 점점 더 다양해지고 

있고, 그러한 기술적 수요를 충족시키기 위한 선진적인 건축물 설계 

및 시공 기술의 향상 또한 지속적으로 이루어지고 있다. 하지만 

다양한 건축설계기술 중에서도 내화설계는 가장 발전이 더딘 분야 

중 하나로써 기술 개선이 시급한 분야이다. 건축물의 내화설계와 

관련한 국내의 기술 수준은 여전히 낮은 것이 사실이며, 화재실험 

및 해석적 연구는 특히 부족한 실정이다. 더구나 건축용 합성부재에 

있어서 신뢰할만한 실물대 화재실험은 더욱 드물다. 이에 본 

연구에서는 합성부재에 대한 열 및 구조적 해석기술을 개발하고 

성능기반 내화설계의 관점에서 합리적이고 실용적인 설계접근법을 

제시하고자 하였다.  

먼저 각형 CFT 기둥의 화재 시 열 및 구조적 거동을 

실험을 통하여 파악하고자 하였다. 실험에 의하면 CFT 기둥 

강관의 조기 국부좌굴이 내부 콘크리트로 하중을 전가시키고 이로 

인해 콘크리트의 파괴 혹은 기둥 내하력의 상실을 야기시키는 

것으로 관측되었다. 이는 기둥 전체의 휨좌굴 뿐만 아니라 

국부좌굴이 내화설계 과정에서 합리적으로 고려되어야 함을 

의미한다. 또한 실험결과는 현행의 한계온도법에 의한 

내화성능평가나 경험적 내화설계평가식이 CFT 기둥의 내화성능을 

과대평가할 수 있음을 보여주었다.  

본 연구에서는 고비용에 시간 소비가 많은 화재실험을 
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대체할 수 있는 비선형 유한요소해석기술을 개발하고 실험결과와의 

비교를 통해 검증하였다. 실험 및 해석에 의한 화재거동 및 

내화시간을 비교한 결과, 제시한 수치해석방안은 CFT 기둥의 

내화성능을 합리적으로 예측 가능한 것으로 평가되었다.  

이러한 CFT 기둥에 대한 실험 및 해석적 연구를 바탕으로 

현행의 설계법을 개선할 수 있는 방안을 제시하고 검증하였다. 첫째, 

표준화재 하에서 CFT 단면의 온도분포를 보다 정확히 예측할 수 

있는 수식을 실험으로 검증된 열해석 결과에 근거하여 제시하였다. 

둘째, 각형 CFT 기둥에 대한 현행 유럽기준 설계법의 적용성을 

검토하고 기둥의 높이, 단면크기, 강관두께 등을 반영하는 수정된 

설계절차를 제시하였다. 셋째, 고온에서 CFT 단면의 강관 

국부좌굴강도를 고려하기 위한 이론 및 해석적 접근을 시도하였다. 

CFT 단주기둥의 변수해석에 근거하여 고온에서 강관의 

국부좌굴강도곡선을 제시하였다.  

 다음으로 표준화재시험을 통하여 H-형강 합성보, 매립형 

합성보, 슬림플로어보의 내화성능을 분석하였다. 실험결과에 의하면 

매립형 합성보 및 슬림플로어보가 내화피복을 피할 수 없었던 

기존의 H-형강 합성보를 충분히 대체할 수 있는 것으로 

확인되었다. 이들 합성보의 열 및 구조적 거동을 해석적으로 예측할 

수 있는 수치해석연구가 함께 이루어졌으며, 화재실험과의 비교결과, 

합성보의 내화성능 예측에 합리적으로 활용할 수 있는 것으로 

검증되었다.  

 더불어 본 연구에서는 성능기반 내화설계 과정에서 

일반적으로 고려되는 변수화재 (혹은 자연화재)에 대한 CFT 
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기둥과 합성보의 화재거동 및 내화성능을 검토하였다. CFT 기둥의 

경우 변수화재의 냉각기에서 강관의 열수축으로 인하여 내부 

콘크리트에 추가적인 압축력이 소요되는 것으로 나타났다. 합성보의 

경우 환기조건에 따른 화재모형의 변화가 온도 및 처짐 거동에 

영향을 미치는 것을 확인하였고, 특히, 온도상승이 늦은 

화재조건에서 오히려 최대처짐이나 잔류변형이 가장 크게 나타난 

것이 주목할 만한 점이었다.  

 본 연구에서 수행한 실험 및 해석적 연구, 제시한 

설계법들은 현행의 비합리적인 사양적 내화설계를 개선하는 데 

활용될 것이며, 나아가 국내 성능기반 내화설계의 발전에 기여할 수 

있을 것으로 기대한다.  

 

주요어: 성능기반 내화설계, 합성보, 합성기둥, 내화성능, 열-구조 
유한요소해석 . 
학  번: 2007-30160 
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