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ABSTRACT 

 

In fire conditions, Concrete Filled Stainless Steel Tubular columns undergo multi-phase fire 

and loading condition. These are loading at ambient temperature, loading during the heating 

as the fire accelerates, loading during the cooling phase as the fire intensity gradually 

declines and loading after the fire. However, limited research has been conducted on fire and 

post fire behavior of CFSST columns subjected to the entire fire and loading histories. 

Accordingly, this thesis investigated fire and post fire behavior of CFSST columns in the 

entire fire and load history. Sequential coupled thermal-stress analysis was utilized to 

establish the temperature field and the structural response of the columns by using the 

commercial Finite Element software ABAQUS. Existing fire and post fire test data from 

literature were used to validate the Finite Element models. Validation was based on the 

results such as: temperature versus time, deformation versus time, fire resistance and post 

fire residual capacity. After validation of the test results, the effect of thesis parameters on 

fire and post fire behavior of Concrete Filled Stainless Steel Tubular columns were examined 

by using the validated Finite Element Model. Increasing load level from Nf=0.3 to Nf=0.45, 

decreases fire resistance by 24% and increases the post fire residual strength by 7%. 

Increasing concrete grade from C30 to C37, decreases the fire resistance by 1% and 

increases the post fire residual strength by 3%. Increasing concrete grade from C30 to C105, 

decreases the fire resistance by 11% and increases the post fire residual strength by 8%. 

Increasing stainless-steel grade from SSG 1.4301 to SSG 1.4311, increases the fire resistance 

by 12% and increases the post fire residual strength by 10%. Increasing the diameter from 

400mm to 600mm, increases the fire resistance by 22% and increases the post fire residual 

strength by 45%. Increasing the heating time from 15min to 30min, decreases the post fire 

residual strength by 19%. Increasing the heating time from 15min to 60min, decreases the 

post fire residual strength by 69%. Increasing the thickness from 10mm to 15mm, increases 

the fire resistance by 2% and increases the post fire residual strength by 16%. Diameter, 

load level and stainless steel grade have significant effect on fire resistance. However, 

concrete grade and thickness have negligible effect on fire resistance. Diameter, thickness 

and heating time have significant influence, while load level and stainless steel grade have 

moderate influence on post fire residual strength. However, concrete grade has negligible 

influence on post fire residual strength. 

Key words: CFSST columns, fire, post fire, heating, cooling, FEM 
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1 INTRODUCTION 

1.1 Background 

 

Concrete filled stainless steel tubular columns are a type of structural element that combines 

the strength of steel with the compression resistance of concrete. They are often used in 

building construction and other structures where a combination strength and durability is 

required. Studying CFSST columns can help understand how to design and construct 

structures that can withstand various loads and environmental conditions while also providing 

a high level of corrosion resistance. Additionally, studying the behavior of CFSST columns 

under different loads and environmental conditions can help understand how to optimize the 

design of these structures for specific applications. 

 

CFSST members are a type of structural system that combines the benefits of both concrete 

and stainless steel. The use of concrete provides compressive strength, while the stainless 

steel provides tensile strength and improves the fire resistance of the system. 

 

Choosing CFSST members for a structure may be beneficial in situations where fire 

resistance is a key design consideration. The stainless steel used in CFSST members is 

typically able to maintain its strength at high temperatures, providing a level of fire resistance 

that may not be achievable with other materials. Besides, the concrete in CFSST member 

provides a thermal mass that can lead help to slow down the temperature increase of the 

structure during a fire. 

 

Furthermore, post fire behavior of CFSST members is also important as CFSST members can 

maintain their load carrying capacity even after exposure to high temperatures, which means 

that the structure will be safer and more stable after a fire. 

 

The intention of studying fire and post fire behavior of CFSST structures is to understand 

how these types of structures behave in a fire and how they can be designed to provide 

adequate fire protection. CFSST structures are commonly used in buildings and the behavior 

of these structures during a fire can have a significant impact on the safety of the occupants 

and the integrity of the structure. By studying the fire behavior of CFSST structures, 
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engineers can develop design guidelines and codes to ensure that these structures provide 

adequate fire protection and maintain their structural integrity during a fire. 

 

Concrete is a widely used building material that is known for its durability and strength. 

However, when exposed to high temperatures, such as in fire, concrete can experience 

significant damage. During a fire, the heat causes the water in the concrete to evaporate, 

which can cause the concrete to expand and crack. As the temperature increases, the concrete 

may begin to lose its strength and eventually fail (Schneider, 1988).  

  

After a fire, concrete can continue to experience damage as a result of thermal stress and the 

loss of strength. This can lead to cracking, spalling and the loss of structural integrity. 

Additionally, the concrete may be stained by the smoke and soot from fire, which can be 

difficult to remove (Chen et al., 2009). 

 

Stainless steel is a type of steel that contains at least 10.5% chromium, which provides 

resistance to corrosion and staining. It is often used in construction, particularly in high 

temperature and fire prone environments, due to its high melting point and good mechanical 

properties. 

 

In a fire, stainless steel will experience a gradual loss of strength as the temperature increases. 

At temperatures above 800
o
C, the mechanical properties of the steel will be significantly 

reduced. However, stainless steel will not catch fire and will not contribute to the spread of 

fire. Stainless steel will not support combustion, but it can be damaged by prolonged 

exposure to high temperatures (Paulo et al., 2019). 

 

After a fire, stainless steel can still retain its corrosion resistance and mechanical properties, if 

not exposed to high temperature for a prolonged period of time. However, it may experience 

discoloration, warping, and other forms of surface damage due to the intense heat and flame 

exposure. It is essential to inspect the stainless steel for any damage and perform any 

necessary repairs or replacement to ensure the structure’s stability and integrity (Molkens et 

al., 2021). 

 

Nowadays, there has been an increasing interest in using stainless steel as a construction 

material (Zhong Tao et al., 2012). This is due to the fact that stainless steel is extremely 
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durable, corrosion resistant, fire resistant and easily maintainable. Using stainless steel as a 

replacement for carbon steel in the production of concrete filled steel tubular columns has 

been studied extensively in the past decade. Its use results in greater corrosion resistance, 

improved ductility and enhanced fire resistance (Tan et al., 2018). Accordingly, concrete 

filled stainless steel tubular (CFSST) columns have great potential for use in engineering 

structures, especially in offshore structures. This is because they combine the strength and the 

corrosion resistance of stainless steel with the compressive strength of concrete. This allows 

for a structure that can withstand the harsh marine environment and the loads imposed on it 

by waves and currents while also being resistant to corrosion, which can be a major issue in 

offshore structures due to exposure to salt water. Additionally, CFSSTs are relatively 

lightweight, which can be beneficial in terms of reducing the overall weight of the structure 

and minimizing the amount of materials required. 

 

Fire resistance is one of the most important factors that need to be considered in designing 

CFSST columns. A comparison between carbon steel and stainless steel at high temperatures 

showed that stainless steel has better elevated temperature characteristics (Han et al., 2013). 

Thus, a CFSST column is expected to endure better than a conventional concrete filled steel 

tubular (CFST) column under similar fire condition. 

 

When structural members subjected to fire, they undergo combined fire and loading that 

includes several phases: the initial loading before the fire develops, loading during the 

heating phase as the fire develops, loading in the cooling phase as the fire drops gradually 

and further loading after the fire. There are a number of researches conducted to study the 

combination of multi-phase fire and loading on CFST members. Yang et al. (2008) developed 

a fiber model to consider the effect of cooling on the post fire performance of CFST columns. 

Song et al. (2010) developed a finite element model (FEM) to predict the load versus axial 

deformation relationships of CFST stub columns subjected to a combination of temperature 

and axial compression. However, a very few research has been conducted on the behavior of 

CFSST columns subjected to multi-phase fire and loading condition. 
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1.2 Statement of the Problem 

 

Fire is one of the hazardous loading scenarios that could occur during the life cycle of a 

structure. The successful performance of concrete filled stainless steel tubular (CFSST) 

structures depends on their durability against extreme fire conditions.  

 

Recently, research has been separately conducted on the fire resistance and post fire 

performance of CFSST columns. However, limited research is conducted on fire and post fire 

behavior of CFSST columns under multi-phase fire and loading conditions. Besides, the 

effects of parameters such as: grade of stainless steel, heating time, grade of concrete, load 

level, thickness and diameter of stainless-steel tube on fire and post fire behavior of CFSST 

columns have not been well studied. Accordingly, this study adopted finite element model to 

predict the behavior of CFSST columns in the multi-phase fire and loading condition by 

considering the above parameters.  

 

Moreover, different researchers come up with different results regarding the effect of 

concrete grade on fire resistance. Some researcher’s find it out that the fire resistance 

increases with the increase in concrete grade. For example, a study conducted by Han et al. 

(2013) suggests that the effect of concrete grade on fire resistance of CFSST columns is 

negligible on small sized sections, but for large sized sections the fire resistance increases 

with the increase in concrete grade. However, some other researchers suggest that fire 

resistance decreases with the increase in concrete grade. For example, a study conducted by 

Mao et al. (2020) stated the fire resistance decreases with the increase of concrete grade.  

 

Similarly, there is a controversy among researchers about the effect of load level on post fire 

residual strength. For example, a study conducted by Z Tao et al. (2015) suggests the post fire 

residual strength increases with the increase in load level. Correspondingly, a study 

conducted by Song et al. (2010) suggests that the post fire residual strength increases with the 

increase in load level. However a study conducted by Tan et al. (2018) suggests the post fire 

residual strength decrease with the increase in load level. Accordingly, it was found 

necessary to study the effect of those parameters on fire and post fire behavior of CFSST 

columns.  
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1.3 Objective of the Study 

 

1.3.1 General objective 

 

The general objective of this research is to study fire and post fire behavior of CFSST 

columns under multi-phase fire and axial load conditions. 

 

1.3.2 Specific objectives 

 

The specific objective of the research is 

 To study effect of grade of stainless steel on fire and post fire behavior of CFSST 

columns 

 To study effect of heating time on fire and post fire behavior of CFSST columns 

 To study effect of grade of concrete on fire and post fire behavior of CFSST columns 

 To study effect of load level on fire and post fire behavior of CFSST columns 

 To study effect of thickness of stainless-steel tube on fire and post fire behavior of 

CFSST columns 

 To study effect of diameter of stainless-steel tube on fire and post fire behavior of 

CFSST columns 

 To compare this study’s findings with existing literature findings in terms of fire 

resistance  

  

1.4 Significance of the Study 

 

Structural engineers and practitioners can potentially benefit from the output of this study. 

Such as: 

 It will increase awareness about practicing CFSST columns which possess the quality of 

both stainless steel and the conventional CFST columns  

  It will help understanding the effect of grade of stainless steel, heating time, grade of 

concrete, load level, thickness and diameter of stainless-steel tube on fire and post fire 

behavior of CFSST columns 
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1.5 Scope and Limitations of the Study 

1.5.1 Scope of the study 

This research focused on finite element analysis on fire and post fire behavior of CFSST 

columns. The column’s cross section type selected was circular. The concrete grade used was 

normal strength concrete and high strength concrete. The concrete type was plain concrete. 

The stainless steel type was austenitic. The effects of six parameters: stainless-steel grade, 

heating time, concrete grade, load level, thickness and diameter of stainless-steel tube on fire 

and post fire behavior of CFSST columns were investigated. The research findings extracted 

were in terms of temperature versus time, axial deformation versus time, fire resistance and 

post fire residual strength. 

1.5.2 Limitations of the study 

In this study stainless steel other than austenitic were not used. Besides, reinforced concrete 

was not used for the in filled concrete. Additionally, in a framed structure, columns are 

subjected to a combination of axial compression and bending due to the application of 

eccentric loading and lateral loads. The study focused on the response of CFSST columns 

subjected to axial compression. However, the effect of lateral load and eccentric loading is 

not included in this study.  

 

1.6 Research Questions 

 

This research answered the following questions: 

 What is the effect of grade of stainless steel on fire and post fire behavior of CFSST 

columns? 

 What is the effect of heating time on fire and post fire behavior of CFSST columns? 

 What is the effect of grade of concrete on fire and post fire behavior of CFSST 

columns? 

 What is the effect of load level on fire and post fire behavior of CFSST columns? 

 What is the effect of thickness of stainless-steel tube on fire and post fire behavior of 

CFSST columns? 
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 What is the effect of diameter of stainless-steel tube on fire and post fire behavior of 

CFSST columns? 

 How this study’s findings are compared with existing literature findings in terms of 

fire resistance? 
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2 LITERATURE REVIEW 

2.1 Introduction 

 

In recent years, stainless steel as a construction material has been an appealing topic for 

structural engineers and researchers. This is due to the fact that stainless steel has better 

durability, ductility and fire performance than the conventional carbon steel. However, the 

high initial cost of stainless steel makes it costly to use it as a construction material. To make 

economical use of stainless steel, the use of stainless steel along with concrete as a composite 

section is recommended. This preserves quality provided by both the stainless steel and the 

conventional concrete filled carbon steel. A good example of the composite section can be to 

fill stainless steel hollow sections with concrete to get concrete filled stainless steel tubular 

sections (CFSST). 

 

In the past, extensive research has been conducted on the behavior of CFST columns under 

fire and after fire exposure. However, the behavior of stainless steel and carbon steel is 

different along the entire history of fire exposure. Accordingly, recent studies have been 

conducted on the behavior of CFSST columns under fire and after fire exposure. 

 

In this section, a review of the material properties, thermal properties, stress strain models of 

concrete and stainless steel and bond behavior of CFSST at both ambient and elevated 

temperature scenarios as well as the fire resistance and post fire performance of CFSST 

columns is conducted.  

 

2.2 Mechanical Properties of Confined Concrete 

 

2.2.1 Stress-strain relationship at room temperature  

 

The non-dimensional stress-strain model for concrete considering the effect of confinement is 

given by Eq. (2.1)(Song et al., 2010). 

  {                                                                                                                                                  
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Where                     is the peak concrete stress at room temperature,        ,    is 

the peak concrete strain at room temperature,                              , 

  {                                                                                                                           

   {           [             ]                                                              √                                                                                

 

The confinement factor is given by Eq. (2.2)                                                                                                                                  

Where    is the steel cross sectional area,    is the concrete cross sectional area,    is the 

yield strength of the steel and               is the characteristic concrete strength. 

 

2.2.2 Stress-strain relationship during heating 

 

Song et al. (2010) adopted similar stress strain model for the heating phase as that used in the 

ambient temperature phase, but the peak strain and stress modified considering the effect of 

temperature. The pick stress and strain are given by Eq (2.3) and (2.4) respectively.        [                       ]                                                                                          
Where     is peak concrete stress at temperature T.                                                                              
Where     is the peak concrete strain at temperature T. 

The effect of Temperature T is considered to modify the confinement factor.                                                                                                                                                           
Where       , is the yield strength of the steel at temperature T, is given by: 

       {                                                                                                                 
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2.2.3 Stress-strain relationship in the cooling and post fire phases 

 

The mechanical properties of concrete do not recover after exposed to elevated temperatures. 

Thus, they are dependent on the peak temperature, but not affected by the current temperature 

of the cooling phase. Accordingly, the same stress strain model for concrete is adopted for the 

post fire and cooling phase. The stress-strain model adopted in these phases is fundamentally 

the same as the ambient temperature phase. However, the peak strain and stresses are 

modified considering the effect of the maximum temperature along the entire fire(Yang et al., 

2008). 

Peak concrete stress corresponding to peak temperature Tmax is given by:         [                      ]                                                                               
 

The peak concrete strain corresponding to the peak temperature is given by:                         [  (               )      ]                                                                                                                               
The confinement factor is given by Eq (2.2). 

 

2.3 Properties of Stainless Steel 

2.3.1 Types and grades of stainless steel 

 

Stainless steels are alloys of iron containing at least 50% iron and 10.5% chromium (Han et 

al., 2019). Recently, there are different stainless steels for the construction industry. This 

difference comes from the difference in chemical composition and heat treatment of stainless 

steels. EN 1993-1-4: (2006) recommended three categories of stainless steel for structural 

application, including austenitic steels, ferritic steels and duplex (mixed) steels. Each 

category includes several grades. Accordingly,  EN 1993-1-4: (2006) recommends a total of 

21 grades of stainless steel, including 16 austenitic steels, 3 ferritic steels and 2 duplex 

(mixed) steels. 

 

2.3.2 Stress –strain relationship at room temperature 

 

When compared to carbon steel, stainless steel exhibits different stress strain relationship. 

Figure 2-1, shows typical stress strain curves for both carbon steel and stainless steel. Carbon 
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steel shows linear elastic behavior up to the yield stress, and there is usually a plateau before 

reaching strain hardening. However, stainless steel has a more curved response without well-

defined yield strength. Thus, the 0.2% proof strength is usually used to define the nominal 

yield strength (fy). Stainless steel has better ductility than carbon steel. For austenitic stainless 

steels, the elongation after fracture can often reach 60-70% under tension. 

 

Figure 2-1: Typical stress strain curves for carbon and stainless steel (Zhong Tao et al., 

2012) 

 

Rasmussen.,(2001) proposed a full range stress-strain relationship to describe the non-linear 

stress-strain curves of stainless steel.           ቆ   ቇ                                                                                          
                     ቆ         ቇ                                                

Where    and   are the tangent modulus and elastic modulus of the stress-strain curve at the 

yield strength respectively.    and    are the ultimate strain and the corresponding strength 

respectively; m and n are parameters. 

 

EN 1993-1-4: (2006) recommended Eq (2.8) and (2.9). In these equations, n is used to define 

the degree of non-linearity of the stress-strain curve. A lower value of n means a greater 

degree of non-linearity. A perfectly elastic-plastic material model is obtained when n is 

infinity.  

 

2.3.3 Strength enhancement induced during cold forming 

 

Most of rectangular or square hallow sections are formed by cold rolling. Like carbon steel 

sections, there is significant strength enhancement at the corner regions of cold formed 
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stainless sections, and this behavior is even more pronounced than that of carbon steel 

sections. The strength enhancement at corner regions is usually between 20% and 100% in 

terms of 0.2% proof strength compared to the flat regions (Zhong Tao et al., 2012). 

Cruise & Gardner (2008) proposed a model to predict the enhanced corner material strength 

based on the analysis of test data and is given by Eq. (2.10)               ቀ   ቁ                                                                                                              

Where,      and      are the 0.2% proof stresses of the virgin and the corner material 

respectively;   is the thickness of the cross-section;    is the internal corner radius. 

 

However, the properties of the virgin material are often not available for commercial hallow 

structural sections. In this condition, the enhanced yield strength of the corner material is 

given by Eq. (2.11):                                                                                                                              
Where,      is ultimate strength of the flat faces. 

 

2.3.4 Thermal properties and stress-strain behavior of stainless steel in fire 

 

The thermal properties of stainless steel are different from that of carbon steel due to their 

variation in chemical composition. Unlike ferritic and duplex steels, which have similar 

thermal expansion to that of carbon steel, austenitic stainless steel has a higher thermal 

expansion than carbon steel. The coefficient of thermal expansion for austenitic stainless steel 

is approximately 17*10
-6

/
0
C compared to 12*10

-6
/
0
C for carbon steel (EN 1993-1-2:, 2005). 

 

Until a temperature of 800
0
C, stainless steel has lower thermal conductivity than carbon steel 

(EN 1993-1-2:, 2005).At ambient temperature, the thermal conductivity of stainless steel is 

15 W/mK compared to 53 W/mK for carbon steel. The average specific heat of stainless steel 

is slightly smaller than that of carbon steel. The specific heat of stainless is around 550J/kgK 

as compared to around 600J/kgK for carbon steel (Gardner & Ng, 2006). Besides, the 

emissivity of stainless steel is lower than that of carbon steel. 0.4 and 0.7 are reported for the 

emissivity of stainless and carbon steel respectively (EN 1993-1-2:, 2005). 
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Stainless steel offers better stiffness and strength than carbon steel at elevated temperatures. 

In Figure 2-2, the stress-strain curves of stainless steel and carbon steel are compared at 

600
0
C (EN 1993-1-2:, 2005).As can be seen from Figure 2-2, stainless steel retains higher 

strength at a comparatively huge deformation due to the effect of strain hardening and good 

ductility. 

 

Figure 2-2: Stress-strain curve for stainless and carbon steels at 600 
o
C 

temperature(Zhong Tao et al., 2012) 

 

2.3.5 Post fire stress-strain behavior  

 

Structural safety during fire has always been a key factor in structural design. If a structure 

does not fail during fire, its’ capacity after the fire will be examined. In order to check the 

capacity after fire exposure, post fire material models are needed. One of such materials is 

stainless steel. Accordingly, post fire behavior of stainless steel is reviewed. 

 

Zhong Tao et al. (2012) conducted tests on the post fire behavior of austenitic stainless steel 

1.4301. It showed that fire exposure had no obvious effect on the elastic modulus, ultimate 

strength and the corresponding ultimate strain for the flat coupons. However, the yield 

strength was observed decreasing for a temperature up to 500 
0
C. Nevertheless, the retention 

of yield strength for stainless steel is better than that of carbon steel. A typical experimental 

stainless-steel stress strain curves for a temperature of 20 
0
C and 1000

0
C are shown in Figure 

2-3. The predicted stress-strain curves for carbon steel are also shown in Figure 2-3, where 

the model given by Zhong Tao et al. (2013) is used. In general, it can be said that stainless 

steel has better post fire performance than carbon steel. 
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Tests on the corner coupons showed that the enhancement in both the ultimate strength and 

the yield strength started to vanish after exposed to a temperature higher than 500 
0
C (Zhong 

Tao et al., 2012).  

 

Figure 2-3: Post fire stress strain behavior for stainless steel and carbon steel(Zhong 

Tao et al., 2012) 

 

2.4 Bond Behavior of Concrete Filled Stainless Steel Tubes 

2.4.1 Bond at ambient temperature 

 

The bond strength at ambient temperature is dependent on various parameters. These are: 

surface roughness, shrinkage of concrete and overall size of the section. The surface 

roughness helps the section to have great bond strength. The surface roughness of stainless 

steel is comparatively smaller than that of carbon steel. Thus, the corresponding bond 

strength of the stainless-steel specimen is comparatively lower than that of carbon steel 

counterpart. The bond strength is also affected by the size of the section. Bigger sections have 

relatively smaller bond strength. This is attributed by the shrinkage of concrete in bigger 

specimens is higher compared to smaller specimens (Zhong Tao et al., 2012). 

 

2.4.2 Fire and post fire bond 

 

The bond strength in fire depends on the thermal expansion of steel and concrete. It is 

reported that the bond between stainless steel tube and concrete is almost negligible at a 

temperature of 800
0
C. This may be due to the thermal expansion coefficient of stainless steel 

is higher than that of concrete and the temperature development in the concrete is relatively 

slower. Accordingly, a gap may be formed between the stainless-steel tube and concrete, 
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which decreases the bond. For the post fire specimen, a recovery of bond strength is 

observed. This is attributed by the residual expansion of the concrete inside the steel tube. 

Techniques such as using expansive concrete and welding shear studs on the inner surface of 

the steel tube can be used to increase the bond strength. However, the former needs further 

research to reach a more sound conclusion (Zhong Tao et al., 2012). 

 

In fact, all columns are subjected to axial load. Thus, tests were conducted to show the effect 

of combined loading and fire on the bond strength of CFSST specimens. The results showed 

that the specimens with preload have a better bond strength than that of the specimens 

without preload (Zhong Tao et al., 2012). 

 

2.5 Fire and Post Fire Behavior of CFSST Columns 

 

2.5.1 Related experimental studies on fire and post fire behavior of CFSST columns 

 

Fire and post fire performance of CFSST columns is of interest to structural engineers as fire 

resistance and post fire capacity are a key factor in structural design. Han et al. (2013) carried 

out fire resistance tests on five full scale columns in standard fire test conditions, where the 

largest cross-sectional dimension was 630mm and the length of the column was 3600mm. EN 

1.4301 austenitic stainless steel and self-consolidating concrete were used. The load level, 

which is calculated based on EQ (2.12), ranges from 0.15 to 0.45.                                                                                                                      
Where    is the applied axial load and    is the ultimate axial capacity predicted from finite 

element analysis. The temperatures were controlled in accordance with the ISO 834 standard 

fire curves.  
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Figure 2-4: points for extracting results 

 

The test results showed that local buckling appeared along the whole length in the square 

specimens. Besides, weld fracture of the stainless-steel tubes was observed at the place where 

severe local buckling appeared. Local buckling of the steel tubes was also observed for the 

circular CFSST specimens. However, the mode of failure was different from that of the 

square specimens. For circular specimens, only one major elephant foot bulge was found at 

the mid length of the column. Figure 2-5 shows the failure modes of selected square and 

circular specimens. Keeping this, the authors concluded that the fire resistance of CFSST 

columns is significantly affected by the sectional dimension and the load level. Figure 2-4 

shows the points considered for extracting the experimental results. Figure 2-6 shows the fire 

resistance for different sectional dimension and load level. 

 

Figure 2-5: Failure modes of the tested specimens(Han et al., 2013)  
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Figure 2-6: temperature versus time for tested specimens for C300-0.45 (Han et al., 

2013) 

 

In addition to fire resistance, post fire tests are conducted by (Z Tao et al., 2015). A total of 

twelve fire resistance and post fire test specimens were tested, including six CFSST columns 

subjected to fire and axial load, and another six CFSST columns subjected to axial load in the 

entire fire history (from the ambient temperature to the post fire phase). For every post fire 

test specimen, there was a corresponding reference fire resistance test specimen. For fire 

resistance tests, axial load was applied prior to fire exposure in the ambient temperature 

phase, keeping the axial load constant, the temperature increased until it reaches a target 

temperature of 800
0
C at an average rate of 40

0
C/min in the heating phase and finally after the 

fire reached the target temperature, it was kept constant until the column failed to resist the 

applied axial load. The time period from the start of the heating phase to the time of failure 

was termed as fire resistance of the column. For the post fire tests, the ambient temperature 

and the heating phase are similar to the fire resistance tests. In the constant temperature 

phase, the target temperature was kept constant until the heating time was reached. The 

heating time was about half of the corresponding fire resistance of the reference specimens. 

After reaching the target heating time, the fire was switched off and the specimens were 

allowed to cool in the cooling phase and the axial load was kept constant in this phase. After 

the specimens were cooled to ambient temperature, the axial load was increased until the 

columns failed to resist the load. The maximum load obtained in the post fire tests was 

termed as residual ultimate strength.  
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The test results showed that similar failure modes for the fire resistance and the post fire 

resistance test specimens. The failure modes observed were somewhat similar to that reported 

by (Han et al., 2013). Keeping this, the authors concluded that applying a higher load level 

had some beneficial effect on the post fire residual strength. Figure 2-7 shows post fire 

residual strength for different load levels. Besides, the circular specimens were not sensitive 

to fire exposure. However, for square specimens, a strength loss up to 36% was observed. 

 

 

Figure 2-7: post-fire residual strength for different load level(Z Tao et al., 2015) 

 

2.5.2 Related numerical studies on fire and post fire behavior of CFSST columns 

 

Han et al. (2013) established finite element model to study the behavior of CFSST columns 

subjected to a combined fire and axial load by using the commercial software ABAQUS and 

a good agreement with the experimental test results was found in terms of temperature-time 

and displacement-time curves. 

 

Z Tao et al. ( 2015) also established finite element model to study the fire behavior of CFSST 

columns by using the commercial software ABAQUS. They tried to include the initial 

imperfections that were not included in the study conducted by L. H. Han et al. (2013). 

However, in the post fire specimens, only the heating phase was simulated. A good 

agreement with the experimental test results was found in terms of temperature-time and 

displacement-time curves. 

 

Tan et al. (2018) established finite element model to study the behavior of CFSST columns in 

the entire fire and load history. The authors simulate the entire fire and loading history. In this 

regard, it was an upgrade from Z Tao et al. (2015). Test data from Han et al. (2013) and Z 
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Tao et al. (2015) were utilized to validate the model. The predicted results were in good 

agreement with the measured results in terms of time-temperature curves, axial deformation-

time curves, fire resistance and post fire load bearing capacity. The model then extended to 

perform parametric analysis by altering the heating time. The authors concluded that the 

columns may fail during heating, cooling and post fire phase showing different levels of local 

buckling, coupled with generalized flexural buckling. 

 

2.5.3 Design guidelines for the fire resistance of concrete filled steel tubular columns 

 

Immense effort has been exerted to come up with a comprehensive guide for calculating fire 

resistance of CFST columns. However, very limited research has been conducted to develop 

design guidelines for CFSST columns. This section focuses on related studies on the design 

guidelines for fire resistance of CFST and CFSST columns. The most commonly used design 

guidelines for the fire resistance of CFST and CFSST columns are presented in detail in the 

subsequent subsections. 

 

2.5.3.1 Kodur’s Model 

 

Table 2-1: Variable's in kodur's model (Kodur, 2007) 
Filling type Plain 

concrete 

Bar-reinforced concrete Fibre-

reinforced 

concrete 

Aggregate 

type 

silice

ous 

Carb

onate 

Siliceous   carbonate  Siliceo

us 

Carbo

nate 

% of steel 

reinforcement 

N/A N/A <3% ≥3% <3% ≥3% N/A N/A 

Thickness of 

concrete 

cover 

N/A N/A < 25 

mm 

≥ 25 

mm 

< 25 

mm 

≥ 25 

mm 

< 25 

mm 

≥ 25 

mm 

< 25 

mm 

≥ 25 

mm 

N/A N/A 

Circular HSS 0.07 0.08 0.075 0.08 0.08 0.085 0.085 0.09 0.09 0.095 0.075 0.085 

Square HSS 0.06 0.07 0.065 0.07 0.07 0.075 0.075 0.08 0.08 0.085 0.065 0.075 

 

Kodur (2007) suggested the fire resistance R of a square or circular concrete filled hollow 

section could be expressed as Eq (2.13). 



20 

 

                      √                                                                                          
Where: 

R: fire resistance in minutes  

fc’: specified 28day concrete strength in MPa 

D: outside diameter or width of the column in mm 

C: applied load in KN 

K: effective length factor 

L: unsupported length of the column in mm 

f: a parameter to account for the type of concrete filling (plain concrete, reinforced concrete, 

fiber reinforced concrete), the type of aggregate used (carbonate or siliceous), the percentage 

of reinforcement, the thickness of concrete cover and the cross-sectional shape of the HSS 

column (circular or square). Values of parameter f are shown in Table 2-1. The limitations of 

the equation are given in Table 2-2. 

 

Table 2-2: Limits of applicability of the variables in eq(2.13) (Kodur, 2007) 

Variable Symbol Plain concrete Bar-reinforced 

concrete 

Fibre-reinforced 

concrete 

Fire resistance R ≤ 120 min ≤ 180 min ≤ 180 min 

Axial load C ≤ 1.0 times ≤ 1.7 times ≤ 1.1 times 

Effective length lT 2000–4000 mm 2000–4500 mm  

Compressive 

strength 

Fc 20–40 MPa 20–55 MPa  

HSS size D    

Circular  140–410 mm 140–410 mm 140–410 mm 

Square  140–305 mm 175–305 mm 100–305 mm 

% of steel 

reinforcement 

 Not applicable 1.5–5 %  

Concrete cover 

to main 

reinforcement 

 Not applicable 20–50 mm Not applicable 

Outside width to 

thickness ratio 

D/t Not exceed class 

3 section 
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2.5.3.2 Han et al’s model 

 

Table 2-3: design fire resistance for circular CFSST (Han et al., 2013) 

Slenderness 

ratio (�) 

Sectional 

dimension D (mm) 

Load level nf 

0.3 0.4 0.5 0.6 

20 300 110 70 45 25 

600 170 95 65 40 

900 230 130 85 50 

40 300 80 55 35 25 

600 125 75 50 35 

900 150 90 60 45 

60 300 65 45 30 20 

600 80 50 40 30 

900 100 60 50 40 

Table 2-4: Design fire resistance for square CFSST (Han et al., 2013) 

Slenderness ratio 

(�) 

Sectional dimension D 

(mm) 

Load level nf 

0.3 0.4 0.5 0.6 

20 300 110 70 45 25 

600 170 95 65 40 

900 230 130 85 50 

40 300 80 55 35 25 

600 125 75 50 35 

900 150 90 60 45 

60 300 65 45 30 20 

600 80 50 40 30 

900 100 60 50 40 

 

A parametric study conducted by Han et al. (2013) suggests load level (nf), sectional 

dimension (D) and slenderness ratio (�) are the predominant factors affecting fire resistance 

of CFSST columns. Accordingly, Han et al. (2013) prepared design tables for fire resistance 

of CFSST columns by considering the aforementioned parameters. Table 2-3 shows design 

fire resistance for circular cross-section while Table 2-4 shows design fire resistance for 

square cross-section. 
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2.5.3.3 Eurocode 4 model 

 

EN 1994-1-2 (2005) provided three design methods for CFST columns. Tabulated data, 

simplified model and advanced model. Tabulated data can help to find the fire resistance of 

CFSST columns once the sectional dimensions are given. The other two methods have no 

way to calculate the fire resistance. Accordingly, in this section only the tabulated data is 

presented. 

 

Table 2-5: Fire resistance of CFST columns (EN 1994-1-2-2005) 

 

 

 

2.6 Research Gaps 

 

L. H. Han et al. (2013) studied the experimental behavior of five full scales circular and 

square CFSST columns subjected to axial load under standard fire test conditions. The test 

parameters considered were load level, sectional type and cross-sectional dimension.  The 

study concluded that the load level has a negative influence on fire resistance, which means 

when the load level increases the fire resistance decreases. Similarly, Z Tao et al. (2015) 

studied the behavior of CFSST columns in fire and after fire exposure. There was a total of 
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twelve specimens, out of which, the first six were exposed to fire and the other six were 

subjected to sequential ambient temperature loading, loading during fire exposure and 

cooling, and finally loading after the fire. The main parameters studied were cross-section 

type, axial load level and presence of reinforcement or not. The study concluded that the load 

level affects the fire resistance negatively. However, the study also concluded that the load 

level affects the post fire residual strength positively, which contradicts the former 

conclusion. Tan et al. ( 2018) conducted numerical study on the behavior of CFSST columns 

subjected to an entire fire and loading history. The main parameter considered was heating 

time. The study concluded that CFSST columns can fail in any one of heating, cooling and 

post fire stages. Besides, different researchers come up with different findings regarding the 

effect of concrete grade on fire resistance. For example, a study conducted by Han et al. 

(2013) suggests that the effect of concrete grade on fire resistance of CFSST columns is 

negligible on small sized sections, but for large sized sections the fire resistance increases 

with the increase in concrete grade. However, a study conducted by Mao et al. (2020) stated 

the fire resistance decreases with the increase of concrete grade. Similarly, there is a 

controversy among researchers about the effect of load level on post fire residual strength. 

For example, a study conducted by Z Tao et al. (2015) suggests the post fire residual strength 

increases with the increase in load level. Similarly, a study conducted by Song et al. (2010) 

suggests that the post fire residual strength increases with the increase in load level. However 

a study conducted by Tan et al. (2018) suggests the post fire residual strength decrease with 

the increase in load level. Accordingly, it is necessary to study fire and post fire behavior of 

concrete filled stainless steel tubular columns by considering those parameters. 

 

As it can be seen from the above literatures, limited research is conducted on the behavior of 

CFSST columns under the entire fire and load history. Besides, the effects of parameters such 

as heating time, load level, grade of stainless steel, grade of concrete, thickness and diameter 

of stainless-steel tube on fire and post fire behavior of CFSST columns have not been well 

studied.  Accordingly, this study established finite element model to predict the behavior of 

CFSST columns in the multi-phase fire and loading condition by considering the above 

parameters. 
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3 METHODOLOGY 

3.1 Introduction 

 

Engineering problems can be solved by using mathematical models, experimental methods 

and Numerical methods. Experimental methods are widely used and they are the most 

reliable ways to solve engineering problems. However, they have their own disadvantages as 

they have to be performed on physical systems which are not always available at any design 

stage. Additionally, they are costly because additional design and implementations are 

required for measurement and instrumentation. Besides, it takes a lot of effort and time to 

conduct experiments especially if it is a large-scale problem.  Numerical methods are 

believed to be more useful than experiments. This is due to the fact that most of the modern 

engineering products are complex, it is impossible to evaluate products or components 

thoroughly by experimental methods. Additionally, Numerical method finds effective 

solutions for engineering problems. Prior to prototyping a physical system, the numerical tool 

is capable of predicting system performance for a number of application scenarios. Besides, 

modern CAE tools are very popular because they can help solve wide range of complex 

engineering problems without sophisticated trainings (Bi, 2018). Due to the above 

explanation, it is found useful to conduct numerical analysis than experiments on fire and 

post fire behavior of CFSST columns. The finite element package ABAQUS was used to 

conduct the numerical analysis. 

 

3.2 Details of Specimens for Validation 

3.2.1 Geometry 

 

For fire resistance test validation, the specimen labeled C300-0.45 by Han et al. (2013) was 

used. The detail of the specimen is presented in Table 3-1. For the post fire test validation, the 

specimen labeled CT05 by Z Tao et al. (2015) was used. The detail of the specimen is 

presented in Table 3-2. 

 

Table 3-1: Details of fire resistance specimen 

Label L(mm) D*ts(mm*mm) 

C300-0.45 3600 300*5 
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Table 3-2: Details of post fire test specimen 

Label   D*ts(mm*mm)    L(mm) 

CT05 196.6*2.95    1870 

 

3.2.2 Material properties 

 

For fire resistance test validation, Table 3-3 shows the average 0.2% proof strength (     ), 
ultimate strength (   ), young’s modulus (Es), Poisson’s ratio (  ), elongation ( ) and the 

strain hardening coefficient (n) of the stainless steel. Self-consolidating concrete was used as 

a confined concrete in the specimen. The average cube compressive strength (fcu) and elastic 

modulus (Ec) of the concrete at 28 days were 53.2MPa and 37,305 MPa respectively. 

However, at the time of column specimen test fcu was 64.2 MPa. In this study the fcu at the 

time of column specimen test was used. The type of material used for the end plates of the 

fire resistance specimen was stainless steel. 

  

For the post fire test validation, the grade of the stainless steel was type 304. The measured 

yield strength was 292.9MPa. The measured cylinder compressive strength for concrete was 

44.3MPa. The type of material used for the end plates of the post fire specimen was stainless 

steel. 

 

Table 3-3: Properties of stainless steel 

Section      (MPa) N Es(N/mm
2
)    (MPa)  (%)    

300*5 451 6.1 210,000 858.5 40.7 0.3 

 

3.2.3 Boundary conditions and loading 

 

For both fire resistance and post fire specimens, the bottom of the column was fixed and the 

top of the column was restrained in all directions except the axial direction. Fire resistance 

test specimen was subjected to an axial load of 2100KN and a load factor of 0.45. Post fire 

test specimen was subjected to an axial load of 549KN and a load factor of 0.32. 
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Figure 3-1: Boundary condition and loading conditions 

 

3.3 Parametric Study 

 

Structures resist applied load on the course of their life time. If fire initiates in a structure, it 

will impact the structure together with the preexisting load, so it cannot be realistic to 

consider fire effect without preload. Thus, load level which is the ratio of applied load to 

ultimate axial capacity, was the first parameter considered in this study.  

 

Structural members can withstand effect of fire until they reached their corresponding fire 

resistance time. After this time, the member will fail; it does not make sense to consider fire 

exposure duration beyond the fire resistance time. Thus, the structural response of CFSST 

columns has to be studied by altering heating time until it approaches fire resistance time. 

Accordingly, heating time was the second parameter considered in this study. 

 

Heat transfer depends on the diameter and thickness of the member. The wider and thicker 

the member, the slower will be the heat transfer process. Thus, the magnitude of the effect of 

diameter and thickness on fire and post fire behavior of CFSST columns has to be studied. 

Accordingly, diameter and thickness of the outer stainless-steel tube was the third and fourth 

parameters considered in this study. 
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Table 3-4: Parametric study matrix table for fire resistance 

C Independent Parameters FEA 

run 

cases 

Nf D (mm) SSG t(mm) CG 

1 0.3 400 1.4301 10 C30 3 

2 0.3 400 1.4301 10 C37 3 

3 0.3 400 1.4301 10 C105 3 

4 0.3 400 1.4301 15 C30 3 

5 0.3 400 1.4301 15 C37 3 

6 0.3 400 1.4301 15 C105 3 

7 0.3 400 1.4311 10 C30 3 

8 0.3 400 1.4311 10 C37 3 

9 0.3 400 1.4311 10 C105 3 

10 0.3 400 1.4311 15 C30 3 

11 0.3 400 1.4311 15 C37 3 

12 0.3 400 1.4311 15 C105 3 

13 0.3 600 1.4301 10 C30 3 

14 0.3 600 1.4301 10 C37 3 

15 0.3 600 1.4301 10 C105 3 

16 0.3 600 1.4301 15 C30 3 

17 0.3 600 1.4301 15 C37 3 

18 0.3 600 1.4301 15 C105 3 

19 0.3 600 1.4311 10 C30 3 

20 0.3 600 1.4311 10 C37 3 

21 0.3 600 1.4311 10 C105 3 

22 0.3 600 1.4311 15 C30 3 

23 0.3 600 1.4311 15 C37 3 

24 0.3 600 1.4311 15 C105 3 

25 0.45 400 1.4301 10 C30 3 

26 0.45 400 1.4301 10 C37 3 

27 0.45 400 1.4301 10 C105 3 

28 0.45 400 1.4301 15 C30 3 

29 0.45 400 1.4301 15 C37 3 
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30 0.45 400 1.4301 15 C105 3 

31 0.45 400 1.4311 10 C30 3 

32 0.45 400 1.4311 10 C37 3 

33 0.45 400 1.4311 10 C105 3 

34 0.45 400 1.4311 15 C30 3 

35 0.45 400 1.4311 15 C37 3 

36 0.45 400 1.4311 15 C105 3 

37 0.45 600 1.4301 10 C30 3 

38 0.45 600 1.4301 10 C37 3 

39 0.45 600 1.4301 10 C105 3 

40 0.45 600 1.4301 15 C30 3 

41 0.45 600 1.4301 15 C37 3 

42 0.45 600 1.4301 15 C105 3 

43 0.45 600 1.4311 10 C30 3 

44 0.45 600 1.4311 10 C37 3 

45 0.45 600 1.4311 10 C105 3 

46 0.45 600 1.4311 15 C30 3 

47 0.45 600 1.4311 15 C37 3 

48 0.45 600 1.4311 15 C105 3 

 

 

The axial capacity of composite sections at room temperature depends on the compressive 

and tensile strength of the steel. The higher the grade of the steel, the better will be the axial 

capacity. However, the effect of the grade of stainless steel on fire and post fire conditions 

should be studied. In other words, the effect of grade of stainless steel on fire resistance and 

post fire residual strength should be studied. Accordingly, the grade of stainless steel was the 

fifth parameter considered in this study. 

 

Similarly, the axial capacity of composite sections at ambient temperature depends on the 

compressive strength of concrete. The higher the compressive strength, the better will be the 

axial load carrying capacity. However, the effect of grade of concrete on fire and post fire 

behavior of CFSST columns should be studied. Thus, the grade of concrete was the last 

parameter considered in this study. 
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Table 3-5: Parametric study matrix table for post fire residual strength 

Combinatio

n 

Independent Parameters FEA 

run 

cases 
Nf D (mm) SSG , t(mm) CG Th 

(min) 

1 0.3 400 1.4301 10 C30 15 3 

2 0.3 400 1.4301 10 C30 30 3 

3 0.3 400 1.4301 10 C30 60 3 

4 0.3 400 1.4301 10 C37 15 3 

5 0.3 400 1.4301 10 C37 30 3 

6 0.3 400 1.4301 10 C37 60 3 

7 0.3 400 1.4301 10 C105 15 3 

8 0.3 400 1.4301 10 C105 30 3 

9 0.3 400 1.4301 10 C105 60 3 

10 0.3 400 1.4301 15 C30 15 3 

11 0.3 400 1.4301 15 C30 30 3 

12 0.3 400 1.4301 15 C30 60 3 

13 0.3 400 1.4301 15 C37 15 3 

14 0.3 400 1.4301 15 C37 30 3 

15 0.3 400 1.4301 15 C37 60 3 

16 0.3 400 1.4301 15 C105 15 3 

17 0.3 400 1.4301 15 C105 30 3 

18 0.3 400 1.4301 15 C105 60 3 

19 0.3 400 1.4311 10 C30 15 3 

20 0.3 400 1.4311 10 C30 30 3 

21 0.3 400 1.4311 10 C30 60 3 

22 0.3 400 1.4311 10 C37 15 3 

23 0.3 400 1.4311 10 C37 30 3 

24 0.3 400 1.4311 10 C37 60 3 

25 0.3 400 1.4311 10 C105 15 3 

26 0.3 400 1.4311 10 C105 30 3 

27 0.3 400 1.4311 10 C105 60 3 

28 0.3 400 1.4311 15 C30 15 3 

29 0.3 400 1.4311 15 C30 30 3 

30 0.3 400 1.4311 15 C30 60 3 
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31 0.3 400 1.4311 15 C37 15 3 

32 0.3 400 1.4311 15 C37 30 3 

33 0.3 400 1.4311 15 C37 60 3 

34 0.3 400 1.4311 15 C105 15 3 

35 0.3 400 1.4311 15 C105 30 3 

36 0.3 400 1.4311 15 C105 60 3 

37 0.3 600 1.4301 10 C30 15 3 

38 0.3 600 1.4301 10 C30 30 3 

39 0.3 600 1.4301 10 C30 60 3 

40 0.3 600 1.4301 10 C37 15 3 

41 0.3 600 1.4301 10 C37 30 3 

42 0.3 600 1.4301 10 C37 60 3 

43 0.3 600 1.4301 10 C105 15 3 

44 0.3 600 1.4301 10 C105 30 3 

45 0.3 600 1.4301 10 C105 60 3 

46 0.3 600 1.4301 15 C30 15 3 

47 0.3 600 1.4301 15 C30 30 3 

48 0.3 600 1.4301 15 C30 60 3 

49 0.3 600 1.4301 15 C37 15 3 

50 0.3 600 1.4301 15 C37 30 3 

51 0.3 600 1.4301 15 C37 60 3 

52 0.3 600 1.4301 15 C105 15 3 

53 0.3 600 1.4301 15 C105 30 3 

54 0.3 600 1.4301 15 C105 60 3 

55 0.3 600 1.4311 10 C30 15 3 

56 0.3 600 1.4311 10 C30 30 3 

57 0.3 600 1.4311 10 C30 60 3 

58 0.3 600 1.4311 10 C37 15 3 

59 0.3 600 1.4311 10 C37 30 3 

60 0.3 600 1.4311 10 C37 60 3 

61 0.3 600 1.4311 10 C105 15 3 

62 0.3 600 1.4311 10 C105 30 3 

63 0.3 600 1.4311 10 C105 60 3 
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64 0.3 600 1.4311 15 C30 15 3 

65 0.3 600 1.4311 15 C30 30 3 

66 0.3 600 1.4311 15 C30 60 3 

67 0.3 600 1.4311 15 C37 15 3 

68 0.3 600 1.4311 15 C37 30 3 

69 0.3 600 1.4311 15 C37 60 3 

70 0.3 600 1.4311 15 C105 15 3 

71 0.3 600 1.4311 15 C105 30 3 

72 0.3 600 1.4311 15 C105 60 3 

73 0.45 400 1.4301 10 C30 15 3 

74 0.45 400 1.4301 10 C30 30 3 

75 0.45 400 1.4301 10 C30 60 3 

76 0.45 400 1.4301 10 C37 15 3 

77 0.45 400 1.4301 10 C37 30 3 

78 0.45 400 1.4301 10 C37 60 3 

79 0.45 400 1.4301 10 C105 15 3 

80 0.45 400 1.4301 10 C105 30 3 

81 0.45 400 1.4301 10 C105 60 3 

82 0.45 400 1.4301 15 C30 15 3 

83 0.45 400 1.4301 15 C30 30 3 

84 0.45 400 1.4301 15 C30 60 3 

85 0.45 400 1.4301 15 C37 15 3 

86 0.45 400 1.4301 15 C37 30 3 

87 0.45 400 1.4301 15 C37 60 3 

88 0.45 400 1.4301 15 C105 15 3 

89 0.45 400 1.4301 15 C105 30 3 

90 0.45 400 1.4301 15 C105 60 3 

91 0.45 400 1.4311 10 C30 15 3 

92 0.45 400 1.4311 10 C30 30 3 

93 0.45 400 1.4311 10 C30 60 3 

94 0.45 400 1.4311 10 C37 15 3 

95 0.45 400 1.4311 10 C37 30 3 

96 0.45 400 1.4311 10 C37 60 3 
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97 0.45 400 1.4311 10 C105 15 3 

98 0.45 400 1.4311 10 C105 30 3 

99 0.45 400 1.4311 10 C105 60 3 

100 0.45 400 1.4311 15 C30 15 3 

101 0.45 400 1.4311 15 C30 30 3 

102 0.45 400 1.4311 15 C30 60 3 

103 0.45 400 1.4311 15 C37 15 3 

104 0.45 400 1.4311 15 C37 30 3 

105 0.45 400 1.4311 15 C37 60 3 

106 0.45 400 1.4311 15 C105 15 3 

107 0.45 400 1.4311 15 C105 30 3 

108 0.45 400 1.4311 15 C105 60 3 

109 0.45 600 1.4301 10 C30 15 3 

110 0.45 600 1.4301 10 C30 30 3 

111 0.45 600 1.4301 10 C30 60 3 

112 0.45 600 1.4301 10 C37 15 3 

113 0.45 600 1.4301 10 C37 30 3 

114 0.45 600 1.4301 10 C37 60 3 

115 0.45 600 1.4301 10 C105 15 3 

116 0.45 600 1.4301 10 C105 30 3 

117 0.45 600 1.4301 10 C105 60 3 

118 0.45 600 1.4301 15 C30 15 3 

119 0.45 600 1.4301 15 C30 30 3 

120 0.45 600 1.4301 15 C30 60 3 

121 0.45 600 1.4301 15 C37 15 3 

122 0.45 600 1.4301 15 C37 30 3 

123 0.45 600 1.4301 15 C37 60 3 

124 0.45 600 1.4301 15 C105 15 3 

125 0.45 600 1.4301 15 C105 30 3 

126 0.45 600 1.4301 15 C105 60 3 

127 0.45 600 1.4311 10 C30 15 3 

128 0.45 600 1.4311 10 C30 30 3 

129 0.45 600 1.4311 10 C30 60 3 
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130 0.45 600 1.4311 10 C37 15 3 

131 0.45 600 1.4311 10 C37 30 3 

132 0.45 600 1.4311 10 C37 60 3 

133 0.45 600 1.4311 10 C105 15 3 

134 0.45 600 1.4311 10 C105 30 3 

135 0.45 600 1.4311 10 C105 60 3 

136 0.45 600 1.4311 15 C30 15 3 

137 0.45 600 1.4311 15 C30 30 3 

138 0.45 600 1.4311 15 C30 60 3 

139 0.45 600 1.4311 15 C37 15 3 

140 0.45 600 1.4311 15 C37 30 3 

141 0.45 600 1.4311 15 C37 60 3 

142 0.45 600 1.4311 15 C105 15 3 

143 0.45 600 1.4311 15 C105 30 3 

144 0.45 600 1.4311 15 C105 60 3 

 

The length was set as a constant parameter and its value was 3600mm. The diameter and 

thicknesses were selected based on the local buckling criteria in Eurocode. The failure criteria 

adopted by Han et al. (2013) were used, i.e. the axial shortening exceeding 0.01H mm. 

 

3.4 Establishment of FE Models 

 

The commercial FE software ABAQUS was used to simulate the behavior of CFSST 

columns along the entire fire and load phase. Sequential coupled thermal-stress analysis was 

used. The details of the analysis are presented as follows: 

 

3.4.1 Temperature field analysis 

 

Han et al. (2013) and Zhong Tao & Ghannam (2013) developed FE model to predict the 

temperature field in CFSST columns at elevated temperatures. Song et al. (2010) developed 

FE models to predict the temperature field of CFST columns in the heating and cooling 

phase. In these FE models, the thermal properties of concrete and steel in the cooling phase 

were assumed to be the same as that in the heating phase. 
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Figure 3-2: Specific heat of stainless steel as a function of temperature (EN 1993-1-2:, 

2005) 

Based on the findings of the above researches, the thermal properties of stainless steel 

according to (EN 1993-1-2:, 2005) were used. Figure 3-2, Figure 3-3Figure 3-4 shows the 

details of the thermal properties such as: the specific heat, thermal conductivity and thermal 

elongation of stainless steel. For emissivity and convective coefficient of the stainless steel 

surfaces exposed to fire, 0.2 and 35 Wm
-2

k
-1

 were used (Gardner & Ng, 2006). For contact 

conductance, the findings in Han et al. (2013) and Ghojel (2004) was adopted. The thermal 

conductivity of concrete during heating and cooling was adopted according to Guo (2012). 

Figure 3-6 shows the thermal conductivity of concrete during heating and cooling phases. For 

the specific heat of concrete during heating phase, the model according to EN 1994-1-2 

(2006) was used, but for the cooling phase, the specific heat between 100
0
C and 200

0
C was 

assumed to be the same as that 100
0
C. Figure 3-5 shows the specific heat of concrete. 
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Figure 3-3: Thermal conductivity of stainless steel as a function of temperature (EN 

1993-1-2:, 2005) 

 

 

Figure 3-4: Thermal elongation of stainless steel as a function of temperature (EN 1993-

1-2:, 2005) 
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Figure 3-5: Specific heat of normal weight concrete (NC) and light weight concrete (LC) 

as a function of temperature (EN 1994-1-2:, 2006) 

 

Figure 3-6: Thermal conductivity of concrete during heating and cooling stage (Guo, 

2012) 

 

 

3.4.2 Structural analysis 

3.4.2.1 Material properties in different phases 

 

Elastic-plastic model in ABAQUS was used for stainless steel and concrete damaged 

plasticity was adopted for the in filled concrete. 

 



37 

 

The material properties of stainless steel at ambient and heating were defined according to 

EN 1993-1-2 (2005). The details of which are presented as follows:  

 

 

Figure 3-7: Stress-strain relationship for stainless steel at elevated temperatures (EN 

1993-1-2:, 2005) 
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Table 3-6: Factors for determination of strain and stiffness of stainless steel at elevated 

temperatures (EN 1993-1-2:, 2005) 

 

The post fire stress-strain property of austenitic stainless steel reported by Wang et al. (2014) 

was adopted in the post fire phase. The details of which are presented as follows: 

The study conducted by the authors suggest only the yield strength decreases when the 

temperature exceeds 500
0
C for flat materials, while other material properties remain 

unchanged with respect to the respective values at ambient temperature. Accordingly, 

Rasmussen’s model given in Equation (2.8) and Equation (2.9) was updated by substituting 

fy with fyT to include the fire effect            ቆ     ቇ                                                                                                        
                         ቆ           ቇ                                                         

Where,                                                                                                                                       

Steel Temperature 

           ϴa 

Reduction factor 

(relative to Ea) for 

the slope of the 

linear elastic range 

 KE,ϴ=Ea,ϴ/Ea 

Reduction factor 

   (relative to fy) 

For proof strength 

K02p,ϴ=f02p,ϴ/fy 

Reduction factor 

   (relative to fu) 

for tensile strength 

Ku,ϴ=fu,ϴ/fu 

Grade 1.4301    

20 1 1 1 

100 0.96 0.82 0.87 

200 0.92 0.68 0.77 

300 0.88 0.64 0.73 

400 0.84 0.6 0.72 

500 0.80 0.54 0.67 

600 0.76 0.49 0.58 

700 0.71 0.40 0.43 

800 0.63 0.27 0.27 

900 0.45 0.14 0.15 

1000 0.20 0.06 0.07 

1100 0.10 0.03 0.03 

1200 0.00 0.00 0.00 
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    {                                                                                                                   [                                    ]                           

 

The subscrpit T in     indicates,      is a function of maximum temperature T. 

 

 Table 3-7: Reduction factor and ultimate strain for the use of advanced calculation 

methods (EN 1993-1-2:, 2005) 

Steel Temperature 

        ϴa 

Reduction factor (relative 

to Ea) for the slope of the 

linear elastic range 

KEct,ϴ=Ect,ϴ/Ea 

Ultimate strain 

    �u,ϴ 

Grade 1.4301   

20 0.11 0.40 

100 0.05 0.40 

200 0.02 0.40 

300 0.02 0.40 

400 0.02 0.40 

500 0.02 0.40 

600 0.02 0.35 

700 0.02 0.30 

800 0.02 0.20 

900 0.02 0.20 

1000 0.02 0.20 

1100 0.02 0.20 

1200 0.02 0.20 

 

The stress-strain properties of stainless steel in the cooling phase were taken as the same as 

those in the heating phase. However, the yield strength, yield strain, ultimate strength and 

ultimate strain were linearly interpolated between heating and post fire phases as reported in 

Yang et al. (2008). 
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For confined concrete, at ambient temperature and heating phase the model given by Song et 

al. (2010) was used. The post fire stress-strain model for confined concrete given by Song et 

al. (2010) was used. However, the yield strength of the carbon steel in the confinement factor 

was replaced by the yield strength of stainless steel. For confined concrete, the model in the 

cooling phase was the same as that in the post fire phase (Song et al., 2010; Yang et al., 

2008). However, the yield strength in the confinement factor was replaced by the yield 

strength obtained by linearly interpolating between those in the heating and post fire phases. 

The details of the models were presented in Section 2.2. 

 

3.4.2.1.1 Concrete damaged plasticity 

 

The concrete damaged plasticity (CDP) model in ABAQUS provides a general capability for 

modelling concrete and other quasi –brittle materials in all types of structures. It uses 

concepts of isotropic damaged elasticity in combination with isotropic tensile and 

compressive plasticity to represent the inelastic behavior of concrete. It can be used for plain 

concrete, even though it is intended primarily for the analysis of RC structures. It is designed 

for applications in which concrete is subjected to monotonic, cyclic and or dynamic loading 

under low confining pressure. It requires that the elastic behavior of the material be isotropic 

and linear (Abaqus Manual, 2013). 

 

3.4.2.1.1.1 Concrete damaged plasticity parameters 

 

There are five plasticity parameters that must be taken carefully in concrete damaged 

plasticity. Some of these parameters have fixed value in ABAQUS while the others have a 

range of values. Two parameters have fixed values in ABAQUS. The first parameter is the 

ratio of concrete strength in the biaxial state to that of concrete strength in the uniaxial state 

(fbo/fco). In this study a value of 1.16 which is the default value in ABAQUS was used. The 

second parameter is the hyperbolic flow potential eccentricity (�) which is expressed in 

ABAQUS as a small positive number that represents the rate at which the hyperbolic flow 

potential approaches its asymptote. The value of � adopted in this study was 0.1 which is the 

default value in ABAQUS. However, the rest of the parameters are not given a single value in 

ABAQUS. The third parameter is the ratio between the second stress invariant in tension to 

that of the second stress invariant in compression (kc). ABAQUS suggests the value should 

be between 0.5 and 1. In this study a value of 0.667 was adopted. The fourth parameter is the 
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viscosity parameter which is expressed as the relaxation time of the viscous system and it 

helps to avoid convergence problems. It was suggested a small value should be adopted for 

the viscosity parameter to improve the simulation time and to avoid convergence problems 

(Lapczyk & Hurtado, 2007). In this study a value of zero was adopted. The final parameter 

considered is the dilatation angle (ѱ) which is expressed as a material parameter that controls 

the plastic strain of concrete. It is also expressed as the internal friction angle of concrete or 

the angle of inclination of the failure surface which evaluates the inclination of the plastic 

potential under high confining pressure. Lower dilatation angle values result in brittle 

concrete behavior while higher dilatation angle values leads to more ductile behavior (Malm, 

2009). From the above five parameters, the dilatation angle (ѱ) has the most predominant 

effect on the predicted deformation versus time relation. To identify the most suitable 

dilatation angle (ѱ) for analysis, Z Tao et al., (2015) conducted sensitivity analysis by trying 

different values for the dilatation angle ranging from 0.01 to 50
o
. It was found 40

o
 gives the 

best prediction for fire resistance of CFSST columns. Accordingly, a value of 40
o 

was used in 

this study. 

 

3.4.2.1.1.2 Elastic behavior 

 

The concrete linear elastic behavior can be defined in ABAQUS by inserting the values for 

Poisson’s ratio and elastic modulus. In this study, the value of the Poisson’s ratio for concrete 

was taken as 0.2 and the value of the elastic modulus was taken as the secant modulus at a 

point where stress equaled to 40% of the peak stress (Lu et al., 2009). 

 

3.4.2.1.1.3 Compression behavior 

 

Besides defining the plasticity parameters, the CDP model requires defining the behavior of 

concrete in tension and compression. The behavior of concrete under uniaxial compression is 

defined by using the stress-strain relationship outside of the elastic range, which means the 

compressive stress of concrete as a function of inelastic strain is provided in a tabular form. 
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3.4.2.1.1.4 Tension behavior 

 

The tensile uniaxial stress-strain relationship can be defined in three ways. The first is 

defining the stress-strain softening model of concrete in tension in a tabular form. The second 

is defining the relation between the tensile stress and the crack opening displacement in a 

tabular form. The third is defining the fracture energy as a material property that represents 

the energy required to open a unit area of stress-free crack. The use of fracture energy is 

effective in calculation because it can resolve the mesh sensitivity problem due to the 

cracking of concrete. There is no experimental data on fracture energy of concrete at elevated 

temperatures. It was assumed that tensile strength of concrete and fracture energy decrease 

linearly from 100% at 20 
o
C to 10% at 1000

o
C (Lu et al., 2009). The fracture energy of 

concrete at ambient temperature was calculated by the following equation (Lu et al., 2009). 

    ቆ     ቇ             (    )                                                                                                
Where γ=1.25dmax + 10 

dmax is the diameter of coarse aggregate 

 

3.4.2.2 Steel-concrete interface 

 

The surface-to-surface contact in ABAQUS was adopted to simulate the interaction between 

the stainless-steel tube and the in filled concrete. Hard contact in the normal and coulomb 

friction in the tangential directions was defined. For the coulomb friction model, a friction 

coefficient 0.25 was adopted. 

 

3.4.2.3 Element type and boundary conditions 

 

In order to conduct a proper finite element analysis, care should be given for the selection of 

the proper element types as they have direct impact on the accuracy of the result. ABAQUS 

has a wide set of element library. Solid continuum elements are widely used to model 

concrete structures as they can define almost any geometry and to model linear and nonlinear 

behavior. In CFSST columns, there is contact between stainless steel and concrete, for this 

type of contact simulation it is better to use solid continuum elements. This is because solid 
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continuum elements can be used for linear analysis and for complex nonlinear analysis 

involving contact (Abaqus manual:, 2013). In order to reduce running time, it is better to use 

reduced integration elements as they use a lower order integration to form element stiffness. 

Accordingly, in this study the 8-node reduced integration brick element (C3D8R) was used 

for the concrete, stainless steel and endplates to achieve acceptable result with reduced 

running time. Nodes in the solid element have three translational degrees of freedom. The 

bottom of the column was fixed and the top of the column was restrained in all directions 

except the axial direction. 

 

3.4.2.4 Mesh size 

 

In finite element analysis, the mesh size is a predominant factor which affects the analysis 

results and also it affects the analysis time very much. It is clear that in finite element 

modelling, the finer the mesh size, the more accurate the results will be. However, a finer 

mesh size requires more analysis resource and time. In this study, the appropriate mesh size 

selected for the model was 25mm. 

 

Figure 3-8: Discretized appearance of the model 

 

3.4.3 Fire curves for validation and parametric study 

 

Figure 3-9 shows ISO standard fire curve which was used for validation of fire resistance 

specimen (C300-0.45). Figure 3-10 shows the furnace temperature curve which was used to 

carry out the test procedure in the post fire test was also used to validate the post fire 

specimen (CT05). Figure 3-11 shows fire curves used for parametric study. 
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Figure 3-9: ISO standard fire curve 

 

 

 

Figure 3-10: Furnace temperature versus time curve for post fire (CT05) specimen 

validation 
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Figure 3-11: Fire curves for parametric study 

 

3.5 Finite Element Procedures in ABAQUS 

 

Setting up the part 

 

The first step in the ABAQUS model tree is setting up the parts. There were three analysis 

procedures in this study. The first procedure was linear perturbation where it was used for 

conducting linear buckle analysis which in turn used for determining the eulerion critical 

buckling load and the possible buckling modes. The second procedure was the heat transfer 

which is used for analyzing the heat transfer across the CFSST section. The third procedure 

was the static general which was used for conducting the stress analysis. 

For the linear perturbation and static general procedure, parts for the stainless-steel tube, 

concrete and loading plates were created. The loading plates were used to apply load and 

boundary conditions uniformly. They were used in the experimental tests. Thus, it was 

necessary to include them to simulate the actual test condition better. However, for the heat 

transfer analysis as there is no physical load and boundary condition, the loading plate were 

not used in this procedure. Solid, homogeneous parts were created for each of the parts. 

 

Defining the properties 

 

The second step in ABAQUS model tree is defining the properties. The concrete and 

stainless-steel material properties were defined and three sections for the concrete, stainless 
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steel tube and for the plates were created and the corresponding material properties were 

assigned for the sections. 

 

Assembling the parts 

 

The third step in the ABAQUS model tree is assembling the parts. Four instances are created 

corresponding to the four parts (concrete, stainless steel tube, top and bottom plates). The 

parts were assembled by using the translation command. 

 

Setting up analysis procedure 

 

The fourth step in the ABAQUS model tree is setting up the analysis procedure. There were 

three analysis procedures. Buckle analysis in linear perturbation procedure, heat transfer and 

static general procedures. The buckle analysis is used to determine the buckling mode shapes 

of the columns and later to include the initial imperfections in the static general procedure. 

The imperfections were included by editing the model keyword. Imperfection amplitude was 

included after recalling the linear buckle file in the model keyword. The static general 

procedure is dependent on the linear buckle and the heat transfer procedure but not vice 

versa. 

 

Defining interactions 

 

The fifth step in ABAQUS model tree is defining the interactions. The interactions for the 

heat transfer analysis and the stress analysis are different. For the heat transfer analysis, the 

interaction between the stainless-steel tube and the in filled concrete were defined by 

specifying thermal conductance value. The interaction between the fire and the outer 

stainless-steel tube was defined by setting convection coefficient and emissivity. For the 

stress analysis, the interaction between the stainless-steel tube and the in filled concrete was 

defined by hard contact in the normal direction and specifying a friction coefficient of 0.25 in 

the tangential direction. Tie constraint was used for the interaction between the plates and the 

corresponding concrete and stainless-steel tube. Two reference points were created at the top 

and bottom centers of the column. They were coupled to the corresponding top and bottom 

plates by using coupling constraint. 
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Defining loads and boundary conditions 

 

The sixth step in ABAQUS model tree is defining the load and boundary conditions. The load 

was applied at the top reference point and the boundary conditions were applied at both the 

top and bottom reference points. 

 

Meshing the parts 

 

The seventh step in the ABAQUS model tree is meshing the parts. The dependent parts 

meshing option was selected. It enables meshing on the individual parts. The mesh control 

was used to define the appropriate mesh technique. Then, the appropriate element size was 

defined by seeding the edges and the parts. Finally, meshing was completed by using the 

mesh command. 

 

Creating and submitting the job 

 

The final step in the ABAQUS model tree is creating the job. Three jobs were created, one 

each for the linear buckle, heat transfer and stress analysis procedures. After creating the 

jobs, the necessary data check was conducted and then the job was submitted for analysis. 
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4 RESULTS AND DISCUSSIONS 

 

4.1 Introduction 

 

Nowadays, CFSST columns have been a center of attention for various researchers. Most of 

the studies conducted on them focus on their compression and flexural behaviors. However, 

their durability and resistance against extreme fie conditions are not studied extensively. 

Besides, their performance after fire exposure is not studied well. Thus, the aim of this 

research is to study fire and post fire behavior of CFSST columns under the entire fire and 

axial load history. Besides, this study answered the following research questions: 

 

 What is the effect of grade of stainless steel on fire and post fire behavior of CFSST 

columns? 

 What is the effect of heating time on fire and post fire behavior of CFSST columns? 

 What is the effect of grade of concrete on fire and post fire behavior of CFSST 

columns? 

 What is the effect of load level on fire and post fire behavior of CFSST columns? 

 What is the effect of thickness of stainless-steel tube on fire and post fire behavior of 

CFSST columns? 

 What is the effect of diameter of stainless-steel tube on fire and post fire behavior of 

CFSST columns? 

 How this study’s findings are compared with existing literature findings in terms of 

fire resistance? 

 

Accordingly, in this section the findings and their interpretation of the study that are directly 

related to the aforementioned research questions are going to be presented. 

 

4.2 Finite Element Validation Analysis 

 

The study is based on finite element simulation. In order for the results to be reliable, the 

finite element findings were validated against previous literature findings. Accordingly, tests 

conducted by Han et al. (2013) and Tao et al. (2015) were taken to validate the fire resistance 

and post fire specimens. In order to get approximate results between experimental tests and 
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finite element simulation, the input data given for the ABAQUS software were the exact 

similar to that used in the test. Thus, the geometry, loading and boundary conditions of the 

samples were taken similar with those taken in experimental tests. The validation is based on 

findings such as temperature versus time, axial deformation versus time, fire resistance and 

post fire residual strength. Besides, the unit system in ABAQUS was selected with care, as 

the software doesn’t give options to select units. Accordingly, a consistent set of units were 

used for both the finite element validation and the parametric study. The system of units used 

were presented as follows 

Parameter Unit 

Density Tonne/mm
3 

Concrete compressive strength N/mm
2 

Steel yield strength N/mm
2 

Length of column Mm 

External diameter Mm 

Steel tube thickness Mm 

Load N 

Specific heat mJ/tonneK 

Thermal conductivity mW/mmK 

Thermal conductance mW/mm
2
K 

Convective coefficient mW/mm
2
K 

Emissivity Unitless 

Absolute zero temperature K 

Stefan Boltzmann constant mW/mm
2
K

4 

 

 

The FE and experimental temperature versus time curves were compared and as it can be 

seen in Figure 4-4, there is a good agreement between them. For the post fire test specimens, 

the FE temperatures versus time curves for the cooling phase were also in a good agreement 

with the experimental results. The little discrepancy may be attributed to the difference in the 

real thermal properties and those of given in EN 1993-1-2 and EN 1994-1-2. 

 

For both the fire resistance and post fire specimens, comparisons were made between the FE 

and experimental axial deformation versus time curves and as it can be seen in Figure 4-5, 
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Figure 4-7, the FE results were in a good agreement with the experimental ones. As the axial 

deformation is dependent on the nodal temperatures obtained from the thermal analysis, the 

little variations in the measured and predicted nodal temperatures makes a little more 

pronounced variation between the measured and predicted axial deformation. 

 

For both the fire resistance and post fire specimens, comparisons were made between the FE 

and experimental deformed shapes and as it can be seen in Figure 4-2, Figure 4-3, the FE 

deformed shapes were almost similar to the experimental ones. 

 

 

Figure 4-1: Temperature development along the CFSST cross-section     

 

 

 

                               

 

Figure 4-2: Comparison of experimental and predicted deformed shapes of fire 

resistance (C300-0.45) specimen 
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Figure 4-3: Comparison of experimental and predicted deformed shapes of post fire 

(CT05) specimen 

 

 

 

Figure 4-4: Comparison of experimental and predicted temperature versus time 

relation for fire resistance (C300-0.45) specimen 
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Figure 4-5: Comparison of experimental and predicted axial deformation versus time 

relation for fire resistance (C300-0.45) specimen 

 

 

 

Figure 4-6: Comparison of experimental and predicted temperature versus time 

relation for post fire (CT05) specimen 
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Figure 4-7: Comparison of experimental and predicted axial deformation versus time 

relation for post fire (CT05) specimen 

 

4.3 Finite Element Parametric Studies 

 

4.3.1 Effect of Load Level on Fire Resistance 

 

Table 4.1 shows when the load level increases from Nf=0.3 to Nf= 0.45, the fire resistance 

decreases 24% on average from the base value. A couple of previous studies on the effect of 

load level on fire resistance of CFSST columns also suggests that there is opposite relation 

between load level and fire resistance. Han et al. (2013) reported that as the load level 

increases from 0.3 to 0.6, the fire resistance decreases by 70-75 %. Similarly, a study 

conducted by Tao et al. (2015) stated that the fire resistance is negatively affected by the load 

level. This can be explained by preload has an effect on the internal force carried by the 

concrete core (Yu et al., 2019). Thus, as the preload increases so is the column tendency to 

fail. 

 

 

 

 

 

-40

-35

-30

-25

-20

-15

-10

-5

0

5

0 200 400 600 800

U(mm) 

t(min) 

Experiment

predicted



54 

 

Table 4-1: Effect of load level on fire resistance 

C Independent Parameters FR(min) %D 

D (mm) SSG t (mm) CG Nf=0.3 Nf=0.45 

1 400 1.4301 10 C30 91.80 72.50 -21.02 

2 400 1.4301 10 C37 90.20 70.30 -22.06 

3 400 1.4301 10 C105 83.10 64.30 -22.62 

4 400 1.4301 15 C30 88.10 70.30 -20.20 

5 400 1.4301 15 C37 86.70 69.90 -19.38 

6 400 1.4301 15 C105 78.30 60.40 -22.86 

7 400 1.4311 10 C30 101.80 81.90 -19.55 

8 400 1.4311 10 C37 99.80 79.90 -19.94 

9 400 1.4311 10 C105 91.10 70.30 -22.83 

10 400 1.4311 15 C30 99.80 80.20 -19.64 

11 400 1.4311 15 C37 98.50 79.10 -19.70 

12 400 1.4311 15 C105 89.10 68.30 -23.34 

13 600 1.4301 10 C30 115.20 83.40 -27.60 

14 600 1.4301 10 C37 114.30 82.70 -27.65 

15 600 1.4301 10 C105 103.20 74.50 -27.81 

16 600 1.4301 15 C30 113.20 82.40 -27.21 

17 600 1.4301 15 C37 112.90 81.10 -28.17 

18 600 1.4301 15 C105 101.10 72.40 -28.39 

19 600 1.4311 10 C30 125.30 94.50 -24.58 

20 600 1.4311 10 C37 124.80 93.90 -24.76 

21 600 1.4311 10 C105 115.20 84.10 -27.00 

22 600 1.4311 15 C30 123.10 93.10 -24.37 

23 600 1.4311 15 C37 123.40 92.50 -25.04 

24 600 1.4311 15 C105 115.10 83.70 -27.28 

      Mean -23.88 

 

 

4.3.2 Effect of Concrete Grade on Fire Resistance 

 

As can be seen from Table 4.2, when the concrete grade changes from C30 to C37 the fire 

resistance decreases 1% from the base and when the concrete grade changes from C30 to 

C105 the fire resistance decreases 11% from the base. A study conducted by Han et al. (2013) 

stated that the effect of concrete grade on fire resistance of CFSST is negligible on small 

sized sections, but for large sized sections the fire resistance generally increases with increase 

of concrete grade. This can be explained by material degradation of both concrete grades to a 

similar degree due to the fact that concrete loses its strength at high temperature. Thus, due to 

the cross-sectional size effect, the smaller sized sections do not experience significant 
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variation in fire resistance. However, the large sized sections experience significant variation 

in fire resistance. On the other hand, a study conducted on steel reinforced concrete filled 

steel tube by Mao et al. (2020) suggests the fire resistance decreases by 11% when the 

concrete cube compressive strength increases from 30MPa to 60MPa. The author justification 

is the strength of concrete gradually decrease with the increase of temperature and concrete 

with a higher strength grade leads to more loss of strength at elevated temperature. The 

author findings suggest that concrete cube compressive strength has negative effect on fire 

resistance. Although the above couple of literatures findings seem contradictory to each 

other, they support the findings of this study. 

 

Table 4-2: Effect of concrete grade on fire resistance 

C Independent Parameters FR(min) %D1 %D2 

Nf D (mm) SSG t(mm) C30 C37 C105 

1 0.3 400 1.4301 10 91.8 90.2 83.1 -1.74 -9.48 

2 0.3 400 1.4301 15 88.1 86.7 78.3 -1.59 -11.12 

3 0.3 400 1.4311 10 101.8 99.8 91.1 -1.96 -10.51 

4 0.3 400 1.4311 15 99.8 98.5 89.1 -1.3 -10.72 

5 0.3 600 1.4301 10 115.2 114 103.2 -0.78 -10.42 

6 0.3 600 1.4301 15 113.2 113 101.1 -0.27 -10.69 

7 0.3 600 1.4311 10 125.3 125 115.2 -0.4 -8.06 

8 0.3 600 1.4311 15 123.1 123 115.1 0.244 -6.50 

9 0.45 400 1.4301 10 72.5 70.3 64.3 -3.03 -11.31 

10 0.45 400 1.4301 15 70.3 69.9 60.4 -0.57 -14.08 

11 0.45 400 1.4311 10 81.9 79.9 70.3 -2.44 -14.16 

12 0.45 400 1.4311 15 80.2 79.1 68.3 -1.37 -14.84 

13 0.45 600 1.4301 10 83.4 82.7 74.5 -0.84 -10.67 

14 0.45 600 1.4301 15 82.4 81.1 72.4 -1.58 -12.14 

15 0.45 600 1.4311 10 94.5 93.9 84.1 -0.63 -11.01 

16 0.45 600 1.4311 15 93.1 92.5 83.7 -0.64 -10.10 

       Mean -1.18 -10.99 

 

4.3.3 Effect of Stainless-Steel Grade on Fire Resistance 

 

 4.3 shows when the stainless-steel grade increases from SSG 1.4301 to SSG 1.4311, the fire 

resistance increases 12% on average from the base value. A study conducted by Han et al. 

(2013) reported that there is an increase in fire resistance when there is an increase in 

stainless steel grade. This can be explained by stainless steel can retain a part of its strength 
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during fire. Accordingly, the higher the strength of stainless steel at ambient temperature, the 

higher also its strength during fire. 

 

Table 4-3: Effect of stainless steel grade on fire resistance 

C Independent Parameters FR(min) %D 

Nf D (mm) t(mm) CG SSG 

1.4301 

SSG 

1.4311 

1 0.3 400 10 C30 91.8 101.8 10.89 

2 0.3 400 10 C37 90.2 99.8 10.64 

3 0.3 400 10 C105 83.1 91.1 9.627 

4 0.3 400 15 C30 88.1 99.8 13.28 

5 0.3 400 15 C37 86.7 98.5 13.61 

6 0.3 400 15 C105 78.3 89.1 13.79 

7 0.3 600 10 C30 115.2 125.3 8.767 

8 0.3 600 10 C37 114.3 124.8 9.186 

9 0.3 600 10 C105 103.2 115.2 11.63 

10 0.3 600 15 C30 113.2 123.1 8.746 

11 0.3 600 15 C37 112.9 123.4 9.3 

12 0.3 600 15 C105 101.1 115.1 13.85 

13 0.45 400 10 C30 72.5 81.9 12.97 

14 0.45 400 10 C37 70.3 79.9 13.66 

15 0.45 400 10 C105 64.3 70.3 9.331 

16 0.45 400 15 C30 70.3 80.2 14.08 

17 0.45 400 15 C37 69.9 79.1 13.16 

18 0.45 400 15 C105 60.4 68.3 13.08 

19 0.45 600 10 C30 83.4 94.5 13.31 

20 0.45 600 10 C37 82.7 93.9 13.54 

21 0.45 600 10 C105 74.5 84.1 12.89 

22 0.45 600 15 C30 82.4 93.1 12.99 

23 0.45 600 15 C37 81.1 92.5 14.06 

24 0.45 600 15 C105 72.4 83.7 15.61 

      Mean 12.17 

 

 

4.3.4 Effect of Diameter on Fire Resistance 

 

Table 4.4 shows when the diameter increases from 400mm to 600mm, the fire resistance 

increases 22% on average from the base value. A study conducted by Han et al. (2013) 

reported that the diameter has a significant influence on the fire resistance period (R), which 

indicates that R increases significantly with the increase of diameter (D). As D increases from 

300mm to 1200mm, R increases from 83 min to 188min. This can be explained by the fact 
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that a CFSST column with a bigger diameter has more concrete in the section, thus the 

temperature rise is slower in the inner part of the concrete, which increases its fire resistance. 

 

Table 4-4: Effect of diameter of stainless-steel tube on fire resistance 

C Independent Parameters FR(min) %D 

Nf SSG t 

(mm) 

CG D=400mm D=600mm 

1 0.3 1.4301 10 C30 91.8 115.2 25.49 

2 0.3 1.4301 10 C37 90.2 114.3 26.72 

3 0.3 1.4301 10 C105 83.1 103.2 24.19 

4 0.3 1.4301 15 C30 88.1 113.2 28.49 

5 0.3 1.4301 15 C37 86.7 112.9 30.22 

6 0.3 1.4301 15 C105 78.3 101.1 29.12 

7 0.3 1.4311 10 C30 101.8 125.3 23.08 

8 0.3 1.4311 10 C37 99.8 124.8 25.05 

9 0.3 1.4311 10 C105 91.1 115.2 26.45 

10 0.3 1.4311 15 C30 99.8 123.1 23.35 

11 0.3 1.4311 15 C37 98.5 123.4 25.28 

12 0.3 1.4311 15 C105 89.1 115.1 29.18 

13 0.45 1.4301 10 C30 72.5 83.4 15.03 

14 0.45 1.4301 10 C37 70.3 82.7 17.64 

15 0.45 1.4301 10 C105 64.3 74.5 15.86 

16 0.45 1.4301 15 C30 70.3 82.4 17.21 

17 0.45 1.4301 15 C37 69.9 81.1 16.02 

18 0.45 1.4301 15 C105 60.4 72.4 19.87 

19 0.45 1.4311 10 C30 81.9 94.5 15.38 

20 0.45 1.4311 10 C37 79.9 93.9 17.52 

21 0.45 1.4311 10 C105 70.3 84.1 19.63 

22 0.45 1.4311 15 C30 80.2 93.1 16.08 

23 0.45 1.4311 15 C37 79.1 92.5 16.94 

24 0.45 1.4311 15 C105 68.3 83.7 22.55 

      Mean 21.93 

 

 

4.3.5 Effect of Thickness of stainless steel tube on fire resistance 

 

Table 4.5 shows when the thickness increases from 10mm to 15mm, the fire resistance 

increases 2% on average from the base value. This may be explained by the fact that the 

thickness variation is small and it has no pronounced effect on fire resistance.  
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Table 4-5: Effect of thickness of stainless steel tube on fire resistance 

C Independent Parameters FR(min) %D 

Nf D 

(mm) 

SSG CG t=10mm t=15mm 

1 0.3 400 1.4301 C30 91.8 88.1 4.03 

2 0.3 400 1.4301 C37 90.2 86.7 3.88 

3 0.3 400 1.4301 C105 83.1 78.3 5.78 

4 0.3 400 1.4311 C30 101.8 99.8 1.96 

5 0.3 400 1.4311 C37 99.8 98.5 1.30 

6 0.3 400 1.4311 C105 91.1 89.1 2.20 

7 0.3 600 1.4301 C30 115.2 113.2 1.74 

8 0.3 600 1.4301 C37 114.3 112.9 1.22 

9 0.3 600 1.4301 C105 103.2 101.1 2.03 

10 0.3 600 1.4311 C30 125.3 123.1 1.76 

11 0.3 600 1.4311 C37 124.8 123.4 1.12 

12 0.3 600 1.4311 C105 115.2 115.1 0.09 

13 0.45 400 1.4301 C30 72.5 70.3 3.03 

14 0.45 400 1.4301 C37 70.3 69.9 0.57 

15 0.45 400 1.4301 C105 64.3 60.4 6.07 

16 0.45 400 1.4311 C30 81.9 80.2 2.08 

17 0.45 400 1.4311 C37 79.9 79.1 1.00 

18 0.45 400 1.4311 C105 70.3 68.3 2.84 

19 0.45 600 1.4301 C30 83.4 82.4 1.20 

20 0.45 600 1.4301 C37 82.7 81.1 1.93 

21 0.45 600 1.4301 C105 74.5 72.4 2.82 

22 0.45 600 1.4311 C30 94.5 93.1 1.48 

23 0.45 600 1.4311 C37 93.9 92.5 1.49 

24 0.45 600 1.4311 C105 84.1 83.7 0.48 

      Mean 2.17 

 

 

4.3.6 Effect of Load Level on Post Fire Residual Strength 

 

Table 4.6 shows the effect of load level on post fire residual strength. The table shows when 

the load level increases from Nf=0.3 to Nf=0.45, the post fire residual strength also increases 

7% on average from the base value. The findings of this study align with the findings of the 

study conducted by Tao et al. (2015) reported that when the load level increases from 0.3 to 

0.45, the post fire residual strength also increase by 13.5%. This was explained by when the 

tests are carried out, the heating time for a specimen with a larger load level was selected to 

be smaller than its counterpart with a smaller load level. Accordingly, the specimen with 

larger load level experienced less fire damage. The second reason suggested by the authors is 
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the residual strength can be improved when the concrete is heated under the application of 

load. Besides, a study conducted by Song et al. (2010) suggest that the post fire residual 

strength increases with the increase in the load level. This is may be due to the proper initial 

load can improve the combined action between steel and concrete to some extent and 

improve the residual strength of the column in the post fire phase. However, a study 

conducted by Tan et al. (2018) suggests post fire residual strength decreases when the load 

level increases. This was explained by larger load level values results in higher loads in both 

the stainless-steel tube and in-filled concrete, resulting in more severe deformation during the 

fire. Accordingly, it affects the post fire performance negatively. 

 

Table 4-6: Effect of load level on post fire residual strength 

C Independent Parameters Nup(KN) %D 

D(mm) SSG t(mm) CG Th(min) Nf=0.3 Nf=0.45 

1 400 1.4301 10 C30 15 1869.7 2031.54 8.66 

2 400 1.4301 10 C30 30 1457.8 1606.98 10.2 

3 400 1.4301 10 C30 60 451.2 483.9 7.25 

4 400 1.4301 10 C37 15 1933.3 2085.78 7.89 

5 400 1.4301 10 C37 30 1525.1 1669.65 9.48 

6 400 1.4301 10 C37 60 476.1 495.2 4.01 

7 400 1.4301 10 C105 15 1971 2101.2 6.59 

8 400 1.4301 10 C105 30 1555 1689.3 8.62 

9 400 1.4301 10 C105 60 488.9 511.4 4.6 

10 400 1.4301 15 C30 15 2069 2231.5 7.84 

11 400 1.4301 15 C30 30 1657 1804.6 8.93 

12 400 1.4301 15 C30 60 650.3 681.8 4.84 

13 400 1.4301 15 C37 15 2133 2285.4 7.13 

14 400 1.4301 15 C37 30 1725 1868.3 8.3 

15 400 1.4301 15 C37 60 677.2 717.9 6.01 

16 400 1.4301 15 C105 15 2170 2301.1 6.04 

17 400 1.4301 15 C105 30 1753 1889.8 7.8 

18 400 1.4301 15 C105 60 688.4 732.4 6.39 

19 400 1.4311 10 C30 15 1997.6 2151.2 7.69 

20 400 1.4311 10 C30 30 1564.6 1719.15 9.88 

21 400 1.4311 10 C30 60 489.4 512.1 4.64 

22 400 1.4311 10 C37 15 2062.7 2205.41 6.92 

23 400 1.4311 10 C37 30 1632.3 1783.96 9.29 

24 400 1.4311 10 C37 60 512.1 555.8 8.53 

25 400 1.4311 10 C105 15 2131 2341.1 9.84 

26 400 1.4311 10 C105 30 1721 1823.4 5.93 

27 400 1.4311 10 C105 60 631.9 675.4 6.88 

28 400 1.4311 15 C30 15 2198 2351.5 7 
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29 400 1.4311 15 C30 30 1765 1919.2 8.76 

30 400 1.4311 15 C30 60 689.4 721.3 4.63 

31 400 1.4311 15 C37 15 2263 2400.4 6.09 

32 400 1.4311 15 C37 30 1832 1990.2 8.62 

33 400 1.4311 15 C37 60 712.1 751.9 5.59 

34 400 1.4311 15 C105 15 2331 2551.3 9.44 

35 400 1.4311 15 C105 30 1921 2024.1 5.35 

36 400 1.4311 15 C105 60 831.9 871.6 4.77 

37 600 1.4301 10 C30 15 2615.5 2812.46 7.53 

38 600 1.4301 10 C30 30 2073.5 2253.47 6.85 

39 600 1.4301 10 C30 60 734.2 789.2 8.05 

40 600 1.4301 10 C37 15 2693.4 2877.99 7.53 

41 600 1.4301 10 C37 30 2157.1 2330.76 8.05 

42 600 1.4301 10 C37 60 755.4 812.3 7.53 

43 600 1.4301 10 C105 15 2817 2954.1 4.87 

44 600 1.4301 10 C105 30 2331 2453.2 5.23 

45 600 1.4301 10 C105 60 789.2 839.3 6.35 

46 600 1.4301 15 C30 15 2815 3012.3 7 

47 600 1.4301 15 C30 30 2273 2453.1 7.92 

48 600 1.4301 15 C30 60 931.1 988.1 6.12 

49 600 1.4301 15 C37 15 2892 3071.4 6.22 

50 600 1.4301 15 C37 30 2358 2530.4 7.32 

51 600 1.4301 15 C37 60 955.2 1011.1 5.85 

52 600 1.4301 15 C105 15 3016 3152.3 4.51 

53 600 1.4301 15 C105 30 2530 2652.9 4.85 

54 600 1.4301 15 C105 60 984.1 1034.8 5.15 

55 600 1.4311 10 C30 15 2769.3 2964.33 7.04 

56 600 1.4311 10 C30 30 2220.9 2397.69 7.96 

57 600 1.4311 10 C30 60 910.2 990.1 8.78 

58 600 1.4311 10 C37 15 2831.1 3029.84 7.02 

59 600 1.4311 10 C37 30 2307.3 2474.66 7.25 

60 600 1.4311 10 C37 60 953.9 998.7 4.7 

61 600 1.4311 10 C105 15 2971.6 3079.5 7.04 

62 600 1.4311 10 C105 30 2460.9 2589.7 5.23 

63 600 1.4311 10 C105 60 1001 1041.7 4.06 

64 600 1.4311 15 C30 15 2969 3164.1 6.56 

65 600 1.4311 15 C30 30 2421 2594.3 7.17 

66 600 1.4311 15 C30 60 1111 1186.2 6.76 

67 600 1.4311 15 C37 15 3030 3229.7 6.58 

68 600 1.4311 15 C37 30 2507 2672.1 6.57 

69 600 1.4311 15 C37 60 1151 1198.2 4.06 

70 600 1.4311 15 C105 15 3170 3306.1 4.31 

71 600 1.4311 15 C105 30 2661 2783.8 4.61 

72 600 1.4311 15 C105 60 1200 1256.2 4.7 

       Mean 6.78 
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4.3.7 Effect of Heating Time on Post Fire Residual Strength 

 

Table 4.7 shows the effect of heating time on post fire residual strength. The table shows 

when the heating time increases from 15min to 30min the post fire residual strength decreases 

19% and when the heating time increases from 15min to 60min the post fire residual strength 

decreases 69% on average from the base value. This can be explained by as the heating time 

increases, the fire gets time to penetrate deep into the core of the CFSST section, thereby 

deteriorating the concrete and stainless-steel properties resulting in early failure of the 

member. 

 

Table 4-7: Effect of heating time on post fire residual strength 
C Independent Parameters Nup(KN) %D1 %D2 

Nf D(mm) SSG t(mm) CG Th=15min Th=30min Th=60min 

1 0.3 400 1.4301 10 C30 1869.68 1457.84 451.2 -22.03 -75.87 

2 0.3 400 1.4301 10 C37 1933.25 1525.05 476.1 -21.11 -75.37 

3 0.3 400 1.4301 10 C105 1971.2 1555.2 488.9 -21.10 -75.20 

4 0.3 400 1.4301 15 C30 2069.3 1656.7 650.3 -19.94 -68.57 

5 0.3 400 1.4301 15 C37 2133.3 1725.1 677.2 -19.13 -68.26 

6 0.3 400 1.4301 15 C105 2170.1 1753.1 688.4 -19.22 -68.28 

7 0.3 400 1.4311 10 C30 1997.57 1564.55 489.4 -21.68 -75.50 

8 0.3 400 1.4311 10 C37 2062.69 1632.3 512.1 -20.87 -75.17 

9 0.3 400 1.4311 10 C105 2131.3 1721.3 631.9 -19.24 -70.35 

10 0.3 400 1.4311 15 C30 2197.6 1764.6 689.4 -19.70 -68.63 

11 0.3 400 1.4311 15 C37 2262.7 1832.3 712.1 -19.02 -68.53 

12 0.3 400 1.4311 15 C105 2331.3 1921.3 831.9 -17.59 -64.32 

13 0.3 600 1.4301 10 C30 2615.5 2073.49 734.2 -20.72 -71.93 

14 0.3 600 1.4301 10 C37 2693.44 2157.05 755.4 -19.91 -71.95 

15 0.3 600 1.4301 10 C105 2816.9 2331.3 789.2 -17.24 -71.98 

16 0.3 600 1.4301 15 C30 2815.2 2273.1 931.1 -19.26 -66.93 

17 0.3 600 1.4301 15 C37 2891.6 2357.9 955.2 -18.46 -66.97 

18 0.3 600 1.4301 15 C105 3016.3 2530.2 984.1 -16.12 -67.37 

19 0.3 600 1.4311 10 C30 2769.29 2220.92 910.2 -19.80 -67.13 

20 0.3 600 1.4311 10 C37 2831.05 2307.31 953.9 -18.50 -66.31 

21 0.3 600 1.4311 10 C105 2971.6 2460.9 1001.1 -17.19 -66.31 

22 0.3 600 1.4311 15 C30 2969.3 2420.8 1111.1 -18.47 -62.58 

23 0.3 600 1.4311 15 C37 3030.3 2507.3 1151.4 -17.26 -62.00 

24 0.3 600 1.4311 15 C105 3169.5 2661.1 1199.8 -16.04 -62.15 

25 0.45 400 1.4301 10 C30 2031.54 1606.98 483.9 -20.90 -76.18 

26 0.45 400 1.4301 10 C37 2085.78 1669.65 495.2 -19.95 -76.26 

27 0.45 400 1.4301 10 C105 2101.2 1689.3 511.4 -19.60 -75.66 

28 0.45 400 1.4301 15 C30 2231.5 1804.6 681.8 -19.13 -69.45 
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29 0.45 400 1.4301 15 C37 2285.4 1868.3 717.9 -18.25 -68.59 

30 0.45 400 1.4301 15 C105 2301.1 1889.8 732.4 -17.87 -68.17 

31 0.45 400 1.4311 10 C30 2151.2 1719.15 512.1 -20.08 -76.19 

32 0.45 400 1.4311 10 C37 2205.41 1783.96 555.8 -19.11 -74.80 

33 0.45 400 1.4311 10 C105 2341.1 1823.4 675.4 -22.11 -71.15 

34 0.45 400 1.4311 15 C30 2351.5 1919.2 721.3 -18.38 -69.33 

35 0.45 400 1.4311 15 C37 2400.4 1990.2 751.9 -17.09 -68.68 

36 0.45 400 1.4311 15 C105 2551.3 2024.1 871.6 -20.66 -65.84 

37 0.45 600 1.4301 10 C30 2812.46 2253.47 789.2 -19.88 -71.94 

38 0.45 600 1.4301 10 C37 2877.99 2330.76 812.3 -19.01 -71.78 

39 0.45 600 1.4301 10 C105 2954.1 2453.2 839.3 -16.96 -71.59 

40 0.45 600 1.4301 15 C30 3012.3 2453.1 988.1 -18.56 -67.20 

41 0.45 600 1.4301 15 C37 3071.4 2530.4 1011.1 -17.61 -67.08 

42 0.45 600 1.4301 15 C105 3152.3 2652.9 1034.8 -15.84 -67.17 

43 0.45 600 1.4311 10 C30 2964.33 2397.69 990.1 -19.12 -66.60 

44 0.45 600 1.4311 10 C37 3029.84 2474.66 998.7 -18.32 -67.04 

45 0.45 600 1.4311 10 C105 3079.5 2589.7 1041.7 -15.91 -66.17 

46 0.45 600 1.4311 15 C30 3164.1 2594.3 1186.2 -18.01 -62.51 

47 0.45 600 1.4311 15 C37 3229.7 2672.1 1198.2 -17.26 -62.90 

48 0.45 600 1.4311 15 C105 3306.1 2783.8 1256.2 -15.80 -62.00 

        Mean -18.85 -69.21 

 

 

4.3.8 Effect of Diameter on Post Fire Residual Strength 

 

Table 4.8 shows the effect of diameter of outer stainless-steel tube on post fire residual 

strength. The table shows when the diameter increases from 400mm to 600mm the post fire 

residual strength also increases 45% on average from the base value. This can be explained 

by concrete has slightly higher specific heat making the heat transfer in it a little slower. 

Besides, when the diameter is larger, the heat will need extra time to reach the inner part of 

the concrete, thereby leaving some part of the concrete still functional to resist some more 

extra loads. In addition, as stainless steel has better behavior in recovering from the effect of 

high temperature. The more stainless steel the section has the more will be its post fire 

residual strength. It agrees with the research conducted by Tan et al. (2018) which stated that 

as the diameter increases, the post fire residual strength also increases. 
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Table 4-8: Effect of diameter on post fire residual strength 

C Independent Parameters Nup(KN) %D 

Nf SSG t(mm) CG Th(min) D=400mm D=600mm 

1 0.3 1.4301 10 C30 15 1869.68 2615.5 39.89 

2 0.3 1.4301 10 C30 30 1457.84 2073.49 42.23 

3 0.3 1.4301 10 C30 60 451.2 734.2 62.72 

4 0.3 1.4301 10 C37 15 1933.25 2693.44 39.32 

5 0.3 1.4301 10 C37 30 1525.05 2157.05 41.44 

6 0.3 1.4301 10 C37 60 476.1 755.4 58.66 

7 0.3 1.4301 10 C105 15 1971.2 2816.9 42.9 

8 0.3 1.4301 10 C105 30 1555.2 2331.3 49.9 

9 0.3 1.4301 10 C105 60 488.9 789.2 61.42 

10 0.3 1.4301 15 C30 15 2069.3 2815.2 36.05 

11 0.3 1.4301 15 C30 30 1656.7 2273.1 37.21 

12 0.3 1.4301 15 C30 60 650.3 931.1 43.18 

13 0.3 1.4301 15 C37 15 2133.3 2891.6 35.55 

14 0.3 1.4301 15 C37 30 1725.1 2357.9 36.68 

15 0.3 1.4301 15 C37 60 677.2 955.2 41.05 

16 0.3 1.4301 15 C105 15 2170.1 3016.3 38.99 

17 0.3 1.4301 15 C105 30 1753.1 2530.2 44.33 

18 0.3 1.4301 15 C105 60 688.4 984.1 42.95 

19 0.3 1.4311 10 C30 15 1997.57 2769.29 38.63 

20 0.3 1.4311 10 C30 30 1564.55 2220.92 41.95 

21 0.3 1.4311 10 C30 60 489.4 910.2 85.98 

22 0.3 1.4311 10 C37 15 2062.69 2831.05 37.25 

23 0.3 1.4311 10 C37 30 1632.3 2307.31 41.35 

24 0.3 1.4311 10 C37 60 512.1 953.9 86.27 

25 0.3 1.4311 10 C105 15 2131.3 2971.6 39.43 

26 0.3 1.4311 10 C105 30 1721.3 2460.9 42.97 

27 0.3 1.4311 10 C105 60 631.9 1001.1 58.43 

28 0.3 1.4311 15 C30 15 2197.57 2969.3 35.12 

29 0.3 1.4311 15 C30 30 1764.55 2420.8 37.19 

30 0.3 1.4311 15 C30 60 689.4 1111.1 61.17 

31 0.3 1.4311 15 C37 15 2262.69 3030.3 33.92 

32 0.3 1.4311 15 C37 30 1832.3 2507.3 36.84 

33 0.3 1.4311 15 C37 60 712.1 1151.4 61.69 

34 0.3 1.4311 15 C105 15 2331.3 3169.5 35.95 

35 0.3 1.4311 15 C105 30 1921.3 2661.1 38.51 

36 0.3 1.4311 15 C105 60 831.9 1199.8 44.22 

37 0.45 1.4301 10 C30 15 2031.54 2812.46 38.44 

38 0.45 1.4301 10 C30 30 1606.98 2253.47 40.23 

39 0.45 1.4301 10 C30 60 483.9 789.2 63.09 

40 0.45 1.4301 10 C37 15 2085.78 2877.99 37.98 

41 0.45 1.4301 10 C37 30 1669.65 2330.76 39.6 

42 0.45 1.4301 10 C37 60 495.2 812.3 64.03 
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43 0.45 1.4301 10 C105 15 2101.2 2954.1 40.59 

44 0.45 1.4301 10 C105 30 1689.3 2453.2 45.22 

45 0.45 1.4301 10 C105 60 511.4 839.3 64.12 

46 0.45 1.4301 15 C30 15 2231.5 3012.3 34.99 

47 0.45 1.4301 15 C30 30 1804.6 2453.1 35.94 

48 0.45 1.4301 15 C30 60 681.8 988.1 44.93 

49 0.45 1.4301 15 C37 15 2285.4 3071.4 34.39 

50 0.45 1.4301 15 C37 30 1868.3 2530.4 35.44 

51 0.45 1.4301 15 C37 60 717.9 1011.1 40.84 

52 0.45 1.4301 15 C105 15 2301.1 3152.3 36.99 

53 0.45 1.4301 15 C105 30 1889.8 2652.9 40.38 

54 0.45 1.4301 15 C105 60 732.4 1034.8 41.29 

55 0.45 1.4311 10 C30 15 2151.2 2964.33 37.8 

56 0.45 1.4311 10 C30 30 1719.15 2397.69 39.47 

57 0.45 1.4311 10 C30 60 512.1 990.1 93.34 

58 0.45 1.4311 10 C37 15 2205.41 3029.84 37.38 

59 0.45 1.4311 10 C37 30 1783.96 2474.66 38.72 

60 0.45 1.4311 10 C37 60 555.8 998.7 79.69 

61 0.45 1.4311 10 C105 15 2341.1 3079.5 31.54 

62 0.45 1.4311 10 C105 30 1823.4 2589.7 42.03 

63 0.45 1.4311 10 C105 60 675.4 1041.7 54.23 

64 0.45 1.4311 15 C30 15 2351.5 3164.1 34.56 

65 0.45 1.4311 15 C30 30 1919.2 2594.3 35.18 

66 0.45 1.4311 15 C30 60 721.3 1186.2 64.45 

67 0.45 1.4311 15 C37 15 2400.4 3229.7 34.55 

68 0.45 1.4311 15 C37 30 1990.2 2672.1 34.26 

69 0.45 1.4311 15 C37 60 751.9 1198.2 59.36 

70 0.45 1.4311 15 C105 15 2551.3 3306.1 29.58 

71 0.45 1.4311 15 C105 30 2024.1 2783.8 37.53 

72 0.45 1.4311 15 C105 60 871.6 1256.2 44.13 

       Mean 45.25 

 

 

4.3.9 Effect of Concrete Grade on Post Fire Residual Strength 

 

Table 4.9 shows the effect of concrete grade on post fire residual strength. The table shows 

when the concrete grade increases from C30 to C37 the post fire residual strength increases 

3% and when the concrete grade increases from C30 to C105 the post fire residual strength 

increases 8% on average from the base value. This can be explained by concrete doesn’t 

recover after exposed to elevated temperature. Accordingly, the concrete strength variation 

has not pronounced effect on post fire residual strength.  
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Table 4-9: Effect of concrete grade on post fire residual strength 

C Independent Parameters Nup(KN) %D1 %D2 

Nf D 

(mm) 

SSG t 

(mm) 

Th 

(min) 

C30 C37 C105 

1 0.3 400 1.4301 10 15 1869.68 1933.25 1971.2 3.40 5.43 

2 0.3 400 1.4301 10 30 1457.84 1525.05 1555.2 4.61 6.68 

3 0.3 400 1.4301 10 60 451.2 476.1 488.9 5.52 8.36 

4 0.3 400 1.4301 15 15 2069.3 2133.3 2170.1 3.09 4.87 

5 0.3 400 1.4301 15 30 1656.7 1725.1 1753.1 4.13 5.82 

6 0.3 400 1.4301 15 60 650.3 677.2 688.4 4.14 5.86 

7 0.3 400 1.4311 10 15 1997.57 2062.69 2131.3 3.26 6.69 

8 0.3 400 1.4311 10 30 1564.55 1632.3 1721.3 4.33 10.02 

9 0.3 400 1.4311 10 60 489.4 512.1 631.9 4.64 29.12 

10 0.3 400 1.4311 15 15 2197.57 2262.7 2331.3 2.96 6.09 

11 0.3 400 1.4311 15 30 1764.55 1832.3 1921.3 3.84 8.88 

12 0.3 400 1.4311 15 60 689.4 712.1 831.9 3.29 20.67 

13 0.3 600 1.4301 10 15 2615.5 2693.44 2816.9 2.98 7.70 

14 0.3 600 1.4301 10 30 2073.49 2157.05 2331.3 4.03 12.43 

15 0.3 600 1.4301 10 60 734.2 755.4 789.2 2.89 7.49 

16 0.3 600 1.4301 15 15 2815.2 2891.6 3016.3 2.71 7.14 

17 0.3 600 1.4301 15 30 2273.1 2357.9 2530.2 3.73 11.31 

18 0.3 600 1.4301 15 60 931.1 955.2 984.1 2.59 5.69 

19 0.3 600 1.4311 10 15 2769.29 2831.05 2971.6 2.23 7.31 

20 0.3 600 1.4311 10 30 2220.92 2307.31 2460.9 3.89 10.81 

21 0.3 600 1.4311 10 60 910.2 953.9 1001.1 4.80 9.99 

22 0.3 600 1.4311 15 15 2969.3 3030.3 3169.5 2.05 6.74 

23 0.3 600 1.4311 15 30 2420.8 2507.3 2661.1 3.57 9.93 

24 0.3 600 1.4311 15 60 1111.1 1151.4 1199.8 3.63 7.98 

25 0.45 400 1.4301 10 15 2031.54 2085.78 2101.2 2.67 3.43 

26 0.45 400 1.4301 10 30 1606.98 1669.65 1689.3 3.90 5.12 

27 0.45 400 1.4301 10 60 483.9 495.2 511.4 2.34 5.68 

28 0.45 400 1.4301 15 15 2231.5 2285.4 2301.1 2.42 3.12 

29 0.45 400 1.4301 15 30 1804.6 1868.3 1889.8 3.53 4.72 

30 0.45 400 1.4301 15 60 681.8 717.9 732.4 5.29 7.42 

31 0.45 400 1.4311 10 15 2151.2 2205.41 2341.1 2.52 8.83 

32 0.45 400 1.4311 10 30 1719.15 1783.96 1823.4 3.77 6.06 

33 0.45 400 1.4311 10 60 512.1 555.8 675.4 8.53 31.89 

34 0.45 400 1.4311 15 15 2351.5 2400.4 2551.3 2.08 8.50 

35 0.45 400 1.4311 15 30 1919.2 1990.2 2024.1 3.70 5.47 

36 0.45 400 1.4311 15 60 721.3 751.9 871.6 4.24 20.84 

37 0.45 600 1.4301 10 15 2812.46 2877.99 2954.1 2.33 5.04 

38 0.45 600 1.4301 10 30 2253.47 2330.76 2453.2 3.43 8.86 

39 0.45 600 1.4301 10 60 789.2 812.3 839.3 2.93 6.35 

40 0.45 600 1.4301 15 15 3012.3 3071.4 3152.3 1.96 4.65 

41 0.45 600 1.4301 15 30 2453.1 2530.4 2652.9 3.15 8.14 

42 0.45 600 1.4301 15 60 988.1 1011.1 1034.8 2.33 4.73 
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43 0.45 600 1.4311 10 15 2964.33 3029.84 3079.5 2.21 3.89 

44 0.45 600 1.4311 10 30 2397.69 2474.66 2589.7 3.21 8.01 

45 0.45 600 1.4311 10 60 990.1 998.7 1041.7 0.87 5.21 

46 0.45 600 1.4311 15 15 3164.1 3229.7 3306.1 2.07 4.49 

47 0.45 600 1.4311 15 30 2594.3 2672.1 2783.8 3.00 7.30 

48 0.45 600 1.4311 15 60 1186.2 1198.2 1256.2 1.01 5.90 

        Mean 3.33 8.47 

 

4.3.10 Effect of Stainless-Steel Grade on Post fire Residual Strength 

 

Table 4-10: Effect of stainless steel grade on post fire residual strength 

C Independent Parameters Nup(KN) %D 

Nf D(mm) t(mm) CG Th(min) SSG 

1.4301 

SSG 

1.4311 

1 0.3 400 10 C30 15 1869.68 1997.57 6.84 

2 0.3 400 10 C30 30 1457.84 1564.55 7.32 

3 0.3 400 10 C30 60 451.2 489.4 8.47 

4 0.3 400 10 C37 15 1933.25 2062.69 6.70 

5 0.3 400 10 C37 30 1525.05 1632.3 7.03 

6 0.3 400 10 C37 60 476.1 512.1 7.56 

7 0.3 400 10 C105 15 1971.2 2131.3 8.12 

8 0.3 400 10 C105 30 1555.2 1721.3 10.68 

9 0.3 400 10 C105 60 488.9 631.9 29.25 

10 0.3 400 15 C30 15 2069.3 2197.57 6.20 

11 0.3 400 15 C30 30 1656.7 1764.55 6.51 

12 0.3 400 15 C30 60 650.3 689.4 6.01 

13 0.3 400 15 C37 15 2133.3 2262.69 6.07 

14 0.3 400 15 C37 30 1725.1 1832.3 6.21 

15 0.3 400 15 C37 60 677.2 712.1 5.15 

16 0.3 400 15 C105 15 2170.1 2331.3 7.43 

17 0.3 400 15 C105 30 1753.1 1921.3 9.59 

18 0.3 400 15 C105 60 688.4 831.9 20.85 

19 0.3 600 10 C30 15 2615.5 2769.29 5.88 

20 0.3 600 10 C30 30 2073.49 2220.92 7.11 

21 0.3 600 10 C30 60 734.2 910.2 23.97 

22 0.3 600 10 C37 15 2693.44 2831.05 5.11 

23 0.3 600 10 C37 30 2157.05 2307.31 6.97 

24 0.3 600 10 C37 60 755.4 953.9 26.28 

25 0.3 600 10 C105 15 2816.9 2971.6 5.49 

26 0.3 600 10 C105 30 2331.3 2460.9 5.56 

27 0.3 600 10 C105 60 789.2 1001.1 26.85 

28 0.3 600 15 C30 15 2815.2 2969.3 5.47 

29 0.3 600 15 C30 30 2273.1 2420.8 6.50 

30 0.3 600 15 C30 60 931.1 1111.1 19.33 

31 0.3 600 15 C37 15 2891.6 3030.3 4.80 
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32 0.3 600 15 C37 30 2357.9 2507.3 6.34 

33 0.3 600 15 C37 60 955.2 1151.4 20.54 

34 0.3 600 15 C105 15 3016.3 3169.5 5.08 

35 0.3 600 15 C105 30 2530.2 2661.1 5.17 

36 0.3 600 15 C105 60 984.1 1199.8 21.92 

37 0.45 400 10 C30 15 2031.54 2151.2 5.89 

38 0.45 400 10 C30 30 1606.98 1719.15 6.98 

39 0.45 400 10 C30 60 483.9 512.1 5.83 

40 0.45 400 10 C37 15 2085.78 2205.41 5.74 

41 0.45 400 10 C37 30 1669.65 1783.96 6.85 

42 0.45 400 10 C37 60 495.2 555.8 12.24 

43 0.45 400 10 C105 15 2101.2 2341.1 11.42 

44 0.45 400 10 C105 30 1689.3 1823.4 7.94 

45 0.45 400 10 C105 60 511.4 675.4 32.07 

46 0.45 400 15 C30 15 2231.5 2351.5 5.38 

47 0.45 400 15 C30 30 1804.6 1919.2 6.35 

48 0.45 400 15 C30 60 681.8 721.3 5.79 

49 0.45 400 15 C37 15 2285.4 2400.4 5.03 

50 0.45 400 15 C37 30 1868.3 1990.2 6.52 

51 0.45 400 15 C37 60 717.9 751.9 4.74 

52 0.45 400 15 C105 15 2301.1 2551.3 10.87 

53 0.45 400 15 C105 30 1889.8 2024.1 7.11 

54 0.45 400 15 C105 60 732.4 871.6 19.01 

55 0.45 600 10 C30 15 2812.46 2964.33 5.40 

56 0.45 600 10 C30 30 2253.47 2397.69 6.40 

57 0.45 600 10 C30 60 789.2 990.1 25.46 

58 0.45 600 10 C37 15 2877.99 3029.84 5.28 

59 0.45 600 10 C37 30 2330.76 2474.66 6.17 

60 0.45 600 10 C37 60 812.3 998.7 22.95 

61 0.45 600 10 C105 15 2954.1 3079.5 4.24 

62 0.45 600 10 C105 30 2453.2 2589.7 5.56 

63 0.45 600 10 C105 60 839.3 1041.7 24.12 

64 0.45 600 15 C30 15 3012.3 3164.1 5.04 

65 0.45 600 15 C30 30 2453.1 2594.3 5.76 

66 0.45 600 15 C30 60 988.1 1186.2 20.05 

67 0.45 600 15 C37 15 3071.4 3229.7 5.15 

68 0.45 600 15 C37 30 2530.4 2672.1 5.60 

69 0.45 600 15 C37 60 1011.1 1198.2 18.50 

70 0.45 600 15 C105 15 3152.3 3306.1 4.88 

71 0.45 600 15 C105 30 2652.9 2783.8 4.93 

72 0.45 600 15 C105 60 1034.8 1256.2 21.40 

       Mean 10.24 

 

Table 4.10 shows the effect of stainless-steel grade on post fire residual strength. The table 

shows when the stainless-steel grade increases from SSG 1.4301 to SSG 1.4311 the post fire 



68 

 

residual strength also increases 10% on average from the base value. This can be explained 

by stainless steel has a relatively better tendency to recover from the effect of elevated 

temperature. Thus, the higher the stainless-steel grade, the more it retains its strength after 

elevated temperature. 

 

4.3.11 Effect of Thickness of stainless steel tube on post fire residual strength 

 

Table 4.11 shows the effect of thickness of outer stainless-steel tube on post fire residual 

strength. The table shows when the thickness increases from 10mm to 15mm the post fire 

residual strength also increases 16% on average from the base value. This can be explained 

by the thicker the stainless steel tube, the CFSST section will have more stainless steel. Thus, 

as stainless steel has better behavior in recovering from the effect of high temperature. The 

more stainless steel the section has the more will be its post fire residual strength. 

 

4.3.12 Axial Deformation versus Time Relation for Fire Resistance Specimens 

 

Figures in the APPENDIX shows the axial deformation versus time relations for fire 

resistance specimens. The axial deformation versus time relations for all fire resistance 

specimens consist of three stages: expansion, gradual contraction and sharp contraction. The 

first stage is expansion which is a result of the expansion of stainless steel and concrete due 

to temperature. After the expansion reached the pick point, the columns exhibited gradual 

contraction which is a result of the degradation of material properties by temperature. Finally, 

the columns exhibited sharp contraction which is a result of the inability of the column to 

resist the applied load due to the severe deterioration of the material properties by high 

temperature. 

 

4.3.13 Axial Deformation versus Time Relation for Post Fire Specimens 

 

Figures in the APPENDIX shows the axial deformation versus time relation for post fire 

specimens. The axial deformation versus time relations for all post fire specimens consist of 

four stages: expansion, sharp contraction, gradual contraction and sudden contraction. The 

first stage is expansion which is a result of the thermal expansion of stainless steel and 

concrete. After the expansion reached the peak point, the columns exhibited sharp contraction 

which is a result of material degradation by temperature. And then the columns exhibited 
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gradual contraction which is a result of the recovery of material properties in the cooling 

phase. Finally, the columns exhibited sudden contraction which is a result of the sudden 

increment of applied load until the column failed to resist it. 

 

Table 4-11: Effect of thickness of stainless steel tube on post fire residual strength 

C Independent Parameters Nup(KN) %D 

Nf D(mm) SSG CG Th(min) t=10mm t=15mm 

1 0.3 400 1.4301 C30 15 1869.68 2069.3 10.68 

2 0.3 400 1.4301 C30 30 1457.84 1656.7 13.64 

3 0.3 400 1.4301 C30 60 451.2 650.3 44.13 

4 0.3 400 1.4301 C37 15 1933.25 2133.3 10.35 

5 0.3 400 1.4301 C37 30 1525.05 1725.1 13.12 

6 0.3 400 1.4301 C37 60 476.1 677.2 42.24 

7 0.3 400 1.4301 C105 15 1971.2 2170.1 10.09 

8 0.3 400 1.4301 C105 30 1555.2 1753.1 12.73 

9 0.3 400 1.4301 C105 60 488.9 688.4 40.81 

10 0.3 400 1.4311 C30 15 1997.57 2197.57 10.01 

11 0.3 400 1.4311 C30 30 1564.55 1764.55 12.78 

12 0.3 400 1.4311 C30 60 489.4 689.4 40.87 

13 0.3 400 1.4311 C37 15 2062.69 2262.69 9.70 

14 0.3 400 1.4311 C37 30 1632.3 1832.3 12.25 

15 0.3 400 1.4311 C37 60 512.1 712.1 39.05 

16 0.3 400 1.4311 C105 15 2131.3 2331.3 9.38 

17 0.3 400 1.4311 C105 30 1721.3 1921.3 11.62 

18 0.3 400 1.4311 C105 60 631.9 831.9 31.65 

19 0.3 600 1.4301 C30 15 2615.5 2815.2 7.64 

20 0.3 600 1.4301 C30 30 2073.49 2273.1 9.63 

21 0.3 600 1.4301 C30 60 734.2 931.1 26.82 

22 0.3 600 1.4301 C37 15 2693.44 2891.6 7.36 

23 0.3 600 1.4301 C37 30 2157.05 2357.9 9.31 

24 0.3 600 1.4301 C37 60 755.4 955.2 26.45 

25 0.3 600 1.4301 C105 15 2816.9 3016.3 7.08 

26 0.3 600 1.4301 C105 30 2331.3 2530.2 8.53 

27 0.3 600 1.4301 C105 60 789.2 984.1 24.70 

28 0.3 600 1.4311 C30 15 2769.29 2969.3 7.22 

29 0.3 600 1.4311 C30 30 2220.92 2420.8 9.00 

30 0.3 600 1.4311 C30 60 910.2 1111.1 22.07 

31 0.3 600 1.4311 C37 15 2831.05 3030.3 7.04 

32 0.3 600 1.4311 C37 30 2307.31 2507.3 8.67 

33 0.3 600 1.4311 C37 60 953.9 1151.4 20.70 

34 0.3 600 1.4311 C105 15 2971.6 3169.5 6.66 

35 0.3 600 1.4311 C105 30 2460.9 2661.1 8.14 

36 0.3 600 1.4311 C105 60 1001.1 1199.8 19.85 

37 0.45 400 1.4301 C30 15 2031.54 2231.5 9.84 
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38 0.45 400 1.4301 C30 30 1606.98 1804.6 12.30 

39 0.45 400 1.4301 C30 60 483.9 681.8 40.90 

40 0.45 400 1.4301 C37 15 2085.78 2285.4 9.57 

41 0.45 400 1.4301 C37 30 1669.65 1868.3 11.90 

42 0.45 400 1.4301 C37 60 495.2 717.9 44.97 

43 0.45 400 1.4301 C105 15 2101.2 2301.1 9.51 

44 0.45 400 1.4301 C105 30 1689.3 1889.8 11.87 

45 0.45 400 1.4301 C105 60 511.4 732.4 43.21 

46 0.45 400 1.4311 C30 15 2151.2 2351.5 9.31 

47 0.45 400 1.4311 C30 30 1719.15 1919.2 11.64 

48 0.45 400 1.4311 C30 60 512.1 721.3 40.85 

49 0.45 400 1.4311 C37 15 2205.41 2400.4 8.84 

50 0.45 400 1.4311 C37 30 1783.96 1990.2 11.56 

51 0.45 400 1.4311 C37 60 555.8 751.9 35.28 

52 0.45 400 1.4311 C105 15 2341.1 2551.3 8.98 

53 0.45 400 1.4311 C105 30 1823.4 2024.1 11.01 

54 0.45 400 1.4311 C105 60 675.4 871.6 29.05 

55 0.45 600 1.4301 C30 15 2812.46 3012.3 7.11 

56 0.45 600 1.4301 C30 30 2253.47 2453.1 8.86 

57 0.45 600 1.4301 C30 60 789.2 988.1 25.20 

58 0.45 600 1.4301 C37 15 2877.99 3071.4 6.72 

59 0.45 600 1.4301 C37 30 2330.76 2530.4 8.57 

60 0.45 600 1.4301 C37 60 812.3 1011.1 24.47 

61 0.45 600 1.4301 C105 15 2954.1 3152.3 6.71 

62 0.45 600 1.4301 C105 30 2453.2 2652.9 8.14 

63 0.45 600 1.4301 C105 60 839.3 1034.8 23.29 

64 0.45 600 1.4311 C30 15 2964.33 3164.1 6.74 

65 0.45 600 1.4311 C30 30 2397.69 2594.3 8.20 

66 0.45 600 1.4311 C30 60 990.1 1186.2 19.81 

67 0.45 600 1.4311 C37 15 3029.84 3229.7 6.60 

68 0.45 600 1.4311 C37 30 2474.66 2672.1 7.98 

69 0.45 600 1.4311 C37 60 998.7 1198.2 19.98 

70 0.45 600 1.4311 C105 15 3079.5 3306.1 7.36 

71 0.45 600 1.4311 C105 30 2589.7 2783.8 7.50 

72 0.45 600 1.4311 C105 60 1041.7 1256.2 20.59 

       Mean 16.62 

 

 

4.4 Comparison of this Study’s Findings with Other Research Findings in terms of 

Fire Resistance 

 

In this section, three design guidelines for fire resistance of CFSST columns are compared 

with this study’s findings. The first design guideline is the model provided by Kodur (2007) 
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which is explained in detail on section (2.5.3.1). The second guideline is the tabulated data 

provided by  EN 1994-1-2 (2005) which is explained in detail on section (2.5.3.3). The third 

guideline is the design table provided by Han et al. (2013) which is explained in detail on 

section (2.5.3.2). As you can see from table (Table 4.12) Kodur’s model and Eurocode 

underestimate the fire resistance on the other hand Han et al model is somewhat closer to this 

study’s findings. The reason for the underestimation of Kodur’s model may be attributed to 

the factor considered in account of the type of concrete filling, the type of aggregate used, but 

this needs to be verified with further research. The reason for the underestimation of the 

Eurocode tabulated design guideline may be due to the conservative approach of the model 

which means it didn’t consider parameters other than load level and diameter. Han et al 

model matches well with this study’s findings because most of the material models used in 

the numerical model were somewhat similar with the material models used in this study. 

 

Table 4-12: Comparison of different literatures in terms of fire resistance 

C Independent Parameters FR(min) 

Nf D 

(mm) 

SSG t(mm) CG This 

study 

kodur Han et al Euro

code 

1 0.3 400 1.4301 10 C30 91.80 72 102 60 

2 0.3 400 1.4301 10 C37 90.20 69 102 60 

3 0.3 400 1.4301 10 C105 83.10 67 102 60 

4 0.3 400 1.4301 15 C30 88.10 73 102 60 

5 0.3 400 1.4301 15 C37 86.70 68 102 60 

6 0.3 400 1.4301 15 C105 78.30 63 102 60 

7 0.3 400 1.4311 10 C30 101.80 81 102 60 

8 0.3 400 1.4311 10 C37 99.80 77 102 60 

9 0.3 400 1.4311 10 C105 91.10 79 102 60 

10 0.3 400 1.4311 15 C30 99.80 84 102 60 

11 0.3 400 1.4311 15 C37 98.50 82 102 60 

12 0.3 400 1.4311 15 C105 89.10 80 102 60 

13 0.3 600 1.4301 10 C30 115.20 - 121 - 

14 0.3 600 1.4301 10 C37 114.30 - 121 - 

15 0.3 600 1.4301 10 C105 103.20 - 121 - 

16 0.3 600 1.4301 15 C30 113.20 - 121 - 

17 0.3 600 1.4301 15 C37 112.90 - 121 - 

18 0.3 600 1.4301 15 C105 101.10 - 121 - 

19 0.3 600 1.4311 10 C30 125.30 - 121 - 

20 0.3 600 1.4311 10 C37 124.80 - 121 - 

21 0.3 600 1.4311 10 C105 115.20 - 121 - 

22 0.3 600 1.4311 15 C30 123.10 - 121 - 
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23 0.3 600 1.4311 15 C37 123.40 - 121 - 

24 0.3 600 1.4311 15 C105 115.10 - 121 - 

25 0.45 400 1.4301 10 C30 72.50 57 84 60 

26 0.45 400 1.4301 10 C37 70.30 55 84 60 

27 0.45 400 1.4301 10 C105 64.30 51 84 60 

28 0.45 400 1.4301 15 C30 70.30 60 84 60 

29 0.45 400 1.4301 15 C37 69.90 59 84 60 

30 0.45 400 1.4301 15 C105 60.40 51 84 60 

31 0.45 400 1.4311 10 C30 81.90 69 84 60 

32 0.45 400 1.4311 10 C37 79.90 66 84 60 

33 0.45 400 1.4311 10 C105 70.30 53 84 60 

34 0.45 400 1.4311 15 C30 80.20 61 84 60 

35 0.45 400 1.4311 15 C37 79.10 64 84 60 

36 0.45 400 1.4311 15 C105 68.30 57 84 60 

37 0.45 600 1.4301 10 C30 83.40 - 91 - 

38 0.45 600 1.4301 10 C37 82.70 - 91 - 

39 0.45 600 1.4301 10 C105 74.50 - 91 - 

40 0.45 600 1.4301 15 C30 82.40 - 91 - 

41 0.45 600 1.4301 15 C37 81.10 - 91 - 

42 0.45 600 1.4301 15 C105 72.40 - 91 - 

43 0.45 600 1.4311 10 C30 94.50 - 91 - 

44 0.45 600 1.4311 10 C37 93.90 - 91 - 

45 0.45 600 1.4311 10 C105 84.10 - 91 - 

46 0.45 600 1.4311 15 C30 93.10 - 91 - 

47 0.45 600 1.4311 15 C37 92.50 - 91 - 

48 0.45 600 1.4311 15 C105 83.70 - 91 - 
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5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

 

The objective of this thesis is to numerically investigate fire and post fire behavior of CFSST 

columns under multi-phase fire and axial load conditions. A finite element model was 

established in order to simulate the fire and post fire behavior of CFSST columns. Existing 

test data from literature were used to validate the accuracy of the finite element model. 

Comparison between the test results and the finite element analysis results shows the finite 

element model’s accuracy was acceptable. Accordingly, further parametric study was 

conducted on fire and post fire behavior of CFSST columns subjected to multi-phase fire and 

loading conditions by considering different parameters. The parameters considered were load 

level, heating time, stainless steel grade, concrete grade, thickness and diameter of stainless 

steel tube. Out of this parameters diameter, load level and stainless steel grade have 

significant effect on fire resistance. However, concrete grade and thickness have negligible 

effect on fire resistance. Diameter, thickness and heating time have significant influence, 

while load level and stainless steel grade have moderate influence on post fire residual 

strength. However, concrete grade has negligible influence on post fire residual strength. 

Based on the results of this numerical study, the following conclusions can be drawn: 

 

1) As the load level increases from Nf=0.3 to Nf=0.45, the fire resistance decreases by 

24% and the post fire residual strength increases by 7%.  

2) As the heating time increase from 15min to 30min, the post fire residual strength 

decreases by 19%.  

3) As the heating time increase from 15min to 60min, the post fire residual strength 

decreases by 69%. 

4) As the grade of stainless-steel increases from SSG 1.4301 to SSG 1.4311, the fire 

resistance and the post fire residual strength increases by 12% and 10% respectively. 

5) As the concrete grade increases from C30 to C37, the fire resistance decreases by 1% 

and the post fire residual strength increases by 3%. 

6) As the concrete grade increases from C30 to C105, the fire resistance decreases by 

11% and the post fire residual strength increases by 8%. 
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7) As the diameter of stainless-steel tube increases from 400mm to 600mm, the fire 

resistance and the post fire residual strength increases by 22% and 45% respectively. 

8) The axial deformation has three stages on fire resistance specimens: expansion, 

gradual contraction and sharp contraction. 

9) The axial deformation has four stages on post fire specimens: expansion, sharp 

contraction, gradual contraction and sudden contraction. 

 

5.2 Recommendations 

 

The following recommendations are provided for further study: 

 

1) Further research is required to see the effect of eccentric loading and lateral loads on 

fire and post fire behavior of CFSST columns 

2) Based on this and other studies and by doing extensive finite element analysis one can 

come up with analytical model for post fire residual capacity 

3) Further research is needed to see the effect of slenderness ratio on fire and post fire 

behavior of CFSST columns 

4) Further research is needed to investigate the effect of using Reinforced concrete 

instead of plain concrete for the in filled concrete 
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APPENDIX 

 

AXIAL DEFORMATION VERSUS TIME FOR FIRE RESISTANCE SPECIMENS 
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AXIAL DEFORMATION VERSUS TIME RELATION FOR POST FIRE 

SPECIMENS 
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