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ABSTRACT 

In the modern world, there are severe constraints on building space. The skyrocketing prices of 

land and construction equipments have fuelled the movement of the construction industry to-

wards high-rise buildings. There is also a need for more space for thoroughfare, which has led 

to the need for smaller cross-sectional sizes in columns. These new demands have researchers 

to innovate and develop new construction methods to satisfy these requirements. 

Concrete Filled Steel Tubular Columns (CFT) have slowly begun to emerge as an alternative to 

the traditional construction practices. Over the last two decades, CFT columns have been used 

in many tall structures and bridges all over the world. These columns are constructed by filling 

the hollow volume of steel tubes with concrete. A composite section such as CFT provides the 

advantages of both its constituents. Concrete imparts Compressive strength and stiffness while 

steel tube improves the tensile strength and ductility. The composite action between steel tube 

and concrete affords many other benefits like improved seismic resistance and reduction in 

member sizes. 

The present study investigates the behaviour of different types of Concrete Filled Steel Tubular 

Columns. Three different core configurations, namely concrete filled single steel tube (CFST), 

Concrete filled Double steel tube (CFDST) and Reinforced Concrete filled steel tube (RCC-

CFST) of such columns were investigated. The Double Skin consisted of a hollow steel tube (of 

smaller diameter) inside an outer steel tube. The annulus between the two tubes was filled with 

concrete. The RCC-CFST specimens were designed by redistribution of total area of steel. This 

was achieved by replacing a steel tube of higher wall thickness with a steel tube of lower wall 

thickness. The difference in area of steel between the two cross-sections was supplied by tradi-

tional longitudinal reinforcement. This allowed the author to investigate the difference in beha-

vior of tubular columns having same area of steel but different core configurations, i.e. CFST 

and RCC-CFST. 

A total of 81 experimental specimens were tested in this work. Three different cross-sectional 

shapes which include circular, square and rectangular were used for every core configuration. 

Lengths, thicknesses and cross-sectional dimensions were also varied for individual specimens 

of each shape. Structural response of different cross-sectional shapes was studied and the re-

sults of all tested specimens were compared. The variations in load carrying capacity, mode of 

deformation and ductility with respect to core configuration, cross-sectional shape, thickness of 

steel tubes and length of the specimens were investigated and reported.   
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The strength of the specimens obtained from experimental investigations was compared with 

the nominal load capacity obtained by direct summation of plastic strengths of the constituent 

materials. Increase in strength (over the nominal capacity) was reported for all tested speci-

mens.  The peak enhancement in strength of circular specimens was observed in RCC-CFST 

specimens, whereas the CFST single skin specimens showed the maximum enhancement in 

square and rectangular columns. 

The primary mode of deformation of the composite column was observed as the local buckling 

of steel tube accompanied by the crushing of concrete core. Breakage of bond was observed 

between steel and concrete at location of local buckling, leading to loss of confinement. Local 

buckling of circular specimens was initiated by yielding of steel tube followed by crushing of 

adjoining concrete core near the mid height in general and extended to the ends of the speci-

mens 

From the experimental studies on ductility, it was concluded that the circular specimens 

showed predominantly strain hardening behaviour, while the square and rectangular specimens 

showed strain softening characteristics. The maximum ductility in circular specimens was ob-

served in CFST specimens. On the other hand, RCC-CFST columns showed higher ductility in 

square and rectangular columns. 

The experimental investigations on effect of increase in length of specimens showed that 

strength and ductility decrease with increase in length of specimens. The decrease in ductility 

was more in samples with higher thickness of steel tube.  

The experimental studies on the redistribution of area of steel using longitudnal reinforcing 

bars as compensation for steel tube showed encouraging results for circular specimens. It was 

noted that for the circular specimens, it was feasible to replace a tube of higher thickness with a 

tube of lower thickness (and rebars) while maintaining the strength and ductility. However, loss 

of ductile behaviour and strength was reported in RCC-CFST square and rectangular speci-

mens.  

Eight International Codes were used to evaluate the theoretical axial load capacities of tested 

specimens. The results showed that Canadian Code (S016) and Chinese Code (CECS) give the 

best estimate for strength of circular specimens. On the other hand, Chinese Codes GJB and 

CECS gave the closest approximations for square and rectangular columns respectively. 
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Numerical simulations were performed for all the tested specimens. Three-dimensional nonli-

near finite element models were prepared for all the specimens in the commercial FE software 

ABAQUS 6.8. The details of the modeling procedure and simulation of contact behaviour be-

tween steel and concrete are explained in detail. The numerical models were validated with fif-

ty-four single skin specimens (circular, square and rectangular) selected from the literature. The 

proposed numerical model was then successfully extended to simulation of Double Skin and 

Reinforced CFST columns of different cross-sectional shapes and lengths.  

A new concept of study of confinement pressure was introduced for the circular CFST speci-

mens. Using the results from numerical simulation, an attempt was made to calculate the lateral 

confining pressure for circular specimens using ABAQUS. The numerically obtained values 

pressure were then compared with value of lateral confining calculated using theoretical ma-

terial model from literature. It was seen that the confining pressure for short columns from nu-

merical simulations matched well with the corresponding values from theoretical model. How-

ever, the theoretical model was found to overestimate the confinement pressure for composite 

columns of higher lengths. 

At the end, an attempt was also made to calculate the strains induced during the actual experi-

mental process, using a new technique known as Digital Image Correlation (DIC). A typical 

circular specimen was tested and analyzed using this process. The experimental strains were 

compared with strain values for the same from ABAQUS at specific locations. It was noticed 

that the values from numerical simulations agreed acceptably with the experimental (DIC) val-

ues. 
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    CHAPTER ONE 

1. INTRODUCTION 

1.1. GENERAL 

Advances in construction materials and technologies go hand in hand with infrastructure 

development. Many years ago, steel and RCC framed structures replaced masonry 

structures as multi-storeyed buildings became more common. New types of concrete, 

namely high performance and high strength concrete were developed to improve the 

strength and performance of reinforced concrete construction as compared to steel 

structures. Further research has resulted in the advent of two new types of steel-concrete 

composite sections, first being a concrete section with rolled steel sections embedded 

inside and the second a hollow steel tube filled with concrete.  

1.2 COMPOSITE STRUCTURES 

The use of steel tubular members has gained prominence in civil engineering 

constructions in the last few decades. However, local and global instability do not allow 

the steel tubular members to realize their full plastic cross-sectional capacity. One of the 

possible ways to improve the stability of the tubular members is to fill the hollow tube 

with materials like concrete. A composite section made of these two materials combines 

the benefits of both the materials. The concrete provides compressive strength and 

stiffness while steel gives tensile strength and ductility. Further, better performance 

against imposed loads due to wind and earthquakes make these sections attractive for use 

as composite columns in high-rise buildings. Such members generally need a smaller 

cross-sectional size than corresponding RC columns, thereby also satisfying the 

requirements of more flexibility in floor area.  

Two types of composite columns are being commonly used in the framed structures 

(Shanmugam and Lakshmi, 2001); composite members in which the steel sections are 

enclosed in concrete (Figure 1.1 (a), referred to as Steel Reinforced Concrete (SRC)) and 

hollow steel tubes filled with concrete, better known as Concrete Filled Steel Tube 

(CFST; Figure 1.1 (b)). 
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(a) Steel Reinforced Concrete (SRC) column cross-sections 

 

 

 (b) Concrete Filled Steel Tubular (CFST) column cross-sections 

              Figure 1.1 Common cross-sections for composite columns 

SRC columns consist of external concrete, longitudinal reinforcing bars, ties to restrain 

these bars and an embedded steel section. These composite columns are widely employed 

in construction of seismic resistant structures. The outer concrete section is susceptible to 

cracking under heavy flexural loads imposed by earthquake action. This may reduce 

overall section stiffness. However, steel core carries the additional lateral shear forces and 

improves the ductile response of the composite members. (Shams and Saadeghvaziri, 

1997).  

CFST columns are composed of concrete filled inside an empty steel tube. The interaction 

between steel tube and concrete core makes the CFST column system a cost effective and 

efficient member in structural applications. Hence, CFST columns are being successfully 

used around the world in bridge piers, bridge girders, high-rise buildings and arch 

bridges. Moreover, CFST columns also allow some unique “architectural expressions”, 

since they can be constructed easily (Baidya et al., 2012).  

1.3 APPLICATIONS OF CFST  

In general, peripheral columns in high-rise buildings experience higher stresses as 

compared to internal core columns and walls. Owing to their higher load resistance, 

CFST columns have been used as external columns in many tall buildings all around the 

world (Baidya et al., 2012). Some of these are summarized below: 
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Name of the 

Building 

Location No. of 

Storeys/ 

Building 

Height 

Compressive 

strength of 

Concrete 

(MPa) 

Special 

Features, if 

any 

Reference 

International 

Labor 

Organization 

Geneva NA NA NA 

Shams and 

Saadeghvaziri, 

1997 

Casselden Place Melbourne 43 storey 80 NA 

Shams and 

Saadeghvaziri, 

1997 

Two Union 

Square 
Seattle 57 storey 130 NA 

Shams and 

Saadeghvaziri, 

1997 

Commerzbank Frankfurt 
63 storey/ 

300 m high 
NA 

Triangular 

CFST 

columns 

Uy, 1998-a 

Shimizu high-

rise building 
Tokyo 550 m high NA 

Circular 

CFST 

columns 

Uy, 1998-a 

Queensbury 

House 
London 6 storey NA 

Double Skin 

(tube in tube 

Hicks et al., 

2002 

A few other applications of CFST are given below: 

� External CFST columns have been provided on each longitudinal face of the 

building inside Fleet Place House, London (8-storey high) office block. The 

building has clear spans on the inside (Hicks et al., 2002). 
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� Peckham Library, London uses slender CFST columns to give a striking 

appearance (Hicks et al., 2002). 

� Maupre Valley Viaduct, Charolles, France is a seven span viaduct with a total 

span of 324 meters and individual spans of upto 53.5 metres long. Inclined 

corrugated webs form a triangular section with the concrete deck, and connect to a 

610mm steel tube at their lower edge. The tube is filled with concrete to improve 

stability of the tube and help distribute the support reactions (Fichier: Diapos 

ESDEP Anglais, Slides and Commentary).  

� Sainsbury's, Camden Town, London, is a 43 m wide shopping mall spanned by 

curved steel towers at 7.2 metres centre to centre, which are further supported on 

T-shaped towers. The towers consist of tubular steel columns filled with concrete 

(Fichier: Diapos ESDEP Anglais, Slides and Commentary). 

� Banque Nationale de Paris, France, has 12 A-shaped frames, 4 on each side, 

supporting girders over a span of 20 m. The A-frames consist of I-section filled 

with concrete (Fichier: Diapos ESDEP Anglais, Slides and Commentary).  

� Bank of China, Hong Kong, is a 369 m high building, with different plan form at 

different levels. The whole structure is supported by just 4 large corner columns of 

composite construction connected together by giant diagonals in the form of 

concrete filled steel box members (Fichier: Diapos ESDEP Anglais, Slides and 

Commentary).  

� Hundreds of Arch Bridges of different spans and types in China use CFST 

columns (Chen and Wang, 2009).  

Figure 1.2 shows the photographs of some of the structures discussed above. 
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         Figure 1.2 Constructed Structures for CFST members from different countries 
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1.4 BENEFITS OF CFST COLUMNS  

The composite action between steel tube and concrete core is the key to the enhanced 

properties of CFST columns as compared to equivalent reinforced concrete columns, steel 

columns and SRC columns (Gourley et al., 2008; Shams and Saadeghvaziri, 1997).  

Structural benefits of CFST  

Due to interaction between steel and concrete, CFST offers combined structural 

advantages of steel and concrete. 

The presence of steel in the cross-section of CFST member gives many distinct 

advantages: 

• Steel confines the concrete core which significantly increases the tensile strength and 

bending resistance due to higher section modulus of the section since the steel is now 

placed at the periphery (farthest from the centre). The confinement also enhances the 

compressive strength, corresponding strain and ductility of the concrete core. 

• Steel tube helps to mitigate the large brittleness inherent in high strength concrete, 

when such concrete is used as infill for CFST.  

• Since the elastic modulus of steel is approximately 8-10 times that of concrete, the 

presence of steel tube improves the stiffness of CFST member  

Filling core of the CFST member with concrete also gives many benefits:  

• Concrete core stops the inward buckling and delays the local buckling of steel tube. 

This allows the steel tube to withstand substantially larger deformation relative to 

that of hollow section.  

• Concrete adds axial and flexural stiffness to the steel tube so that the axial and 

flexural strength are enhanced without increasing the outer dimensions of the 

columns. 

• Since the steel tube acts as an outer cover, drying shrinkage and creep of concrete are 

considerably reduced as compared to ordinary reinforced concrete. 
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Economic benefits of CFST 

• As compared to steel columns, the composite sections may require thinner steel 

sections without local buckling because the concrete core would force all buckling 

modes outward. (Uy, 1998-b). 

• The need for transverse reinforcement in the form of ties or spirals is eliminated as 

compared with reinforced concrete columns. 

• It is possible to erect the steel tube columns for many stories as the erection process 

is independent of concrete curing time. This allows for speedy construction process  

• Since the steel tube acts as formwork for the infill concrete, considerable savings in 

construction materials can be obtained. Thus cost of formworks and the cost of labor 

charges for formworks shall be saved. 

• Higher load carrying capacity due to the confinement effect results in smaller cross-

sectional sizes, thus allowing more usable floor area, especially with circular CFST. 

1.5 OBJECTIVE AND SCOPE OF THE PRESENT STUDY 

The present research work primarily intends to study, explore and compare the behavior 

of CFST columns for different geometries, dimensions and core configurations. It has 

been observed that there is a distinct lack of studies on CFDST and RCC-CFST columns. 

Further, the effect of slenderness ratio on the response of CFST columns of different core 

configurations is an area completely untouched by researchers. The major objectives of 

this study are thus three-fold: 

1. To generate a database of experimental results for CFST columns of various core 

configurations, such as Double skin CFST (CFDST) and Reinforced Concrete CFST 

(RCC-CFST).  The effect of slenderness ratio, diameter (or width) – to - thickness ratio 

and cross-sectional shapes on such columns has also been studied. 

2.  To prepare a numerical model capable of representing the elastic and post-peak 

behavior of above mentioned CFST columns. For this purpose, a three dimensional 

nonlinear finite element model has been proposed using ABAQUS (ABAQUS 6.8, 2008) 

and validated with results from literature. The model has then been used to simulate and 

verify the response of experimentally tested specimens. 
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3.  To study the variation of lateral confining pressure provided by steel to concrete across 

the height of the compression specimen. The existing models assume a constant 

confinement pressure for CFST columns irrespective of column length or core 

configuration. The numerical model proposed in point 2 has been used to obtain and 

study the changes in confining pressure along the sample length as well as with respect to 

slenderness ratio and core configurations. 

1.6 METHODOLOGY OF THE STUDY 

In the present research work, experimental and numerical studies have been performed 

for understanding the concrete filled steel tube columns. In these investigations, steel 

tubes of different geometries and cross-sections filled with normal strength concrete have 

been utilized. Three different cross-sectional shapes are investigated: 

• Circular cross-section columns 

• Square cross-section columns 

• Rectangular cross-section columns 

Three different core configurations are considered for each cross-sectional shape: 

• Concrete filled steel tube (CFST) 

• Concrete filled double steel tube (CFDST) 

• Reinforced concrete filled steel tube (RCC-CFST) 

Cross-sectional dimensions, thicknesses and length of tubes are also varied for every 

cross-sectional shape and core configuration. 
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1.7 ORGANIZATION OF THE THESIS 

The thesis is presented in a planned sequence for easy understanding. The topics are 

presented in eight chapters: 

Chapter One gives a brief idea about the composite members, their applications and 

advantages. A brief idea of the objective and methodology of the research work is also 

given. 

Chapter Two covers detailed review of the available literature concerning concrete filled 

steel tubular (CFST) columns of various geometries and dimensions. 

Chapter Three describes the details of experimental programs and material properties. 

Different testing procedures and data collection methods are also explained. 

Chapter Four explains the Finite Element model used for modeling CFST columns with 

different cross-sections. The chapter also provides validation of the proposed model with 

wide range of experimental results chosen from available literature. 

Chapter Five describes the results of experimental and numerical investigations on 

CFST specimens having circular cross-sections and three different core configurations 

(CFST, RCC-CFST and CFDST). The experimental results are further compared with 

recommendations for calculation of load carrying capacity using eight International 

codes. This chapter also presents a numerical study on the confinement pressure provided 

by steel tube to the concrete core. A new technique called Digital Image Correlation to 

estimate the strain distribution of the CFT during actual experimental test has also been 

discussed briefly. 

Chapter Six covers the results of experimental and numerical investigations on CFST 

specimens having square cross-sections and three different core configurations (CFST, 

RCC-CFST and CFDST). The experimental results are further compared with 

recommendations for calculation of load carrying capacity using seven International 

codes.  

Chapter Seven presents the results of experimental and numerical investigations on 

CFST specimens having rectangular cross-sections and three different core configurations 

(CFST, RCC-CFST and CFDST). The experimental results are further compared with 
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recommendations for calculation of load carrying capacity using seven International 

codes.  

Chapter Eight shows a comparison of experimental and numerical results of all CFST 

columns illustrated in Chapters Five, Six and Seven. This chapter presents the major 

conclusions drawn from this thesis. Finally, the major contributions of these 

investigations and scope for future are also covered. 
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    CHAPTER TWO 

1. REVIEW OF LITERATURE 

2.1 GENERAL 

Space constraints and high cost of land have fuelled the movement towards high rise multi-storied 

construction in past few years. Most commercial structures nowadays demand higher floor area, 

which implies the need for smaller column size. This has resulted in intensive research efforts to 

improve the strength and performance of concrete as a construction material (Natarajan and 

Srividya, 2005); it is still being conducted in various parts of the world (Jaafar et al., 2002; Sofi et 

al., 2007; Alhozaimy et al., 2012-b; Laskar and Talukdar, 2008-a; Laskar and Talukdar, 2008-b; 

Laskar and Talukdar, 2008-c).Efforts are also being made to make the process of making concrete 

more eco-friendly(Wu et al., 2010; Raman et al., 2011; Ramesh et al., 2012) by replacing cement 

with supplementary cementitious materials (Natarajan, 2005; Ramesh et al., 2010; Ramesh et al., 

2012; Alhozaimy et al., 2012-a), with recycled concrete being the frontrunner in this field (Yang et 

al., 2006; Yang et al., 2008) 

Research on behavior of RC and steel structures is also going on continuously. While some of the 

researchers carried out studies on full scale structural systems (Balendra, 1983; Menon and Reddy, 

1998; Menon, 2001; Thanoon et al., 2004-b; Rai and Prasad, 2005-a; Rai and Prasad, 2005-b; Rai 

et al., 2006; Gao et al., 2013), many others studied performance of isolated structural elements in 

detail (Thanoon et al., 2004-a; Revathi and Menon, 2005; Borsaikia et al., 2006; Natarajan and 

Shifana Fatima, 2007; Ganesh et al., 2010; Chakrabarti et al., 2012-a; Chakrabarti et al., 2012-b; 

Chakrabarti et al., 2013-a; Chakrabarti et al., 2013-b). Many investigations have also been 

performed for improving the seismic response of structures (Agrawal, 2003; Dasgupta et al., 2003; 

Agrawal and Chourasia, 2005).  

The unique properties of CFST members have drawn the attention of many researchers during last 

few decades. As a result, their behavior has been investigated through experimental, numerical and 

analytical methods throughout the world. The first recorded use of CFST member as columns was 

in 1901. Steel tubes were filled with concrete to prevent corrosion of inner surface of tubes.  
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2.2 MECHANISM AND COMPOSITE ACTION  

Gardner and Jacobson (1967) presented a detailed insight into the behaviour of short CFST 

columns. The authors explained the basic mechanism of failure of such columns. In the early 

stages of loading, Poisson’s ratio of steel is greater than that of concrete. The steel tube thus 

expands radially outwards more than concrete; consequently, the steel tube does not restrain the 

concrete. Hence, the initial circumferential hoop stress developed in steel tube is compressive and 

the concrete is under lateral tension. As the load is increased, micro cracks start developing in 

concrete. The Poisson’s ratio of the concrete core exceeds that of the steel. After this point, the 

steel tube restrains the concrete core and the hoop stress in steel tube become tensile. At this stage 

of loading, the concrete core and steel tube undergo triaxial state of stress and steel tube offers 

confinement to the concrete core. This reduces the yield stress of steel tube in the circumferential 

direction (hoop stress) and lowers the confining pressure on the concrete. Hence, there is a load 

transfer from steel tube to concrete core, because the steel tube cannot sustain the yield stress 

longitudinally in the presence of hoop tension (Gourley et al., 2008). 

Gardner and Jacobson (1967) calculated the hoop stress developed in steel tube as: 

f� = ����
��  f	                             (2.1) 

where f� is tensile hoop stress generated in steel tube and D and t are outer diameter and thickness 

of steel tube, respectively. 

Richart et al. (1928) found that longitudinal compressive strength of confined concrete increases in 

direct proportion to the lateral confining pressure. A formula was proposed for calculating the 

equivalent compressive strength of confined concrete:   

f′�� =  f′� + k�. f	                             (2.2) 

where f′�� is compressive strength of the confined concrete, and k� is an empirical confinement 

factor was determined experimentally to be about 4.1.  

Gardner and Jacobson (1967) tested stub CFST columns in different loading conditions to study 

the effect of loading condition on the mechanism of failure. The specimens were tested in 

compression where (i) steel tube was loaded alone, (ii) concrete core was loaded alone and (iii) 
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both steel and concrete were loaded simultaneously. It was expected that for concrete core loaded 

specimens, steel tube does not carry any longitudinal stresses (as in case of spirally reinforced 

concrete columns). Thus, such loading condition of the composite column idealizes the use of the 

steel tube to provide confining pressure for the concrete core only. However, experimental results 

showed that longitudinal stress was also developed in steel tube. Such behaviour indicated that 

there was a bond between steel tube and concrete core. This bond induces a triaxial state of stress 

in steel tube which significantly reduces the yield stress. On the other hand, the load carrying 

capacity for the steel tube only loaded samples was quite close to that of hollow steel tube. 

Furlong (1967) concluded on the basis of experimental study that steel tube and concrete core may 

carry the load separately till 90% of the load carrying capacity of the composite member. The 

author suggested that Poisson's ratio of plain concrete is lower than that of steel tube up to 

longitudinal strain of 0.001. Thus, it is expected that the lateral expansion of two materials may 

cause separation between the steel tube and concrete core. Micro cracking of concrete occurs at 

strain above 0.001. Poisson's ratio of the concrete core approaches that of steel and confinement 

may occur corresponding to strain 0.002. 

Knowles and Park (1970) reported that the volume of concrete core decreases during initial 

loading stage. The decrease in volume was generally observed to occur until 95.4% of the peak 

load carrying capacity (on average) and a corresponding longitudinal strain of 0.002. Beyond this 

stage, the volume of the concrete core was found to increase, thereby resulting in confinement of 

concrete core from the steel tube. 

Hatzigeorgiou (2008) proposed an empirical formula for calculating the hoop stress (f�) as: 

��
�� = exp�ln (D t) + ln�f�� − 11⁄ #  ≤ 1.0                         (2.3) 

The author proposed separate formulae for calculating the yield stress of steel tube in tension (f��) 
and in compression (f��): 

f�� = 0.5 'f� + (4f�� − 3f��+                          (2.4) 
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f�� = 0.5 'f� − (4f�� − 3f��+                          (2.5) 

2.3 STIFFNESS  

Furlong (1967) studied experimentally the axial and flexural stiffness of circular and square CFST 

columns and beam columns. Neglecting bond between steel tube and concrete core, the author 

suggested the following formulas: 

AE eff = Ac Ec + As Es                            (2.6) 

E I eff = Ec Ic + Es Is                            (2.7) 

Where AEeff and EIeff are effective axial and flexural stiffness of composite section, respectively, 

Ec and Es are modulus of elasticity of concrete and steel, respectively. For predicting the critical 

buckling load of long columns, radius of gyration (r) of the composite section was proposed as: 

r = ( -./.0-1/1
2.-.021-1                             (2.8) 

Based on the experimental results of Huang et al. (2002), the authors calculated the stiffness of 

composite section to identify the composite action. The slope of the initial part of the axial load- 

axial strain curve for experimental data with the strain between 0.05% and 0.1% calculated by 

linear regression was defined as the sliffness of composite section. The measured values were 

compared with calculated values using formula proposed by Furlong (1967). The results showed 

that the formula proposed by Furlong (1967) overestimates the stiffness particularly for square 

specimens.  

2.4 LOAD CARRYING CAPACITY 

Gardner and Jacobson (1967) performed experimental studies which showed that load carrying 

capacity of CFST columns was higher than the nominal load carrying capacity calculated by 

simply adding the strengths of steel tube and concrete core acting individually. The authors 

proposed an equation for predicting the load carrying capacity of short CFST specimens: 

P4 = A� f′� + 67
�  A8 f� + A8 f8	                          (2.9) 
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where, P4 is ultimate load carrying capacity, A�, A8 are area of concrete core and steel tube, 

respectively,  f′� is compressive strength of unconfined concrete and f8	 is longitudinal stress in 

steel tube. The authors also reported that for short specimens, f� and f8	 may be considered equal to 

yield stress of steel tube. The confinement parameter (k�) was considered as 4 in this study.  

For long CFST columns, the authors proposed the following for predicting the critical buckling 

load (P�9) of such columns using tangent modulus of elasticity: 

P�9 = π�(-1; /10-.; /.
<=> )                            (2.10) 

where E8�  and E��  are tangent modulus of elasticity of steel and concrete, respectively, I8 and I� 

are moment of inertia of steel and concrete, respectively and Le is the effective buckling length of 

specimen. E8�  was obtained from tension tests, while the concrete properties were found by using 

a stub column test. 

Neogi et al. (1969) reported that the failure load of CFST specimens was greater than the sum of 

compressive strength of the steel tube and concrete core. The authors further suggested that shear 

failure in CFST may occur due to triaxial stress state of steel tube before the load transfer from 

steel tube to concrete core is complete. Thus in some cases, the load capacity may actually 

decrease. 

A model based on tangent modulus theory was proposed by Knowles and Park (1970) for 

predicting the load carrying capacity of long CFST specimens. The ultimate load of CFST was 

calculated as the simple algebraic summation of the tangent modulus loads for the steel tube and 

the concrete core acting as independent columns. The design equation was compared against the 

experimental results presented by Knowles and Park (1969). It was observed that the results of the 

proposed equation were in good agreement with experimental results for the square specimens, but 

significantly lesser than their experimental counterparts for circular CFST columns. Hence, the 

authors concluded that as chance for triaxial stress state may happen for concrete core, the concrete 

strength may also increase correspondingly.  

Johansson (2002) experimentally investigated the change in strength and ductility of short circular 

CFST columns subjected to axial compression. Two loading conditions, namely (i) entire section 

loaded and (ii) concrete core only loaded were investigated for CFST columns having same outer 
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diameter but increasing wall thickness. The efficiency of confinement was evaluated by two 

parameters; confinement index (CI) and ductility index (DI). Confinement index was defined as: 

CI = 21��
2.�.B                             (2.11) 

Ductility index was defined as the ratio between axial load corresponding to five times the yield 

strain (PCD�) divided by the axial yield load (P�):  

DI = EFG�
E�                            (2.12) 

Based on DI values, the post-yield behaviour of CFST columns was classified into three groups; 

strain softening characteristics, elastic-perfectly-plastic characteristics, and strain hardening 

characteristics. The experimental results showed that specimens having confinement index lesser 

than one were generally accompanied by a strain softening behaviour due to shear plane failure. In 

case of specimens having confinement index more than one, a plastic or strain hardening 

behaviour was observed due to crushing failure of concrete. The experimental results also showed 

that the condition of loading (entire section loaded or concrete core only loaded) does not 

significantly change the shape of the load-displacement curves. However, since steel contributed in 

carrying the applied load from the very outset in entire section loaded columns, the author reported 

that the initial stiffness of the composite columns slightly increased when both steel and concrete 

were loaded. The author also reported that the CFST filled with high strength concrete need a 

thicker steel tube to achieve the same ductility as a CFST filled with normal strength concrete.  

An experimental and analytical study was conducted by Huang et al. (2002) to study the response 

of stiffened and unstiffened circular and square CFST columns in axial compression. Steel tubes 

having D/t ratio from 40 to 150 were tested in this study. The higher ratios were chosen to study 

the difference in behaviour of thin and thick tubes filled with concrete. The results showed that the 

steel tube enhances the load carrying capacity and ductility of specimens. Elastic-perfectly-plastic 

post-peak behaviour was observed as for circular specimens having D/t equal to 40. Strain 

softening behaviour was noted for the remaining columns. 

Giakoumelis and Lam (2004) investigated the effect of grade of concrete and wall thickness of 

steel tube on the load carrying capacity of short circular CFST columns. The specimens were filled 
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with three grades of concrete viz. 30, 60, and 100 MPa. The tested specimens were short columns 

with L/D = 2.61 and 2.62 to eliminate the effect of slenderness. Yield stress of steel was obtained 

by testing hollow steel tube samples in axial compression. The experimental results showed that 

columns filled with normal strength concrete reached the ultimate load with large shortening. On 

the other hand, columns filled with high strength concrete reached the peak load with small axial 

shortening (≈ 3 mm).  

Gupta et al. (2007) conducted an experimental and computational study to investigate the 

behaviour of fly ash based concrete filled in circular steel tube columns under axial load. Fly ash 

was added as three different compositions of 15%, 20%, and 25% of cementitious material. The 

results showed that as D/t ratio increases, load carrying capacity of CFST columns decreases. 

Further, the load carrying capacity also reduced with increase in specimen length, as expected. 

The compressive strength of confined concrete (f′��) was calculated in the analytical study 

conducted by Liang and Fragomeni  (2009) as: 

f′�� =  γ�f′� + 4.1f	                          (2.13) 

where f′� is strength reduction factor that accounts for effects of the column size, the quality of 

concrete, and loading rate on the unconfined concrete compressive strength and is calculated as: 

γ� = 1.85D��J.�KC        (0.85 ≤ γ� ≤ 1.0)                       (2.14)          

where Dc is diameter of concrete core. Confining pressure (f	) was calculated as: 

LM = 0.7 (OPQRS − OT UVW) �X
Y��X LZ                             L[\ Y

X ≤ 47                 (2.15 a)  

LM = 0.006241 − 0.0000357(_ `⁄ )               L[\ 47 ≤ _ `⁄  ≤ 150                                       (2.15 b) 

where OPQRS is Poisson’s ratio of composite CFST column and OT UVW is the maximum possible 

Poisson’s ratio of empty steel tube and it was considered in this study as 0.5. The parameter OPQRS 

was calculated using empirical formula: 

OPQRS = 0.2312 + 0.3582Oab − 0.1524 cdBedf g + 4.843 Oab cdBedf g − 9.169 cdBedf g�
                  (2.16) 
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where Oab  is an empirical parameter calculated based on D/t ratio as: 

Oab = 0.881 × 10�j kY
X lK + 2.58 × 10�m kY

X l� + 1.953 × 10�� kY
X l + 0.4011                  (2.17) 

An analytical model was also proposed in this study to calculate the axial strength of circular 

CFST columns. The proposed model was given as: 

no = L′ppqp +   rTLZqT                                     (2.18)      

where rT is strength factor for the steel tube that accounts for the effect of horizontal tensile hoop 

stresses, strain hardening, geometric imperfection, and residual stresses, calculated as:  

rT = 1.458 kY
X l�J.�

             (0.9 ≤ rT ≤ 1.1)                       (2.19)  

Oliveira et al. (2009) experimentally investigated the load carrying capacity of CFST columns of 

different lengths filled with different grades of concrete. Steel tube of 114.3 mm outer diameter 

and 3.35 mm wall thickness were filled with four grades of concrete; C30 (L′p= 30 MPa), C60 

(L′p= 60 MPa), C80 (L′p= 80 MPa), and C100 (L′p= 100 MPa). Four lengths of CFST columns 

with respect to to the outer diameter were tested in axial loading; L3D (L/D=3), L5D (L/D=5), 

L7D (L/D=7) and L10D (L/D=10). The experimental results showed that the mode of failure was a 

function of the L/D ratio and strength of concrete core. The columns having L3D failed 

predominantly in short column failure mode, i.e. by initial crushing of the concrete core and local 

buckling which was observed after reaching the yield stress of steel tube. The post-peak behaviour 

showed a significant increase in the cross-sectional dimensions without any major loss of load 

capacity for these specimens, even at large strains. The L5D CFST specimens failed by shear 

failure of the concrete core at an axial strain of about 0.004. Shear failure was also observed for 

columns having L7D filled with C80 and C100 concrete core. Significant loss of load capacity was 

observed after shear failure occurred. The specimens having L7D filled with C30 and C60 grades 

of concrete and L10D specimens filled with all grades of concrete showed Euler Buckling.  

2.5 BOND STRENGTH 

Furlong (1968) studied bond behaviour of CFST columns. Specimens were tested in pairs, i.e. one 

bonded normal CFST specimen (non-greased) was tested along with an Un-bonded specimen. The 
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un-bonded samples were prepared by using a coating of axle file grease between steel and concrete 

surfaces. The samples were tested under axial loading. The comparison of experimental results 

between un-bonded and bonded samples showed negligible difference between the two specimens. 

It was concluded that the contact pressure exerted by steel tube to concrete core is the only 

interaction between two materials and bond strength between steel tube and concrete core is 

negligible. Similar observations were reported for CFST specimens filled with normal strength 

concrete by Giakoumelis and Lam (2004). However, they observed that the bond between steel 

tube and concrete core affects the behavior of CFST specimens filled with high strength concrete. 

Shakir-Khalil and Zeghiche (1989) carried out “Push-out bond-slip” tests to investigate the bond 

strength between steel tube and concrete core for rectangular CFST specimens. In the study, the 

CFST were loaded on concrete core only using a rigid steel plate until sliding occurred between 

steel and concrete. The load corresponding to the point of sliding was taken as failure load. The 

failure load was then divided by the surface area of contact between steel and concrete to 

determine the bond strength. The resulting bond strength varied in the range of 0.26-0.37 MPa. 

The authors reported that this bond strength was lower as compared to the bond strength between 

concrete and steel bars in reinforced concrete and as compared to bond strength between concrete 

and steel in circular CFST. Two reasons were proposed for this observation. First reason was that 

the effect of shrinkage of concrete in such columns would be opposed to its effect in the reinforced 

concrete. The second reason was that change in the shape of rectangular cross-section would have 

a less beneficial effect on the bond strength than in the case of circular cross-section.  

2.6 CROSS-SECTIONAL SHAPE 

Furlong (1967) observed that the effect of confinement by steel tube was more pronounced in 

circular cross-sections than in square cross-sections. This can be attributed to the fact that circular 

cross-sections develop uniform hoop stress all round the circumference to provide effective lateral 

confinement, while confinement in square sections is largely absent in the central part. However, 

thick square tubes with flat sides may relatively offer some confinement at the corners. 

Shakir-Khalil and Zeghiche (1989) experimentally and numerically investigated the behaviour of 

axially and eccentrically loaded rectangular CFST columns. The tested specimens were full scale 

composite columns of about 3m length, representing a typical storey height in multi-storied 

structures. One column was loaded in axial loading condition; two columns each were loaded in 
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uniaxial bending about the major axis and minor axis; and two columns were loaded in biaxial 

bending. One short column having same configuration and filled with same concrete was also 

tested in order to determine the load carrying capacity of short CFST column. The load carrying 

capacity of hollow steel tube was also determined for each column by testing short hollow steel 

tubes. It was reported that the axially loaded short composite column failed by yielding of steel 

tube and crushing of concrete core. The long column behaved elastically whose response could be 

predicted by the Euler approach, where the initial effect of imperfection is neglected. All the full 

scale columns failed by Global buckling without any sign of local buckling. The experimental 

results were also compared with predicted results using British Standard (BS 5400, 2005). The 

codal results were in good agreement with experimental results.  

Schneider (1998) experimentally and numerically investigated axially loaded circular, square, and 

rectangular CFST columns. The effect of cross-sectional shape and steel wall thickness on the 

ultimate load carrying capacity such composite columns was studied by testing fourteen specimens 

(three circular, five square and six rectangular cross-sections). The experimental load-displacement 

curves presented in this study showed that the circular tube shapes exhibited strain hardening 

behaviour in post yield stage of loading. Strain hardening behaviour was also observed for square 

and rectangular specimens having higher thicknesses. All the specimens showed local buckling 

after the yielding of composite columns only. Axial ductility at the point of observed local 

buckling was calculated as the ratio of axial displacement at that point to axial displacement 

corresponding to point of yield load. The ductility varied from 6 to 8 for all specimens with strain 

hardening behaviour. The corresponding value was 2 to 4 for samples with strain softening 

behaviour. A parameter named ductility index was proposed by the author as the ratio of axial 

displacement at ultimate axial load to yield load. It was observed that the ultimate load was 

reached at ductility index of about 2 for the specimens with strain softening and around 10 for 

specimens with strain hardening behaviour. The average ratio of axial to yield load was 1.07 for 

specimens with strain softening and 1.41 for specimens with strain hardening characteristics.  

Uy (2000) experimentally tested thirty Box CFST columns under purely axial load as well as 

combined axial compression and flexural loads. The columns were fabricated using 3 mm nominal 

thickness steel plate. The experimental results showed a rapid decline in load carrying capacity 

after ultimate load in axially loaded specimens. The reduction in load was comparatively lower for 

columns subjected to combined loading. Moreover, the both steel and concrete loaded CFST 
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columns showed much more brittle post peak behaviour as compared to steel only loaded columns. 

The author reported that this reduction in ductility justifies the existing capacity reduction factor 

for Load and Resistance Factor Design (LRFD) philosophies adopted throughout the world. The 

author stated that the capacity reduction factor for steel columns have been typically calibrated for 

axial compression at 0.9, whereas those for reinforced concrete columns are much lower at 0.6. 

However, the author reported that the capacity reduction factor for composite columns with 

slender plates in this study was less than 0.9 and it might be used as a mixed capacity reduction 

factor for steel and reinforced concrete columns. Mode of failure was studied for column and beam 

column specimens. The experimental results showed that the failure in columns was primarily 

compression failure initiated by crushing of concrete followed by local buckling of steel plates  

Based on the experimental results, the author proposed an analytical model for calculating the 

axial strength of box CFST columns using a concept of effective area of steel. This effective area 

of steel depends on a proposed effective width model calculated as:  

Ys
Y = 0.65(dtu

df                            (2.20) 

where De is effective width of steel plate, D is actual width of steel plate and LvM is local buckling 

strength calculated as: 

LvM = wx>yz
�����{z>�k|

} l>                          (2.21) 

in which, ~ is buckling coefficient is taken as 10.31 for CFST and 4 for hollow tube; ν is Poisson’s 

ratio of steel. The capacity of axially loaded box CFST was proposed in this study as: 

no = Lpqp + LZqTa                          (2.22) 

where qTa is effective area of four steel plates calculated using De.  

Susantha et al. (2001) proposed a formula to calculate the maximum confining pressure in circular, 

box, and octagonal CFST columns. The change of the Poisson ratio of concrete (Op) and steel 

(OT UVW) with loading stages of CFST column were investigated and correlated with the yield 
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strength of steel tube for calculating the hoop stress for circular CFST. The hoop stress was 

calculated as: 

L� = (OPQRS − OT UVW) LZ                           (2.23) 

where OPQRS parameter was calculated as given in Equation 2.13 and OT UVW was taken as 0.5 as 

defined in Equation 2.13. The lateral confining pressure was calculated as: 

LM = �X
Y��X L�                           (2.24) 

The compressive strength of confined concrete was calculated from the formula proposed by 

Richart et al. (1928) and using confining factor k1 as 4.0:  

L′pp =  L′p + 4.0 LM                          (2.25) 

The authors proposed a formula for calculating the lateral confining pressure in box and octagonal 

CFST, based on results of selected specimens where the local buckling could be neglected. The 

proposed equations are: 

LM = −6.5�1 �deB�7.��
df + 0.12(Lpb)�.JK    For box CFST columns                    (2.26) 

LM = −35�1 �deB�7.�F
df + 0.22(Lpb)�.J�     For octagonal CFST columns                (2.27) 

where parameter R1 represents the width of box or octagonal cross-sections and outer diameter of 

circular cross-sections to thickness ratio given as: 

�1 = Y
�X

df
yz �3(1 − OT�)  For circular CFST columns                    (2.28) 

�1 = �
X (�����{z>�

mx> (df
yz  For box and octagonal CFST columns                   (2.29) 

The local buckling strength was calculated as: 

dtu
df = 0.8 + J.J�C

��> ≤ 1.0   For circular CFST columns                      (2.30) 
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dtu
df = �.�

�� − J.K
��> ≤ 1.0  For box and octagonal CFST columns                              (2.31)         

Rectangular and square CFST specimens were tested by Han (2002) to study the effect of cross-

sectional shape and aspect ratio (ratio of the length of the longer side (D) to the length of the 

shorter side (B)) on the behaviour of these columns. The aspect ratios of the specimens were 

varied between 1 and 1.75. Two parameters viz. Confining index (��) and ductility index (_�) 

were calculated as: 

�� = �zdf
�ede�                           (2.32) 

_� = ��F%
��                            (2.33) 

where �o is axial strain corresponding to the peak load, and ��C%is axial strain when the load falls 

to 85% of the ultimate load in the descending portion of load-experimental curve.  

It was reported based on experimental results that the increase in strength of the CFST was 

influenced by the cross-sectional aspect ratio, material properties, and confining index. The 

specimen ductility (DI) and confinement (CI) were seen to reduce with an increase in aspect ratio. 

The experimental load carrying capacity of the specimens was also compared with 

recommendations of AIJ (1997), EC4 (2004) and Chinese GJB 4142-2000 (2000) codes. The 

Chinese code was found to give best results for load capacity of stub CFST columns.  

Bradford et al. (2002) performed an analytical study and gave the following equation for the elastic 

local buckling strength (LvM) of circular CFST: 

 LvM = �yz
���{z>�

�
(Y X⁄ )                          (2.34) 

The authors noted that filling circular and rectangular hollow tubes filled with concrete show 

improved elastic local buckling strength, which is 1.73 and 2.67 times respectively that of unfilled 

tubes. 

The cross-sectional slenderness (��8) was calculated according to Australian Standard (AS 4100) 

as: 
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λ�8 = k�
� l k ��

�CJl                          (2.35)  

It was also recommended that the circular CFST sections may be considered fully effective upto a 

cross-sectional slenderness value of 125 (instead of 100 as used previously). 

Sakino et al. (2004) tested circular and square shaped CFST columns. One hundred fourteen short 

specimens were manufactured and tested under axial loading condition. Coupons were extracted 

from the steel plates before manufacturing of the tubes. Tensile tests were performed on these 

coupons to obtain the stress-strain behaviour of steel tube. The experimental results showed that 

the peak axial load was greater than the nominal squash load due to confinement in circular CFST 

specimens. The ultimate capacity observed was however, lower than the nominal squash load 

CFST specimens for the square specimens of highest D/t ratio. The authors also proposed a linear 

function (using regression) for the evaluation of difference in experimental load and nominal 

squash load.  

Tan et al. (2013) tested Rectangular concrete columns confined with fiber reinforced polymer 

(FRP). The FRP was used to improve the poor confinement in rectangular columns with sectional 

aspect ratio more than 1.5. Based on the experimental results, the authors proposed a new type of 

“re-profiled” members for rectangular concrete columns which may also be applied to rectangular 

CFST columns. The re-profiled sections work by adding “semicircular segments” to the shorter 

sides of steel tubes to increase the confinement of such CFST sections.  

2.7 CORE CONFIGURATIONS 

2.7.1 General 

Different core configurations can be used for construction of CFST columns. The different core 

configurations serve two major functions; the primary function is to improve the interaction (and 

hence, the composite action) between steel tube and concrete core. The second reason is to make 

easier the construction, erection, connection and loading of these columns. A popular new core 

configuration of CFST consists of stiffening structural members installed inside the steel tube. 

Various types of stiffeners may be used such as longitudinal stiffeners welded to the inner surface 

of steel tube (Huang et al., 2002; Abedi et al., 2008), Reinforced Concrete Filled Steel Tubular 
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(RCC-CFST) columns (Endo et al., 2000; Xiamuxi and Akira , 2012) and Concrete Filled Double 

Steel Tube (CFDST) columns (El chalakani et al., 2002; Zhao and Grzebieta, 2002). 

2.7.2 Reinforced Concrete Filled Steel Tube (RCC-CFST) 

Reinforced Concrete Filled Steel Tube (RCC-CFST) columns consist of longitudinal 

reinforcement provided in addition to the exterior steel tube. These composite members have been 

found to exhibit better resistance against brittle behaviour of CFST when used in large scale 

structures (Xiamuxi et al., 2011). They have also been used in zones of high seismic activity due to 

their higher ductility and improved energy absorption characteristics as compared to traditional 

CFST columns (Endo et al., 2000). The concrete core in RCC-CFST column is subjected to two 

different (but simultaneous) confining effects via the outer steel tube and the longitudinal 

reinforcement. 

Very few studies have been performed on RCC-CFST columns due to their recent induction into 

the construction industry. Endo et al. (2000) performed an experimental study to study the 

response of RCC-CFST columns and beams and compare the results with normal CFST members. 

Two types of steel tubes were used; normal steel tubes and ribbed steel tubes. Three types of 

reinforcement cages were used, viz. i) RCC-CFST with thick concrete cover ii) RCC-CFST with 

thin concrete cover and iii) RCC-CFST with double reinforcement (i.e. inner longitudinal 

reinforcement in two concentric cages). Experimental results of column specimens showed higher 

load capacity and improved confinement in RCC-CFST relative to CFST. Further, specimens with 

double reinforcement reported best mechanical performance on various parameters like 

compressive strength, stiffness, and ductility. The cover thickness was found to have no effect on 

the performance of RCC-CFST, as specimens with both thick and thin cover to reinforcement 

showed similar behaviour. 

Hasegawa and Xiamuxi (2011) tested thin wall steel tubes filled with high strength reinforced 

concrete. The experimental results of RCC-CFST were compared with those of CFST. The 

experimental load-displacement curves showed that the post-peak curve of RCC-CFST descends 

gradually and smoothly. Thus, the RCC-CFST specimens were found to have better energy 

absorption characteristics (due to larger area under the load-displacement curves) and ductile 

performance. On the other hand, traditional thin-walled CFST exhibited a rapid rate of descent of 

load capacity in post-peak response.  
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An experimental and analytical study was performed by Xiamuxi and Akira (2012) to investigate 

the mechanical behaviour of circular RCC-CFST columns. The specimens were tested in axial 

loading condition. The emphasis of the study was on understanding the variation in behaviour of 

composite columns at different reinforcement ratios. Finite Element analysis was also carried out 

using ADINA software and validated against experimental results. It was reported that the ultimate 

strength and ductility of the RCC-CFST were improved due to confining effect of reinforcement 

bars and steel tube. Further, the loss of load carrying capacity after the point of peak load was 

found to be negligible in the RCC-CFST columns. 

2.7.3 Concrete Filled Double Steel Tube (CFDST) 

Concrete Filled Double Steel Tube (CFDST) columns, also known as concrete filled double skin 

columns, are among one of the more commonly used CFST core configurations. CFDST columns 

are constructed from two concentric steel tubes with the hollow space between them filled with 

concrete. The major reason for using such members is to enhance the global and local stability 

compared to CFST, due to increase in the Moment of inertia in CFDST members (El chalakani et 

al., 2002). CFDST columns have been used successfully in liquid and gas retaining structures, 

blast resisting structures, tunnel constructions, and seismic retrofit. CFDST have recently also been 

used as high rise bridge piers and compression members in elevated expressways in Japan to 

reduce the structure weight while still maintaining a large energy absorption against seismic 

loading (Zhao and Grzebieta, 2002). CFDST provide many advantages over traditional CFST such 

as enhanced bending stiffness, increased section modulus, improved global and local stability, 

good energy absorption and damping characteristics, light weight. Their superior performance 

under cyclic and seismic loads also makes them an attractive candidate for use in seismic 

retrofitting (El chalakani et al., (2002); Zhao and Grzebieta (2002); Tao et al. (2004))  

Ultimate strength and ductility of CFDST columns under cyclic loading were studied in the 

experimental study conducted by Nakanishi et al. (1999). The aim of this study was to develop a 

new design approach for bridge piers that can withstand serious damage and collapse against 

severe seismic action in Japan and still transfer less force to the foundations at the same time, since 

it is quite uneconomical to strengthen existing foundations. The outer steel tubes were 

manufactured as welded box cross-sections while the inner circular tubes were made of steel or 

plastic. Low grade concrete of compressive strength around 13 MPa was used to infill the space 



27 
 

between the inner and outer tubes. The experimental results illustrated that the composite columns 

having hollow steel inner tube at centre showed the best performance against cyclic loads. 

El chalakani et al. (2002) performed experimental investigations on CFDST stub columns 

consisting of outer circular steel tube and inner square steel tube. High strength concrete having 

compressive strength about 64 MPa was used to fill the annulus between two tubes. The 

parameters monitored were ultimate strength, ductility and mode of deformation. The results 

showed that the CFDST columns maintained their load resistance without any significant loss of 

load carrying capacity even at very large deformations. First local buckles were observed to occur 

in the outer tube, generally in the bottom one third of the tube length.  

Zhao and Grzebieta (2002) investigated the load carrying capacity of stub CFDST columns and 

moment capacity of CFDST beams. Cold formed square cross-sections were used for outer and 

inner steel tubes. The space between them was filled with concrete having compressive strength of 

58.7 MPa. Hollow steel tubes were also tested in this study as reference specimens. An equation 

was proposed by the authors for calculating the ultimate load capacity of CFDST columns. The 

proposed model considered the reduced compressive strength of unconfined concrete as the 

compressive strength of concrete core (i.e. no confinement effect). The axial capacity obtained 

from the formula was observed to be in good agreement with the measured values. The mode of 

deformation of CFDST was defined as outward buckling only of the outer tube, while the inner 

tube was characterized by both inward and outward buckling. 

The effect of hollow section ratio on the response of CFDST was studied in the experimental work 

conducted by Tao et al. (2004). The inner and outer tubes were of circular cross-section. The 

hollow space between the tubes was filled with concrete of compressive strength 47.4 MPa and 

46.3 MPa. The mode of deformation of the samples was observed. While the outer tube failed by 

outward local buckling in all column specimens, failure mode of inner tube varied depending on 

the ratio of outer diameter of inner tube (Di) to wall thickness of inner tube (ti), Di/ti. The 

specimens having smaller Di/ti showed no local buckling. As the value of Di/ti, inward local 

buckling was observed for inner tube.  Results of load compression curve were also compared 

depending on Do/to (Do and to are outer diameter and wall thickness of outer tube). It was observed 

that the ductility of the specimen was inversely related to Do/to, i.e. samples with smaller Do/to 

showed higher ductility and vice-versa. 
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Tao and Han (2006) experimentally investigated the behaviour of Rectangular CFDST specimens. 

A total of thirty specimens (i.e. three short columns, three beams, and twenty-four beam columns) 

were tested in this study. The failure modes and load-deformation behaviour of CFDST specimens 

were compared with those of CFST members and hollow tube samples. The results showed 

enhanced strength and ductility for CFDST columns, beams, and beam-columns relative to CFST 

and hollow tube specimens.  

2.8 SLENDERNESS EFFECT 

The effect of slenderness ratio on behaviour of axially loaded hollow steel tubes and CFST 

columns was studied by Knowles and Park (1969). Confining pressure provided by steel tube was 

studied for circular and square CFST columns having different slenderness ratios. The authors also 

tested short unconfined control concrete cylinders having approximately the same cross-sectional 

area of concrete cores. Experimental results of concrete cylinders showed that volume of concrete 

began to increase corresponding to longitudinal strain of around 0.002. Accordingly, the authors 

concluded that this increase in volume would cause the steel to provide a confining pressure and 

increase the strength of the concrete.  

Tangent modulus of steel and concrete were also calculated from test results of short specimens of 

hollow steel tubes and concrete cylinders. All CFST columns tested with hinged ends failed by 

global buckling and no local buckling was observed. It was observed that the concrete failure 

occurred only after the peak load was reached in all the cases. Further, the load capacity calculated 

theoretically using the tangent modulus theory showed good agreement with experimental results 

for most of the specimens and was conservative for the remaining samples. The authors also 

reported that the specimens having slenderness ratio less than 44.3 would gain some strength due 

to confinement. Therefore, theoretical loads calculated using tangent modulus would be 

conservative. For some of circular short CFST specimens, the strength of unconfined concrete was 

enhanced to 1.69 times the strength of unconfined concrete for best matching with experimental 

CFST load values. However, there was little increase due to confinement for short square columns.  

Experimental results of Oliveira et al. (2009) showed that the specimens having L/D ratio more 

than 7 generally showed global buckling prior to beginning of confinement. Such specimens 

exhibited insufficient radial strain for mobilizing the confinement effect. This may result in lesser 

enhancement in strength or reduced load carrying capacity.  
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2.9 NUMERICAL SIMULATIONS  

Numerical simulations using Finite Element (FE) method have steadily gained popularity among 

the researchers as a means of studying complex physical phenomenon. It is an approximate 

method of analysis (Umar et al., 1994; Umar et al., 1996) and highly sensitive to mesh size and 

orientation (Umar et al., 1996). From study of simple parameters such as material properties 

(Partheepan et al., 2008) to complicated problems such as crack behaviour (Choubey et al., 2006) 

and joint failure (Sridevi and Agrawal, 1991), FE analysis is being used worldwide in solving 

diverse engineering problems.  

Schneider (1998) developed a Finite Element model using ABAQUS software. Suitable 

constitutive models were adopted for steel tube and concrete core. Eight-node shell element was 

used for modelling steel tube.  Concrete core was modelled using twenty-node solid element. 

Interface element was used for modelling the contact area between steel and concrete. The 

proposed model was verified and calibrated with experimental results of the author. A parametric 

study was then conducted by modelling fifteen circular CFST specimens to study the correlation 

between large diameter steel tubes on D/t ratio.  

Shams and Saadeghvaziri (1999) proposed a Three-dimensional Finite Element model for circular 

and square CFST under axial loading conditions. ABAQUS software was used to investigate the 

nonlinear response of such columns. Solid element was used for modelling the concrete core. Shell 

element was used for modelling the steel tube. The proposed model was validated with 

experimental results. The load transfer mechanism for circular CFST columns was then 

investigated using the proposed model. The authors reported that the steel tube resists most of the 

applied load for initial stage of loading until the steel tube yields. Once the tube yields, load is 

transferred from steel tube to concrete. Due to this, load carried by concrete increases gradually. 

Cross-sectional stress distribution for circular and square columns was also investigated in this 

study. In square sections, it was observed that higher lateral confining pressure was developed at 

centre and corners as compared to the sides. The lateral stresses at the sides and corner were 

approximately 35% and 50% of maximum stress at the centre, respectively. It was observed in this 

study that the confined stress in concrete (f��b ) was about 1.91 times of the unconfined stress (f�b) in 

square cross-sections and about 2.4 times in circular cross-sections. Strain corresponding to 
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maximum stress of confined concrete (ε��b ) was also increased to 4.2 and 3.89 times that of the 

same in unconfined concrete (ε�b ) for circular and square cross-sections, respectively.  

Mander et al. (1988) proposed equivalent uniaxial stress-strain relationship to numerically model 

the stress-strain relationship of concrete confined by steel tube.   

Wheeler and Pircher (2002) studied the effect of material properties of circular hollow tube on 

response of composite sections, with special focus on effect of yield stress on CFST in flexural 

loading. Both bare and concrete filled steel tubes of varying yield strengths were subjected to four 

point bending using ABAQUS software. It was observed that the relationship between yield stress 

of steel tubes and buckling moment is approximately linear. Moreover, higher increase in buckling 

moment capacity over hollow steel tubes was observed in CFST for higher D/t ratios.  

Hu et al. (2003) proposed new material constitutive models for modelling the confined concrete in 

his numerical investigations. The authors proposed mathematical equation for calculating the 

confining pressure exerted by steel tube on the concrete core for circular and square CFST as a 

fraction of the yield strength of steel tube. The confining pressure varied linearly with ratio of D/t 

of CFST columns. 

Ellobody et al. (2006) developed a numerical model for investigating the behaviour of axially 

loaded circular CFST columns using Finite Element software ABAQUS. Concrete was modelled 

using stress-strain curve of confined concrete based on the model suggested by Hu et al. (2003). 

Steel tube was modelled using bilinear stress-strain relationship. A parametric study was carried 

out using the FE model. Forty specimens were simulated having D/t ranging from 15 to 70 and 

concrete cube strength 30 to 110 MPa. The results of the parametric study were compared with 

codal recommendations, which showed that Australian Standards and American Specifications are 

conservative, while design strengths predicted by Eurocode 4 formulas were unconservative. 

Gupta et al. (2007) developed a two dimensional nonlinear finite element model for circular CFST 

specimens using FEM software ANSYS 8.0. Multilinear elastic material constitutive models were 

used for steel tube and concrete core. The concrete core was modeled using PLANE42 element. 

SHELL51 element was used for simulating the steel tube. The proposed model showed good 

agreement with the load-displacement behaviour and deflected shape of the samples 

experimentally tested by authors.   
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CHAPTER THREE 

1. EXPERIMENTAL PROGRAM 

3.1 GENERAL 

This chapter covers details of experimental program. At the outset, design of concrete mix to 

be filled in steel tubes is outlined and discussed. 

Thereafter, the details of specimen preparations, calculation of material properties and 

casting and testing of specimens are discussed in the chapter. 

3.2 MIX DESIGN FOR INFILL CONCRETE 

The CFST specimens to be tested in this study have been filled with normal strength concrete 

of M30 grade.  

Coarse aggregate of 12.5 mm Maximum Size of Aggregate (MSA) were used for making 

concrete. The aggregate was first carefully sieved through sieve set according to the 

recommendations of IS 383: 1970 (Reaffirmed 2007). The fines (material passing through 

4.75 mm sieve size) were carefully removed. The aggregates were then washed thoroughly 

and laid to dry for 24 hours (Figure 3.1). The Surface Saturated Dry (SSD) aggregates were 

packed in bags.  

The moisture content and specific gravity of the coarse aggregates were calculated as per IS 

2386: Part 3: 1963 (Reaffirmed 2007). The specific gravity and moisture content were 

obtained as 2.65 and 0.2% respectively. 

Natural river sand was used as fine aggregate (FA) for concrete. Sieve analysis of sand was 

performed as per IS 383:1970 (Reaffirmed 2007). The sand was classified as Zone III FA in 

accordance with the codal provisions. The aggregates were washed thoroughly and laid to 

dry for 24 hours (Figure 3.1). The Surface Saturated Dry (SSD) aggregates were packed in 

bags.  
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The moisture content and specific gravity of the fine aggregates were calculated as per IS 

2386: Part 3: 1963 (Reaffirmed 2007). The moisture content and specific gravity were 

recorded as 2.68 and 0.5% respectively. 

                      

Figure 3.1 Fine and Coarse Aggregate being spread out for drying 

The mix design for concrete was done as per IS 10262: 2009 (2009). The target mix strength 

was 38.25 MPa. The mix design was performed for an expected slump of 25-50 mm. Slump 

test was used to measure the workability of concrete. Six cubes of 150 mm size and six 

cylinders of 150 x 300 mm size, i.e., three each for 7 day-strength and 28-day strength were 

cast and cured. The mix proportions are shown in Table 3.1.  

The results of 7-day and 28-day cube and cylinder tests are Specimens were also cast and 

tested for determining Modulus of Elasticity and splitting tensile strength. The results are 

shown in Table 3.2.  
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Table 3.1 Composition of Concrete Mix 

Quantity per cubic metre Normal Concrete (NC) 

Cement (kg) 463 

Natural River Sand (kg) 769 

Natural Coarse Aggregate (kg) 956 

Water (kg) 199 

Slump (mm) 36 

 

Table 3.2 Compressive strength and mix properties 

Mix Property Cube 1 Cube 2 Cube 3 Cylinder 1 Cylinder 2 Cylinder 3 

7-day 
Compressive 

Strength 
(MPa) 

33.25 32.47 33.98 26.82 27.45 25.36 

28-day 
Compressive 

Strength 
(MPa) 

41.54 42.78 39.89 32.87 30.88 31.81 

Modulus of 
Elasticity 

(GPa) 
28.36 29.88 29.23 - - - 

Split Tensile 
Strength 
(MPa) 

- - - 3.10 2.95 3.04 
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3.3 CONCRETE FILLED STEEL TUBULAR (CFST) SPECIMENS 

A total of 88 CFST specimens have been tested in this study. The samples have been 

designed so that the effect of various parameters such as change in length, different types of 

cross-sections and various types of core configurations may be studied on the axial load 

capacity and ductility of the specimens. Figure 3.2 shows broad classification of type of 

specimens and parameters under study, which are discussed in the following paragraphs. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.2 A representation of various parameters studied in experimental 

investigations 

Effect of Core Configurations 
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Based on Figure 3.2, the outline of the experimental program can be detailed as: 

I. Study of different types of Cross-sections of CFST has been undertaken in the 

present research work. Three types of cross-sectional shapes viz. Circular, Square and 

Rectangular, have been studied. 

II. Further, under each category of cross-sections, three core configurations have been 

studied, which are as follows: 

1. Single steel tube filled with plain concrete: The specimens 

having such core configuration are labelled as Concrete Filled 

Steel Tubular (RCFST) columns as shown in Figure 3.3. 

              

 

Figure 3.3 Concrete filled steel tubular (CFST) core configuration 

2. Two concentric steel tubes with hollow space between them 

filled with plain concrete: The specimens having such core 

configurations are labelled as Concrete Filled Double Steel 

tubular (CFDST) columns as shown in Figure 3.4.  
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3. Single steel tube filled with reinforced concrete: The 

specimens having such core configuration are labelled as 

Reinforced Recycled Concrete Filled Steel Tubular columns 

(RCC-CFST) as shown in Figure 3.5. 

Figure 3.4 Concrete filled double steel tubular (CFDST) core configuration 

The amount of reinforcement in RCC-CFST specimens has been chosen in such a way that 

the sum of area of longitudinal reinforcement and area of steel tube of lower wall thickness is 

approximately equal to the area of steel provided by a steel tube of higher wall thickness. 

Such a design criterion was chosen so as to study the effect of change of core configuration 

(CFST vs RCC-CFST) when the overall area of reinforcing steel is almost same. . It must be 

noted that a slight difference in the two areas of steel might be observed due to the limits on 

commercial availability of rebar sizes and steel tube thicknesses. It is often observed that 

connections between various members are a major problem in CFST. Presence of reinforcing 

bars such as in RCC-CFST may ease the connections between a CFST column and an 

existing foundation. 
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       Figure 3.5 Reinforced concrete filled steel tubular (RCC-CFST) core configuration 

III. For each core configurations, two lengths of column have been tested. The first were 

short columns with nominal length (L) of three times the tube diameter or tube width. 

These lengths were selected in such a way that specimens behave as short columns. 

The second length tested is 900 mm based on the maximum length of specimen that 

can be installed in the machine. Moreover, in addition to these short and intermediate 

compression members, some rectangular samples that come under the classification 

of long columns were also tested. 

IV. Finally, different wall thicknesses of steel tube have been tested for different core 

configurations and lengths of the various cross-sectional shapes. Different thicknesses 

of steel tube were tested for each outer diameter or width of the sample. Thereafter, 

the outer dimensions of the steel tube were also varied. This helps in understanding 

the effect of change in tube thickness and dimensions of the load capacity and 

ductility of the columns. The thickness of the steel tube was so chosen that the sample 

did not show local buckling before attaining the ultimate strength.  



 

3.4 PREPARATION OF STEEL TUBES

Steel tubular sections of different cross

research work. The steel tubes were procured from TATA STRUCTURA. These were hot 

rolled steel sections of 6 m length with a longitudinal seam.

                       

                Figure 3.6 Cutting surfacing and smoothing of steel tubes using lathe machine

The steel tubes were then cut into the requisite length using a Lathe machine. Both faces of 

the tube were then surfaced and smoothened on the Lathe as shown in

The final surfaced specimens are shown in Figure 3.7 (a) and (b). 

      Figure 3.7 Final surfaced (a) Circular specimens and (b)
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TEEL TUBES 

Steel tubular sections of different cross-sectional shapes and sizes were used in the present 

research work. The steel tubes were procured from TATA STRUCTURA. These were hot 

s of 6 m length with a longitudinal seam. 

.6 Cutting surfacing and smoothing of steel tubes using lathe machine

The steel tubes were then cut into the requisite length using a Lathe machine. Both faces of 

the tube were then surfaced and smoothened on the Lathe as shown in Figure 3.6.

The final surfaced specimens are shown in Figure 3.7 (a) and (b).  

    

7 Final surfaced (a) Circular specimens and (b) Square Specimens

sectional shapes and sizes were used in the present 

research work. The steel tubes were procured from TATA STRUCTURA. These were hot 

  

.6 Cutting surfacing and smoothing of steel tubes using lathe machine 

The steel tubes were then cut into the requisite length using a Lathe machine. Both faces of 

Figure 3.6. 

 

Square Specimens 
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3.5 CALCULATION OF MATERIAL PROPERTIES 

Tensile test specimens were prepared for calculating the yield strength, elongation and tensile 

strength of the steel tubes. The samples were prepared in accordance with the 

recommendations of ASTM E8/E8-M (2011). The dimensions of the tensile test specimen 

are shown in Figure 3.8. The specimens were prepared from the tube face opposite the 

welded seam face.  

 Figure 3.8 Measurements of tensile strength test specimens (ASTM E8/E8M, 2011) 

Figure 3.9 shows the location for the tensile test specimen in steel tube and the final prepared 

specimens.  

          

Figure 3.9 Cut locations of specimens for tensile strength test 
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Figure 3.10 shows the final prepared specimens. The tested samples are shown in Figure 3.11 

 

        

           Figure 3.10 Final specimens for tensile strength test 

 

                     

             Figure 3.11 Tested specimens of tensile strength test 

Figure 3.12 shows the test layout of tensile strength test specimens used for testing the 

material properties of rebars. For reinforcing bars used in RCC-RCFST specimens, the 

average measured yield stress was 550 MPa and modulus of elasticity was 200,000 MPa.  
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Figure 3.12 Typical test layout of rebars used for RCC-RCFST specimens 

The steel tube manufacturer TATA STRUCTURA supplies the steel tube according to the 

nominal diameter and thickness. For improved accuracy, diameter and thickness were noted 

at various locations along the periphery of steel tube, and averaged to get the measured 

thickness and outer dimensions. These averaged values were then used in calculation of area 

of steel tube and concrete core. Tables 3.3, 3.4 and 3.5 present material properties of circular, 

square and rectangular steel tubes used for all tested specimens i.e. CFST, CFDST and RCC-

CFST respectively. 
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Table 3.3 Material properties of circular steel tubes 

Outer 
Diameter 

(mm) 

Nominal 
Thickness 

(mm) 

Measured 
Thickness 

(mm) 

Yield 
Stress (fy) 

(MPa) 

Tensile 
Strength (fu) 

(MPa) 

% 
Elongation 

114.3 3.6 3.4 430 465 30 

114.3 4.5 4.2 428 463 31 

114.3 5.4 5.06 427 463 32 

165.1 4.5 4.28 423 459 36 

165.1 5.4 5.03 423 461 37 

48.3 3.2 3.04 479 513 28 

90 3.2 3 308 361 23.4 

90 4 3.75 308 361 23.4 

90 4.5 4.5 308 361 23.4 

 

Table 3.4 Material properties of square steel tubes 

Outer 
Width 
(mm) 

Nominal 
Thickness 

(mm) 

Measured 
Thickness 

(mm) 

Yield 
Stress (fy) 

(MPa) 

Tensile 
Strength (fu) 

(MPa) 

% 
Elongation 

150 4 3.75 413 504 22 

150 6 5.6 388 478 24 

113.5 4.8 4.52 438 474 34 

113.5 5.4 5.16 456 492 30 

40 3.2 3.02 456 571 23 

 

Table 3.5 Material properties of rectangular steel tubes 

Outer 
Width 
(mm) 

Outer 
Depth 
(mm) 

Nominal 
Thickness 

(mm) 

Measured 
Thickness 

(mm) 

Yield 
Stress (fy) 

(MPa) 

Tensile 
Strength (fu) 

(MPa) 

% 
Elongation 

100 200 4 3.8 401 490 24 

100 200 6 5.68 410 499 22 

82 145 4.8 4.65 428 466 36 

82 145 5.4 5.15 424 460 35 

48 96 4 3.83 452 485 26 

40 60 3.6 3.63 458 520 28 



 

3.6 PREPRATION THE SPECIMENS FOR CASTING

Before casting, bottom end of each tube was welded to steel was welded to provide a uniform 

flat base surface for the CFST specimen. A specially designed setup as shown in Figure 3.13 

was used to ensure that the two

other. For RCC-CFST specimens, cages of longitudinal reinforcement confined by lateral ties 

were prepared. The reinforcing bars were generally cut to a length approximately 1

higher than the length of steel tube. The additional length of rebar was removed by hand 

grinding prior to testing of the specimens. Figure 3.14 shows the final prepared CFST 

specimens. 

Figure 3.13 Setup us

3.7 CASTING 

The CFST specimens were filled with normal strength concrete of M30 grade

mix was prepared in accordance with IS10262:2009 (2009) specifications. Surface Saturated 

dry (SSD) Coarse and Fine Aggregates and OPC 43 grade cement were used in prepar

of concrete mixes. Slump Test was used to check the workability of infill concrete. The mix 

proportions and slump of the concrete mix are presented in Table 3.1.

The CFST specimens were cast in different batches. The casting was done by pouring 

concrete manually into steel tubes in 3
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THE SPECIMENS FOR CASTING 

Before casting, bottom end of each tube was welded to steel was welded to provide a uniform 

flat base surface for the CFST specimen. A specially designed setup as shown in Figure 3.13 

was used to ensure that the two steel tubes in CFDST were placed concentrically with each 

CFST specimens, cages of longitudinal reinforcement confined by lateral ties 

were prepared. The reinforcing bars were generally cut to a length approximately 1

e length of steel tube. The additional length of rebar was removed by hand 

grinding prior to testing of the specimens. Figure 3.14 shows the final prepared CFST 

.13 Setup used for preparation of circular CFDST specimens

e CFST specimens were filled with normal strength concrete of M30 grade

mix was prepared in accordance with IS10262:2009 (2009) specifications. Surface Saturated 

dry (SSD) Coarse and Fine Aggregates and OPC 43 grade cement were used in prepar

Slump Test was used to check the workability of infill concrete. The mix 

proportions and slump of the concrete mix are presented in Table 3.1. 

The CFST specimens were cast in different batches. The casting was done by pouring 

concrete manually into steel tubes in 3-5 layers. After each layer was poured, the specimens 

Before casting, bottom end of each tube was welded to steel was welded to provide a uniform 

flat base surface for the CFST specimen. A specially designed setup as shown in Figure 3.13 

concentrically with each 

CFST specimens, cages of longitudinal reinforcement confined by lateral ties 

were prepared. The reinforcing bars were generally cut to a length approximately 1-1.5 cms 

e length of steel tube. The additional length of rebar was removed by hand 

grinding prior to testing of the specimens. Figure 3.14 shows the final prepared CFST 

  

CFDST specimens 

e CFST specimens were filled with normal strength concrete of M30 grade. The concrete 

mix was prepared in accordance with IS10262:2009 (2009) specifications. Surface Saturated 

dry (SSD) Coarse and Fine Aggregates and OPC 43 grade cement were used in preparation 

Slump Test was used to check the workability of infill concrete. The mix 

The CFST specimens were cast in different batches. The casting was done by pouring 

5 layers. After each layer was poured, the specimens 



 

were compacted by placing them on a vibrating table for approximately 30 seconds

end, an additional layer of concrete 5

the top of the specimen for each sample (see Figure 3.15). This was done to compensate for 

longitudinal shrinkage of concrete, which might otherwise cause

below the level of tube when the concrete reaches final setting. 

 

    

Figure 3.14

 

The specimens were allowed to set for 24 hours. Thereafter, the bottom plates were 

removed using hand grinding. Both ends were sealed using thick polythene sheet and the 

specimens were kept for dry curing for 28 days as shown in Figure 3.16.
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were compacted by placing them on a vibrating table for approximately 30 seconds

end, an additional layer of concrete 5-10 mm thick above the level of steel tube was left at 

the top of the specimen for each sample (see Figure 3.15). This was done to compensate for 

longitudinal shrinkage of concrete, which might otherwise cause the subsidence of concrete 

below the level of tube when the concrete reaches final setting.  

   

14 RCC-CFST specimens ready for casting 

The specimens were allowed to set for 24 hours. Thereafter, the bottom plates were 

removed using hand grinding. Both ends were sealed using thick polythene sheet and the 

specimens were kept for dry curing for 28 days as shown in Figure 3.16. 

were compacted by placing them on a vibrating table for approximately 30 seconds. At the 

10 mm thick above the level of steel tube was left at 

the top of the specimen for each sample (see Figure 3.15). This was done to compensate for 

the subsidence of concrete 

               

 

The specimens were allowed to set for 24 hours. Thereafter, the bottom plates were carefully 

removed using hand grinding. Both ends were sealed using thick polythene sheet and the 



 

                  

Figure 3.15 Casting of extra concrete at top 

   

                                         Figure 3.16 Dry Curing of CFST specimen
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Casting of extra concrete at top to avoid effect of longitudinal shrinkage

          

Figure 3.16 Dry Curing of CFST specimen

 

void effect of longitudinal shrinkage                                                   

 

Figure 3.16 Dry Curing of CFST specimens 
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After 28 days, the polythene sheets were removed from the top and bottom of the specimens. 

The top surface of the concrete core was made flush with steel tube using hand grinder 

(Figure 3.17). This ensures that the load is applied uniformly to the concrete core and steel 

tube. 

                

Figure 3.17 Finished CFST specimens ready for testing 

3.8 TESTING OF SPECIMENS 

Two machines available in IIT Roorkee TEST HALL were used to test the CFST specimens 

based on expected load carrying capacity. Most of the specimens were tested using the four 

column fully computerized strain controlled INSTRON 8806 UTM available in the 

laboratory. The hydraulic machine can apply loads upto 2500 KN at user-chosen rate of 

displacement. In the present study, displacements were applied at the rate of 0.5 mm per 

minute. Two rigid steel plates 0.5 mm thick made from high strength steel were used to 

ensure uniform load distribution on entire section.  

LVDT were fixed between the two ends of the machine to measure displacement with respect 

to the fixed bottom end plate of the machine. The INSTRON also captures the reading of 

platen to platen displacement and the Reaction force on top platen (i.e. Axial Load capacity) 

at the rate of 1 reading per second.  
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The samples exceeding load capacity of 2400 KN (practical threshold of INSTRON 

machine) were tested in the CONTROLS Machine of 5000 KN capacity. The load was 

displacement controlled at a rate of 0.5 mm per minute. The machine does not have any in-

built media for data collection; therefore, the load and displacement data were recorded using 

external load cell and LVDT.  

 

                                  

Figure 3.18 INSTRON machine used for testing of tubular specimens 
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loading frame 

CFST 
specimen 
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    CHAPTER FOUR 

1. NUMERICAL SIMULATIONS - THEORY AND MODELLING  

4.1 GENERAL 

Full-scale physical testing remains the best method to study the behaviour of structural systems. 

However, the experimental testing is generally very costly, effort and time consuming, and 

cumbersome. The complexity involved in such procedures generally rises with the increase in 

number of parameters to be studied. Further, the application of experimental methods is also 

dependent upon the commercial availability of materials and testing equipment. These 

problems impose severe restrictions in the use of experimental methods for exhaustive testing 

and parametric studies. In such situations, Numerical simulation provides an efficient alternative. 

Numerical study of any experimental problem affords a researcher complete freedom to explore in detail 

any number of factors influencing that phenomenon. Finite Element method can be used effectively 

to simulate the response of different members, materials and systems (Thanoon et al., 2004-a). 

An effort has been made in this thesis to provide an alternative to experiments through Finite 

Element simulations. This chapter covers detailed procedure for modelling axially loaded 

concrete filled steel tube (CFST) columns having different geometries and core configurations. 

Three-Dimensional nonlinear Finite Element models have been prepared for different types of 

sample using ABAQUS 6.8 (2008). The validation of the developed models is also presented to 

prepare a strong floor for further investigations. 

The contact between the steel tube and concrete remains the single most important factor 

influencing the behavior of the composite columns. This composite action must therefore be 

very carefully modeled so that it reflects the no-slip condition between the two components.   

Suitable constitutive models have been adopted for concrete and steel tube to capture the effect 

of confinement by steel tube to concrete core. 

4.2 MODELLING OF CONCRETE CORE 

4.2.1 Element 

Solid element C3D8R as shown in Figure 4.1 has also been used to model the concrete core. In 

combination with a suitable constitutive model for concrete, this element is capable of 

capturing the brittle behavior of concrete, by cracking in tension and crushing in compression 
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(Abaqus Analysis User Manual, 2008). This element is also capable to model nonlinear 

material properties of concrete. The geometry of C3D8R element is defined, as shown earlier, 

as a three-dimensional element and eight nodes having three translational degrees of freedom at 

each node. 

4.2.2 Material Model 

Selecting a proper constitutive model for concrete is one of the most important parts of 

modeling a CFST. The material model for concrete must be capable of representing the effect 

of confinement provided by steel tube to the concrete core. 

Experimental studies carried out on concrete showed that concrete behaves in a highly 

nonlinear manner in uniaxial compression (Bangash, 2001). With confining pressure provided 

by steel due to interaction between the steel tube and the concrete core in CFST columns, the 

nonlinear behaviour of concrete core changes due to triaxial stress state. 

Richart et al. (1928) observed that confined concrete showed increased compressive strength, 

increased stiffness, and extended strain at which the peak stress was reached. As the lateral 

pressure due to steel-concrete interaction increases, the longitudinal strength and deformation 

ability also increases. The longitudinal stress at failure was suggested as: 

�′�� =  �′� + 4.1 �
             (4.2) 

where, �′�� is the uniaxial compressive strength of confined concrete, �′� is the uniaxial 

compressive strength of unconfined concrete and �
 is the lateral confining pressure provided 

by steel tube. �
 was calculated using empirical formulas as: 

For circular specimens: 

• CFST and RCC-CFST specimens (Hu et al., 2003): 

�
 �� = 0.043646 − 0.000832�� �⁄ �⁄            ��� 21.7 ≤ � �⁄  ≤ 47             (4.2 a) 

�
 �� = 0.006241 − 0.0000357�� �⁄ �⁄        ��� 47 ≤ � �⁄  ≤ 150             (4.2 b) 

• CFDST specimens (Hu and Su, 2011)  

Minimum of: 
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�
 = 8.525 − 0.166��� ��⁄ � − 0.00897��� ��⁄ � + 0.00125��� ��⁄ �� + 0.00246��� ��⁄ ���� ��⁄ � −
            0.00550��� ��⁄ �� ≥ 0                             (4.3 a) 

                                                             

�
 ���⁄ = 0.01844 − 0.00055��� ��⁄ � + 0.00040��� ��⁄ � + 0.00001��� ��⁄ �� + 0.00001��� ��⁄ ���� ��⁄ � −
                 0.00002��� ��⁄ ��            (4.3 b)

                         

�
 ���⁄ =
0.01791 − 0.00036��� ��⁄ � − 0.00013��� ��⁄ � + 0.00001��� ��⁄ �� +
                  0.00001��� ��⁄ ���� ��⁄ � − 0.00002��� ��⁄ �� ≥ 0              (4.3 c)                                                          

For square and rectangular specimens (Hu et al., 2003) 

• CFST and RCC-CFST specimens 

�
 �� = 0.055048 − 0.001885�� �⁄ �⁄          ��� 17 ≤ � �⁄  ≤ 29.2             (4.4 a) 

�
 �� = 0⁄                                                             ��� 29.2 ≤ � �⁄  ≤ 150             (4.4 b) 

• CFDST specimens 

�
 �� = 0.055048 − 0.001885��� ��⁄ �⁄          ��� 17 ≤ �� ��⁄  ≤ 29.             (4.5 a) 

�
 �� = 0⁄                                                             ��� 29.2 ≤ �� ��⁄  ≤ 150              (4.5 b) 

where D is the outer diameter of circular steel tube, width of square steel tube, width of broad 

side of rectangular steel tube, whichever is applicable. t is the wall thickness of steel tube. The 

subscripts o and i denote that outer steel tube and inner steel tube, respectively. 

The typical equivalent stress-strain curve of confined concrete has been modelled in three parts 

as shown in Figure 4.4. 

The first part defines the linear-elastic behaviour of the confined concrete (from zero stress 

point up to the proportional limit). The proportional limit stress has been considered as 0.5�!
�� 

as recommended by Ellobody et al. (2006). Initial  tangent modulus of elasticity was calculated 

as (ACI 318, 2008): 

 "�� = 4700#�′��                (4.6) 



52 
 

Typical Poisson’s ratio of concrete was assumed to be as 0.2 as recommended by Bangash 

(2001). 

The second part of the stress-strain curve describes the nonlinear behavior of the concrete core. 

         

Figure 4.1 Equivalent uniaxial stress-strain curves for confined and unconfined concrete 

This part starts from the proportional limit stress,0.5 �′��, to the maximum strength of the 

confined concrete, �′��. This part was modelled using uniaxial compressive stress-strain 

relationship proposed by Saenz (1964):  

 � = $%% .&
'(�)()*+��, -

 %%. /+��)+'�, -
 %%. /

0
(), -

 %%. /
1          (4.7) 

where R is ratio relation and given as: 

 2 = 2$�23 − 1� �2& − 1��⁄                     (4.8 a) 

in which, 2$ is modular ratio which equals to the ratio between initial modulus of elasticity of 

confined concrete (Ecc) to secant modulus at failure (���! /  ��! ): 

2$ = "�� . 4  ��! ���!⁄                      (4.8 b) 
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where 4 ��!  is strain of confined concrete corresponding to �′�� and given as proposed by Richart 

et al. (1928): 

4 ��! =   4′�  51 + 6�. 78
7!%

9                        (4.9) 

where 4′� is the failure strain of unconfined concrete corresponding to �′� and it was considered 

as 0.003 as recommended by ACI 318 (2008), and 6'and 6� are defined as confining factors, 

considered as 4.1 and 20.5 (56'�, respectively, as recommended by Richart et al. (1928). Rσ is 

the stress ratio and given as:  

23 = 7%%.
7:

                        (4.10) 

in which, �; is the residual ultimate strength of confined concrete and given as: 

�; = �6<�′��                       (4.11) 

2& is the strain ratio given as: 

2&= 4 ;! /4 ��!                         (4.12) 

where, r is a parameter proposed by Dai and Lam (2010) based on numerical simulation results 

and it was taken as 1.0 for concrete with cube strength of 30 MPa and 0.5 for concrete with 

cube strength of 100 MPa, and linear interpolation may be used for concrete with  strength 

between 30 and 100 MPa (Dai and Lam, 2010).  6< may be defined as material degradation 

parameter and it is given as: 

For circular specimens 

• CFST and RCC-CFST specimens (Hu et al., 2003): 

6< = 1                                                                                              ��� 21.7 ≤ � � ≤ 40⁄         (4.13 a) 

6< = 0.0000339�� �⁄ �� − 0.0100085�� �⁄ �  + 1.3491    ��� 40 ≤ �� �⁄ � ≤ 150       (4.13 b) 
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• CFDST specimens (Hu and Su, 2011): 

6< =
1.73916 − 0.00862��� ��⁄ � + 0.04731��� ��⁄ � + 0.00036��� ��⁄ �� +
0.00134��� ��⁄ ���� ��⁄ � − 0.00058��� ��⁄ �� ≥ 0                          

                         (4.14) 

For square and rectangular specimens 

• CFST and RCC-CFST specimens (Hu et al., 2003): 

6< = 0.000178�> �⁄ �� − 0.02492�> �⁄ �  + 1.2722              ��� 17 ≤ >/� ≤ 70          (4.15 a) 

6< = 0.4                                                                                            ��� 70 ≤ > � ≤ 150⁄          (4.15 b) 

• CFDST specimens (Hu et al., 2003) 

6< = 0.000178�>� ��⁄ �� − 0.02492�>� ��⁄ � + 1.2722   ��� 17 ≤ >�/�� ≤ 70          (4.16 a) 

6< = 0.4                                                                                        ��� 70 ≤ >� �� ≤ 150⁄           (4.16 b) 

4;!  is the strain corresponding to the residual ultimate strength of confined concrete, �;!, and it 

was considered as 11 ��!  as recommended by Hu et al. (2003). Moreover, 23 and 2& are 

considered as 4 as recommended by Hu and Schnobrich (1989). 

In the modeling of concrete, Drucker Prager (D-P) Hardening Rule has been used. This rule is 

generally used for materials whose compressive strength is much higher than its tensile 

strength. The model is suitable for modeling reinforced as well as unreinforced materials in 

compression hardening. 

 The input to D-P rule generally consists of two parts:  

a)  Elastic Behaviour: Initial elastic tangent modulus (calculated in Equation 4.6) and 

Poisson’s ratio of concrete are provided in this part. Three more inputs are required, viz. 

Angle of friction, Flow stress ratio, and Angle of Dilation. The values for these 

parameters were input as 20 degrees, 0.8 and 20 degrees (Hu et al., 2003) 

b) Plastic Behaviour: The compression hardening is defined by incorporating the plastic 

stress-strain behavior of concrete computed using the suitable set of equations chosen 
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from 4.2 to 4.16 (b). This graphical data is provided in the form of a compressive stress 

vs plastic strain. 

4.3 MODELLING OF STEEL TUBE 

4.3.1 Element 

In steel tube, the tube thickness is always much smaller as compared to other dimensions. The 

expected deformation in bare steel tube under an axial compressive load is deformation 

triggered due to buckling. Shell elements or solid elements can be used to simulate such 

behaviour in Finite Element analysis. However, use of shell elements significantly reduces 

number of elements through the thickness of steel tube and limits the accuracy of the analysis. 

The large shell element size also reduces the total number of elements of the hollow steel tube 

section, which in turn may significantly affect the simulation accuracy.  

Therefore, three-dimensional structural solid element C3D8R Abaqus Analysis User Manual, 

2008) is adopted for modelling the steel tube. C3D8R element is defined by eight nodes having 

three degrees of freedom at each node: translations in the nodal x, y, and z directions as shown 

in Figure 4.1.  

 

 

Figure 4.2 Geometry of C3D8R element (Abaqus Analysis User Manual, 2008) 

 

The element supports large strains analysis, plasticity based material models, and large 

deformations which are necessary to simulate the possibility of local and global buckling. 
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4.3.2 Material Model 

Elastic behaviour of steel tube is modelled using isotropic linear elastic model with initial 

modulus of elasticity of structural steel as 2 x105 MPa and Poisson’s ratio 0.3. It is assumed in 

this study that the proportional limit of steel tube is same of the yield point as the difference can 

be neglected (ACI 318, 2008).  

Plastic behaviour of steel tube is simulated using rate-independent plasticity theory which is 

characterized by the irreversible straining that occurs in a material once a certain level of stress 

is reached (Abaqus Analysis User Manual, 2008).  

There are three arguments in the rate-independent plasticity theory; yield function, flow rule 

and the hardening rule. The yield function determines the stress level at which yielding is 

initiated and subsequent yield surfaces (Hu and Schnobrich, 1988). Standard von Mises yield 

criterion is the classical yield criterion for steel. The von Mises yield surface is used for 

initially isotropic materials. It is defined by giving the value of uniaxial yield stress as function 

of uniaxial equivalent plastic strain (Abaqus Analysis User Manual, 2008). 

The flow rule determines the direction of plastic straining and relates the plastic strain 

increments to stress increments (Hu and Schnobrich, 1988). Flow rule may be defined as 

associated flow rule when the direction of plastic strains occurs in a direction normal to the 

yield surface as material is yielding (Abaqus Analysis User Manual, 2008). Associated flue rule 

is used to model the direction of plastic strains in steel tube.  

The hardening rule describes the change of the yield surface with progressive yielding (i.e. 

defines the motion of the subsequent yield surface during plastic loading stage (Hu and 

Schnobrich, 1988)) so that the conditions (i.e. stress states) for subsequent yielding can be 

established. Isotropic Hardening is commonly associated with von mises yielding. In isotropic 

hardening, the yield surface remains centered about its initial centerline and expands in size as 

the plastic strains develop assuming that the yield surface expands uniformly without distortion 

as plastic deformation occurs. 

Considering the pressure of concrete core on steel tube in CFST columns, steel tube is 

subjected to triaxial stress state, which is longitudinal stress due to axial loading (fsl), hoop 

stress (fh), and lateral (radial) stress (fl) (confining stress pressure) as shown in Figure 4.2. 

 



 

Figur

When the steel tube is subjected to triaxial stresses, a von Mises yiel

Figure 4.3 and the criterion 

2003) as: 

? = '
√�  #��' � ���� � �

Accordingly, the plastic behaviour of steel tube is modelled using a plastic based model  

bilinear isotropic hardening material model. The required input for this model is equivalent 

yield stress and tangent modulus. The latter is considered to be zero to simulate the elastic 

perfectly plastic (elastoplastic) behaviour. This model 

material behaviour of outer steel tube in all core configurations (CFST, RCC

CFDST), inner steel tube of 
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Figure 4.3 Free body diagram of CFST column

When the steel tube is subjected to triaxial stresses, a von Mises yiel

and the criterion F is employed to define the elastic limit, which is written 

��� � �<�� � ��< � �'�� � ��    

Accordingly, the plastic behaviour of steel tube is modelled using a plastic based model  

bilinear isotropic hardening material model. The required input for this model is equivalent 

tangent modulus. The latter is considered to be zero to simulate the elastic 

perfectly plastic (elastoplastic) behaviour. This model is used in this study, to simulate the 

material behaviour of outer steel tube in all core configurations (CFST, RCC

CFDST), inner steel tube of CFDST specimens, and rebars in RCC-CFST specimens.

 

Free body diagram of CFST column 

When the steel tube is subjected to triaxial stresses, a von Mises yield surface as shown in 

is employed to define the elastic limit, which is written (Hu et al., 

                      (4.17) 

Accordingly, the plastic behaviour of steel tube is modelled using a plastic based model  

bilinear isotropic hardening material model. The required input for this model is equivalent 

tangent modulus. The latter is considered to be zero to simulate the elastic 

in this study, to simulate the 

material behaviour of outer steel tube in all core configurations (CFST, RCC-CFST and 

CFST specimens. 



 

Figure 4.4 von Mises yield surface in the three

4.4 MODELLING OF R EINFORCEMENT 

Embedded Constraint is the most commonly used approach for simulating the reinforcement. 

The rebars can be modelled using link, truss, or beam elements built inside the concrete 

element in such a way that the rebars will be embedded into the concrete core

a rebar is embedded into the concrete core using a master

acts as the master surface; the rebar acts as the slave embedded body. The constraint ensu

perfect bond between reinforcement bars and concrete. A typical rebar embedded in a three

dimensional solid element is shown in Figure 4.5. The details of contact and diagrammatic 

representation of embedded constraint in an actual CFST i

                                     

Figure 4.5 A rebar embedded in a typical 3
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von Mises yield surface in the three-dimensional principle stresses

EINFORCEMENT  

Embedded Constraint is the most commonly used approach for simulating the reinforcement. 

The rebars can be modelled using link, truss, or beam elements built inside the concrete 

that the rebars will be embedded into the concrete core In this approach, 

a rebar is embedded into the concrete core using a master-slave approach. The concrete core 

acts as the master surface; the rebar acts as the slave embedded body. The constraint ensu

perfect bond between reinforcement bars and concrete. A typical rebar embedded in a three

dimensional solid element is shown in Figure 4.5. The details of contact and diagrammatic 

representation of embedded constraint in an actual CFST is provided later in Section 4.6.

 

A rebar embedded in a typical 3-D solid element (Abaqus Analysis User 

Manual, 2008) 

 

le stresses  

Embedded Constraint is the most commonly used approach for simulating the reinforcement. 

The rebars can be modelled using link, truss, or beam elements built inside the concrete 

In this approach, 

slave approach. The concrete core 

acts as the master surface; the rebar acts as the slave embedded body. The constraint ensures 

perfect bond between reinforcement bars and concrete. A typical rebar embedded in a three-

dimensional solid element is shown in Figure 4.5. The details of contact and diagrammatic 

r in Section 4.6. 

D solid element (Abaqus Analysis User 



 

4.5 MESHING  

Meshing involves the discretization of a complex structure into finer elements so that it 

becomes more easily solvable. In the present study, the steel tube and concrete core in Single 

Skin CFST were meshed using C3D8R Solid Continuum elements. A single layer of elements 

was used along the thickness in single skin members. Along the periphery of

specimens, there was a one

every element along the thickness of steel tube, there was a corresponding element of concrete 

core. The mesh is presented in Figure 4.6.

 

                                        

Figure 4.6 Peripheral Mesh for a typical Circular Single Skin Member

However, for all double

was used due to two reasons:

a) Square and Rectangular Double Skin and Reinforced CFST specimens often suffered from 

convergence problems 

example, the output window of a Square Reinforced CFST with a single layer of elements in 

steel looks like as in Figure 4.7:
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Meshing involves the discretization of a complex structure into finer elements so that it 

ecomes more easily solvable. In the present study, the steel tube and concrete core in Single 

Skin CFST were meshed using C3D8R Solid Continuum elements. A single layer of elements 

was used along the thickness in single skin members. Along the periphery of

specimens, there was a one-to-one correspondence between steel and concrete elements, i.e. for

every element along the thickness of steel tube, there was a corresponding element of concrete 

core. The mesh is presented in Figure 4.6. 

                                         

Peripheral Mesh for a typical Circular Single Skin Member

However, for all double skin and reinforced CFST members, a mesh with two layers in steel 

was used due to two reasons: 

a) Square and Rectangular Double Skin and Reinforced CFST specimens often suffered from 

 when a single layer of elements was used in steel t

example, the output window of a Square Reinforced CFST with a single layer of elements in 

steel looks like as in Figure 4.7: 

For every element along 
periphery of steel tube, there 
is an element of concrete; 
hence, no gaps between the 
two materials

Meshing involves the discretization of a complex structure into finer elements so that it 

ecomes more easily solvable. In the present study, the steel tube and concrete core in Single 

Skin CFST were meshed using C3D8R Solid Continuum elements. A single layer of elements 

was used along the thickness in single skin members. Along the periphery of the circular 

one correspondence between steel and concrete elements, i.e. for 

every element along the thickness of steel tube, there was a corresponding element of concrete 

Peripheral Mesh for a typical Circular Single Skin Member 

skin and reinforced CFST members, a mesh with two layers in steel 

a) Square and Rectangular Double Skin and Reinforced CFST specimens often suffered from 

when a single layer of elements was used in steel tube thickness. For 

example, the output window of a Square Reinforced CFST with a single layer of elements in 

every element along 
periphery of steel tube, there 
is an element of concrete; 
hence, no gaps between the 
two materials 
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Figure 4.7 Convergence Problems in a Square Reinforced CFST with single layer of 

elements in wall thickness of steel tube 

As can be seen from Figure 4.7, the increment size becomes smaller and smaller, and the 

analysis ultimately aborts with an error. It must be noted that this was at a very early stage of 

analysis, corresponding to only about 1.5 mm of axial displacement. 

b) Circular Reinforced and Double Skin short columns were found to give very good matching 

with experimental deformed shapes when a double layer of elements was used in thickness (as 

will be shown in Section 5.2). It must be noted that in both cases a) and b), the meshes along 

the thickness were quite refined and thus no problems were encountered even when a one-on-

on correspondence was not used between steel and concrete. 

The meshing along periphery for double skin and RCC-CFST is shown in Figure 4.8.    

 



 

          

Figure 4.8 Peripheral Mesh for a typical Circular and Square Reinforced CFST

Trials were performed with different mesh densities along the length and thickness of the CFST 

member. It was found that a relatively coarse mesh with approximately 50 layers along the 

length of CFST (i.e. a global seed size of 0.02 times the length along 

gave good matching with experimental results. 

                

Figure 4.9 Effect of Mesh Density on Load
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Peripheral Mesh for a typical Circular and Square Reinforced CFST

Trials were performed with different mesh densities along the length and thickness of the CFST 

member. It was found that a relatively coarse mesh with approximately 50 layers along the 

length of CFST (i.e. a global seed size of 0.02 times the length along 

gave good matching with experimental results.  

Effect of Mesh Density on Load-Deflection Behaviour of CFST

5 10 15 20

Displacement (mm)

Experiment

Coarse Mesh

Medium Mesh

Fine Mesh

Selected Mesh

 

Peripheral Mesh for a typical Circular and Square Reinforced CFST 

Trials were performed with different mesh densities along the length and thickness of the CFST 

member. It was found that a relatively coarse mesh with approximately 50 layers along the 

length of CFST (i.e. a global seed size of 0.02 times the length along the height of the CFST) 

 

Deflection Behaviour of CFST 

25 30

Experiment

Coarse Mesh

Medium Mesh

Fine Mesh

Selected Mesh



 

Coarse Mesh `Medium Mesh        Fine Mesh
       

Figure 4.10 Effect of Mesh Density on Deformed Shape of CFST

 

4.6 MODELLING OF STEEL- CONCRETE INTERFACE

Surface-to- Surface Contact using master

between the steel tube and concrete core in the present study 

various contact pairs in CFST are shown in Figures 4.

4.6.1 Contact in Single Skin CFST 

In Single Skin CFST specimens, inner surface of steel tube was selected as 

outer surface of concrete core was selected as 
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`Medium Mesh        Fine Mesh      Selected Mesh Experimental
                           Gupta et al. (2007)

Effect of Mesh Density on Deformed Shape of CFST 

CONCRETE INTERFACE   

Surface Contact using master-slave approach was adopted to simulate the interface 

between the steel tube and concrete core in the present study (Abaqus User Manual, 2008

various contact pairs in CFST are shown in Figures 4.11 (a), (b) and (c). 

 

CFST specimens, inner surface of steel tube was selected as master

outer surface of concrete core was selected as slave, as shown in Figure 4.11 (a).  

 

Experimental 
Gupta et al. (2007) 

 

was adopted to simulate the interface 

(Abaqus User Manual, 2008). The 

master, whereas 
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Figure 4.11(a) Contact pair in Single Skin CFST section 

 

4.6.2 Contact in Double Skin CFST (CFDST) 

In CFDST specimens, two contact pairs were created. First pair was same as the pair used for 

CFST and RCC-CFST specimens (i.e. between the outer surface of concrete core as Slave 

surface and the inner surface of outer steel tube as Master surface). Second contact pair was 

constructed between inner surface of concrete core (Slave surface) and outer surface of inner 

steel tube (Master surface). Master and Slave surfaces, and elements are shown in Figure 4.11 

(b). 
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Figure 4.11(b) Contact pairs in Plain CFDST section 

4.6.3 Contact in RCC-CFST 

One contact pair and one constraint equation have been used in modeling of Reinforced CFST. 

The contact pair is the same as a Single Skin CFST, having inner face of concrete core as slave 

surface in contact with inner face of steel tube as master surface, as shown in Figure 4.11 (a). In 

addition to this, an embedded constraint has been provided for simulating the bond between 

longitudinal reinforcement cage and the concrete core, as shown in Figure 4.11 (c).  The 

embedded constraint assures a perfect bond at the start between steel and concrete materials. 

The rebars have been simulated as 1-D truss element, which provides good accuracy in tracking 

large deformations while simultaneously providing computationally efficient solution. 
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Figure 4.11(c) Embedded Constraint for modeling of Rebars in Concrete core 

To define the contact behavior between steel and concrete, Mohr-Coloumb friction criterion 

was used. A coefficient of friction was provided for transference of load between steel and 

concrete. The effect of various coefficient of friction between steel and concrete on the 

behaviour of CFST was studied for a typical specimen CS1-1-1 (short column of outer steel 

tube dia 114.3 mm, wall thickness 3.4 mm and nominal length three times the outer diameter). 

Figures 4.12 and 4.13 show the effect of coefficient of friction of load-deflection behaviour and 

deformed shape of CFST respectively. It is clear from the figures that Mu=0.05 provides the 

closest agreement with experimental results, and has hence been adopted in further numerical 

simulations. 
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Figure 4.12 Effect of Mu on Load-Deflection Pattern of CFST 

 

     Mu=0.2       Mu=0.3     Mu=0.4  Mu=0.6       Mu=0.05      Experiment 

Figure 4.13 Effect of Mu on Deflected shape of CFST 

Contact was also provided at the ends between the Rigid platens of the machine and the steel 

and concrete surfaces in contact with the platen. The Rigid Platen was assumed as the Master 

surface while the steel (or concrete) face was assumed to be the slave surface. Effect of 

different coefficient of friction between platen and steel/concrete (f) was also studied. The 

results are shown in Figure 4.14. As the results show, there is no significant effect of the ‘f’ 

parameter on CFST behaviour 
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(a) Giakoumelis and Lam (2004)                                    (b) Sakino et al. (2004)  

                Sample C3               Sample CC4-A-4-1 

Figure 4.14 Effect of end friction ‘f’ on behaviour of CFST 

An end friction of 0.2 was thus adopted for the contact between material surfaces and rigid 

platens. 

4.7 STEP TIME AND BOUNDARY CONDITIONS 

The step time is a parameter that can be used to define the rate of loading and total test duration 

of the specimen. The FEM software ABAQUS does not follow any in-built system of units. 

Therefore, deciding the overall step time is in the hands of the user only. As mentioned in 

Section 3.8, a loading rate of 0.5 mm per minute was followed in testing in the present 

experimental study. Therefore, the samples were tested in ABAQUS at this rate only. Figure 

4.15 shows a typical step time for the CFST sample tested to 30 mm axial deformation. 

Since the rate of loading is 0.5 mm/minute, therefore the total time of test will be equal to 

30/0.5 minutes, i.e. 60 minutes (or 3600 seconds). Following the unit of time as second, 

therefore a step time of 3600 units has been provided. The default loading pattern in ABAQUS 

is Ramp, i.e. linearly increasing with time, which is suitable for this particular analysis.                      

Fixed Boundary Condition, restraining all the Degrees of Freedom, has been provided at the 

bottom rigid platen. This imitates the permanently fixed bottom end of the INSTRON testing 

machine. 
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(a) Step Time                                    (b) Axial Displacement 

Figure 4.15 Defining (a) Step Time and (b) Axial Displacement of 30 mm in ABAQUS for 

a loading rate 0.5 mm/min 

To apply the axial displacement, the top end is allowed to move in downward direction only (as 

shown by red arrow in Figure 4.16), while restraining all other degrees of freedom at top 

platen. The concrete core and steel tube are completely unrestrained and free to deform in all 

directions. 

        

                Figure 4.16 Boundary Conditions Applied in CFST member 

The final cross-sectional view of the final proposed models is shown in Figures 4.17 to 4.19.  



 

               

(Color code: Bluish material is steel tube; concrete is green/grayish)

                    

(Color Code; Bluish: Outer Steel Tube, Green: Concrete, Red: Inner Steel Tube)
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Figure 4.17 Single Skin CFST Members
(Color code: Bluish material is steel tube; concrete is green/grayish)

                       

Figure 4.18 Double Skin CFST Members
(Color Code; Bluish: Outer Steel Tube, Green: Concrete, Red: Inner Steel Tube)

 

Single Skin CFST Members 
(Color code: Bluish material is steel tube; concrete is green/grayish) 

 

Members 
(Color Code; Bluish: Outer Steel Tube, Green: Concrete, Red: Inner Steel Tube) 



 

                  

Figure 4.
(Color Code; Bluish: Outer Steel Tube, 

4.8 VALIDATION OF PROPOSED MODEL

Numerical results obtained using proposed model were verified against experimental results 

selected from available literature. A total of 

sectional shapes (circular, square and rectan

The numerical results in the form of load

capacities were compared against corresponding experimental counterparts. This was necessary 

to ensure that the proposed models are applicable for a wide range of geometry and material 

configurations. The steel tubes were having different geometric configurations (

size, thickness and length) and different material properties (grades of steel yielding st

and compressive strengths of concrete). 

of 150 mm diameter and 300 mm length 

core in this study as a For experimental specimens in which the co

was measured using concrete cube of 150 mm size, the equivalent compressive strength was 

calculated assuming that the compressive strength of concrete cylinders is 80% of compressive 

strength of concrete cubes as recommended by
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Figure 4.19 Reinforced CFST Members 
(Color Code; Bluish: Outer Steel Tube, Black/Orange: Concrete, Red: Rebar cage

VALIDATION OF PROPOSED MODEL  

Numerical results obtained using proposed model were verified against experimental results 

selected from available literature. A total of fifty four specimens having different 

al shapes (circular, square and rectangular) were simulated to verify the proposed model. 

The numerical results in the form of load-displacement curves and ultimate load carrying 

capacities were compared against corresponding experimental counterparts. This was necessary 

posed models are applicable for a wide range of geometry and material 

configurations. The steel tubes were having different geometric configurations (cross

size, thickness and length) and different material properties (grades of steel yielding st

and compressive strengths of concrete). The uniaxial compressive strength of concrete cylinder 

of 150 mm diameter and 300 mm length was considered as compressive strength of concrete 

core in this study as a For experimental specimens in which the concrete compressive strength 

was measured using concrete cube of 150 mm size, the equivalent compressive strength was 

calculated assuming that the compressive strength of concrete cylinders is 80% of compressive 

strength of concrete cubes as recommended by Neville (2013). 

 

ebar cage) 

Numerical results obtained using proposed model were verified against experimental results 

specimens having different cross-

gular) were simulated to verify the proposed model. 

displacement curves and ultimate load carrying 

capacities were compared against corresponding experimental counterparts. This was necessary 

posed models are applicable for a wide range of geometry and material 

cross-sectional 

size, thickness and length) and different material properties (grades of steel yielding stresses 

uniaxial compressive strength of concrete cylinder 

ompressive strength of concrete 

ncrete compressive strength 

was measured using concrete cube of 150 mm size, the equivalent compressive strength was 

calculated assuming that the compressive strength of concrete cylinders is 80% of compressive 
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Details of circular specimens simulated for verifying the proposed model are listed in Table 

4.1. Numerical load-displacement curves and modes of deformations were compared with 

corresponding experimental curves in Figure 4.20 (a to g). For some specimens it was not 

possible to compare modes of deformation as these are not available in concerned literature. It 

can be concluded based on the Figure 4.20 that the proposed model can predict the structural 

behaviour (load-displacement curve) of such columns with good accuracy. 

It can be concluded from Table 4.1 that the proposed model predicts the ultimate load carrying 

capacity for specimens having circular cross-sections with good accuracy. The average of the 

predicted capacities is about 1.01 times the measured values with standard deviation 0.046. 

                                     

                    

Figure 4.20(a) Schneider et al. (1998) 
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Table 4.1 Details of simulated circular specimens 

 Specimen 
ID 

L 
(mm) 

D 
(mm) 

t 
(mm

) 

f ’
c 

(MPa) 
fy 

(MPa) 
Ultimate Capacity 

(kN) 

ABCDEFGHI
JKLHMBCHNG 

Tested 
by Experimenta

l  
Simulated 

C1 605.4
4 

140.8 3 28.18 285 881 875 0.99 
Schneider 

(1998) 
C2 608.0

2 
141.4 6.5 23.81 313 1825 1681 0.92 

C3 616 140 6.68 28.18 537 2013 1977 0.98 
CU-040 600 200 5 27.15 265.8 2013 1990 0.99 

Huang et 
al. (2002) 

CU-070 840 280 4 31.15 272.6 3025 3024 1.00 
CU-150 900 300 2 27.23 341.7 2180 2151 0.99 
SFE2 650 159 4.8 64.5 433 2170 2167 1.00 

Johansson 
(2002) 

SFE4 650 159 5 36.6 390 2040 2177 1.07 
SFE5 650 159 6.8 36.6 402 2860 2742 0.96 
SFE6 650 159 10 36.6 355 3410 3475 1.02 
SFE8 650 159 6.8 93.8 402 3220 3523 1.09 
C3 300.5 114.8

8 
4.91 31.42 343 993 1009 1.02 

Giakoumeli
s and Lam 

(2004) 

C7 300 115.0
4 

4.92 34.72 343 1380 1292 0.94 
C8 300.5 115.0

2 
5.02 104.92 343 1787 1709 0.96 

C11 300 114.3 3.85 57.62 343 1067 1120 1.05 
C14 300 114.5

4 
3.84 98.92 343 1343 1425 1.06 

CC4-A-4-1 447 149 2.96 40.5 308 1064.0 1079 1.01 

Sakino et 
al. (2004) 

CC4-C-4-1 900 300 2.96 41.1 279 3277.0 3334 1.02 
CC4-D-4-1 1350 450 2.96 41.1 279 6870.0 6752 0.98 
CC8-C-8 666 222 6.47 77 843 7304 7952 1.09 
D4M3 340 89.32 5.48 37.6 360 650 658 1.01 
D4M4 340 112.4

6 
5.78 37.6 360 764 758 0.99 

C30L3D 342.9 114.3 3.35 32.7 287.33 737 763 1.04 

Oliveira et 
al. (2009) 

C60L3D 342.9 114.3 3.35 58.7 287.33 952 971 1.02 
C80L3D 342.9 114.3 3.35 88.8 287.33 1136 1174 1.03 
C100L3D 342.9 114.3 3.35 105.5 287.33 1453 1313 0.90 
Average 1.01 

 
Standard Deviation 0.046 

 2 Compressive strength of concrete cube; unless this is mentioned, all values of fc are uniaxial 
cylinder strength of concrete 
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         Figure 4.20 (b) Huang et al (2002) 
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Figure 4.
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                                                                                     SFE-2 expt.                  SFE-

Figure 4.20(c) (Johansson, 2002) 
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 Figure 4.20(d) (Giakoumelis and Lam, 
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(d) (Giakoumelis and Lam, 2004) 

20 30 40 50

Displacement (mm)

SPECIMEN C7

Experiment

Simulated

20 30 40

Displacement (mm)

SPECIMEN C11

Experiment

Simulated



76 
 

   

   

    

Figure 4.20(e) (Sakino et al., 2004) 
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       Simulated

Figure 4.20(f) (Gupta et al., 2007) 
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Figure 4.20(g) (Oliveira et al., 2009) 
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Table 4.2 lists the details of simulated specimens with square cross-sections. It is required to be 

mentioned here that the fillet on the corners of square as well as rectangular specimens were 

considered at sharp edges for simplicity. According to Euro Code 3 (EN 1993, 2005), the 

influence of rounded corners on sectional properties can be ignored if internal radius of fillet r 

≤ 5t and r ≤ 0.15B. 

Table 4.2 Details of simulated square specimens 

Specimen ID L 
(mm) 

B 
(mm) 

t 
(mm) 

f ’
c 

(MPa) 
 
 

fy 
(MPa) 

 
 

Ultimate Capacity (kN) ABCDEFGHI
JKLHMBCHNGFE Tested 

by 
Experimental Simulated 

S1 611.04 127.3x127.3 3.15 30.454 356 917 1012 1.15 

S
ch

ne
id

er
 (

19
98

) 

S2 609.12 126.9x126.9 4.34 26.044 357 1095 1133 1.03 

S3 611.04 126.9x127 4.55 23.805 322 1113 1108 0.99 

S5 610.52 126.8x127.2 7.47 23.805 347 2069 2081 1.00 

SU-040 600 200x200 5 27.15 265.8 2312 2119 0.87 

(H
ua

ng
 e

t a
l. 

(2
00

2)
 

SU-070 840 280x280 4 31.15 272.6 3401 3520 1.03 

SU-150 900 300x300 2 27.2 341.7 3062 2945 1.03 

CR4-A-4-1 444 148x148 4.38 40.5 262 1414 1458 0.99 

S
ak

in
o 

et
 a

l. 
(2

00
4)

 

CR4-C-4-1 645 215x215 4.38 41.1 262 2424 2415 1.06 

CR4-D-4-1 969 323x323 4.38 41.1 262 4950 5131 0.99 

A1 360 120x120 5.8 83 300 1697 2023 1.19 Liu and 
Gho 

(2005) A2 360 120x120 5.8 106 300 1919 2282 1.18 

Average 1.04 

 Standard Deviation 0.091 

 

Figure 4.21(a to d) shows the load-displacement curves for simulated square specimens against 

the corresponding experimental specimens. It can be concluded from Figure 4.21 that the 

proposed model predicts the compression process of square columns with good accuracy. 

Moreover, it can be concluded from Table 4.2 that the proposed model predicts with good 

accuracy the ultimate axial capacities of square specimens. The predicted capacities were about 

1.04 times, in average, of the measured values with standard deviations of 0.091. 
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Figure 4.21(a) (Schneider,1998)  
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Figure 4.21(b) (Huang et al., 2002) 
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Figure 4.21(c) (Sakino et al., 2004) 
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Experimental       Simulated 

                                                   Figure 4.21(d) (Liu and Gho, 2005) 
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Characteristics of simulated specimens with rectangular cross-section are presented in Table 

4.3. Numerical load-displacement curves are compared against the experimental curve in 

Figure 4.22 (a to d). It can be concluded from Figure 4.22 that the proposed model is capable to 

predict the compression behaviour of rectangular columns with accepted accuracy. However, it 

can also be concluded from Figure 4.22 and Table 4.3 that the proposed model underestimates 

the ultimate capacities of rectangular specimens having relatively bigger cross-sections and 

higher aspect ratios. 

Table 4.3 Details of simulated rectangular specimens 

Specimen 
Label 

Tested by B/H fc 
(MPa) 

Exp. Peak Axial 
Load  Pexp (KN) 

ABAQUS Peak 
Axial Load  Pabq 

(KN) 

Pabq / 
Pexp 

R2 Schneider 
(1998) 

2.0 26.044 1006 1022 1.015 

R4 1.5 23.805 1224 1164 0.951 

R5 1.5 23.805 1335 1307 0.979 

R6 1.5 23.805 1691 1630 0.964 

rc4-1 Han (2002) 1.1 59.30* 1420 1188 0.837 

rc6-1 1.3 59.30* 640 561 0.876 

rc8-1 1.3 59.30* 1044 863 0.826 

rc10-1 1.3 59.30* 1820 1607 0.883 

rc11-1 1.5 59.30* 760 677 0.890 

C6-1 Liu et al 
(2003) 

1.5 60.8 1560 1541 0.988 

C9-2 2.0 72.1 1820 1758 0.966 

A-4-1 Liu et al 
(2004) 

1.3 83 1601 1655 1.034 

A-5-1 1.3 106 1854 1903 1.027 

A-8-1 1.8 106 2287 2459 1.075 

A-10-1 1.5 55 1815 1732 0.954 

A-14-1 1.9 55 2038 2060 1.010 

Average  0.954 

Standard 
Deviation 

 0.0733 

*Cube compressive strength of concrete; unless mentioned specifically, fc is cylinder 

strength of concrete 
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Figure 4.22(a) Schneider et al. (1998) 
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 Figure 4.22(b) Han (2002) 
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              Figure 4.22(c) Liu et al. (2003) 
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Experimental             Simulated 

 
  Figure 4.22(d) Liu et al. (2004) 
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4.9 CONCLUSIONS 

A three-dimensional nonlinear Finite Element model for simulating the behaviour of circular, 

square and rectangular Concrete Filled Steel Tube (CFST) columns is presented in this chapter. 

An effort was made to provide a detailed procedure for Finite Element modelling and 

simulations of such columns using commercial software package ABAQUS 6.8. Composite 

action is modeled between concrete core and steel tube. Suitable constitutive models were used 

for simulating the behaviour of concrete in confinement. The proposed model was then verified 

by comparing its numerical results with selected experimental results available in literature. 

Based on the verification of the proposed models, it can be concluded that the proposed model 

is able to capture the deformation behaviour of such columns. It can also be concluded that the 

proposed models are capable to predict the load carrying capacity of tubular specimens.  

The proposed models will be used to simulate, and investigate the specimens tested in this 

thesis. In the coming chapters, the models will initially be applied to model single skin CFST 

members. The proposed models will also be extended to be applicable to simulate the 

specimens with different core configurations, i.e. RCC-CFST and CFDST. 
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CHAPTER FIVE 

1.  COLUMNS WITH CIRCULAR CROSS-SECTIONS 

5.1 GENERAL 

The experimental and computational investigations on circular tubes filled with concrete are 

presented in this chapter. A total of Thirty Seven specimens consisting of three different types; 

Concrete Filled Steel Tube (CFST) (Figure 3.3); Concrete Filled Double Steel Tube (CFDST) 

(Figure 3.4) and Reinforced Concrete Filled Steel Tube (RCC-CFST) (Figure 3.5) were cast 

and tested under axial loading. Specimens with varying outer diameters (D), thicknesses (t) and 

lengths (L) were tested to study the effect of these parameters on structural response of the 

tubular columns. The CFST specimens were also modeled using the Finite Element model 

presented in Chapter 4. The developed model was used to investigate the variation of lateral 

confining pressure along the height and cross-section of some typical columns. Finally, a novel 

concept named Digital Image Correlation of experimental specimen has been introduced and 

compared with results from numerical simulations.  

5.2 DETAILS OF SPECIMENS 

Circular Composite columns of three different core configurations viz. Nineteen Concrete 

Filled Steel Tubular (CFST), Thirteen Concrete Filled Double Skin Tubular Columns (CFDST) 

and Five Reinforced Concrete Filled Steel Tubular Columns (RCC-CFST) were tested in axial 

loading. Table 3.3 presents the Material properties of circular steel tubes used for preparing the 

specimens. Labeling of circular specimens used in this chapter is explained in Table 5.1.  

Four length categories were used for CFST specimens. From these, two length categories were 

designed to obtain short specimens.  The short specimens have been designated nominally here 

as L3D and L4D specimens. The two remaining length categories were designed to obtain 

intermediate specimens which have been designated nominally as L7D and L10D specimens. 

Moreover, for each of these length categories, three different diameters have been used, with 

three different thicknesses for every diameter. Geometric Properties of CFST specimens are 

given in Table 5.2  
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Table 5.1 Labelling of circular specimens 

Typical ID:  CPQ-L-M-N 
Character Denotes Value C Circular specimen 

P Core configuration 
S: CFST 

R: RCC-CFST 
D: CFDST 

Q Length Category 
1: L3D and L4D 

2: L7D 
3: L10D 

L Outer diameter of outer steel 
tube 

1: 114.3 mm 
2: 165.1 mm 
3: 90.00 mm 

M Thickness of steel tube with 
diameter “D”  

1: first thickness 
2: second thickness 
3: third thickness 

N Specimen number. with same 
details 

1: first specimen 
2: repeated (second) specimen 

 

For CFDST specimens, two length categories L3D and L7D were designed. Two diameters 

were used with three different thicknesses for each diameter.  The same inner steel tube was 

used in all the CFDST specimens. Outer diameter and thickness of inner steel tube were 48.3 

mm and 3.04 mm. The yield stress and area of steel were 479 MPa and 432 mm2, respectively. 

The hollow volume between the two concentric steel tubes was filled with concrete.The inner 

volume of inner steel tube was kept as hollow to obtain CFDST specimens with lighter 

weights. Geometric details of CFDST specimens are given in Table 5.3. 

Two length categories were used For RCC-CFST specimens,. The first length category was 

short columns designated nominally as L3D specimens. The second length category was 

designed to obtain intermediate specimens and designated as L7D specimens. Two different 

diameters with two different thicknesses for each diameter have been used for the RCC-CFST 

core configuration. The amount of reinforcement in RCC-CFST specimens were so selected 

that the sum  total of area of steel tube and reinforcement in the specimens with lower wall 

thicknesses will almost equal the area of steel tube in CFST specimen with higher wall 

thickness. This was done to maintain a constant total area of steel (area of steel tube plus area 

of rebars) while examining the effect of redistribution of this area. There was a marginal 

difference in the total steel areas depending on the commercially available sizes of steel tubes 

and rebars.  
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                                     Table 5.2 Details of circular CFST specimens 

Length 
Category 

Specimen ID L 
(mm) 

D 
(mm) 

t 
(mm) 

D/t L/D fy 
(MPa) 

S
ho

rt
 s

pe
ci

m
en

s 

L3
D

 

CS1-1-1-1 380 114.3 3.4 33.62 3.32 430 

CS1-1-2-1 380 114.3 4.2 27.21 3.32 428 

CS1-1-3-1 380 114.3 5.06 22.59 3.32 427 

CS1-2-1 500 165.1 4.28 38.57 3.03 423 

CS1-2-2-1 500 165.1 5.03 32.82 3.03 423 

CS1-2-2-2 500 165.1 5.03 32.82 3.03 423 

L4
D

 CS1-3-1 360 90 3.0 30.00 4.00 308 

CS1-3-2 360 90 3.8 23.68 4.00 308 

CS1-3-3 360 90 4.5 20.00 4.00 308 

In
te

rm
ed

ia
te

 s
p

ec
im

en
s 

L7
D

 

CS2-1-1 900 114.3 3.4 33.62 7.87 430 

CS2-1-2 900 114.3 4.2 27.21 7.87 428 

CS2-1-3-1 900 114.3 5.06 22.59 7.87 427 

CS2-1-3-2 900 114.3 5.06 22.59 7.87 427 

CS2-3-1 630 90 3.0 30.00 7.00 308 

CS2-3-2 630 90 3.8 23.69 7.00 308 

CS2-3-3 630 90 4.5 20.00 7.00 308 

L1
0D

 CS3-3-1 900 90 3.0 30.00 10.00 308 

CS3-3-2 900 90 3.8 23.68 10.00 308 

CS3-3-3 900 90 4.5 20.00 10.00 308 
 

The reason behind such design was to study the difference in behaviour of specimens having 

same area of steel but two different core configurations (i.e. CFST and RCC-CFST).. Such 

comparison is useful in two cases;  

a) If the required thickness of steel tube is not commercially available, a smaller size of 

steel tube can be used based on the commercial availability.  The remaining area of 

steel can be provided using longitudinal reinforcement bars to achieve the target area of 

steel 

b) The use of reinforcing bars inside such composite columns helps to facilitate the 

connections between columns and RCC beams or RCC footings. Table 5.4 gives the 

details of RCC-CFST specimens. 
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Table 5.3 Details of circular CFDST specimens 

Length 
Category 

ID L   
(mm) 

Do 

(mm) 
to 

(mm) 
(D/t)o (L/D)o fyo 

(MPa) 

S
h

or
t s

p
ec

im
en

s 

L3
D

 

CD1-1-1 380 114.3 3.40 33.62 3.32 430 

CD1-1-2 380 114.3 4.20 27.21 3.32 428 

CD1-1-3 380 114.3 5.06 22.59 3.32 427 

CD1-2-1-1 500 165.1 4.28 38.57 3.03 423 

CD1-2-1-2 500 165.1 4.28 38.57 3.03 423 

CD1-2-2-1 500 165.1 5.03 32.82 3.03 423 

CD1-2-2-2 500 165.1 5.03 32.82 3.03 423 

In
te

rm
ed

ia
te

 s
p

ec
im

en
s 

L7
D

 

CD2-1-1-1 900 114.3 3.40 33.62 7.87 430 

CD2-1-1-2 900 114.3 3.40 33.62 7.87 430 

CD2-1-2-1 900 114.3 4.20 27.21 7.87 428 

CD2-1-2-2 900 114.3 4.20 27.21 7.87 428 

CD2-1-3-1 900 114.3 5.06 22.59 7.87 427 

CD2-1-3-2 900 114.3 5.06 22.59 7.87 427 

 

Table 5.4 Details of circular RCC-CFST specimens 

Length Category ID L 

(mm) 

D   

(mm) 

t                                    

(mm) 

Reinf. 

(mm) 

D/t L/D fy (MPa) fyr 

(MPa) 

Short 

specimens L3
D

 

CR1-1-1 380 114.3 3.4 8Ø10 33.62 3.32 430 550 

CR1-1-2 380 114.3 4.2 4Ø10 27.21 3.32 428 550 

CR1-2-1 500 165.1 4.28 4Ø12 38.57 3.03 423 550 

Intermediate 

specimens L7
D

 CR2-1-1 900 114.3 3.4 8Ø10 33.62 7.87 430 550 

CR2-1-2 900 114.3 4.2 4Ø10 27.21 7.87 428 550 
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Normal concrete having of M30 grade has been used to fill all the tested samples. The cube 

strength of infill concrete was 42.16 MPa cube and cylinder strength was 32.05 MPa as 

presented in Table 5.5. Details of concrete mix proportions are given in Table 3.1. 

Table 5.5 Compressive strength (MPa) of concrete core 

Group No. Age (days) Cube 
Strength 

Average Cylinder 
Strength  

Average 

1 28 

39.78 

40.15 

30.56 

30.84 40.03 31.12 

40.66 - 

2 48 

40.8 

41.61 

31.72 

31.67 40.91 32.62 

42.17 - 

3 60 

42.65 

42.33 

32.28 

32.50 41.21 32.72 

42.87 - 

4 72 

43.10 

43.65 

32.31 

32.69 43.64 33.07 

44.20 - 

Average 42.16 
 

32.05 

5.3 RESULTS 

5.3.1 Mode of Deformation 

Figures 5.1(a), (b) and (c) show the tested circular single skin (CFST), circular double skin 

(CFDST) and Reinforced concrete tubular specimens (RCC-CFST) specimens, respectively. 

Figures 5.2, 5.3 and 5.4 show experimental and numerical deformed shapes for various CFST, 

CFDST and RCC-CFST and specimens, respectively. 

For all core configurations, L3D specimens failed due to local buckling of steel tube followed 

by crushing of adjoining concrete. On the other hand, global buckling initiated from mid height 

of the specimens was observed as the primary failure mode in L7D columns. 
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Figure 5.1(a) Tested circular single skin(CFST) and double skin(CFDST) specimens 

                                     

             Figure 5.1(b) Tested circular RCC-CFST specimens 
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Experiment             Simulated         Experiment        Simulated 

Figure 5.2(a) Comparison of Experimental and Numerical Deflected shapes of 
short (L3D) 114.3mm diameter CFST columns 

 

 
       Experiment                         Simulated 

Figure 5.2(b) Comparison of Experimental and Numerical Deflected shapes of short 
(L3D) 165.1 mm diameter CFST columns 
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          Experiment                Simulated          Experiment             Simulated 

 
          Experiment             Simulated 

Figure 5.3 Comparison of Experimental and Numerical Deflected shapes of L7D 114.3 
mm diameter CFST columns 
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        Experiment         Simulated         Experiment            Simulated 

 

 
   Experiment                 Simulated 

Figure 5.4 Comparison of Experimental and Numerical Deflected shapes of short (L3D) 
114.3 mm diameter CFDST columns 
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       Experiment                     Simulated 

 

          
          Experiment                      Simulated 

Figure 5.5 Comparison of Experimental and Numerical Deflected shapes of short (L3D) 
165.1 mm diameter CFDST columns 
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                   Experiment                   Simulated                        Experiment             Simulated 
 

 
Experiment                         Simulated 

Figure 5.6 Comparison of Experimental and Numerical Deflected shapes of L7D 114.3 
mm diameter CFDST columns 
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            Experiment                  Simulated                        Experiment              Simulated 

Figure 5.7(a) Comparison of Experimental and Numerical Deflected shapes of short 
(L3D) 114.3 mm diameter RCC-CFST columns 

 

 
Experiment                                    Simulated 

Figure 5.7(b) Comparison of Experimental and Numerical Deflected shapes of short 
(L3D) 165.1 mm diameter RCC-CFST columns 
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           Experiment           Simulated   Experiment                Simulated 

Figure 5.8 Comparison of Experimental and Numerical Deflected shapes of L7D 114.3 
mm diameter RCC-CFST columns 

 

It can be concluded from Figures 5.2 to 5.8 that the proposed model gives is able to capture the 

mode of deformation of tubular specimens with different lengths and varying core 

configurations.  

For CFDST specimens with L3D details, the deformed shape was outward local buckling in the 

outer steel tube (as shown in Figures 5.4 and 5.5) ,while inward local buckling was noticed in 

the inner steel tube as shown in Figure 5.9 (a). 

It was observed that the local buckling generally occurred near the location of tie for RCC-

CFST specimens with L3D. To investigate the deformation in the longitudinal reinforcement, 

steel tube was cut and the concrete was removed carefully using crushing hammer without 

disturbing the rebars. The deformed shape of rebars was observed to be same of that in RCC 

columns, i.e. buckling between the ties as observed in Figure 5.9 (b). 
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Experiment                  Simulated    

Figure 5.9(a) Comparison of Buckling of Inner Tube in CFDST specimens 

 

Buckling of Rebars occurs between the lateral ties 

              

. Figure 5.9(b) Local Buckling of Tube occurs near the Ties in RCC-CFST specimens 
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5.3.2 Strength 

Figures 5.10, 5.11 and 5.12 show experimental and numerical load-displacement curves for 

CFST, CFDST and RCC-CFST specimens, respectively. It can be concluded from the figures 

that the axial capacity of specimens increases as the wall thickness of the specimens increases 

for all diameters, configurations and lengths. It can also be concluded that the proposed model 

gives acceptable results for load-displacement curves for all specimens and it is applicable to 

specimens with different lengths and different core configurations. 

                  

 

                  

Figure 5.10(a) Comparison of experimental and numerical load-displacement curves for 

circular L3D CFST specimens, D= 165.1 mm 

 

0

500

1000

1500

2000

2500

0 3 6 9 12 15 18 21

L
oa

d 
(K

N
)

Displacement (mm)

SPECIMEN CS1-2-1

Experiment

Simulated

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30 35 40

L
oa

d 
(K

N
)

Displacement (mm)

SPECIMEN CS1-2-2

CS1-2-2-1-Experiment

CS1-2-2-2-Experiment

Simulated



106 
 

                  

                  

                  

Figure 5.10(b) Comparison of experimental and numerical load-displacement curves for 
circular L3D CFST specimens, D= 114.3 mm 
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Figure 5.10(c) Comparison of experimental and numerical load-displacement curves for 
circular L7D CFST specimens, D= 114.3 mm 
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Figure 5.10(d) Comparison of experimental and numerical load-displacement curves for 
circular L7D CFST specimens, D= 90 mm 
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Figure 5.10(e) Comparison of experimental and numerical load-displacement curves for 
circular L7D CFST specimens, D= 90 mm  
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Figure 5.11(a) Comparison of experimental and numerical load-displacement curves for 
circular L3D CFDST specimens, D = 165.1 mm 
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Figure 5.11(b) Comparison of experimental and numerical load-displacement curves for 
circular L3D CFDST specimens, D = 114.3 mm 
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Figure 5.11(c) Comparison of experimental and numerical load-displacement curves for 
circular L7D CFDST specimens, D = 114.3 mm 
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Figure 5.12(a) Comparison of experimental and numerical load-displacement curves for 

circular RCC-CFST L3D specimens, D=165.1 mm 

                             

                             

Figure 5.12(b) Comparison of experimental and numerical load-displacement curves for 
circular L3D RCC-CFST specimens, D = 114.3 mm 
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Figure 5.12(c) Comparison of experimental and numerical load-displacement curves for 

circular L7D RCC-CFST specimens, D = 114.3 mm 
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Ultimate capacity (strength, Pu) is defined as the maximum axial load observed in load-

displacement curve. The nominal capacity was calculated based on the ultimate strength of the 

materials of the cross-section. The nominal capacity, ��, is calculated as: 

�� = ���� + �	�	
    For CFST specimens                                    (5.1 a) 

�� = ������ + ������ + �	�	
    For CFDST specimens            (5.1 b)       

�� = ���� + ��
��
 + �	�	
   For RCC-CFST specimens            (5.1 c)          

where ��, �	, and ��
 are the cross-sectional area of steel tube, concrete core, and 

reinforcement bars, respectively. ��, and �	
 are the uniaxial yield strength of steel tube and 

uniaxial compressive strength of concrete core (unconfined strength), respectively. ��
 is the 

yield stress of rebars. ���, ���, ���, and ��� are the cross-sectional area and yield strength of 

outer and inner steel tube, respectively. 0.2% strain offset method was used to calculate the 

Yield load (Py) for specimens. The calculated nominal and ultimate load as well as 

experimental yield load and ultimate load, and yield displacement for CFST, CFDST  and 

RCC-CFST are given in Tables 5.6 to 5.8, respectively. 

The ultimate capacities, Pu have been normalized with respect to the corresponding nominal 

capacities Pn to investigate the enhancement in strength. The ratio of the two capacities is 

identified as “Strength Index, SI “. The parameter SI is defined as: 

�� = ��
��                  

(5.2) 

Pn has been calculated using Equation 5.1. The values of strength index for various specimens 

presented in Tables 5.6 to 5.8 clearly indicate that a significant increase over the nominal 

capacity is observed for all specimens due to composite action. Even in the longer L7D 

specimens, nominal capacities were always achieved  or exceeded (i.e. SI ≥1.0).  
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Table 5.6 Experimental and numerical results of circular CFST specimens 

Length 
Category 

Specimen 
ID 

Pn      

(KN) 
Δy 

(mm) 
Py      

(KN) 
   P5y 

  (KN) 
Pu (kN) SI DI 

Experiment Simulated 

L
3D

 
CS1-1-1-1 799.40 1.89 873.11 990.36 1021.11 1011.22 1.25 1.13 

CS1-1-2-1 916.33 1.88 931 1159.70 1161.32 1198.77 1.27 1.25 

CS1-1-3-1 1017.64 1.72 1002.6 1261.20 1337.67 1357.62 1.31 1.26 

CS1-2-1 1514.40 2.59 1976.2 2049.00 2144.48 2019.70 1.42 1.04 

CS1-2-2-1 1677.05 2.06 1786 2132.00 2206.31 2267.28 1.31 1.19 

CS1-2-2-2 1677.05 2.35 1870 2142.23 2179.22 2267.28 1.30 1.15 

L
4D

 

CS1-3-1 434.16 1.10 471.90 571.20 612.32 621.34 1.41 1.21 

CS1-3-2 469.72 1.16 554.55 653.25 667.66 688.32 1.37 1.18 

CS1-3-3 547.33 1.20 652.23 750.82 788.61 792.54 1.44 1.16 

L
7D

 

CS2-1-1 799.40 3.77 883.20 908.50 960.11 1061.35 1.21 1.03 

CS2-1-2 916.33 3.86 1004.40 1012.36 1072.32 1218.66 1.20 1.01 

CS2-1-3-1 1017.64 3.48 1044.00 1143.00 1185.55 1254.45 1.17 1.09 

CS2-1-3-2 1017.64 3.17 975.48 1082.79 1196.64 1254.45 1.15 1.11 

CS2-3-1 435.46 2.68 570.82 571.32 586.53 616.32 1.34 0.96 

CS2-3-2 491.33 2.50 593.48 571.60 650.67 653.63 1.33 0.93 

CS2-3-3 513.54 2.95 654.55 582.60 708.33 733.32 1.38 0.90 

L
10

D
 

CS3-3-1 435.46 3.10 559.20 489.22 558.99 588.60 1.19 0.96 

CS3-3-2 491.33 2.50 522.60 506.67 606.6 616.84 1.09 0.96 

CS3-3-3 513.54 2.86 665.30 642.33 655.89 678.22 1.06 0.97 
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Table 5.7 Experimental and numerical results of circular CFDST specimens 

 

Table 5.8 Experimental and numerical results for circular RCC-CFST specimens 

 

The effect of core configuration on enhancement in load carrying capacity has been 

investigated plotting the variation of  SI  for specimens with different core configurations. For 

more clarity, the specimens have been categorized based on L/D ratio. The SI for L3D and L7D 

specimens are shown in Figure 5.13 (a) and 5.13 (b), respectively. 

Length 
Category 

Specimen 
ID 

Pn          

(kN) 
Δy 

(mm) 
Py           

(kN) 
   P5y 

  (KN) 
Pu (kN) SI DI 

Experiment Simulated 
L

3D
 

CD1-1-1 960.90 1.63 1018.71 1175.52 1190.36 1155.19 1.24 1.09 

CD1-1-2 1066.61 1.62 1106.23 1271.33 1295.22 1294.60 1.21 1.11 

CD1-1-3 1179.27 1.81 1232.11 1361.50 1396.42 1406.33 1.18 1.11 

CD1-2-1-1 1699.28 2.51 1834.22 1864.66 2030.64 1994.50 1.23 1.02 

CD1-2-2-1 1845.41 2.62 2133.13 2110.59 2337.64 2160.85 1.27 0.99 

CD1-2-2-2 1845.41 2.78 2176.21 2228.11 2362.14 2160.85 1.27 1.02 

L
7D

 

CD2-1-1-1 960.90 3.23 1039.40 1006.22 1092.18 1057.32 1.13 0.97 

CD2-1-1-2 960.90 3.19 1011.39 1016.11 1080.24 1057.32 1.13 1.00 

CD2-1-2-1 1066.61 3.04 1050.63 1098.45 1152.31 1181.39 1.11 1.04 

CD2-1-2-2 1066.61 3.38 1142.88 1145.88 1223.29 1181.39 1.15 1.00 

CD2-1-3-1 1179.27 3.25 1172.65 1219.32 1271.06 1305.18 1.08 1.04 

CD2-1-3-1 1179.27 3.42 1227.00 1239.21 1294.59 1305.18 1.10 1.01 

Length 
Category 

Specimen 
ID 

Pn       

(KN) 
Δy 

(mm) 
Py       

(KN) 
P5y 

(KN) 
Pu (KN) SI DI 

Experimental Simulated 

L
3D

 

CR1-1-1 1137.17 2.33 1212.95 1432.65 1427.54 1449.8 1.26 1.18 

CR1-1-2 1077.41 2.10 1191.98 1419.31 1391.28 1461.3 1.29 1.19 

CR1-2-1 1780.97 3.46 2088.65 2629.58 2665.57 2279.08 1.50 1.26 

L
7D

 CR2-1-1 1137.17 4.00 1250.62 1295.88 1368.28 1368.50 1.14 1.04 

CR2-1-2 1077.41 4.01 1260.00 1265.47 1346.56 1346.33 1.19 1.00 
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It can be concluded from Figure 5.13 that RCC-CFST specimens showed the maximum SI out 

of all three core configurations for L3D and L7D specimens. This is due to the fact that the 

concrete core is confined by reinforcing bars which are further confined in turn with the 

confined concrete core (by steel tube). Strain hardening behaviour is thus the expected response 

for such members.  

CFDST specimens showed lesser SI as compared with other core configurations for L3D and 

L7D specimens. This may be attributed to: 

a) The improvement in strength is primarily due to the confinement of concrete core. 

The cross-sectional area of confined concrete is comparatively lower in case of 

CFDST specimens and accordingly the concrete enhancement is expected to be 

lower 

b) Based on free body diagram of CFDST specimens (Figure 5.14), the concrete annul 

is confined by inner steel tube and outer steel tube. Since the same inner steel tube 

is used for all CFDST specimens, the confining pressure provided by inner steel 

tube is same in all specimens. This confining pressure significantly decreases the 

load carried by outer steel tube as stress redistribution occurs due to multiaxial 

stress state according to von Mises failure criterion. Hence, increasing thickness of 

outer tube without changing thickness of inner tube will lead to increase the 

nominal capacity of cross-section without significant increase in ultimate capacity. 

Hence, SI decreases as D/t ratio of outer tube decreases. 

               

Figure 5.13(a) Strength index for L3D circular specimens with different core 

configurations 
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Figure 5.13(b) Strength index for 

Figure 5.14 Free body diagram for columns with CF

5.3.3 Ductility and Post Yield Behaviour

Ductility of a structural member might be defined as “the ability to undergo large plastic 

deformation without significant degradation

expected that CFST specimens 

provided by steel tube,. To investigate the effect of different core configurations on ductility, 

Ductility Index, DI, has been calculated for all specimens
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Strength index for L7D circular specimens with different core 

configurations 

Free body diagram for columns with CFDST core configuration

5.3.3 Ductility and Post Yield Behaviour 

Ductility of a structural member might be defined as “the ability to undergo large plastic 

deformation without significant degradation in strength” (Liang and Fragomeni, 2009)

CFST specimens may display highly ductile behaviour d

. To investigate the effect of different core configurations on ductility, 

Ductility Index, DI, has been calculated for all specimens as (Johansson, 2002)

25 30

D/t

L7D

CFST

CFDST

RCC-CFST

 

circular specimens with different core 

 

ST core configuration 

Ductility of a structural member might be defined as “the ability to undergo large plastic 

(Liang and Fragomeni, 2009). It is 

may display highly ductile behaviour due to confinement 

. To investigate the effect of different core configurations on ductility, 

(Johansson, 2002): 

35
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�� = ���
��             (5.3) 

where ��� is the load corresponding to five times yield displacement, 5∆�. The composite 

specimens are classified on the basis of their DI value as follows: 

a) If DI exceeds 1.0, it will be classified as Strain hardening behaviour.  

b) Elastic-perfectly-plastic behaviour will be the classification if specimen has DI as 1.0. 

c) Strain softening behaviour is the characterized as having DI less than 1.0.  

The effect of core configurations on DI is shown for L3D specimens in Figure 5.15. It can be 

concluded from Figure 5.11 that the DI was greater for RCC-CFST specimens and smaller for 

CFDST specimens. This is due to the fact that the rebars in RCC-CFST specimens are confined 

by concrete core and could sustain the applied load carrying well beyond the yield point. It can 

also be concluded that the the DI decreased for all core configurations with increase in D/t 

ratio. However, trend of reduction of DI was more pronounced in CFDST specimens as 

compared to RCC-CFST specimens. 

 

                         

 

      Figure 5.15 Ductility index for circular specimens with different core configurations 
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5.3.4 Length Effect  

The results of L7D and L10D have been compared with corresponding L3D specimens (Figure 

5.16) as a function of D/t ratio to study the effect of length on load carrying capacity of CFST 

specimens,.  SI has been calculated for investigating the normalized ultimate capacities. It can 

be concluded from Figure 5.16 that increase in D/t ratio significantly decreases the SI for L3D 

and L4D specimens, whereas SI generally increased for L7D and L10D specimens as D/t ratio 

increased. This indicates that the specimens with higher tube thickness undergo greater 

reduction due to increased length as compared to specimens with smaller tube thickness. It is 

due to the fact that the concrete contribution is greater in smaller thickness specimens than the 

higher tube thickness specimens. The higher axial stiffness of concrete results in increased 

concrete contribution which increases the axial stability of specimens. 

                     

                     

Figure 5.16 Effect of length on strength index of circular CFST specimens 
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Reduction in load carrying capacities due to increased length has also been investigated for 

specimens with different core configurations.  Load carrying capacities of L7D specimens and 

corresponding L3D specimens have been compared for every core configuration. The reduction 

in load carrying capacity due to increase in length is shown in Figure 5.15. It can be concluded 

from the figure that for the specimens with greater thickness (i.e. lower D/t ratio), lower 

reduction due to increased length was observed for all configurations. This is due to the fact 

that the specimens with greater tube thicknesses provide greater lateral confining pressure for 

concrete core. This decreases the maximum longitudinal stress the steel tube can bear due to its 

triaxial state of stress (in accordance with von Mises criteria). Therefore, as shown in Figure 

5.17 that the specimens with D/t=33.62 showed the lowest reduction for all core configurations 

as compared to other D/t ratios. 

                         

Figure 5.17 Effect of increase in length on load carrying capacity of circular specimens 

with different core configurations 

5.3.5 Equivalent Area of Steel 

Details of the specimens with L3D and L7D were considered to investigate the effect of use of 

equivalent cross-sectional area of steel in composite columns having two different core 

configurations (i.e. CFST and RCC-CFST). Details of specimens are listed in Table 5.6. In this 

Table, results of CFST specimens with greater thickness were compared with RCC-CFST 

specimens with smaller thickness. The difference in area of steel was compensated by adding 

rebars. Due to difference in yield stress between steel tubes and the rebars as well as marginal 

difference in area of steel due to commercial availability of the steel tubes and rebars, the axial 
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load was normalized with respect to nominal cross-sectional capacity of each specimen. The 

nominal cross-sectional capacities were calculated using Equation 5.1. The normalized load-

displacement curves are shown in Figure 5.18. Strength index (SI) and ductility index were also 

calculated for each specimen using. It can be concluded from Table 5.9 that for specimens with 

114.3 mm diameter the enhancement in strength of RCC-CFST specimens was slightly lesser 

than that of CFST specimen for L3D and L7D details. Moreover, the enhancement in strength 

of CR1-1-2 and CR2-1-2 specimens was reduced as compared to the corresponding CFST 

specimens (i.e. CS1-1-3-1 and CS2-1-3-1) since rebars cannot provide same confining pressure 

provided by a continuous and uniform steel tube . This indicated that the RCC-CFST 

specimens which contain lesser compensated area of steel exhibit similar amount of 

enhancement in strength as obtained for CFST specimens.  

RCC-CFST specimen with D=165.1 mm (CR1-2-1) showed quite greater value of SI (SI=1.50) 

as compared to its corresponding CFST specimen (CS1-2-2) (SI=1.31). This indicates that 

greater diameter may reflect the greater enhancement in load carrying capacity. Hence, it can 

be concluded that using specimens with bigger diameter and smaller thickness is more feasible 

than using smaller diameters with greater thicknesses. In general, enhancement in SI of RCC-

CFST L3D and L7D specimens indicates that use of equivalent area of steel in terms of rebars 

has almost similar effect of using thicker tubes.. 

Variation of ductility index for L3D specimens with 114.3 mm and 165.1 mm diameters was 

almost having same trend as strength index. The ductility index was slightly decreased for 

RCC-CFST specimens with higher compensated area of steel, whereas specimens with lower 

compensated area of steel showed significantly enhanced ductility index 
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Table 5.9 Comparison of circular specimens with equivalent area of steel but different 

core configurations 

                               

 

 

 

 

 

Specimen 
ID 

L 
(mm) 

D 
(mm) 

t  
(mm) 

L/D D/t As 
(mm2) 

Asr 

(mm2) 
As 

(Total) 
(mm2) 

fy 
(MPa) 

SI DI 

CS1-1-3-1 380 114.3 5.06 3.32 22.59 1736 0 1736 427 1.31 1.26 

CR1-1-1 380 114.3 3.40 3.32 33.62 1184 628 1812 430 1.26 1.18 

CR1-1-2 380 114.3 4.20 3.32 27.21 1452 314 1766 428 1.29 1.19 

CS2-1-3-2 900 114.3 5.06 7.87 22.59 1736 0 1736 427 1.15 1.11 

CR2-1-1 900 114.3 3.40 7.87 33.62 1184 628 1812 430 1.14 1.04 

CR2-1-2 900 114.3 4.20 7.87 27.21 1452 314 1766 428 1.19 1.00 

CS1-2-2-1 500 165.1 5.03 3.03 32.82 2528 0 2528 423 1.31 1.19 

CR1-2-1 500 165.1 4.28 3.03 38.57 2161 452 2613 423 1.50 1.26 
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Figure 5.18 Comparison of load-displacement curves of circular CFST and RCC-CFST 

specimens 
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5.4 CODAL RECOMMENDATIONS 

Provisions from eight International Codes are used to predict the axial load capacity of the 

tested specimens. The obtained capacities are compared with the measured strengths. The 

employed codes used are: ACI 318 (2008), ANSI/AISC 360 (2010), British Standard 5400 (BS 

5400, 2005), Canadian Standard S016 (CSA) (S016, 2001), two Chinese Standards; CECS 28 

(1990) (Zhang et al., 2007) and GJB and DL/T 4142 (2000) (Han, 2002), Euro Code 4 (EC4) 

(EN 1994, 2004) and Japanese Standard AIJ (2001) (Morino and Tsuda, 2003). In all these 

codes the ultimate strength is calculated as the sum of the strength of individual components. 

However, in some of them (EN 1994, 2004; BS 5400, 2005; Canadian Standard S016, 2001) 

the strength of concrete core is increased to account for the confinement effect. The formulas 

and, detailed procedures of these codes are given in following sections. 

5.4.1 American Concrete Institute (ACI 318, 2008) 

Building Code Requirements of Reinforced Concrete ACI 318 (2008) considers all members 

reinforced longitudinally with structural steel shapes, pipe or tubes with or without longitudinal 

reinforcement as ordinary reinforced concrete (RCC) members. This code predicts the load 

carrying capacity of CFST columns with same limiting conditions applicable to RCC members. 

Concrete confinement effect has been neglected in this code. Thickness of steel tube has been 

limited to prevent local buckling and the limitation is based on achieving yield stress in a 

hollow steel tube under monotonic axial loading. The strength of CFST column is given in this 

code as: 

�� = 0.85�	�	′ + ����                     (5.4) 

The limitations for using steel tubes in this code are:   

� ≥ � !�
"#$                       (5.5) 

5.4.2 American National Standards Institute/ American Institute of Steel Construction 
(ANSI/AISC360, 2010) 

The plastic stress distribution method provided in ANSI/AISC360 (2010) is used for 

calculating the nominal strength of composite columns. In this procedure, the nominal strength 

of the composite section is computed based on plastic strength of steel and concrete without 

allowing for confinement. In other words, the load carrying capacity of short CFST is 
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calculated assuming that the steel components have attained the yield stress either in tension or 

compression and concrete components in compression have reached crushing stress. Crushing 

stress of concrete core is defined as 0.95 �	′ for circular cross-section to account for the effects 

of concrete confinement provided by steel tube. The cross-section area of steel should be at 

least 1% of the total area of composite cross-section for it to qualify as a CFST column. 

The plastic stress distribution method is recommended for use in the cross-sections which are 

uniform (as in the present study). Based on the cross-sectional slenderness (D/t), the code 

classified CFST columns subjected to compression into three categories: compact, non-

compact or slender sections. 

Compact sections: 

Compact section is defined as the section “capable of developing a fully plastic stress 

distribution and possessing a rotation capacity of approximately three before the onset of local 

buckling”. For compact sections: 

%
& ≤ 0.15 #$

!�                                  (5.6) 

Non-compact sections: 

Non-compact section is defined as the section “that can develop the yield stress in its 

compression elements before local buckling occurs, but cannot develop a rotation capacity of 

three” as in case of compact section. The maximum D/t ratios for section to be classified as 

non-compact section are: 

%
& ≤ 0.19 #$

!�                                      (5.7) 

Slender sections 

If a section is “possessing plate components of sufficient slenderness such that local buckling 

in the elastic range will occur”, it is referred to as a slender section. The maximum D/t ratios 

for section to be classified as slender are: 

%
& ≤ 0.31 #$

!�                                                                                  (5.8) 
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The nominal compressive strength for axially loaded composite columns should be determined 

for the limit state of flexural buckling based on column cross-sectional slenderness and global 

slenderness.  

When 
+,
+-. ≤ 2.25 

�� = �� /0.6581 2�23456                     (5.9) 

When 
+,
+-. >2.25 

�� = 0.877 �	
                    (5.10) 

where Pcr is elastic Euler buckling load calculated as: 

�	
 = 9:
;<=>: ;?�>@!!                    (5.11) 

;?�>@!! = ?��� + ?
�
 + AB?	�	                  (5.12) 

AB = 0.6 + 2 1 D$
D3ED$5  ≤ 0.9                   (5.13) 

Pn is the nominal cross-sectional capacity based on material strength calculated as: 

For compact sections 

�� = ��F = ���� + ∅�	′ 1�	 + �
 #$
#35                  (5.14) 

where ∅ is strength reduction factor considered as 0.85 for rectangular sections and 0.95 for 

circular sections. 

For non-compact sections 

�� = ��H = ��F − ��JK��
LM4KMNO: LPQ − PROH

                 (5.15) 

where PQ is the maximum cross-sectional slenderness permitted to be used and calculated as 

PQ = 0.31 #$
!�                                 (5.16) 
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P
 is the maximum cross-sectional slenderness permitted to be classified as non-compact 

section and that is : 

P
 = 0.19 #$
!�                                   (5.17) 

PR is the maximum cross-sectional slenderness permitted to be classified as a compact section 

and that is 

PR = 0.15 #$
!�                              (5.18) 

�� = ���� + 0.7�	′ 1�	 + �
 #$
#35                  (5.19) 

For slender sections 

�� = ��B = ���ST + 0.7�	′ 1�	 + �
 #$
#35                 (5.20) 

where fbl is the local buckling strength of steel tube calculated based on simplified Bryan’s 

formula as (Galambos, 1998): 

�ST = U.VH!�
W1X

Y 5Z�
[$\

].:                         (5.21)            

5.4.3 British Standard (BS 5400, 2005) 

British standard (BS 5400, 2005) considers the composite action between steel and concrete for 

designing such composite columns in circular CFST. The method for designing the composite 

columns in this standard as follows: 

Steel Tube 

The thickness of steel tube should follow the constraint  

� ≥ � !�
"#$                     (5.22) 

Concrete core 

The strength of core concrete measured by concrete cubes should not be less 20 MPa and the 

density of concrete should be 2300 kg/m3 at least. 
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The code limits the concrete contribution factor (P	) to be within a specified range to permit the 

use of this approach for composite columns design. The columns having P	 lower than the 

minimum limit should be designed as RCC columns and the columns having P	 higher than the 

maximum limit should be designed as steel columns. Where: 

P	 = U._�D3!33′
��                      (5.23) 

Where, P	is the concrete contribution factor (�	�′ ) is the compressive strength of concrete cubes, 

and �		′ is the enhanced characteristics strength of concrete core calculated as: 

�		′ = �	�′ + AF &
% ��                    (5.24) 

�� is the ultimate load carrying capacity of CFST column calculated as: 

�� = 0.95����′ + 0.87�
��
 + 0.45�	�		′                             (5.25) 

��′ = AH��                     (5.26) 

The constants C1 and C2 are given in Table 3 of the code as a function of slenderness ratio of 

column.  

If the ratio L/D does not exceed 12, the code classifies CFST column as short column and 

limits the ultimate limit state of load carrying capacity at failure to: 

�� = 0.85 ��                     (5.27) 

The factor 0.85 is a reduction factor to allow the moments due to constructions. Columns 

having L/D ratio greater than 12 may be considered as long columns. In this case the capacity 

of the column should be calculated considering bending moment not less than 0.03 B. 

5.4.4 Canadian Standard (S016, 2001) 

Full composite resistance is specified in Canadian Standard S016 (2001) for hollow steel tubes 

completely filled with concrete. The limitations for using such columns in this code are: 

%
& ≥ H"UUU

a!�                                (5.28) 
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Grade of concrete should be between 20 MPa and 40 MPa for CFST columns. This code 

predicts the factored compressive strength of CFST columns by increasing the strength of 

concrete core due to confinement effect and reduces the strength of steel tube.  

�� = Lb∅����� + b ′0.85∅	�	�	′OL1 + Pc H�OKF �⁄
                (5.29) 

where,b = b ′ = 1 for circular columns having L/D ≥ 25. For circular CFST columns having 

L/D < 25: 

b = F
aFEeEe:                  (5.30 a) 

b ′ = 1 + 1H�e:f
% &⁄ 5 1 !�

U."�!3′5                (5.30 b) 

where 

g = 0.02;25 − h/�>                    (5.31) 

P =  ��
�j                     (5.32) 

�� and �@ are nominal cross-sectional capacity and Euler buckling load, respectively calculated 

as 

�� = b���� + b ′0.85�	�	′                   (5.33) 

�@ = 9:
;<=>: ;?�>@!!                    (5.34) 

;?�>@!! = ?��� + U.k#3l3
FE;mZ$ mZ⁄ >                   (5.35) 

?	 = 13300a�	′ + 69005 1 n3
HBUU5F.�

                                     (5.36 a) 

For concrete having compressive strength between 20 MPa to 40 MPa, ?	 can be calculated as: 

?	 = 4500a�	′                 (5.36 b) 

Here Pc is the relative slenderness parameter and o	 is the density of concrete.  A!� is defined as 

the sustained axial load on the column while A! is the total axial load on the column. The ratio 
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of A!� A!⁄ is taken as 1.0 for short-term loading condition. The constant p has been considered 

as 1.8 as recommended by the code. ∅� and ∅	 are the nominal resistance factors for steel and 

concrete respectively and have been considered as 1.0. 

5.4.5 Euro Code 4 (EN 1994, 2004) 

There are two methods for designing composite columns in Euro Code 4 (EC4) (EN 1994, 

2004). The first method is “Simplified Design Method”. This method is used for doubly 

symmetrical columns with uniform cross-section over the length of the column. In this method, 

the plastic strength of concrete is modified by enhancement factor for concrete strength to 

include the confining effect provided by steel tube to the concrete core. The strength of steel 

tube is also reduced by a suitable factor to include the effect of biaxial stress state. The ultimate 

load carrying capacity of the column is then expressed as a function of the modified concrete 

and steel tube strengths. The second method is “General Design Method”.  This method is used 

for composite columns with non-symmetrical or non-uniform cross-section over the column 

length. In the present study, all the columns are satisfying the requirements of the first method. 

Therefore, this method is explained and adopted for capacity calculations. The limits of 

applicability of this method are: 

The steel contribution ratio,P�, must be 0.2 ≤ P� ≤ 0.9. If P� is less than 0.2, the column may be 

designed as a reinforced concrete column. If P� is larger than 0.9, the concrete contribution is 

ignored and the column is designed as a steel column. Where P� is defined as: 

P� = D$!�
��q                      (5.37) 

where ��r is design nominal plastic resistance of concrete filled steel tube (design nominal 

squash load) calculated as:  

��r = s����� + �
��
 + t1 + s	 &
%

!�
!3′ u �	�	′                 (5.38) 

where Ar is the area of reinforcement bars, if any, fyr is design yield stress of reinforcement bar, 

P� and P	 are confinement parameters for steel tube and concrete core.  s� reduces the strength 

of steel section due to biaxial stress state. s	 enhances the strength of concrete section due to 

confinement. s� and s	  depend on relative slenderness ratio λ̄  . λ̄   is calculated as: 

P =  ��
�34                     (5.39) 
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�� is the plastic resistance of the composite cross-section to compression calculated using the 

nominal yield strength of steel tube and reinforcement bars and nominal compressive strength 

of concrete cylinder: 

�� = ���� + �
��
 + �	�	′                   (5.40) 

�	
 is the critical buckling load: 

�	
 = 9:#ljZZ
=:                      (5.41) 

EIeff is the effective elastic flexural stiffness of the composite column calculated as: 

?�@!! = ?��� + ?
�
 + 0.6?	Q�	                  (5.42) 

Er and Ir are modulus of elasticity and yield stress of reinforcement bars and Ecm is the mean 

secant modulus of elasticity for structural concrete calculated as: 

?	Q = 22000 t!3v
FU uU.B

                    (5.43) 

where �	Q is mean compressive strength of concrete at 28 days age and calculated as: 

�	Q = �	′ + 8 ;w�x>                    (5.44) 

For columns having e/d <10:  

P� = 0.25L3 + 2PO ≤ 1.0                   (5.45) 

P	 = 4.9 − 18.5P + 17P H
   ≥ 0                  (5.46) 

The squash load of composite columns in axial compression is calculated as: 

�� = y ��F                     (5.47) 

where �� is the ultimate load carrying capacity of CFST columns and y is reduction factor to 

account buckling effect.  

y = 
F

ФE1Ф:KM:5].�                    (5.48)       
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Ф = 0.5 ∗ ;1 + {LP − 0.2O + PH>                   (5.49) 

where { is imperfection factor and has been taken as 0.34 as recommended by Hicks et al. 

(2002). The code imposes the following limitations for design the CFST columns: 

• The relative slenderness λ̄   of the composite column shall not exceed 2. 

• The maximum amount of longitudinal reinforcement that can be considered in the analysis 

is 6% of the concrete area. i.e. 
D4
D3≤ 0.06 

• To prevent premature local buckling, the ratio between the width to the wall thickness of 

steel tube cross-section in compression must satisfy the following limits: 

       D/t ≤ 90 × HB�
!�                                                           (5.50) 

5.4.6 Architectural Institute of Japan (AIJ) 

Architectural Institute of Japan (AIJ) has published Standard for Structural Calculations of 

Steel Reinforced Concrete Structures (2001) and Recommendations for Design and 

Construction of Concrete Filled Steel Tubular Structures (1997) in Japanese language. 

However, the details for calculating the allowable and ultimate compressive strength of CFST 

columns are given by Morino and Tsuda (2003). AIJ code classifies the circular CFST column 

into three categories: 

a) Short if KL/D ≤ 4: The axial load carrying capacity for short CFST columns is calculated by 

superimposing the strength of steel column and concrete column. The confining effect is 

considered by incorporating a multiplication factor of 1.27 for strength of concrete column. 

b) Long if KL/D > 12: The ultimate compressive strength of the long CFST columns is 

calculated as the summation of critical buckling loads of concrete column and steel column. 

c) CFST columns having 4 < KL/D ≤ 12 are classified as Intermediate columns. Linear 

interpolation is used to calculate the compressive strength of intermediate CFST columns.  

The details of calculating the load carrying capacity are: 

For KL/D ≤ 4 

��F = 1.27 ��	 + ���                    (5.51) 
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where ��F is the axial load carrying capacity of RCFST column having KL/D ≤ 4,  ��	 is the 

ultimate axial compressive load carried by concrete column, and ���is the ultimate axial 

compressive load carried by steel column. 

��	 = 0.85�	′�	                               (5.52) 

��� = ����                     (5.53) 

For 4 < KL/D ≤ 12 

��H = ��F − 0.125L��F − ��B,FHO 1<=
% − 45                 (5.54) 

Here ��H is the load carrying capacity of column having 4 < KL/D ≤ 12 and��B,FH is the load 

carrying capacity of a virtual CFST column having same cross-section but with KL/D =12 

 

For KL/D > 12 

��B = �	�	
	 + ���	
�                   (5.55) 

where �	
	 and �	
�are critical buckling stress of concrete column and steel column, 

respectively.  

For P	 ≤ 1.0 

�	
	 = H
FE M3~EF

0.85�	′                   (5.56) 

For P	>1.0 

�	
	 = 0.83 × �1m3LFKM3O50.85�	′                  (5.57) 

where: 

P	 = M3
9 a��	                     (5.58) 

P	 is the relative slenderness parameter of concrete column and P	is the slenderness parameter 

of concrete column calculated as: 
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P	 = <=

3                      (5.59) 

where �	 is the radius of gyration of concrete column and ��	 is the ultimate axial strain of 

concrete column calculated as: 

��	 = 0.93;0.85�	′>F/_ × 10KB                  (5.60) 

A	 is an empirical parameter calculated as: 

A	 = 0.568 + 0.00612 �	′                   (5.61) 

For P�< 0.3 

�	
� = ����                  (5.62 a) 

For 0.3 ≤ P�< 1.3 

�	
� = 11 − 0.545LP� − 0.3O5 ����               (5.62 b) 

For P� ≥ 1.3 

�	
� = �j$
F.B                  (5.62 c) 

             

P� = M$
9  !�

#$                     (5.63) 

P� is the relative slenderness parameter of steel column, P�is the slenderness parameter of steel 

column calculated as: 

P� = <=

$                      (5.64) 

�� is the radius of gyration of steel tube and �@� is the Euler buckling load of steel column 

calculated as: 

�@� = 9:#$l$
;<=>:                      (5.65) 
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5.4.7 Chinese Codes 

There are four codes in China for designing CFST members. These codes are published in 

Chinese language and the code methodologies are also discussed in Han (2002), Zhang et al., 

(2007), Hatzigeorgiou (2008), and Lu and Zhao (2010). The codes are: 

• DL/T 5085:1999, Codes for design of steel-concrete composite structures, issued by 

Chinese State Economic and Trade Commission. 

• GJB 4142:2000, Technical Specifications for early-strength model composite structure 

used for navy port emergency repair in war time, Military code 

• JCJ 01:89, Specification for design and construction of Concrete Filled steel tubular 

structures, issued by Chinese National Structural Materials and Industry Bureau. 

• CECS 28:90 and CECS 104:99, Specification for design and construction of Concrete 

Filled steel tubular structures and Specification for design and construction of high-

strength concrete structures, respectively, issued by Association of Chinese Engineering 

Construction Standardization. 

The capacity of short CFST column in JCJ and CECS codes is calculated based on confinement 

theory. In this theory, the separate cross-sectional strength of steel tube and concrete core are 

calculated separately and then added to get the strength of composite cross-section. The details 

of these codes, as presented in Han (2002) and Zhang et al. (2007) are as follows: 

CECS 28:90 code: 

�� = �	�	�L1 + � + a�O                   (5.66) 

Where: 

� = D$!�
D3!3�                     (5.67) 

Here � is the confining factor. The value of � must lie between 0.03 and 3.0. 

Other limitations for using this code are: fck= 30-80 MPa, fy = 235-420 MPa, D/t = 20-

90a235 ��⁄ . 

The DL/T and GJB codes work on the principle of unified theory i.e. A heterogeneous CFST 

cross-section consisting of concrete and steel is converted to an equivalent single composite 
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cross-section. The procedure for calculating the load carrying capacity as per these codes is 

given as:  

GJB 4142:2000 (Han, 2002) and DL/T 5085:1999 (Lu and Zhao, 2010) 

�� = ��	���	                     (5.68) 

��	� and ��	 are the equivalent stress and area of new composite cross-section.  

��	� = ;1.212 + �� + A�H>�	�                  (5.69) 

where B and C parameters are given (Lu and Zhao, 2010) for circular CFST columns as: 

� = 0.1759 !�
HB� + 0.794                   (5.70) 

A = −0.1038 !3�
HU + 0.0309                   (5.71) 

��	 = �� + �	                     (5.72) 

The value of fck (characteristics compressive strength of concrete core) is obtained using 67% of 

the compressive strength of concrete cubes as recommended by Han (2002). 
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It can be seen from the above equations that none of the codes give any formulas for prediction 

of load carrying capacity of Double skin concrete filled steel tubes (CFDST). Hence, while 

calculating the load capacity for the CFDST, the inner tube in CFDST specimen was 

considered in a similar way as the outer steel tube. The load carrying capacities calculated from 

the different codes are shown in Table 5.7. The ratio of codal to experimental values is also 

shown in the table. It can be seen in this table that all of the codes give conservative results 

with most conservative results being obtained from the AISC and ACI codes. Further, it is also 

observed from that the Canadian code (CSA) and Chinese code (CECS) give best estimations 

of the capacities with average of capacities of all specimens as 0.98 of tested capacity. The next 

best estimates were obtained from Euro code (EC4), with average predicted capacity of all 

samples as 92% of the experimental results.     

. 
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       Table 5.10 Results of different International Codes used for predicting the axial capacities of circular tested specimens 

    
Core Length Sample Pu-EC4 

(kN) 
?A4
?�� 

Pu-AISC 

(kN) 
���A
?��  

Pu-ACI 

(kN) 
�A�
?�� 

Pu-BS 

(kN) 
��

?�� 
Pu-CSA 

(kN) 
A��
?�� 

Pu-AIJ 

(kN) 
���

?�� 
Pu-CECS 

(kN) 
A?A�
?��  

Pu-GJB 

(kN) 
���
?�� 

R
C

F
ST

 

L3D 

CS1-1-1 1034.8 1.01 780.3 0.76 755.9 0.74 932.1 0.91 1074.1 1.05 905.1 0.89 1104.0 1.08 844.9 0.83 
CS1-1-2 1185.8 1.01 883.9 0.76 860.9 0.74 1085.4 0.93 1237.7 1.07 1039.3 0.90 1240.3 1.07 934.5 0.81 
CS1-1-3 1328.8 1.02 994.3 0.76 964.9 0.74 1233.6 0.95 1407.2 1.08 1174.3 0.90 1371.1 1.05 1009.3

0 
0.78 

CS1-2-1 1994.6 0.93 1491.7 0.70 1437.5 0.67 1748.3 0.82 2034.9  0.95 1709.2 0.80 2116.2 0.99 1631.3
5 

0.76 
CS1-2-2 2207.2 1.02 1635.1 0.75 1582.7 0.73 1967.2 0.90 2268.1 1.04 1896.4 0.87 2311.4 1.06 1766.4

2 
0.81 

L4D 
CS1-3-1 539.1 0.88 417.9 0.68 403.1 0.66 429.4 0.70 548.6 0.90 478.3 0.78 594.45 0.97 450.1 0.74 
CS1-3-2 620.3 0.93 475.6 0.71 461.8 0.69 513.8 0.77 637.2 0.96 555.6 0.83 672.4 1.00 503.5 0.75 
CS1-3-3 687.9 0.93 525.1 0.71 512.2 0.70 575.1 0.78 711.0 0.96 621.9 0.84 736.8 0.95 543.4 0.74 

L7D 

CS2-1-1 856.9 0.89 759.2 0.79 755.9 0.79 818.4 0.85 940.4 0.98 854.1 0.89 911.1 0.96 845.8 0.88 
CS2-1-2 971.3 0.91 860.4 0.80 860.9 0.80 950.3 0.89 1079.2 1.01 978.1 0.91 1024.1 0.98 934.5 0.87 
CS2-1-3 1083.1 0.94 967.7 0.83 964.9 0.83 1078.6 0.93 1224.0 1.06 1100.1 0.95 1132.1 0.82 1009.3 0.87 
CS2-3-1 478.4 0.82 414.2 0.71 403.1 0.69 413.1 0.69 662.6 1.14 448.5 0.77 476.3 0.84 450.1 0.77 
CS2-3-3 607.6 0.86 519.3 0.74 512.2 0.73 540.0 0.73 773.8 1.10 577.4 0.82 590.1 0.76 503.5 0.77 

L10D 
CS3-3-1 424.3 0.76 405.1 0.73 403.1 0.73 399.7 0.73 546.8 0.98 417.6 0.75 426.9 0.80 543.4 0.81 
CS3-3-2 484.2 0.80 461.0 0.76 461.8 0.76 450.1 0.76 538.7 1.00 479.6 0.79 482.9 0.81 503.6 0.83 
CS3-3-3 534.1 0.82 508.3 0.78 512.2 0.79 502.3 0.79 599.1 0.98 532.8 0.93 529.2 1.08 543.8 0.83 

R
C

C
-

R
C

F
ST

 

L3D 
CR1-1-1 1370.3 0.95 914.1 0.64 1101.0 0.77 1232.4 0.86 1318.0 0.94 1343.7 0.82 1553.2 1.09 1108.7 0.77 
CR1-1-2 1350.7 0.97 951.0 0.68 1034.5 0.74 1236.6 0.89 1345.5 0.99 1259.4 0.94 1462.8 1.10 1059.7 0.76 
CR1-2-1 2227.0 0.85 1591.0 0.60 1657.5 0.62 1940.0 0.72 2229.1 0.83 2024.2 0.90 2414.2 1.14 1661.5 0.62 

L7D 
CR2-1-1 1186.5 0.87 895.2 0.65 1101.0 0.80 1119.7 0.82 1216.1 0.89 1255.7 0.76 1283.1 1.07 1108.7 0.81 
CR2-1-2 1134.5 0.84 928.1 0.69 1034.5 0.77 1100.5 0.82 1221.4 0.91 1179.2 0.92 1208.1 0.97 1059.7 0.77 

R
C

F
D

ST
 

L3D 

CD1-1-1 1082.1 0.91 929.9 0.78 902.1 0.76 1014.0 0.85 1084.8 0.91 1116.1 0.88 1283.1 0.95 916.2 0.74 
CD1-1-2 1215.1 0.94 1033.5 0.80 1002.4 0.77 1149.5 0.89 1227.2 0.95 1250.1 0.94 1409.1 1.00 956.5 0.69 
CD1-1-3 1352.8 0.97 1136.1 0.81 1122.5 0.80 1278.2 0.92 1364.6 0.98 1384.1 0.97 1530.2 1.08 968.6 0.86 
CD1-2-1 2051.2 1.01 1641.7 0.70 1595.2 0.79 1842.7 0.91 2052.1 1.01 1920.2 0.99 2311.2 1.05 1747.0 0.80 
CD1-2-2 2254.3 0.97 1785.1 0.76 1740.6 0.75 2048.3 0.88 2272.4 0.97 2106.2 0.95 2496.4 1.06 1862.2 0.80 

L7D 
CD2-1-1 923.7 0.86 901.6 0.83 902.1 0.74 924.1 0.85 989.2 0.91 1039.3 0.95 1059.1 0.90 916.2 0.84 
CD2-1-2 1029.9 0.89 1002.3 0.87 1002.4 0.83 1042.2 0.85 1114.1 0.91 1164.5 0.95 1163.0 0.94 956.5 0.78 
CD2-1-3 1141.5 0.90 1109.5 0.87 1122.5 0.82 1157.4 0.91 1157.4 0.97 1287.1 1.01 1269.1 0.90 968.6 0.76 

Average 0.92 
 

0.75 
 

0.76 
 

0.84 
 

0.98 
 

0.88 
 

0.98 
 

0.79 
Standard Deviation 0.06 

 
0.07 

 
0.06 

 
0.08 

 
0.07 

 
0.07 

 
0.10 

 
0.06 

Coefficient of Variation 7.61 
 

9.33 
 

7.89 
 

9.53 
 

7.14 
 

7.95 
 

9.87 
 

7.59 
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5.5. CONCLUSIONS 

Mode of deformation: 

a. The primary mode of deformation in L3D specimens was observed to be combination of 

local buckling in steel tube accompanied by crushing in concrete core for all core 

configurations (Figures 5.2, 5.4, 5.5 and 5.7). The L7D and L10D specimens were 

observed to fail by global buckling (Figures 5.3, 5.6 and 5.8). 

b. The deformed shape for RCC-CFST specimens was observed to be local buckling near 

the location of ties. The deformation of the reinforcing bars was observed to be buckling 

between the ties (Figure 5.9 (b)). 

Strength: 

a. Increase in strength due to composite action was observed for all tested specimens as 

compared to the nominal capacity calculated based on the plastic strength of the 

materials. The enhancement in strength was lower for specimens with smaller tube 

thickness (Table 5.4). 

b. The increase in load carrying capacity was observed to be greatest in RCC-CFST 

specimens among the three core configurations. It was the least for CFDST specimens 

(Figure 5.13). 

Ductility: 

a. Most of the specimens exhibited strain-hardening behaviour. However, the L7D and 

L10D specimens of small diameter single skin sections (CFST 90 mm diameter) showed 

strain softening behaviour (Tables 5.5 to 5.7). 

     b. The lowest ductility was observed in the case of CFDST specimens, while the CFST 

single skin specimens generally showed the maximum ductility (Figure 5.15). 

Length effect:  

a. The L7D and L10D specimens showed lower load carrying capacity was lower for all 

specimens as compared to the corresponding L3D details due to length effect. 
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Further, reduction in load carrying capacity was more in the specimens having greater 

thicknesses as compared to specimens having smaller thicknesses (Figure 5.17).   

b. RCC-CFST specimens reported the lowest reduction in the axial load due to increase 

in length among all tested specimens. (Figure 5.17). 

Equivalent area of steel: 

Steel rebars can be used with specimens having smaller wall thickness as 

compensation for getting similar results of CFST specimens with greater wall 

thickness. However, as the compensated area increases the enhancement in strength 

and ductility decreases (Table 5.9). 

Codal recommendations:   

Among eight International Codes, the Canadian code S016 (CSA) and Chinese 

(CECS) code give closest estimation for strength with average predicted capacity (of 

all samples) as 98% of average experimental capacity. The next best estimate is given 

by Euro Code, with average predicted strength being approximately 8% lesser than the 

measured capacities (Table 5.10). 

5.6. STUDY OF CONFINEMENT PRESSURE  

5.6.1 General 

The improved structural performance of CFST members is due to the radial confining pressure 

(fcp) exerted by the steel tube on the concrete, which enhances the compressive strength and 

ductility of concrete. Estimating the correct value of this parameter is pivotal to finding the load 

resistance of CFST member under any given type of loading. However, the experimental 

measurement of the value of confining pressure at any section is very difficult and requires 

sophisticated equipment. Hence, the proposed FEM model has been used to study its variation 

along the height and the circumference of the specimen. 
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5.6.2 Procedure of Measurement of Confining Pressure 

The sample CC4-A-4-1 from Sakino et al., 2004 is taken as an example to understand the 

procedure. It is a circular single skin CFST with diameter of outer tube as 149 mm. The height of 

the specimen is 447 mm.  

The estimation of the radial pressure at any cross-section requires defining a circumferential path at 

that section. Figs. 5.19 (a) and 5.19 (b) show the cross-section under consideration (at 70 mm from 

top surface of CFST) and the circumferential path at that cross-section in sample CC4-A-4-1. 

Figure 5.20 (a) shows the confining pressure distribution for the path shown in Figure 5.19. The 

negative value of the confining pressure implies a compressive confining pressure on concrete. 

It is expected that since in axial compression, concrete expands laterally in all directions, the 

confining pressure should be nearly constant at all points of any particular cross section in 

concrete. This is evident from Figure 5.20 (b), where it is observed that at any section (i.e. any Z- 

value), the radial confining pressure is more or less constant throughout the path.   

                                 

Figure 5.19(a) A section AA cut in CFST           Figure 5.19(b) A circumferential path              
          at 70 mm from top surface                                     defined at 70 mm from top  
                                                                                                                     

 



 

 

 

                                 

 

Figure 5.20(a) Radial confining pressure distribution along the circumference (at a
cross-section 70 mm from top in Sakino CC4

 

Figure 5.20(b) Radial confining pressure distribution for different sections along
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(a) Radial confining pressure distribution along the circumference (at a
section 70 mm from top in Sakino CC4-A-4-1)

Radial confining pressure distribution for different sections along
the height of Sakino CC4-A-4-1 

 

(a) Radial confining pressure distribution along the circumference (at a 
1) 

 

Radial confining pressure distribution for different sections along 
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Consider the same procedure for another sample. The sample chosen is C3 (Giakoumelis and 

Lam, 2004).  The length of the sample is 300 mm. The distribution of circumferential 

confining pressure is drawn at different cross-sections at varying distance (Z-values) from the 

top. This is shown in Figure 5.19 (a). It is seen from this figure at Z=52 mm and Z=247 mm 

from the top, there are large variations in confining pressure around the circumference. This 

is due to the effect of end friction near the test machine platens, which offers an additional 

restraint to the CFST.  

 

                                                                                
                                                                                                                                          
  
 
 
 
 
 
 
 
 
 
 
 
  
 

 

 

Figure 5.21(a) Radial confining pressure        Figure 5.21(b) Variation of confining  
at different cross-sections along the length      pressure along the length of specimen C3 
of specimen C3   

                                
 

The variation in the lateral confining pressure along the length of sample has also been drawn. 

since confining  pressure at all points on any horizontal cross section is approximately same,  any 

vertical can be chosen.  The variation is shown in Figure 5.19 (b). It is evident from this figure that 

It can be observed that the confining pressure in the areas adjacent to top and bottom of machine 

platens is much higher than the corresponding values in the remaining length of the specimen. 
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5.6.3 Confining Pressure in 114.3 mm Diameter circular specimens  

The procedure of obtaining confining pressure has then been applied to the circular specimens 

tested by the author. Circular specimens of 114.3 mm steel tube diameter have been analysed. The 

variation of confining pressure was obtained along the full length of the specimen. This operation 

was performed for different axial displacements on the numerical load-displacement curve of the 

sample.    

                            

Figure 5.22 Different displacements chosen along short column CS1-1-2 for obtaining 
confining pressure 

For instance, consider a typical short (L3D) CFST single skin specimen of 114.3 mm dia and 

4.5 mm thickness. Four displacement levels, as shown in Figure 5.22, have been chosen for 

obtaining the variation of confining pressure along the length of the specimen. Figure 5.23(a) 

shows the confining pressure distribution at these times. 

It can be seen from Figure 5.23(a) that the pressure distribution over the length of the 

specimen is fairly constant at any given displacement level (except at the end regions). 

Therefore, excluding the end regions (the parts with abnormally high values), the values of 

confining pressure can be averaged from the remaining part to get a single value for fcp at this 

displacement. The averaged value of confining pressure has been noted for the point of 

maximum load in simulated curves for different specimens. 

∆=∆u=8.97          
mm 

∆=3 mm 
∆=18 mm ∆=24 mm 
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                     .       

Figure 5.23(a) Confining pressure distribution in specimen CS1-1-2 along the length  

the end regions (the parts with abnormally high values), the values of confining pressure can 

be averaged from the remaining part to get a single value for fcp at this displacement. The 

averaged value of confining pressure has been noted for the point of maximum load in 

simulated curves for different specimens (Please note that the confining pressure distribution 

at displacement corresponding to maximum load is shown by a solid black line in Figures 

5.23 to 5.28). These values can then be compared with the confining stress from theoretical 

equation in literature (see Equations 4.2 and 4.3, Chapter 4).  

Figure 5.23(b) shows a comparison of numerical and experimental debonding between the 

steel tube and concrete core at the location of local buckling of the CFST. Further, the 

variable CPRESS (contact pressure between steel and concrete) shows a zero value at this 

location, thereby indicating a loss of confinement at this location. 
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Figure 5.23(b) Debonding and loss of confinement in a typical short CFST specimen CS1-1-2  

CPRESS=0, i.e. lack of 
confinement 

Debonding 
between  
steel and 
concrete 



 

On the same lines, Figure 5.24(a) shows the values of displacements chosen for obtaining the 

confining pressure on the numerical (obta

typical intermediate specimen (L7D) CS2

(shown as connection of red dots with the node numbers) along which the confining pressure 

distribution along the height has been reported.

close the location of maximum global buckling.

tube column along this path CS2

                

Figure 5.24(a) Different displacements chosen along 
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Figure 5.24(a) shows the values of displacements chosen for obtaining the 

confining pressure on the numerical (obtained from ABAQUS) load-deflection curve of 

typical intermediate specimen (L7D) CS2-1-2. Figure 5.24(b) shows the location of the path  

(shown as connection of red dots with the node numbers) along which the confining pressure 

has been reported. The path has been chosen so as to be quite 

close the location of maximum global buckling. The confining pressure distribution 

CS2-1-2 is also shown in Figure 5.24(b). 

Different displacements chosen along intermediate column CS2

obtaining confining pressure 

10 20

Displacement (mm)

SPECIMEN CS2-1-2

∆=9.5 
mm 

∆=11.7 
mm 

∆=18 
mm 

∆=∆u=13.7 mm 
mm 

Figure 5.24(a) shows the values of displacements chosen for obtaining the 

deflection curve of 

2. Figure 5.24(b) shows the location of the path  

(shown as connection of red dots with the node numbers) along which the confining pressure 

The path has been chosen so as to be quite 

he confining pressure distribution of single 

 

column CS2-1-2 for 

30

Simulated
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Figure 5.24(b) Location of path and confining pressure distribution in specimen CS2-1-2 

along the chosen path 

 
Table 5.11 Comparison of confining pressure values for 114.3 single skin specimens 
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Axial displacement = 13.7 mm
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Specimen ID 
L/D 

(nominal) fcp (MPa) 
fl from theoretical model (MPa) of Hu et al. 

(2003)  (see Equation 4.2, Chapter 4) 

CS1-1-1 3.00 7.83 6.74 

CS1-1-2 3.00 9.83 8.99 

CS1-1-3 3.00 11.74 10.61 

CS2-1-1 7.00 5.19 6.74 

CS2-1-2 7.00 4.88 8.99 

CS2-1-3 7.00 4.35 10.61 



 

Table 5.10 compares the result from theoretical equation and numerical simulations

single skin specimens of 114.3 mm outer diameter. It is clear from the table that the 

numerical confining pressure agrees well with the theoretical values for short L3D

However, the theoretical model overestimates the confining pressure v

higher length (L7D). 

On the same lines, the path (shown as a connection of line connecting the red dots)

the confining pressure in short double skin specimen CD1

114.3 mm outer diameter) is shown in Figure 5.25The confining pressure 

for this path. From Figure 5.25, it is clear that the path has been chosen near the critical region of 

local buckling. 

Figure 5.25 Location of path and 
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Figure 5.26(a) shows the location of displacements used for obtaining the confining pressure 

on numerical load-deflection curve of CD2-1-2 (Double skin specimen of 114.3 mm diameter 

and 4.5 mm outer steel tube thickness).  

 

Figure 5.26(a) Different displacements chosen along short column CD2-1-2 for obtaining 

confining pressure 

                

Figure 5.26(b) Confining pressure distribution in specimen CD2-1-2 along the length 
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It is clear from Figures 5.25 and 5.26(b) the CFDST specimens show appreciable variation in 

the confining pressure distribution even in the central region of the specimen (area excluding 

the end regions) as compared to Single skin specimens. This variation is even more 

pronounced at higher levels of axial displacement. However, the peak loads are seen to occur at 

lower levels of displacement, where the values of numerical confining pressure have been 

averaged and compared with theoretical values in Table 5.11. 

Table 5.12 Comparison of confining pressure values for 114.3 mm diameter Double skin 

specimens 

 

It is clear from Table 5.11 that the values from software are lower than the theoretical values. 

Figures 5.27 and 5.28 show the confining pressure distribution for samples CR1-1-2 and CR2-1-

2 (114.3 diameter RCC-CFST on L3D and L7D respectively). It can be seen from the Figures 

that the confining pressure is quite large near the location of lateral ties, which is also the 

location of local buckling of the steel tube. The confining pressure is relatively much lower 

between the ties, where the reinforcing bars buckle. 

 

 

Specimen ID 
L/D 

(nominal) fcp (MPa) 
fl from theoretical model (MPa) of Hu and 

Su (2011) (see Equation 4.3, Chapter 4) 

CD1-1-1 3.00 3.63 6.74 

CD1-1-2 3.00 3.97 8.99 

CD1-1-3 3.00 4.95 10.61 

CD2-1-1 7.00 2.14 6.74 

CD2-1-2 7.00 3.68 8.99 

CD2-1-3 7.00 4.67 10.61 



 

                      

                 

                                                           

Figure 5.27 Confining pressure distribution in specimen CR1
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Confining pressure distribution in specimen CR1-1-2 along the length
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Figure 5.28(a) Different displacements chosen along intermediate column CR2-1-2 for 

obtaining confining pressure 

                

Figure 5.28(b) Confining pressure distribution in specimen CR2-1-2 along the length 
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The same behaviour is seen in long CFST columns also, as the sudden peaks in confining 

pressure correspond to location of ties. 

5.6.4 Conclusions 

A new concept involving the study of confinement pressure in Circular concrete filled tubular 

columns using the proposed FE model has been introduced in this section. Circular Tubular 

columns of 114.3 mm outer diameter of three different core configurations have been analyzed 

using this method. The distribution of confinement pressure along the length of the column has 

been obtained. The following conclusions can be drawn from this study: 

a. The confining pressure values at the end regions of the CFT section are unusually high 

due to the end restraint applied by machine platens. 

b. In the region of the sample away from the machine platens, the confining pressure is 

almost constant for CFST i.e. Single Skin Specimens. However, in CFDST columns, 

there is appreciable variation in confining pressure even in this middle region. 

c. The confinement pressure values obtained from the numerical model have been 

compared with the corresponding values from theoretical models from literature. It is 

observed that the theoretical models generally overestimate the value of confining 

pressure for specimens of higher length. 

d. For RCC-CFST specimens, large jump in values of confining pressure was observed near 

the region of lateral ties (which is also the location of local buckling of steel tube). 

Further, the region between the ties was seen to give relatively much lower values of 

confining pressure.  

5.7. MEASUREMENT OF STRAIN USING DIGITAL IMAGE CORRELATION (DIC) 

5.7.1 General  

Strain gauge or LVDT can be used to obtain the strain field at specific location in the test 

specimen. However, for complex investigations, strain values may be required at a large number 

of locations on the specimen surface to study the behaviour of material. A new technology called 

Digital Image Correlation (DIC) has been used to provide a strain map over the entire surface of 

specimen. First introduced by a group of researchers at the University of South Carolina in 1980s 
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(Salmanpour and Mojsilović, 2013), the DIC system can be a very useful tool to study the actual 

strains in a specimen during the testing. In this chapter, DIC system is explained and the strains 

obtained from analysis using DIC are compared with strains obtained from simulations. The 

work presented in this chapter was done after the proposed work of PhD was finished. When 

author came to know about the procurement of DIC system in the Department of Civil 

Engineering, IIT Roorkee, he tested a previously extra specimen to get the strain maps at 

different loading stages using the DIC system.   

5.7.2 Digital Image Correlation Techniques 

Digital image correlation (DIC) is an optical technique in which a mathematical correlation 

analysis is used to examine digital images taken at the time of testing of specimen (Correlated 

Solutions, 2011).  In this technique, a number of images are captured at periodic intervals with 

digital camera during the deformation process of specimen to evaluate the change in surface 

characteristics of material. To apply this technique, a random speckle pattern is created on the 

surface of specimen (Figure 5.22). An image is then taken before loading the specimen 

(reference image). A number of images are captured at pre-decided intervals (10 seconds for this 

sample) during the deformation process. A software is then used to analyse the change in speckle 

pattern between various DIC images and the reference image by correlating all the pixels of both 

the images. The software converts this correlation to the strain values. In this way, the strain 

distribution can be obtained over the surface of the specimen. 

5.7.3 Digital Image Correlation Apparatus 

This apparatus consists of computer software and two digital cameras mounted on a tripod frame 

(Figure 5.29). Two lamps are required for providing the proper lighting to specimens to get good 

images. During the test, the images are captured by the digital cameras. The software analyzes 

the images to calculate axial, transverse and shear strains.   

5.7.4 Preparation of Specimen And Operation Of Equipment 

The strain analysis of a typical sample CS3-3-3 (details in Table 5.2) has been performed using 

the DIC apparatus. It is a CFST single skin specimen with 90 mm dia outer steel tube and length 

10 times the diameter (L10D). The surface of specimen to be examined is carefully cleaned 

before using DIC apparatus. The speckle pattern is applied with white and black paint on the 
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surface of specimen (Figure 5.30). A thin layer of white paint is applied first on the surface 

followed by black spray paint which is used to create dots. After this speckle pattern is created 

on surface, the specimen is tested in Universal testing machine. 

 
 

        Figure 5.29 Digital Cameras mounted on a frame with tripod 

 

The tripod with digital cameras is fixed in an accessible position. Focal length of lens of cameras 

is adjusted unless clear images are obtained. Two electric lamps kept near the machine provide 

proper lighting to the specimens. The set-up for Digital Image Correlation is shown in Fig. 5.31. 

Prior to the main test, the DIC system has to be calibrated (so that the pixels from the images can 

later be converted to strains by the software). A standard grid (size-28mm) having 14 black dots 

along length and 10 black dots along width is used for calibration (Fig. 5.32). The process of 

calibration is shown in Fig. 5.33.    
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Figure 5.30 Speckle pattern             Figure 5.31 Setup for Digital Image correlation 
 

         

Figure 5.32 Grid (28 mm) used for calibration                   Figure 5.33 Calibration process 

5.7.5 Results and Discussion 

The prepared sample is tested in UTM under axial compression. The tripod-mounted cameras 

take images at every 10 seconds during the deformation process. The recorded digital images are 

processed using Vic-3D commercial code to obtain strain map. In this code, an area of interest is 
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selected initially by the user and a guess point is given (Figure 5.34). The software then analyses 

the data from the images to obtain the strain field over the surface of the sample. Four points are 

taken over the sample surface and the results from DIC at these points are compared from the 

results on numerical ABAQUS model. The location of points is shown in Figure 5.35. Two 

points are selected a horizontal line at the cross-section of maximum global buckling. The two 

remaining points are selected near the specimen edges and are mirror images of each other. The 

strains from DIC and ABAQUS are then compared at intervals of 10 % of the maximum applied 

displacement. The comparison of lateral strain exx between DIC and ABAQUS is shown in Table 

5.12. These strain values are presented graphically in the Figures 5.36.  

          
 
Figure 5.34 Marking the              Fig. 5.35 Location of the four points selected for      
   Area of Interest                                comparison between DIC and ABAQUS 

 
 
 
 
 
 



161 
 

 
Table 5.13 Comparison of lateral strain exx between DIC and ABAQUS 

 

 
 
 

 

      

       Figure 5.36 Strain values obtained from DIC at select locations along the sample 
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Location P0 Location P1 Location P2 Location P3 

DIC ABAQUS DIC ABAQUS DIC ABAQUS DIC ABAQUS 

10 0.0005 0 0.0003 0 0.001 0.00273 0.00082 0.000197 

20 0.0023 0.00151 0.0023 0.001587 0.0019 0.00477 0.00191 0.00118 

30 0.00357 0.00341 0.00348 0.0032 0.00165 0.00661 0.00322 0.00277 

40 0.01 0.00525 0.0056 0.00472 0.0017 0.00789 0.0041 0.004 

50 0.017 0.0071 0.0066 0.00641 0.00131 0.00911 0.00671 0.00518 

60 0.025 0.0105 0.007 0.00725 0.00188 0.01081 0.00926 0.00621 

70 0.033 0.01508 0.0081 0.00781 0.00147 0.0121 0.011898 0.0071 

80 0.042 0.02085 0.0086 0.00813 0.001 0.014 0.01417 0.0093 

90 0.056 0.026 0.0096 0.0086 0.00077 0.0165 0.01591 0.0124 

100 0.07 0.0317 0.01 0.009096 0.00032 0.0188 0.01696 0.0173 
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Figures 5.37 shows the comparison of strain exx batewwn DIC and ABAQUS at different 

locations. It can be noted from these figures that the values from the proposed model are in 

acceptable agreement with the values from DIC. 

                         

                        

                        

Figure 5.37 Comparison of exx strain values from DIC and ABAQUS 

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

0 20 40 60 80 100 120

St
ra

in
 e

xx

% of Maximum Applied Displacement

Location P0 - DIC

Location P0 - ABAQUS

0

0.002

0.004

0.006

0.008

0.01

0.012

0 20 40 60 80 100 120

St
ra

in
 e

xx

% of Maximum Applied Displacement

Location P1 - DIC

Location P1 - ABAQUS

0

0.005

0.01

0.015

0.02

0 20 40 60 80 100 120

St
ra

in
 e

xx

% of Maximum Applied Displacement

Location P3- DIC

Location P3 - ABAQUS



163 
 

Table 5.14 Comparison of lateral strain eyy between DIC and ABAQUS 

 

                            

              Figure 5.38 Strain values obtained from DIC at select locations along the sample 

Figures 5.39 shows the comparison of strain exx batewwn DIC and ABAQUS at different 

locations. It can be noted from these figures that the values from the proposed model are in 

acceptable agreement with the values from DIC. 
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Location P0 Location P1 Location P2 Location P3 

DIC ABAQUS DIC ABAQUS DIC ABAQUS DIC ABAQUS 

10 -0.001 -0.00304 -0.0006 -0.00325 -0.00107 -0.0052 -0.00099 -0.0004 

20 -0.0038 -0.00675 -0.00296 -0.00704 -0.003 -0.0092 -0.00259 -0.0024 

30 -0.01 -0.00996 -0.004 -0.00978 -0.00349 -0.0124 -0.0043 -0.0062 

40 -0.018 -0.01384 -0.00654 -0.0135 -0.00352 -0.0148 -0.0066 -0.0088 

50 -0.026 -0.01812 -0.0085 -0.01564 -0.0035 -0.0168 -0.0099 -0.0112 

60 -0.0346 -0.0321 -0.01 -0.0165 -0.00346 -0.0195 -0.0134 -0.0134 

70 -0.044 -0.0432 -0.012 -0.01742 -0.003 -0.0218 -0.0169 -0.0162 

80 -0.054 -0.05076 -0.014 -0.01858 -0.00232 -0.025 -0.02 -0.0202 

90 -0.064 -0.0617 -0.016 -0.0197 -0.00165 -0.026 -0.0228 -0.032 

100 -0.075 -0.0681 -0.017 -0.0202 -0.00094 -0.032 -0.00241 -0.041 
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                            Figure 5.39 Comparison of eyy strain values from DIC and ABAQUS  
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5.7.6 Conclusions 

Digital Image Correlation System can be used to get the in-situ behaviour of the sample during 

the actual testing procedure. The images recorded from the apparatus at periodic intervals were 

calibrated to give material strains and the results compared with proposed numerical model. The 

results from numerical model were found in acceptable agreement with DIC results. This might 

be attributed to the axi-symmetric nature of the Euler Buckling deformed shape. More 

specimens, especially those where deformed shape is expected to be non-axisymmetric, must be 

tested, so that the method can be used further to propose mechanics of deformation of the 

sample.  
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CHAPTER SIX 

1.  COLUMNS WITH  SQUARE CROSS-SECTIONS 

6.1 GENERAL 

The experimental and computational investigations on square tubes filled with concrete are 

presented in this chapter. A total of fifteen specimens consisting of three different types; 

Concrete Filled Steel Tube Columns (CFST) (Figure 3.3); Concrete Filled Double Steel Tube 

Columns (CFDST) (Figure 3.4) and Reinforced Concrete Filled Steel Tube Columns (RCC-

CFST) (Figure 3.5) were cast and tested under axial loading. Specimens with varying outer 

widths (B), thicknesses (t) and lengths (L) were tested to study the effect of these parameters 

on structural response of the tubular columns. The effect of change in core configurations on 

the strength and ductility of the square CFST columns was also studied. The CFST specimens 

were then modeled using the Finite Element model presented in Chapter 4. The results from 

numerical simulations were compared with the experimental results.  

6.2 DETAILS OF SPECIMENS 

Square Composite columns of three different core configurations viz. Six Concrete Filled Steel 

Tubular (CFST), Six Concrete Filled Double Skin Tubular Columns (CFDST) and Three 

Reinforced Concrete Filled Steel Tubular Columns (RCC-CFST) were tested in axial loading. 

Table 3.4 presents the Material properties of square steel tubes used for preparing the 

specimens. Labeling of square specimens used in this chapter is explained in Table 6.1.  

Two length categories were used for CFST specimens. The first category was the short column 

specimens, nominally designated as L3D specimens. The other length category wase designed 

to obtain intermediate specimens which have been designated nominally as L7D specimens. 

Moreover, a single cross-section with two different thicknesses (of the steel tube) has been 

used for each length category of every core configuration. Geometric Properties of square 

CFST specimens are given in Table 6.2.  
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Table 6.1 Labelling of square specimens  

Typical ID:  SPQ-L-M-N 
Character Denotes Value S Square specimen 

P Core configuration 
S: CFST 

D: CFDST 
R: RCC-CFST 

Q Length Category 1: L3B  
2: L7B 

L Outer dimension D of outer 
steel tube 

1: 150 mm 
2: 113.5 mm 

M Thickness of steel tube with  
width “D”  

1: first thickness 
2: second thickness 

N Specimen number. with same 
details 

1: first specimen 
2: repeated (second) specimen 

 

The same inner steel tube was used in all the CFDST specimens. Outer dimensions and 

thickness of inner steel tube were 40 x 40 mm and 3.02 mm. The yield stress and area of steel 

were 456 MPa and 447 mm2, respectively. The hollow volume between the two concentric 

steel tubes was filled with concrete. The inner volume of inner steel tube was kept as hollow to 

obtain CFDST specimens with lighter weights. Geometric details of CFDST specimens are 

given in Table 6.3. 

    Table 6.2 Details of square CFST specimens  

Length Category Specimen 
ID 

L 
(mm) 

D             
(mm) 

t     
(mm) 

D/t L/D fy 
(MPa) 

Short 
Specimens 

L3D 

SS1-1-1 450 150x150 3.75 40.00 3.00 413 

SS1-1-2-1 450 150x150 5.60 26.79 3.00 388 

SS1-1-2-2 450 150x150 5.60 26.79 3.00 388 

Intermediate 
Specimens L7D 

SS2-1-1 900 113.5x113.5 4.52 25.11 7.93 438 

SS2-1-2-1 900 113.5x113.5 5.16 22.00 7.93 456 

SS2-1-2-2 900 113.5x113.5 5.16 22.00 7.93 456 

The square RCC-CFST specimens were designed in the same way as circular RCC-CFST 

samples. The amount of reinforcement in RCC-CFST specimens were so selected that the sum  

total of area of steel tube and reinforcement in the specimens with lower wall thicknesses will 

almost equal the area of steel tube in CFST specimen with higher wall thickness. This was 

done to maintain a constant total area of steel (area of steel tube plus area of rebars) while 

examining the effect of redistribution of this area. There was a marginal difference in the total 
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steel areas depending on the commercially available sizes of steel tubes and rebars. The sample 

details are given in Table 6.4. 

Table 6.3 Details of square CFDST specimens 

Length Category Specimen 
ID 

L        
(mm) 

Do          
(mm) 

to      
(mm) 

(D/t)o (L/D)o fyo 
(MPa) 

Short 
Specimens 

L3D 

SD1-1-1-1 450 150x150 3.75 40.00 3.00 413 

SD1-1-1-2 450 150x150 3.75 40.00 3.00 413 

SD1-1-2-1 450 150x150 5.60 26.79 3.00 388 

SD1-1-2-2 450 150x150 5.60 26.79 3.00 388 

Intermediate 
Specimens L7D 

SD2-1-1 900 113.5x113.5 4.52 25.11 7.93 438 

SD2-1-2 900 113.5x113.5 5.16 22.00 7.93 456               

Table 6.4 Details of square RCC-CFST specimens 

Length Category Specimen 
ID 

L         
(mm) 

D          
(mm) 

t         
(mm) 

Reinf.    
(mm) 

D/t L/D fy     
(MPa) 

Short 
Specimens L3D SR1-1-1-1 450 150x150 3.75 4Ø10+4Ø16 40.00 3.00 413 

Intermediate 
Specimens L7D 

SR2-1-1-1 900 113.5x113.5 4.52 4Ø10 25.11 7.93 438 

SR2-1-1-2 900 113.5x113.5 4.52 4Ø10 25.11 7.93 438 

Normal concrete having of M30 grade has been used to fill all the tested samples. The cube 

strength of infill concrete was 42.16 MPa cube and cylinder strength was 32.05 MPa. Details of 

concrete mix proportions are given in Table 3.1. 

6.3 RESULTS 

6.3.1 Mode of Deformation 

Figure 6.1 shows the tested square single skin (CFST), square double skin (CFDST) and 

Reinforced concrete tubular specimens (RCC-CFST) specimens, respectively. Figures 6.2 to 

6.7 show experimental and numerical deformed shapes for various square CFST, CFDST and 

RCC-CFST and specimens, respectively. 

For all core configurations, L3D specimens failed due to local buckling of steel tube followed 

by crushing of adjoining concrete. On the other hand, local buckling in the top one-third of the 
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specimen and originating near the top of the sample was observed as the primary failure mode 

in L7D columns.  

 

  

 Figure 6.1 All tested square specimens 

     
    Experiment             Simulated            Experiment               Simulated 

Figure 6.2 Comparison of Experimental and Simulated Deflected Shape of L3D 150 mm 
Square CFST 
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      Experiment                 Simulated                     Experiment                  Simulated 

Figure 6.3 Comparison of Experimental and Simulated Deflected Shape of L7D 113.5 mm 
Square CFST 

 

            
        Experiment                  Simulated                Experiment                  Simulated 

Figure 6.4 Comparison of Experimental and Simulated Deflected Shape of L3D 150 mm 
Square CFDST 
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    Experiment               Simulated                   Experiment                Simulated 

Figure 6.5 Comparison of Experimental and Simulated Deflected Shape of L7D 113.5 mm 
Square CFDST 

 

                             
                Experiment                     Simulated             

Figure 6.6 Comparison of Experimental and Simulated Deflected Shape of L3D 150 mm 
Square RCC-CFST 
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             Experiment                    Simulated            

Figure 6.7 Comparison of Experimental and Simulated Deflected Shape of L7D 113.5 mm 
Square RCC-CFST 

Outward local buckling was reported in all the specimens. At these locations, separation 

between steel tube and concrete core occurred. It was also observed that in square CFST of 

smaller thickness, the cross-sectional local buckling occurred around the central portion of the 

edge, thereby maintaining the contact between the tube and concrete core near the corners. 

However, as seen in Figure 6.8, the thicker square CFST had a tendency to lose this contact 

near the corners also, at advanced stages of loading (At small deformations around 10 mm, 

where testing of SS1-1-1-2 was aborted due to machine problems, there was still some contact 

at corners between the tube and concrete. 
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                Figure 6.8 Typical deformation in square CFST column 

 

6.3.2 Strength 

Figures 6.9, 6.10 and 6.11 show experimental and numerical load-displacement curves for 

CFST, CFDST and RCC-CFST specimens, respectively. It can be concluded from Figures 6.9 

to 6.11 that the axial capacity of specimens increases as the wall thickness of the specimens 

increases for all diameters, configurations and lengths. It can also be concluded that the 

proposed model gives acceptable results for load-displacement curves for all specimens and it 

is applicable to specimens with different lengths and different core configurations. (Please note 
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that specimen SS2-1-2-2 had to be aborted due to problem in test machine; hence the sudden 

fall in load capacity in the graph). 

               

 

               

 

               

Figure 6.9(a) Comparison of experimental and numerical load-displacement curves for 

L3D square CFST specimens, B=150 mm 
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Figure 6.9(b) Comparison of experimental and numerical load-displacement curves for 

L7D square CFST specimens, B=113.5 mm 
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Figure 6.10(a) Comparison of experimental and numerical load-displacement curves for 
L3D square CFDST specimens, B=150 mm 
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Figure 6.10(b) Comparison of experimental and numerical load-displacement curves for 
L7D square CFDST specimens, B=113.5 mm 
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Figure 6.11(a) Comparison of experimental and numerical load-displacement curves for 

L3D square RCC-CFST specimens, B=150 mm 

      

        

Figure 6.11(b) Comparison of experimental and numerical load-displacement curves for 

L7D square RCC-CFST specimens, B=113.5 mm 
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Tables 6.3, 6.4 and 6.5 give the simulated nominal and ultimate load, experimental yield load 

and ultimate load and yield displacements for CFST, RCC-CFST and for CFDST. The nominal 

capacity (Pn), experimental yield load (Py), strength index (SI), and ductility index (DI) were 

calculated as explained in Sections 5.3.2 and 5.3.3. 

Table 6.5 Experimental and numerical results for square CFST specimens 

Length 
Category 

Specimen 
ID 

Pn    
(KN) 

Δy 
(mm) 

Py     
(KN) 

P5y     
(KN) 

Pu (KN) 
SI DI 

Experiment Simulated 

L3D 

SS1-1-1 1550.64 1.90 1770.45 1197.92 1772.42 1730.54 1.14 0.68 

SS1-1-2-1 1875.46 2.54 2033.40 1687.09 2140.09 2042.29 1.14 0.83 

SS1-1-2-2 1875.46 2.05 2176.22 1718.92 2196.00 2042.29 1.17 0.79 

L7D 

SS2-1-1 1218.98 5.00 1230.84 1010.11 1231.15 1232.83 1.01 0.82 

SS2-1-2-1 1363.42 4.81 1598.00 1234.32 1621.12 1657.11 1.19 0.77 

SS2-1-2-2 1363.42 4.89 1691.24 1382.65 1692.38 1657.11 1.24 0.82 

Table 6.6 Experimental and numerical results of square CFDST specimens 

Length 
Category 

Specimen 
ID 

Pn (KN) 
Δy      

(mm) 
Py        

(KN) 
P5y     

(KN) 

Pu (KN) 
SI DI 

Experimental Simulated 

L3D 

SD1-1-1-1 1748.66 2.25 1900.26 1425.13 1903.14 1730.27 1.09 0.73 

SD1-1-1-2 1748.66 2.16 1857.07 1337.04 1931.79 1730.27 1.10 0.76 

SD1-1-2 2045.21 3.10 2352.46 1921.80 2480.10 2276.32 1.21 0.82 

L7D 

SD2-1-1 1365.46 3.85 1372.85 986.23 1382.33 1395.09 1.01 0.72 

SD2-1-2 1565.81 3.97 1738.28 7.43 1787.33 1273.83 1.14 0.73 

 

It can be concluded from Table 6.5 that strength index was highest in case of CFST core 

configuration for L3D and L7D specimens. Further, it can also be noticed that the strength 

index increases with the increase in thickness of steel for all tested specimens. However, the 
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trend of increase was higher in case of CFST and CFDST specimens as compared to RCC-

CFST samples. 

Table 6.7 Experimental and numerical results of square RCC-CFST specimens 

Length 
Category 

Specimen 
ID 

Pn        
(KN) 

Δy      
(mm) 

Py        
(KN) 

P5y     
(KN) 

Pu (KN) 
SI DI 

Experimental Simulated 

L3D SR1-1-1-1 2181.43 2.57 2174.12 1758.63 2216.45 2167.88 1.02 0.81 

L7D 

SR2-1-1-1 1389.22 3.03 1363.34 1110.22 1372.27 1454.32 0.99 0.85 

SR2-1-1-2 1389.22 3.31 1289.62 1166.17 1375.02 1454.32 0.99 0.89 

 

6.3.3 Ductility and Post Yield Behaviour 

The Ductility Index DI of all specimens are shown in Tables 6.5 to 6.7. It can be concluded 

from the tables that all tested specimens showed strain softening behaviour. It is clear from the 

tables that both RCC-CFST and CFST single skin specimens generally displayed a DI higher 

than the CFDST square specimens for both L3D and L7D specimens. The maximum ductility 

was observed in RCC-CFST specimens for L7D category.  

Also, the DI decreased with increase in D/t ratio for all core configurations. The trend in 

reduction was the highest in CFDST specimen, followed by the CFST and ultimately the RCC-

CFST specimens 

6.3.4 Equivalent Area of Steel 

Specimens with L3D and L7D details were used to investigate the effect of use of equivalent 

cross-sectional area of steel in composite columns having two different core configurations (i.e. 

CFST and RCC-CFST). Area of steel including the cross-sectional area of rebars and cross-

sectional area of steel tube remained same in RCC-CFST specimens as that of CFST 

specimens. There was a marginal difference due to limited availability of steel tubes and rebars 

commercially. In this Table, results of CFST specimens with greater thickness were compared 

with RCC-CFST specimens with smaller thickness. The axial load was normalized with respect 

to nominal cross-sectional capacity of each specimen calculated using Equation 5.1. The 

normalized load-displacement curves are shown in Figure 6.12. It can be concluded from Table 

6.8 that enhancement in strength of L3D specimens was higher in CFST specimens (SI for both 
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samples is greater than 1.1) as compared to RCC-CFST specimens (SI=1.02). The same trend 

can also be observed in the case of L7D specimens. 

 

Table 6.8 Comparison of square specimens with equivalent area of steel but different core 

configurations 

Specimen ID L 
(mm) 

D           
(mm) 

t 
(mm) 

fy 
(MPa) 

L/D D/t As 
(mm2) 

Asr 
(mm2) 

As 
Total 
(mm2) 

SI DI 

L
3D

 

SS1-1-2-1 450 150x150 5.6 388 3.00 26.79 3235 0 22500 1.14 0.83 

SS1-1-2-2 450 150x150 5.6 388 3.00 26.79 3235 0 22500 1.17 0.79 

SR1-1-1-1 450 150x150 3.75 413 3.00 40.00 2194 1118 21382 1.02 0.81 

L
7D

 

SS2-1-2-1 900 113.5x113.5 5.16 456 7.93 22.00 2236 0 12882 1.19  0.77 

SS2-1-2-2 900 113.5x113.5 5.16 456 7.93 22.00 2236 0 12882 1.24 0.82 

SR2-1-1-1 900 113.5x113.5 4.52 438 7.93 25.11 1970 314 12568 0.99 0.85 

SR2-1-1-2 900 113.5x113.5 4.52 438 7.93 25.11 1970 314 12568 0.99 0.89 

 

This behaviour is expected since the steel tube provides better confinement than the 

longitudinal reinforcing bars. 

Comparing the DI values for the two lengths categories, it can be seen from Table 6.8 that the 

DI was almost same for CFST specimen (averaged DI of SS1-2-1 and SS1-2-2 is 0.81) as 

compared to RCC-CFST specimen for L3D samples. However, in case of L7D samples, the DI 

was higher for RCC-CFST samples as compared to CFST samples. Therefore, it may be better 

advised to use RCC-CFST samples from the ductility point of view. 
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Figure 6.12 Comparison of load-displacement curves of square CFST and RCC-CFST 

specimens 
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6.4 CODAL RECOMMENDATIONS 

Recommendations from seven International Codes are used to predict the axial load capacity of 

the tested specimens. The obtained capacities are compared with the measured strengths. The 

codes used are: ANSI/AISC 360 (2010), British Standard 5400 (BS 5400, 2005), Canadian 

Standard S016 (CSA) (S016, 2001), two Chinese Standards; CECS 28 (1990) (Zhang et al., 

2007) and GJB and DL/T 4142 (2000) (Han, 2002), Euro Code 4 (EC4) (EN 1994, 2004) and 

Japanese Standard AIJ (2001) (Morino and Tsuda, 2003). The formulas and, detailed 

procedures of these codes are given in following sections. 

6.4.1 American National Standards Institute/ American Institute of Steel Construction 

(ANSI/AISC360, 2010) 

The plastic stress distribution method provided in ANSI/AISC360 (2010) is used for 

calculating the nominal strength of composite columns. In this procedure, the nominal strength 

of the composite section is computed based on plastic strength of steel and concrete without 

allowing for confinement. Crushing stress of concrete core is defined as 0.85 ��′ for square and 

rectangular cross-section. The cross-section area of steel should be at least 1% of the total area 

of composite cross-section for it to qualify as a CFST column. 

Based on the cross-sectional slenderness (D/t), the code classified CFST columns subjected to 

compression into three categories: compact, non-compact or slender sections. 

Compact sections: 

For compact sections: 

�
� ≤ 2.26	
�

�
      For square and rectangular cross-sections      (6.1) 

Non-compact sections: 

The maximum D/t ratios for section to be classified as non-compact section are: 

�
� ≤ 3.00	
�

�
          For square and rectangular cross-sections      (6.2) 

Slender sections 

The maximum D/t ratios for section to be classified as slender are: 
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�
� ≤ 5.00 
�

�
          For square and rectangular cross-sections            (6.3) 

The nominal compressive strength for axially loaded composite columns should be determined 

for the limit state of flexural buckling based on column cross-sectional slenderness and global 

slenderness.  

When 
��
��� ≤ 2.25 

�� = �� �0.658� ��
�� !"                   (6.4 a) 

When 
��
��� >2.25 

�� = 0.877 ��%                   (6.4 b) 

where Pcr is elastic Euler buckling load calculated as: 

��% = &'
()*+' (,-+.��                      (6.5) 

(,-+.�� = ,/-/ + ,%-% + 12,�-�                    (6.6) 

12 = 0.6 + 2 � 3�
3�43�!  ≤ 0.9                     (6.7) 

Pn is the nominal cross-sectional capacity based on material strength calculated as: 

For compact sections 

�� = ��6 = 7/�8 + ∅��′ �7� + 7% 
�

�!                    (6.8) 

where ∅ is strength reduction factor considered as 0.85 for square and rectangular sections.  

For non-compact sections 

�� = ��: = ��6 − <�=><

?@ >@AB' ?CD − CEB:

                   (6.9) 

where CD is the maximum cross-sectional slenderness permitted and calculated as: 

CD = 5.00 
�
�
       For square and rectangular cross-sections                      (6.10) 
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C% is the maximum cross-sectional slenderness permitted to be classified as non-compact 

section and that is : 

C% = 3.00	
�
�
      For square and rectangular cross-sections                                        (6.11)

        

CE is the maximum cross-sectional slenderness permitted to be classified as a compact section 

and calculated as: 

CE = 2.26	
�
�
      For square and rectangular cross-sections                             (6.12) 

�8 = 7/�8 + 0.7��′ �7� + 7% 
�

�!                  (6.13) 

For slender sections 

�� = ��2 = 7/�FG + 0.7��′ �7� + 7% 
�

�!                 (6.14) 

where fbl is the local buckling strength of steel tube calculated based on simplified Bryan’s 

formula as (Galambos, 1998): 

�FG = H
�
�I

J !'          For rectangular and square sections                (6.15)            

6.4.2 British Standard (BS 5400, 2005) 

British standard (BS 5400, 2005) considers the composite action between steel and concrete for 

designing such composite columns in rectangular and square CFST. The method for designing 

the composite columns in this standard as follows: 

Steel Tube 

The steel tube thickness should follow the constraint  

K ≥ M	 �

2
� For rectangular and square sections                (6.16) 

Concrete core 



187 
 

The code limits the concrete contribution factor (P�) to be within a specified range to permit the 

use of this approach for composite columns design. The columns having P� lower than the 

minimum limit are designed as RCC columns and the columns having P� higher than the 

maximum limit are designed as steel columns. Where: 

P� = O.PQ3���R′
<�   For rectangular and square sections                (6.17) 

Where, P�is the concrete contribution factor (���′ ) is the cube compressive strength of concrete, 

and ���′ is the enhanced characteristics strength of concrete core calculated as: 

���′ = ���′ + 16 �
� �8                    (6.18) 

�� is the peak load carrying capacity of CFST column calculated as: 

�� = 0.957/�8′ + 0.877%�8% + 0.457����′    For rectangular and square sections            (6.19) 

�8′ = 1:�8                     (6.20) 

The constants C1 and C2 are given in Table 3 of the code . 

If the ratio L/D is lower than 12, the code classifies CFST column as short column and limits 

the ultimate limit state of load carrying capacity at failure to: 

�� = 0.85 ��                     (6.21) 

The factor 0.85 is a reduction factor to allow the moments due to constructions. Columns 

having L/D ratio greater than 12 may be considered as long columns. In this case the capacity 

of the column should be calculated considering bending moment not less than 0.03 B. 

6.4.3 Canadian Standard (S016, 2001) 

Full composite resistance is specified in Canadian Standard S016 (2001) for hollow steel tubes 

completely filled with concrete. The limitations for using such columns in this code are: 

�
� ≥ 62QO

T�
     For rectangular and square cross-sections               (6.22) 
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Grade of concrete should be between 20 MPa and 40 MPa for CFST columns. This code 

predicts the factored compressive strength of CFST columns by increasing the strength of 

concrete core due to confinement effect and reduces the strength of steel tube.  

�� = ?U∅/7/�8 + U ′0.85∅�7���′B?1 + CW :�B>6 �⁄
                (6.23) 

where U = U ′ = 1 for rectangular and square columns having L/D ≥ 25. For CFST columns 

having L/D < 25: 

U = 6
T64Y4Y'                  (6.24 a) 

U ′ = 1 + �:QY'Z
� �⁄ ! � �


O.[Q��′
!                (6.24 b) 

where 

\ = 0.02(25 − ]/M+                    (6.25) 

C = 	<�
<_                     (6.26) 

�� and �. are nominal cross-sectional capacity and Euler buckling load, respectively calculated 

as 

�� = U7/�8 + U ′0.857���′                   (6.27) 

�. = &'
()*+' (,-+.��                    (6.28) 

(,-+.�� = ,/-/ + O.`
�a�
64(bc� bc⁄ +                   (6.29) 

,� = �3300T��′ + 6900! � d�
:2OO!6.Q

                                     (6.30 a) 

For concrete having compressive strength between 20 MPa to 40 MPa, ,� can be calculated as: 

,� = 4500T��′                 (6.30 b) 

Here CW is the relative slenderness parameter and e� is the density of concrete.  1�/ is defined as 

the sustained axial load on the column while 1� is the total axial load on the column. The ratio 
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of 1�/ 1�⁄ is taken as 1.0 for short-term loading condition. The constant f has been considered 

as 1.8 as recommended by the code. ∅/ and ∅� are the nominal resistance factors for steel and 

concrete respectively and have been considered as 1.0. 

6.4.4 Euro Code 4 (EN 1994, 2004) 

There are two methods for designing composite columns in Euro Code 4 (EC4) (EN 1994, 

2004). The columns in the present study have been designed using the Simplified Design 

Method, as explained in Section 5.4.5. 

The steel contribution ratio,P/, must be 0.2 ≤ P/ ≤ 0.9. P/ is defined as: 

P/ = 3��

<Rg

                     (6.31) 

If P/ is less than 0.2, the column may be designed as a reinforced concrete column. If P/ is 

larger than 0.9, the concrete contribution is ignored and the column is designed as a steel 

column. ��h is design nominal plastic resistance of concrete filled steel tube (design nominal 

squash load) calculated as:  

��h = 7/�8 + 7%�8% + 7���′   For rectangular and square cross-section             (6.32) 

where Ar is the area of reinforcement bars, if any, fyr is design yield stress of reinforcement bar, 

C / and C � are confinement parameters for steel tube and concrete core. C/ and  C�  depend on 

relative slenderness ratio λ̄  , calculated as: 

C = 	 <�
<�                      (6.33) 

�� is the plastic resistance of the composite cross-section to compression calculated using the 

nominal yield strength of steel tube and reinforcement bars and nominal compressive strength 

of concrete cylinder: 

�� = 7/�8 + 7%�8% + 7���′                   (6.34) 

��% is the critical buckling load: 

��% = &'
a_cc
*'                      (6.35) 
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EIeff is the effective elastic flexural stiffness of the composite column calculated as: 

,-.�� = ,/-/ + ,%-% + 0.6,�D-�                  (6.36) 

Er and Ir are modulus of elasticity and yield stress of reinforcement bars and Ecm is the mean 

secant modulus of elasticity for structural concrete calculated as: 

,�D = 22000 i��j
6O kO.2

                    (6.37) 

where ��D is mean compressive strength of concrete at 28 days age and calculated as: 

��D = ��′ + 8 (l�m+                    (6.38) 

For columns having e/d <10:  

C / = 0.25?3 + 2CB ≤ 1.0                   (6.39) 

C � = 4.9 − 18.5C + 17C :
   ≥ 0                  (6.40) 

The squash load of composite columns in axial compression is calculated as: 

�� = n ��6                     (6.41) 

where �� is the ultimate load carrying capacity of CFST columns and n is reduction factor to 

account buckling effect.  

n = 
6

 Ф4�Ф'>@'!o.p                    (6.42)       

Ф = 0.5 ∗ (1 + r?C − 0.2B + C:+                   (6.43) 

where r is imperfection factor and has been taken as 0.34 as recommended by Hicks et al. 

(2002). For this code to be applicable: 

       D/t ≤ 52 × 	:2Q
�
   For rectangular and square CFST sections                                         (6.44) 
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6.4.5 Architectural Institute of Japan (AIJ) 

The details for calculating the allowable and ultimate compressive strength of CFST columns 

are given by Morino and Tsuda (2003). AIJ code classifies the CFST columns into three 

categories: 

a) Short if KL/D ≤ 4: The axial load carrying capacity for short CFST columns is calculated by 

superimposing the strength of steel column and concrete column. 

b) Long if KL/D > 12: The ultimate compressive strength of the long CFST columns is 

calculated as the summation of critical buckling loads of concrete column and steel column. 

c) CFST columns having 4 < KL/D ≤ 12 are classified as Intermediate columns. The 

compressive strength of intermediate CFST columns is calculated using linear interpolation.  

The details of calculating the load carrying capacity are: 

For KL/D ≤ 4 

��6 =  ��� + ��/                    (6.45) 

where ��6 is the axial load carrying capacity of CFST column having KL/D ≤ 4,  ��� is the 

ultimate axial compressive load carried by concrete column, and ��/is the ultimate axial 

compressive load carried by steel column. 

��� = 0.85��′7�                               (6.46) 

��/ = �87/                     (6.47) 

For 4 < KL/D ≤ 12 

��: = ��6 − 0.125?��6 − ��2,6:B �)*
u − 4!                 (6.48) 

Here ��: is the load carrying capacity of column having 4 < KL/D ≤ 12 and��2,6: is the load 

carrying capacity of a virtual CFST column having same cross-section but with KL/D =12 

For KL/D > 12 

��2 = 7���%� + 7/��%/                   (6.49) 
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where ��%� and ��%/are critical buckling stress of concrete column and steel column, 

respectively.  

For C� ≤ 1.0 

��%� = :
64	@�

v46
0.85��′                   (6.50) 

For C�>1.0 

��%� = 0.83 × w�b�?6>@�B!0.85��′                  (6.51) 

where: 

C� = @�
& Tx��                     (6.52) 

C� is the relative slenderness parameter of concrete column and C� is the slenderness parameter 

of concrete column calculated as: 

C� = )*
%�                      (6.53) 

where y� is the radius of gyration of concrete column and x�� is the ultimate axial strain of 

concrete column calculated as: 

x�� = 0.93(0.85��′+6/P × 10>2                  (6.54) 

1� is an empirical parameter calculated as: 

1� = 0.568 + 0.00612 ��′                   (6.55) 

For C/< 0.3 

��%/ = �87/                  (6.56 a) 

For 0.3 ≤ C/< 1.3 

��%/ = �1 − 0.545?C/ − 0.3B! �87/               (6.56 b) 

For C/ ≥ 1.3 
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��%/ = <_�
6.2                     (6.57

             

C/ = @�
& 	�



�                     (6.58) 

C/ is the relative slenderness parameter of steel column, C/is the slenderness parameter of steel 

column calculated as: 

C/ = )*
%�                      (6.59) 

y/ is the radius of gyration of steel tube and �./ is the Euler buckling load of steel column 

calculated as: 

�./ = &'
�a�
()*+'                      (6.60) 

6.4.6 Chinese Codes 

There are four codes, i.e. DL/T 5085:1999, GJB 4142:2000, JCJ 01:89 and CECS 28:90 (as 

mentioned in Section 5.4.7) in China for designing CFST members. These codes are published 

in Chinese language and the code methodologies are also discussed in Han (2002), Zhang et al., 

(2007), Hatzigeorgiou (2008), and Lu and Zhao (2010). 

The capacity of short CFST column in JCJ and CECS codes is calculated based on confinement 

theory. In this theory, the cross-sectional strength of steel tube and concrete core are calculated 

separately and then added to get the strength of composite cross-section. The details of these 

codes, as presented in Han (2002) and Zhang et al. (2007) are as follows: 

CECS 28:90 code: 

�� = 7���z?1 + { + T{B                   (6.61) 

Where: 

{ = 3��

3���|

                     (6.62) 

Here { is the confining factor. The value of { must lie between 0.03 and 3.0. 
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The DL/T and GJB codes work on the principle of unified theory i.e. A heterogeneous CFST 

cross-section consisting of concrete and steel is converted to an equivalent single composite 

cross-section. The procedure for calculating the load carrying capacity as per these codes is 

given as:  

GJB 4142:2000 (Han, 2002) and DL/T 5085:1999 (Lu and Zhao, 2010) 

�� = �/�87/�                     (6.63) 

�/�8 and 7/� are the equivalent stress and area of new composite cross-section.  

�/�8 = (1.212 + }{ + 1{:+��z                  (6.64) 

where B and C parameters are given (Han, 2002) for square and rectangular CFST columns as: 

} = 0.1381 �

:2Q + 0.7646                   (6.65) 

1 = −0.0727 ��|
:O + 0.0216                   (6.66) 

7/� = 7/ + 7�                     (6.67) 

The value of fck (characteristics compressive strength of concrete core) is obtained using 67% of 

the compressive strength of concrete cubes as recommended by Han (2002). 

It can be seen from the above equations that none of the codes give any formulas for prediction 

of load carrying capacity of Double skin concrete filled steel tubes (CFDST). Hence, while 

calculating the load capacity for the CFDST, the inner tube in CFDST specimen was 

considered in a similar way as the outer steel tube.  

The load carrying capacities calculated from the different codes are shown in Table 6.5. The 

ratio of codal to experimental values is also shown in the table. It can be seen that all of the 

except the CECS Chinese code, all other codes give conservative results with most 

conservative results being obtained from the British code (BS code). The table also illustrates 

that the Chinese GJB code gives the best estimate for the load capacity of CFST columns, with 

the average ratio of predicted to experimental load capacity as 0.94. Further, Eurocode (EC4) 

and Canadian Standards (CSA) also predict the load capacities of CFST with a good degree of 

precision. 
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           Table 6.9 Results of different International Codes used for predicting the axial capacities of square tested specimens    

       Core Length 
Category 

Specimens 
ID 

Pu-EC4 

(kN) 
,14
,~� 

Pu-AISC 

(kN) 
7-�1
,~�  

Pu-BS (kN) }�
,~� 

Pu-CSA 

(kN) 
1�7
,~� 

Pu-AIJ 

(kN) 
7-�

,~� 
Pu-CECS 

(kN) 
1,1�
,~�  

Pu-GJB 

(kN) 
��}
,~� 

R
C

F
ST

 L
3D

 
SS1-1-1 1555.8 0.88 1453.4 0.82 1226.2 0.69 1458.1 0.82 1484.2 0.84 2139.5 1.21 1629.5 0.92 

SS1-1-2-1 1871.8 0.87 1773.3 0.83 1539.0 0.72 1778.3 0.83 1803.6 0.84 2563.1 1.20 1934.8 0.90 

SS1-1-2-2 1871.8 0.85 1773.3 0.81 1539.0 0.70 1778.3 0.81 1803.6 0.82 2563.1 1.18 1934.8 0.88 

L
7D

 

SS2-1-1 1239.8 1.01 1131.6 0.92 1016.3 0.83 1154.3 0.94 1172.5 0.95 1359.5 1.11 1245.1 1.01 

SS2-1-2-1 1437.0 0.87 1276.0 0.79 1160.3 0.72 1302.8 0.80 1321.6 0.82 1513.1 0.93 1373.8 0.85 

SS2-1-2-2 1437.0 0.84 1276.0 0.80 1160.3 0.69 1302.8 0.77 1321.6 0.78 1513.1 0.90 1373.8 0.81 

R
C

C
-R

C
F

ST
 

L
3D

 SR1-1-1-1 2170.6 0.98 1787.7 0.81 1761.1 0.79 2072.8 0.94 2099.1 0.95 2905.7 1.31 2199.4 0.99 

SR1-1-1-2 2170.6 1.01 1787.7 0.91 1761.1 0.85 2072.8 0.97 2099.1 0.97 2905.7 1.31 2199.4 0.99 

L
7D

 SR2-1-1-1 1384.9 1.01 1248.6 0.91 1166.5 0.85 1325.5 0.96 1329.8 0.97 1527.7 1.11 1384.3 1.01 

SR2-1-1-2 1384.9 1.01 1248.6 0.90 1166.5 0.85 1325.5 0.96 1329.8 0.97 1527.7 1.11 1384.3 1.01 

R
C

F
D

ST
 

L
3D

 

SD1-1-1-1 1708.3 0.90 1612.4 0.85 1391.0 0.72 1938.9 1.02 1642.4 0.86 2344.3 1.29 1779.1 0.93 

SD1-1-1-2 1708.3 0.88 1612.4 0.83 1391.0 0.73 1938.9 1.00 1642.4 0.85 2344.3 1.30 1779.1 0.92 

SD1-1-2-1 2024.0 0.82 1932.5 0.78 1703.8 0.69 2041.3 0.83 1961.7 0.80 2750.4 1.11 2062.0 0.83 

SD1-1-2-2 2024.0 0.81 1932.5 0.77 1703.8 0.69 2041.3 0.82 1961.7 0.79 2750.4 1.11 2062.0 0.83 

L
7D

 SD2-1-1 1392.3 0.78 1284.2 0.72 1181.0 0.66 1356.8 0.82 1331.0 0.74 1503.6 1.09 1337.4 0.97 

SD2-1-2 1519.9 0.84 1428.2 0.80 1325.3 0.74 1460.1 0.76 1480.2 0.82 1650.4 0.92 1430.2 0.80 

Average  0.90  0.83  0.75  0.88  0.86  1.14  0.92 

Standard Deviation  0.08  0.06  0.07  0.09  0.06  0.13  0.08 

Coefficient of Variation (%)  8.91  7.15  8.74  9.99  8.87  11.86  8.19 
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6.5 CONCLUSIONS 

The following conclusions can be drawn from the experimental and numerical results: 

Mode of deformation 

a. The L3D specimens were observed to fail by local buckling of steel tube followed by the 

crushing of concrete core (Figures 6.2, 6.4 and 6.6). Local Buckling in the top third of the 

sample beginning near the top edge was also the primary mode of failure in L7D specimens 

(Figures 6.3, 6.5 and 6.7).  

b. Steel tube was separated from the concrete core at cross-sections where local buckling 

occurred.  However, the separation was avoided near the corners for small thickness samples, 

while the thicker square tubes separated from concrete near the corners also (Figure 6.8). 

Strength 

a. Due to composite, enhanced strength (strength index SI >1) action was reported for all tested 

specimens (Tables 6.5 to 6.7). 

b. The maximum strength index was observed in case of CFST core configuration for L3D and 

L7D specimens (Table 6.5). 

c. Trend of increase in strength index due to increase in thickness of steel tubes was more in case 

of CFST and CFDST specimens as compared to RCC-CFST samples (Tables 6.5 to 6.7).. 

Ductility 

a. The ductility index was highest in RCC-CFST core configuration for L7D specimens. For 

L3D length category, both RCC-CFST and CFST configurations showed almost same 

ductility (Table 6.8).  

b. Ductility index was lowest in CFDST specimens with L3D and L7D details (Tables 6.5 to 

6.7). 
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Equivalent area of steeL 

a. Strength Index was generally observed to decrease for both L3D and L7D specimens with the 

redistribution in area of steel from steel tube to longitudinal rebars (Table 6.8). 

b. The ductility index was observed to be higher (or equal) for RCC-CFST specimens as 

compared to CFST single skin specimens for both length categories (Table 6.8). 

Codal recommendations:   

Among seven International Codes, the Chinese code (GJB) gives closest estimation for strength 

with 8% conservative estimations on average as compared to measured values (Table 6.9). 
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CHAPTER SEVEN 

1.  COLUMNS WITH  RECTANGULAR CROSS-SECTIONS 

7.1 GENERAL 

The experimental and computational investigations on rectangular tubes filled with concrete are 

presented in this chapter. A total of fifteen specimens consisting of three different types; 

Concrete Filled Steel Tube Columns (CFST) (Figure 3.3); Concrete Filled Double Steel Tube 

Columns (CFDST) (Figure 3.4) and Reinforced Concrete Filled Steel Tube Columns (RCC-

CFST) (Figure 3.5) were cast and tested under axial loading. Twenty nine specimens of varying 

outer cross-section (B x D; B refers to the smaller dimension of the rectangular section, D is the 

larger side), thicknesses (t) and lengths (L) were tested to study the effect of these parameters 

on structural response of the tubular columns. The effect of change in core configurations on 

the strength and ductility of the rectangular CFST columns was also studied. The CFST 

specimens were then modeled using the Finite Element model presented in Chapter 4. The 

results from numerical simulations were compared with the experimental results.  

7.2 DETAILS OF SPECIMENS 

Rectangular Composite columns of three different core configurations viz. Eighteen Concrete 

Filled Steel Tubular Columns (CFST), Seven Concrete Filled Double Skin Tubular Columns 

(CFDST) and Four Reinforced Concrete Filled Steel Tubular Columns (RCC-CFST) were 

tested in axial loading. Table 3.6 presents the Material properties of rectangular steel tubes used 

for preparing the specimens. Labeling of rectangular specimens used in this chapter is 

explained in Table 7.1 (a) and 7.1 (b).  

Seven length categories were used for CFST specimens. Three categories were intermediate 

column specimens, while the other four length categories were designed as long columns.. 

Geometric Properties of rectangular CFST specimens are given in Table 7.2.  
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Table 7.1 Labelling of rectangular specimens  

Typical ID:  RPQ-L-M-N 
Character Denotes 

Value 
R Rectangular specimen 

p Length Category 

1:  6 ≤ L/B ≤ 7.5 
2:  L10B 
3:  L13B 
4:  L16B 
5:  L19B 
6:  L22B 

      Q Core configuration 
S: CFST 

D: CFDST 
R: RCC-CFST 

L Cross-section B x D of outer steel tube 
1: 100 mmx200 mm 
2: 82 mm x145 mm 
3: 40 mm x 60 mm 

M 
Thickness of steel tube with cross-
section B x D 

1: first thickness 
2: second thickness 
3: third thickness 

N Specimen No. with same details 
1: first specimen 

2: repeated (second) 
 

Please note that the specimens of size 40 x 60 mm had initially given separate specimens IDs 

while testing; however, in this thesis, they are being presented (in Tables only; the experimental 

photographs follow the old IDs) following the conventions of Table 7.1 to avoid confusion. 

Table 7.2 (a) give the details of all Rectangular CFST samples. Table 7.2 (b) gives the details 

of old and new labels for the specimens of size 40 x 60 mm. 

Two sizes of inner tubes have been used for Rectangular CFDST columns. However, the same 

size of inner tube was maintained for any one cross-section to avoid any effect due to change in 

inner tube. Steel tube with outer dimensions of 48 x 96 mm was used for L6B columns. The 

wall thickness of the tube was 3.83 MPa and the measured yield stress of the tube was 452 

MPa. For L10B columns, the inner tube size was 40 x 60 mm, with a wall thickness of 2.63 

mm and a yield stress of 458 MPa. Table 7.3 gives the details of rectangular CFDST 

specimens. 
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Table 7.2(a) Details of rectangular CFST specimens 

Length 
Category 

Specimen 
ID 

L 
(mm) 

B 
(mm) 

D 
(mm) 

t 
(mm) 

D/t L/B fy 
(MPa) 

In
te

rm
ed

ia
te

 S
pe

ci
m

en
s 

L6B 

RS1-1-1 600 100 200 3.80 52.63 6.00 401 

RS1-1-2-1 600 100 200 5.68 35.21 6.00 410 

RS1-1-2-2 600 100 200 5.68 35.21 6.00 410 

L7B 

RS1-3-1-1 300 40 60 2.63 22.81 7.50 458 

RS1-3-1-2 300 40 60 2.63 22.81 7.50 458 

L10B 

RS2-1-1 900 82 145 4.65 31.18 10.98 428 

RS2-1-2-1 900 82 145 5.15 28.16 10.98 424 

RS2-1-2-2 900 82 145 5.15 28.16 10.98 424 

RS2-3-1-1 420 40 60 2.63 22.81 10.50 458 

RS2-3-1-2 420 40 60 2.63 22.81 10.50 458 

Lo
ng

 S
pe

ci
m

en
s 

L13B 

RS3-3-1-1 540 40 60 2.63 22.81 13.50 458 

RS3-3-1-2 540 40 60 2.63 22.81 13.50 458 

L16B 

RS4-3-1-1 660 40 60 2.63 22.81 16.50 458 

RS4-3-1-2 660 40 60 2.63 22.81 16.50 458 

L19B 

RS5-3-1-1 780 40 60 2.63 22.81 19.50 458 

RS5-3-1-2 780 40 60 2.63 22.81 19.50 458 

L22B 

RS6-3-1-1 900 40 60 2.63 22.81 22.50 458 

RS6-3-1-2 900 40 60 2.63 22.81 22.50 458 
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       Table 7.2(b) Details of renamed rectangular CFST specimens 

Old Specimen ID New Specimen ID 

R1-5-1 RS1-3-1-1 

R1-5-2 RS1-3-1-2 

R1-7-1 RS2-3-1-1 

R1-7-2 RS2-3-1-2 

R1-9-1 RS3-3-1-1 

R1-9-2 RS3-3-1-2 

R1-11-1 RS4-3-1-1 

R1-11-2 RS4-3-1-2 

R1-13-1 RS5-3-1-1 

R1-13-2 RS5-3-1-2 

R1-15-1 RS6-3-1-1 

R1-15-2 RS6-3-1-2 

The Rectangular RCC-CFST specimens were designed in the same way as square and circular 

RCC-CFST specimens. The outer thicker steel tube was redistributed as a steel tube of smaller 

thickness and some longitudinal rebars. Two length categories were used, i.e. L6B and L10B. 

The details of RCC-CFST rectangular specimens are given in Table 7.4.  

Normal concrete of M30 grade was used to fill the hollow volume of the tubes. The cylinder 

strength of the mix was 32.05 MPa (see Table 5.5). The Finite element model proposed in 

Chapter 4 was used to numerically simulate the samples. The applicability of the model was 

extended by modeling tubular columns of different lengths and core configurations.     
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Table 7.3 Details of rectangular CFDST specimens 

Length Category Sample ID L 
(mm) 

Bo 
(mm) 

Do 
(mm) 

to 
(mm) 

(D/t)o (L/D)o fyo 
(MPa) 

In
te

rm
ed

ia
te

 S
pe

ci
m

en
s

 

L6B 

RD1-1-1-1 600 100 200 3.80 52.63 6.00 401 

RD1-1-1-2 600 100 200 3.80 52.63 6.00 401 

RD1-1-2-1 600 100 200 5.68 35.21 6.00 410 

RD1-1-2-2 600 100 200 5.68 35.21 6.00 410 

L10B 

RD2-1-1 900 82 145 4.65 31.18 10.98 428 

RD2-1-2-1 900 82 145 5.15 28.16 10.98 424 

RD2-1-2-2 900 82 145 5.15 28.16 10.98 424 

 

Table 7.4 Details of Rectangular RCC-CFST specimens 

Length 
Category 

Specimen ID L 
(mm) 

B 
(mm) 

D 
(mm) 

t 
(mm) 

Reinf.  
(mm) 

L/B D/t fY 
(MPa) 

In
te

rm
ed

ia
te

 S
pe

ci
m

en
s 

L6B 
RR1-1-1-1 600 100 200 3.80 4Ø10+4Ø16 6.00 52.63 401 

RR1-1-1-2 600 100 200 3.80 4Ø10+4Ø16 6.00 52.63 401 

L10B 
RR2-1-1-1 900 82 145 4.65 4Ø10 10.98 31.18 428 

RR2-1-1-2 900 82 145 4.65 4Ø10 10.98 31.18 428 

 

7.3 RESULTS 

7.3.1 Mode of Deformation 

Figure 7.1(a) shows the tested rectangular single skin (CFST) specimens, while the tested 

rectangular double skin (CFDST) and Reinforced concrete tubular specimens (RCC-CFST) 

specimens are shown in Figure 7.1(b). Figures 7.2 to 7.8 show experimental and numerical 

deformed shapes for various rectangular CFST, CFDST and RCC-CFST specimens.       
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Figure 7.1(a) All tested Rectangular CFST specimens 

                                  

Figure 7.1(b) All tested Rectangular CFDST and RCC-CFST specimens 
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    Experiment             Simulated                     Experiment              Simulated 

Figure 7.2 Comparison of Experimental and Simulated Deflected Shape of L6B 100 x 200  
mm Rectangular CFST 

It was observed that CFST specimens with 100 mm x 200 and 82 mm x 145 mm cross-sections 

failed by crushing of concrete followed by local buckling of steel tube for L6B and L10B. 

(Figures 7.2 and 7.4). Global buckling starting near the mid height was the general mode of 

failure of 40 mm x 60 mm cross-section CFST specimens (Figure 7.3). This behaviour 

indicated that the mode of failure varies with both specimen length and cross-section size. In 

specimens with smaller cross-sections, the ratio of area of steel to the gross area of cross-

section is generally larger (The ratio of area of steel to the gross area of the composite was 0.11 

to 0.19 for specimens with 100 mm x 200 and 82 mm x 145 mm cross-sections, while that of 

40 mm x 60 mm cross-section was 0.21). This is because of the triaxial state of stress, due to 

which the longitudinal stress that the steel tube can carry is decreased (as per von Mises 

criterion), thereby reducing the global stability of the sample as the area of steel increases.  

The L6B CFDST samples failed by outward local buckling of outer steel tube accompanied by 

the inner buckling of the inner tube. The L10B specimens however, failed in a mixed mode of 

global and local buckling.   
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                          ‘                                                                                                                                           

Experiment   Simulated          Experiment          Simulated        Experiment     Simulated 

 

            

    Experiment        Simulated      Experiment     Simulated     Experiment     Simulated 
 

  Figure 7.3 Comparison of Experimental and Simulated Deflected Shape of 40 x 60  mm 
Rectangular CFST 
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      Experiment        Simulated              Experiment                Simulated 

Figure 7.4 Comparison of Experimental and Simulated Deflected Shape of L10B 
82 x 145 mm Rectangular CFST 

     

      Experiment               Simulated              Experiment                    Simulated 

Figure 7.5 Comparison of Experimental and Simulated Deflected Shape of L6B 
100 x 200 mm Rectangular CFDST 
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                 Experiment        Simulated              Experiment                   Simulated 

              Figure 7.6 Comparison of Experimental and Simulated Deflected Shape of L10B 
82 x 145 mm Rectangular CFDST 

                                

                                 Experiment                                   Simulated                                               

    Figure 7.7 Comparison of Experimental and Simulated Deflected Shape of L6B 
100 x 200 mm Rectangular RCC-CFST 
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                                            Experiment              Simulated 

Figure 7.8 Comparison of Experimental and Simulated Deflected Shape of L10B 
82 x 145 mm Rectangular RCC-CFST 

 

7.3.2 Strength 

Figures 7.9, 7.10 and 7.11 show experimental and numerical load-displacement curves for 

Rectangular CFST, CFDST and RCC-CFST specimens, respectively. It can be concluded from 

Figures 7.9 to 7.11 that the axial capacity of specimens increases as the wall thickness of the 

specimens increases for all diameters, configurations and lengths. It can also be concluded that 

the proposed model gives acceptable results for load-displacement curves for all specimens and 

it is applicable to specimens with different lengths and different core configurations.  

A glance at Figures 7.9 to 7.11 clearly shows that the proposed numerical model tends to 

become more conservative for samples of higher aspect ratio (D/B). The numerical load values 

are generally higher or quite close to experimental values for 40 x 60 mm rectangular samples 

(Aspect ratio=1.5; Figures 7.9(b) and (c)), while the model gives lower results than 

experimental for 100 x 200 mm samples (Aspect ratio=2.0) 
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Figure 7.9(a) Comparison of experimental and numerical load-displacement curves for 

L6B 100 x 200 mm rectangular CFST specimens 
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Figure 7.9(b) Comparison of experimental and numerical load-displacement curves for 

L7B, L10B and L13B 40 x 60 mm rectangular CFST specimens 

0

50

100

150

200

250

300

350

0 2 4 6 8 10

L
oa

d 
(K

N
)

Displacement (mm)

SPECIMEN RS1-3-1

RS1-3-1-1-Experiment

RS1-3-1-2-Experiment

Simulated

0

50

100

150

200

250

300

350

0 2 4 6 8 10 12 14

L
oa

d 
(K

N
)

Displacement (mm)

SPECIMEN RS2-3-2

RS2-3-1-1-Experiment

RS2-3-1-2-Experiment

Simulated

0

50

100

150

200

250

300

350

0 2 4 6 8 10 12

L
oa

d 
(K

N
)

Displacement (mm)

SPECIMEN RS3-3-1-1

RS3-3-1-1-Experiment

RS3-3-1-2-Experiment

Simulated



212 
 

                           

                           

                 

Figure 7.9(c) Comparison of experimental and numerical load-displacement curves for 

L16B, L19B and L22B 40 x 60 mm rectangular CFST specimens 
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Figure 7.9(d) Comparison of experimental and numerical load-displacement curves for 

L10B 82 x 145 mm rectangular CFST specimens 
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Figure 7.10(a) Comparison of experimental and numerical load-displacement curves for 

L6B 100 x 200 mm rectangular CFDST specimens 
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Figure 7.10(b) Comparison of experimental and numerical load-displacement curves for 

L10B 82 x 145 mm rectangular CFDST specimens 
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Figure 7.11(a) Comparison of experimental and numerical load-displacement curves for 

L6B 100 x 200 mm rectangular RCC-CFST specimens 

           

Figure 7.11(b) Comparison of experimental and numerical load-displacement curves for 

L10B 82 x 145 mm rectangular RCC-CFST specimens 

Tables 7.5, 7.6 and 7.7 give the simulated nominal and ultimate load, experimental yield load 

and ultimate load and yield displacements for rectangular CFST, RCC-CFST and for CFDST. 

The nominal capacity (Pn), experimental yield load (Py), strength index (SI), and ductility index 

(DI) were calculated as explained in Sections 5.3.2 and 5.3.3.. 
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It can be concluded from Tables 7.5 to 7.7 that for specimens of same length category, strength 

index (SI) was highest for CFST specimens and lowest for CFDST specimens. Further, the SI 

decreased appreciably for all core configurations with increase in length. The trend of reduction 

of SI with length was lowest in case of CFDST specimens. 

Table 7.5 Results of rectangular CFST specimens 

Length 
Category 

Specimen 
ID 

Pn        
(KN) 

Δy      
(mm) 

Py        
(KN) 

P5y        
(KN) 

Pu (KN) SI DI 
Experiment Simulated 

L6B 

RS1-1-1 1438.96 1.99 1360.27 849.35 1555.16 1415.54 1.08 0.63 

RS1-1-2-1 1862.66 3.19 2016.75 1315.25 2109.35 1896.52 1.13 0.65 

RS1-1-2-2 1862.66 3.26 1753.23 1332.28 2080.92 1896.52 1.11 0.75 

L7B 

RS1-3-1-1 289.08 1.52 302.55 241.80 309.88 316.73 1.07 0.80 

RS1-3-1-2 289.08 1.52 311.62 261.56 325.36 316.73 1.13 0.84 

L10B 

RS2-1-1 1183.88 2.57 1246.70 3.92 1386.66 1194.03 1.17 0.69 

RS2-1-2-1 1255.43 3.43 1436.54 4.41 1451.64 1312.82 1.16 0.62 

RS2-1-2-2 1255.43 3.68 1401.91 4.06 1466.53 1312.82 1.17 0.63 

RS2-3-1-1 289.08 1.54 287.62 212.45 300.19 308.45 1.04 0.73 

RS2-3-1-2 289.08 1.85 266.55 213.87 298.04 308.45 1.03 0.81 

L13B 

RS3-3-1-1 289.08 1.78 288.32 165.76 288.32 302.34 1.00 0.58 

RS3-3-1-2 289.08 1.72 281.47 160.28 289.26 302.34 1.00 0.58 

L16B 

RS4-3-1-1 289.08 1.78 246.32 136.75 262.74 280.36 0.91 0.55 

RS4-3-1-2 289.08 1.83 244.66 146.10 276.05 280.36 0.95 0.57 

L19B 

RS5-3-1-1 289.08 1.91 265.31 129.85 281.87 271.86 0.98 0.49 

RS5-3-1-2 289.08 2.04 257.22 115.33 278.16 271.86 0.96 0.45 

L22B 

RS6-3-1-1 289.08 2.14 258.40 91.67 257.83 265.53 0.89 0.35 

RS6-3-1-2 289.08 1.80 239.32 81.40 254.32 265.53 0.88 0.34 
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Table 7.6 Results of rectangular CFDST specimens 

Length 
Category 

Specimen 
ID 

Pn        
(KN) 

Δy      
(mm) 

Py        
(KN) 

P5y      
(KN) 

Pu (KN) SI DI 

Experiment Simulated 

L6B 

RD1-1-1-1 1788.06 2.81 1675.60 1005.48 1737.11 1505.54 0.89 0.60 

RD1-1-1-2 1788.06 2.9 1617.86 937.86 1718.47 1505.54 0.89 0.58 

RD1-1-2-1 2209.98 2.73 2269.12 1262.84 2270 1982.19 0.96 0.56 

RD1-1-2-2 2209.98 2.74 2253.87 1293.61 2254.49 1982.19 0.95 0.56 

L10B 

RD2-1-1 1336.56 3.89 1421.92 816.65 1430.26 1341.89 1.01 0.57 

RD2-1-2-1 1402.92 3.41 1533.29 858.48 1587.5 1459.88 1.07 0.56 

RD2-1-2-2 1410.21 3.26 1598.00 875.26 1598.53 1459.88 1.08 0.55 

 

Table 7.7 Results of rectangular RCC-CFST specimens 

Length 
Category 

Specimen 
ID 

Pn       
(KN) 

Δy      
(mm) 

Py        
(KN) 

P5y        
(KN) 

Pu (KN) SI DI 

Experiment Simulated 

L6B 

RR1-1-1-1 2042.44 2.70 1954.35 1397.65 2000.58 1886.54 0.98 0.71 

RR1-1-1-2 2042.44 2.62 1886.77 1194.00 1906.56 1886.54 0.93 0.64 

L10B 

RR2-1-1-1 1346.67 3.38 1458.67 1023.55 1479.18 1416.52 1.10 0.70 

RR2-1-1-2 1346.67 3.30 1332.17 924.83 1445.35 1416.52 1.07 0.70 

 

 7.3.3 Ductility and Post Yield Behaviour 

Results of ductility index (DI) presented in Tables 7.5 to 7.7 show that all tested specimens 

exhibited strain softening behaviour. Further, the ductility index DI was maximum for CFST 

samples and lowest for CFDST samples, for a given length category. The DI decreased for all 

core configurations with increase in specimen length. Further, the CFDST specimens showed 

the lowest decrease in ductility with increase in length. 
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7.3.4 Length Effect  

The results of specimens with 40 mm x 60 mm cross-section, tested for a wide range of length 

categories were studied to investigate the effect of length on load carrying capacity of CFST 

specimens. Effect of increase in length on SI is shown in Figure 7.12. 

                  

           Figure 7.12 Effect of L/B ratio on Strength Index SI 

It can be concluded from Figure 7.12 that the strength index of the CFST rectangular specimens 

decreases with increase in L/B.  

The variation in ductility (DI) with L/B was plotted for 40 x 60 mm cross-sections, as shown in 

Figure 7.13. From the figure, it can be concluded that although the ductility reduces constantly 

with increase in length, the trend of reduction is accelerated beyond L/B=10.  
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Figure 7.13 Effect of L/B ratio on Ductility Index DI 

 

7.3.5 Equivalent Area of Steel 

To study the effect of equivalent area of steel, specimens of L6B and L10B CFST and RCC-

CFST were compared with each other (specimens of larger wall thickness of CFST were 

compared with smaller wall thickness and rebar samples of RCC-CFST). Details of specimens 

are listed in Table 7.8.The axial load was normalized with respect to nominal cross-sectional 

capacity of each specimen calculated using Equation 5.1. Figure 7.14 shows the normalized 

load-displacement curves for each specimen. It can be concluded from Table 7.8 that 

enhancement in strength of RCC-CFST was lower than that of CFST specimens. Such 

behaviour may be attributed to the fact that the rebars cannot provide same confining pressure 

provided by steel tube due to typically uniformly distributed area of steel in case of steel tube. 

From Table 7.8, it can be seen that the ductility index for RCC-CFST specimens is slightly 

lower than that of corresponding CFST specimens for L6B columns. Further, the ductility was 

appreciably improved for RCC-CFST specimens as compared to CFST specimens for L10B 

specimens. Hence, it can be concluded that redistribution of area of steel in the form of rebars 

gives RCC-CFST with lower strength and comparable ductility. 
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Table 7.8 Comparison of rectangular specimens with equivalent area of steel but different 

core configurations 

Specimen ID L 
(mm) 

B 
(mm) 

D 
(mm) 

t 
(mm) 

fy 
(MPa) 

L/B D/t As 
(mm2) 

Asr 
(mm2) 

SI DI 

L
6B

 

RS1-1-2-1 600 100 200 5.68 410 6.00 35.21 3279 0 1.16 0.65 

RS1-1-2-2 600 100 200 5.68 410 6.00 35.21 3279 0 1.17 0.75 

RR1-1-1-1 600 100 200 3.80 401 6.00 52.63 2222 1118 0.98 0.71 

RR1-1-1-2 600 100 200 3.80 401 6.00 52.63 2222 1118 0.93 0.64 

L
10

B
 

RS2-1-2-1 900 82 145 5.15 424 10.98 28.16 2232 0 1.13 0.62 

RS2-1-2-2 900 82 145 5.15 424 10.98 28.16 2232 0 1.11 0.63 

RR2-1-1-1 900 82 145 4.65 428 10.98 31.18 2025 314 1.10 0.70 

RR2-1-1-2 900 82 145 4.65 428 10.98 31.18 2025 314 1.07 0.70 
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Figure 7.14 Comparison of load-displacement curves of rectangular CFST and RCC-

CFST specimens                           
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7.4 CODAL RECOMMENDATIONS 

Equations from seven International Codes are used to predict the axial load capacity of the 

tested specimens. The obtained capacities are compared with the experimental strengths. The 

formulas and detailed procedures of these codes are given in various codes employed are given 

in Article 6.4.  

The compared results of these codes are given in Table 7.5 .It can be observed that all codes, 

give conservative results with British Standard (BS) as the most conservative. It can also be 

concluded from Table 7.5 that the Chinese code CECS gives best estimations of the capacities 

with the ratio of (average of) all predicted to experimental capacities as 1.00. Some other codes 

like Eurocode (EC4) and GJB code also give a good idea of predicted load capacity.
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Table 7.9 Results of seven International codes for predicting the capacities of experimental specimens 

           Length 
Category 

Specimen ID Pu-EC4 

(kN) 
��4

���
 

Pu-AISC 

(kN) 
����

���
 

Pu-BS (kN) 	�

���
 

Pu-CSA 

(kN) 
���

���
 

Pu-AIJ 

(kN) 
��


���
 

Pu-CECS 

(kN) 
����

���
 

Pu-GJB 

(kN) 
�
	

���
 

R
C

F
ST

 

L6B 
RS1-1-1 1460.0 0.94 1358.0 0.87 1166.0 0.75 1373.2 0.88 1396.6 0.90 1811.5 1.16 1525.8 0.98 

RS1-1-2-1 1879.4 0.89 1777.1 0.84 1577.7 0.75 1796.6 0.85 1819.9 0.86 2304.5 1.09 1923.6 0.91 
RS1-1-2-2 1879.4 0.90 1777.1 0.85 1577.7 0.76 1796.6 0.86 1819.9 0.87 2304.5 1.11 1923.6 0.92 

L7B RS1-3-1-1 286.3 0.92 273.9 0.88 211.8 0.68 279.0 0.90 280.2 0.90 324.1 1.05 281.7 0.91 
RS1-3-1-2 286.3 0.88 273.9 0.84 211.8 0.65 279.0 0.86 280.2 0.86 324.1 1.00 281.7 0.87 

L1
0B

 

RS2-1-1 1182.2 0.85 1086.7 0.78 1000.8 0.72 1121.9 0.81 1121.4 0.81 1204.9 0.87 1202.6 0.87 
RS2-1-2-1 1255.4 0.86 1157.6 0.80 1072.9 0.74 1195.5 0.82 1194.4 0.82 1272.3 0.88 1260.2 0.87 
RS2-1-2-2 1255.4 0.86 1157.6 0.79 1072.9 0.73 1195.5 0.82 1194.4 0.81 1272.3 0.87 1260.2 0.86 
RS2-3-1-1 276.2 0.92 267.3 0.89 208.7 0.70 276.7 0.92 275.6 0.92 293.7 0.98 281.7 0.94 
RS2-3-1-2 276.2 0.93 267.3 0.90 208.7 0.70 276.7 0.93 275.6 0.92 293.7 0.99 281.7 0.95 

L13B RS3-3-1-1 265.5 0.92 259.4 0.90 205.2 0.71 272.1 0.94 271.5 0.94 271.0 0.94 281.7 0.98 
RS3-3-1-2 265.5 0.92 259.4 0.90 205.2 0.71 272.1 0.94 271.5 0.94 271.0 0.94 281.7 0.97 

L16B RS4-3-1-1 264.4 1.01 249.8 0.95 225.2 0.86 264.4 1.01 270.6 1.03 252.1 0.96 281.7 1.07 
RS4-3-1-2 264.4 0.96 249.8 0.90 225.2 0.82 264.4 0.96 270.6 0.98 252.1 0.91 281.7 1.02 

L19B RS5-3-1-1 250.7 0.89 238.7 0.85 218.7 0.78 253.3 0.90 270.6 0.96 235.5 0.84 281.7 1.00 
RS5-3-1-2 250.7 0.90 238.7 0.86 218.7 0.79 253.3 0.91 270.6 0.97 235.5 0.85 281.7 1.01 

L22B RS5-3-1-1 239.4 0.93 226.4 0.88 210.4 0.82 238.8 0.93 270.6 1.05 220.6 0.86 281.7 1.09 
RS5-3-1-2 239.4 0.94 226.4 0.89 210.4 0.83 238.8 0.94 270.6 1.06 220.6 0.87 281.7 1.11 

R
C

C
-

R
C

F
ST

 

L6B RR1-1-1-1 2074.4 1.04 1670.8 0.84 1701.5 0.85 1984.8 0.99 2003.6 1.00 2538.3 1.27 2074.2 1.04 
RR1-1-1-2 2074.4 1.09 1670.8 0.88 1701.5 0.89 1984.8 1.04 2003.6 1.05 2538.3 1.33 2074.2 1.09 

L10B RR2-1-1-1 1371.4 0.93 1219.0 0.82 1151.0 0.78 1362.1 0.92 1294.6 0.88 1368.2 0.92 1332.3 0.90 
RR2-1-1-2 1371.4 0.95 1219.0 0.84 1151.0 0.80 1362.1 0.94 1294.6 0.90 1368.2 0.95 1332.3 0.92 

R
C

F
D

ST
 

L6B 

RD1-1-1-1 1622.3 0.93 1697.0 0.98 1532.1 0.88 1719.2 0.99 1737.9 1.00 1973.6 1.14 1777.3 1.02 
RD1-1-1-2 1622.3 0.94 1697.0 0.99 1532.1 0.89 1719.2 1.00 1737.9 1.01 1973.6 1.15 1777.3 1.03 
RD1-1-2-1 2041.9 0.90 2115.8 0.93 1943.5 0.86 2144.1 0.94 2161.0 0.95 2428.4 1.07 2010.6 0.89 
RD1-1-2-2 2041.9 0.91 2115.8 0.94 1943.5 0.86 2144.1 0.95 2161.0 0.96 2428.4 1.08 2010.6 0.89 

L10B 
RD2-1-1 1285.5 0.90 1236.6 0.86 1199.6 0.84 1283.5 0.90 1301.8 0.91 1273.6 0.89 1227.6 0.86 

RD2-1-2-1 1358.7 0.86 1307.7 0.82 1264.5 0.80 1357.6 0.86 1380.1 0.87 1337.1 0.84 1247.2 0.79 
RD2-1-2-2 1358.7 0.85 1307.7 0.82 1264.5 0.79 1357.6 0.85 1380.1 0.86 1337.1 0.84 1247.2 0.78 

Average 0.92  0.87  0.78  0.92  0.93  0.99  0.95 
Standard Deviation 0.05  0.05  0.07  0.06  0.06  0.13  0.09 
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7.5 CONCLUSIONS  

Based on the experimental and numerical results, following conclusions can be drawn: 

Mode of deformation  

a. The failure mode in L6B specimens was observed to be crushing of concrete followed 

by local buckling of steel tube for all core configurations (Figures 7.2, 7.5 and 7.7). 

b. CFST core configuration specimens of smaller cross-sections (40 x 60 mm) failed 

generally by global buckling (Figure 7.3) 

c. RCC-CFST and CFST core configurations of L10B length category failed by local 

buckling near the top of the specimen. On the other hand, CFDST specimens failed 

showed a mixed failure mode of global and local buckling (Figures 7.4, 7.6 and 7.8).  

Strength 

a. Increase in strength was generally observed for L6B, L7B and L10B specimens with 

all core configurations. However, L6B CFDST and RCC-CFST specimens showed 

slightly reduced strength (Tables 7.6 and 7.7). 

b. For categories beyond L10B, CFST specimens showed decrease in load carrying 

capacity with increase in length (Table 7.5). 

c. Among all three core configurations, the highest enhancement in load carrying capacity 

was observed in CFST specimens in load carrying capacity. The lowest increase in 

load capacity was seen for CFDST specimens (Tables 7.5 to 7.7).  

Ductility 

a. All tested specimens showed strain softening behaviour (Tables 7.5 to 7.7). 

b. For higher cross-sectional sizes, the ductility index (DI) was lowest for CFDST 

specimens and almost same for CFST and RCC-CFST specimens for specimens of 

lower lengths, and higher for RCC-CFST specimens of longer lengths (Tables 7.5 to 

7.7). 
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Length effect 

a. For CFST specimens, the strength index was found to decrease with increase in L/B 

ratio (Figure 7.12). 

b. The ductility index was found to decrease with increase in length of the specimens. 

However, the specimens beyond L/B=10 showed marked decrease in ductility with 

increase in length (Figure 7.13).  

Equivalent area of steel 

a. The partial replacement of area of steel tube with longitudinal rebars was observed to 

give composite columns with slightly reduced strength and comparable ductility (Table 

7.8). 

b. Enhancement in strength of RCC-CFST was slightly lower than that of CFST 

specimens (Table 7.8).  

c. For L6B specimens, ductility index (DI) was almost same in CFST columns and 

corresponding RCC-CFST specimens, whereas DI was significantly enhanced for L10B 

specimens with RCC-CFST core configuration as compared to CFST specimens. 

Codal recommendations 

a. Chinese code (CECS) gives best estimations of the capacities with average of capacities 

of all specimens as 0.99 multiplied by the average of all tested capacity (Table 7.9). 

b. All the other codes gave conservative predictions, with British Standards (BS) being the 

most conservative (Table 7.9). 
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CHAPTER EIGHT 

    CONCLUSIONS 

8.1 GENERAL 

The results from the various experimental and numerical studies have already been detailed at the 

end of respective chapters. In this chapter, the conclusions for the various cross-sectional shapes 

and core configurations are compared with each other, and presented in a combined form for 

completeness. 

8.2 CONCRETE FILLED STEEL TUBULAR (CFST) COLUMNS  

8.2.1 Mode of Deformation 

a. The primary mode of deformation of short circular, short square, and intermediate rectangular 

columns of large cross-sectional sizes (100 x 200 mm and 82 x 145 mm) was local buckling of 

steel tube accompanied by crushing of adjoining concrete for all core configurations (Figures 

5.2, 5.4, 5.5, 5.7, 6.2, 6.4, 6.6 and Figures 7.2 to 7.8). 

b. For all cross sectional shapes and core configurations, it was noted that debonding occurred 

between steel tube and concrete core at the location of local buckling of the tube, thereby 

indicating a loss of confining pressure at that location. 

c. For short circular specimens, local buckling was initiated by the buckling of steel tube 

followed by the crushing of concrete core near the mid height and extending to the end s of the 

specimen.  

d. For square and rectangular specimens, local buckling was initiated by crushing of concrete 

core followed by yielding of steel tube. The local buckling of rectangular specimens was 

always started first at the centre of wider side and extended to the corners of the tube.  

e. CFDST specimens of all cross-sections failed outward buckling of outer steel tube 

accompanied by the inner local buckling of the inner steel tube. 
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f. For RCC-CFST specimens, the local buckling was initiated, close to the mid height near the 

location of ties. The longitudinal reinforcement bars generally buckled in the central region 

between the two ties (Figure 5.9(b)). 

g. The mode of deformation was observed to vary with the length as well as the cross-sectional 

size of the specimen. Local buckling (or sometimes a combination of local and global 

buckling) was the mode of failure even in intermediate columns for square and rectangular 

columns (Figures 6.3, 6.5, 6.7, 7.4, 7.6 and 7.8). The intermediate circular composite columns 

and rectangular columns of small cross-sectional sizes (40 x 60 mm), however, failed 

predominantly be global buckling initiated at the mid height of the specimens for all core 

configurations (Figures 5.3, 5.6, 5.8, 7.3).   

8.2.2 Strength 

a. Increase in strength as compared to the nominal compressive squash load was reported for all 

the specimens due to composite action between steel and concrete. The specimens with 

smaller tube thickness generally showed smaller increase in capacity. 

b. RCC-CFST specimens showed the highest improvement in strength in case of circular 

specimens (Figure 5.13). On the other hand, CFST single skin columns showed the maximum 

enhancement in case of square and rectangular specimens (Tables 6.5 and 7.5). 

c. The increase in strength due to confinement was always lower for CFDST specimens as 

compared to CFST and RCC-CFST specimens for all cross-sectional shapes (Tables 5.5 to 

5.7, 6.5 to 6.7 and 7.5 to 7.7).  

d. Rectangular specimens showed enhanced strength for intermediate category specimens, 

whereas long specimens showed axial capacities lesser than the nominal capacities (Table 7.5) 

e. The increase in strength was observed to decrease significantly with decrease in thickness of 

outer steel tube. However, the highest reduction in enhancement due to increase in thickness 

was observed in circular specimens. 
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8.2.3 Ductility 

a. Nearly all the circular specimens showed strain hardening behaviour (DI>1, Table 5.5-5.7), 

whereas all tested square and rectangular specimens showed strain softening behaviour (DI<1, 

Tables 6.5-6.7 and 7.5-7.7). 

b. Highest ductility in circular specimens was observed in CFST core configuration, whereas 

RCC-CFST core configuration showed the maximum ductility in case of square and 

rectangular specimens for specimens of higher lengths. For square and rectangular specimens 

of lower lengths, RCC-CFST and CFST specimens showed comparable ductility. 

c. The ductility of CFDST specimens was observed to be lowest as compared to that of other 

core configurations (i.e. CFST and RCC-CFST) (Tables 5.5-5.7, 6.5-6.7 and 7.5-7.7). 

8.2.4 Length effect 

a. A drop in strength and ductility with increase in length for all tested specimens. The reduction 

was greater in specimens with greater wall thickness of the steel tube. 

b. RCC-CFST specimens showed the lowest reduction in axial load due to increase in length 

among all the tested specimens.  

8.2.5. Equivalent area of steel 

a. A comparison of experimental results for CFST and RCC-CFST specimens for circular 

columns showed that the replacement of higher wall thickness of steel tube partially with 

rebars was justified from the viewpoints of strength and ductility. The enhancement in 

strength and strength generally decreased with the increase in area replaced. However, the 

columns still maintained their strain hardening behaviour (Table 5.9). 

b. For square and rectangular specimens, decrease in strength index was observed after 

replacement of steel tube with reinforcing bars for all length categories. However, the ductility 

was generally of RCC-CFST specimens was generally higher than (or equal to) that of base 

CFST specimens (Tables 6.8 and 7.8)  
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8.2.6 Codal Recommendations 

Codal recommendations available in ACI 318 (2008), ANSI/AISC 360 (2010), British Standard 

5400 (BS 5400, 2005), Canadian Standard S016 (CSA) (S016, 2001), two Chinese Standards; 

CECS 28 (1990) (Zhang et al., 2007) and GJB and DL/T 4142 (2000) (Han, 2002). Euro Code 4 

(EC4) (EN 1994, 2004) and Japanese Standard AIJ (2001) (Morino and Tsuda, 2003) of different 

countries are used to predict the load carrying capacities of different tested specimens. The main 

conclusions are summarized here: 

a. Recommendations from all the codes generally gave conservative results for the load capacity 

of composite columns, with the British Standards (BS 5400,2005) being the most conservative 

of all (Tabels 5.10, 6.9 and 7.9). 

 

b. Chinese code (CECS) and Canadian code CSA gave the best prediction of the load capacity of 

the circular specimens, with the average ratio (of all tested specimens) of codal to 

experimental values being 0.98 (Table 5.9). 

 

c. Chinese code (GJB) gave the best estimate for load capacity of square columns, with 6 % 

conservative estimate (average of all specimens) as compared to experimental values. The 

next best estimate was given by EC4 (Table 6.8). For rectangular specimens, Chinese code 

(CECS) gave the closest prediction for the load capacities of the composite columns (Table 

7.8).  

8.2.7 Study of confinement pressure 

The proposed numerical model was used to study the confining pressure provided by the steel tube 

to concrete core for 114.3 mm outer diameter circular columns of all core configurations. The 

variation of confinement pressure along the length and circumference of the specimen was studied 

and graphically presented. The following conclusions can be drawn from this study 

a. The confining pressure values at the end regions of the CFT section are unusually high due to 

the end restraint applied by machine platens. In the region of the sample away from the 

machine platens, the confining pressure is almost constant for CFST i.e. Single Skin 
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Specimens. However, in CFDST columns, there is appreciable variation in confining pressure 

even in this middle region. 

b. For RCC-CFST specimens, large jump in values of confining pressure was observed near the 

region of lateral ties (which is also the location of local buckling of steel tube). Further, the 

region between the ties was seen to give relatively much lower values of confining pressure 

(Figure 5.27).  

c. The confinement pressure values obtained from the numerical model have been compared 

with the corresponding values from theoretical models from literature. It is observed that the 

theoretical models generally overestimate the value of confining pressure for specimens of 

higher length (Tables 5.11 and 5.12).  

8.2.8 Digital Image Correlation 

A new technique named Digital Image Correlation was used to get the in-situ strain distribution of 

a typical circular specimen during the actual experimental test. The specimen was CFST single 

skin intermediate column of 90 mm outer diameter. The images recorded from the apparatus at 

periodic intervals were calibrated to give material strains and the results compared with proposed 

numerical model. The results from numerical model were found in acceptable agreement with DIC 

results (Figure 5.37 and 5.39). More specimens of different lengths and cross-sections may be 

tested to better understand the deformation mechanics of composite tubular columns. 

8.3 MAJOR CONTRIBUTIONS  

8.3.1. Experimental study on Concrete Filled Steet Tubular (CFST) columns 

A total of 81 specimens were tested in experimental study to study the behaviour of tubular 

columns of different cross-sectional shapes (circular, square and rectangular) and core 

configurations. Three core configurations namely, Concrete filled single steel tube (CFST), 

Concrete filled double steel tube (CFDST) and Reinforced concrete filled steel tube (RCC-CFST) 

was studied. The effect of different wall thickness of steel tube (t) and increase in length of 

specimen on the behaviour was studied and presented. The study generated a large database of 

varied experimental data for the research community. 
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8.3.2 Modeling and Numerical Simulations 

A three-dimensional nonlinear Finite Element model for simulating the behaviour of circular, 

square and rectangular Concrete Filled Steel Tube (CFST) columns is presented in this chapter. An 

effort was made to provide a detailed procedure for Finite Element modelling and simulations of 

such columns using commercial software package ABAQUS 6.8. Composite action is modeled 

between concrete core and steel tube. Suitable constitutive models were used for simulating the 

behaviour of concrete in confinement. The proposed model was then verified by comparing its 

numerical results with selected experimental results available in literature.  

The proposed model was then extended to widen its applicability to tubular columns of different 

lengths and core configurations. The aforementioned eighty one experimentally tested specimens 

(across different core configurations and lengths) were tested and results compared with 

experimental counterparts. In general, the numerical model was found to predict the deformed 

shapes and load deflection behavior of various core configurations with acceptable accuracy. 

A pilot study of the confining pressure experienced by the concrete core was performed. The 

confining pressure was studied along the height and cross-sectional circumference of the specimen 

for various core configurations in circular samples. The results from the numerical model were 

compared with results of confining pressure from theoretical models proposed in literature. Using 

a new method of Digital Image Correlation, the experimental strain distribution of a typical 

circular intermediate length specimen was also obtained and compared with values from the 

ABAQUS model 

8.4 FUTURE SCOPE 

The following areas may be of interest to future researchers in this field: 

1. The numerical study of confinement pressure in CFST is still at a very preliminary stage. Cross-

sections of different shapes, sizes and core configurations may be analyzed by this method. The 

results from such models can be compared with the results from new apparatus like DIC. Suitable 

constitutive models may be proposed for confined concrete based on such studies. 
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2. The effect in reduction of thickness of steel tube in actual structures on account of corrosion on 

may be explored in future experimental studies. Attempts can also be made to integrate this 

behaviour in future analytical and numerical model.  

3. The behaviour of beam-column and column-footing connections in field is still largely untouched.  

4. Refinement of confined concrete model for modelling square and rectangular specimens filled with 

high strength concretes.  

5. More investigations may be performed for new core configurations like CFDST and RCC-CFST 

members under various loading conditions such as 

• Composite members in eccentric loading (uniaxial and biaxial) 

• Composite loaded in pure bending 

• Composite loaded in cyclic loading 

6. The behaviour of CFST members under extreme environments such as in Fire, seawater corrosion 

etc. may be explored. 
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