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PREFACE 

 
MCEER is a national center of excellence dedicated to the discovery and development of new 

knowledge, tools and technologies that equip communities to become more disaster resilient in the face of 
earthquakes and other extreme events. MCEER accomplishes this through a system of multidisciplinary, 
multi-hazard research, education and outreach initiatives. 

Headquartered at the University at Buffalo, State University of New York, MCEER was originally 
established by the National Science Foundation (NSF) in 1986, as the first National Center for Earthquake 
Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center for 
Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved. 

Comprising a consortium of researchers and industry partners from numerous disciplines and 
institutions throughout the United States, MCEER’s mission has expanded from its original focus on 
earthquake engineering to one which addresses the technical and socioeconomic impacts of a variety of 
hazards, both natural and man-made, on critical infrastructure, facilities, and society. 

MCEER investigators derive support from the State of New York, National Science Foundation, 
Federal Highway Administration, National Institute of Standards and Technology, Department of 
Homeland Security/Federal Emergency Management Agency, other state governments, academic 
institutions, foreign governments and private industry. 

This report presents the experimental, numerical and analytical studies conducted to examine the 
behavior of concrete-filled double-skin tube (CFDST) columns exposed to fire after being subjected to 
simulated seismic loads. The experiments were conducted in two separate phases, consisting of the quasi-
static cyclic tests followed by fire tests. Overall, the results showed marginal differences in the fire 
resistance of the three specimens, providing evidence for the resilient performance of these columns 
under post-earthquake fire scenarios. In addition to the experimental studies, detailed finite element 
analyses were conducted to simulate the behavior of CFDST columns subjected to post-earthquake fires. 
The models were shown to be capable of replicating the experimental results with sufficient accuracy. 
Moreover, a simplified step by step analytical procedure was proposed for calculation of the axial load 
capacity of CFDST columns subjected to fire. A number of design recommendations, based on the 
knowledge gained from the experimental and analytical studies, were proposed for CFDST columns 
subjected to fire. 
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ABSTRACT 

 

Fire following an earthquake has been a major cause of damage in a number of historic seismic events. 
Considering the amount of damage and statistics showing a high probability for the occurrence of post-
earthquake ignitions, there is a need to study the effects of seismic damage on the fire resistance of 
structures. ConcreteFilled Double-Skin Tube (CFDST) columns, special composite structures which have 
shown satisfactory performance under separate seismic loading and fire conditions, were studied in this 
research when subjected to post-earthquake fire scenarios. 
 
Experimental studies were conducted to examine the behavior of concretefilled double-skin tube (CFDST) 
columns exposed to fire after being subjected to simulated seismic loads. The experiments were conducted 
in two separate phases, consisting of the quasi-static cyclic tests followed by fire tests. Three nominally 
identical column specimens were constructed for these studies. One of the specimens was directly tested 
under fire to quantify its resistance in an undamaged condition. The other two specimens were first 
subjected to quasi-static cyclic lateral loads, imposing varying degrees of lateral drift to simulate two 
different seismic events with moderate and high damage levels before being exposed to fire. Both of the 
specimens were pushed to the maximum drift of 6-6.5% with different residual drifts of 1.4% and 3.9% for 
moderate and high damage levels, respectively.  
 
The undamaged and damaged columns were then subjected to the same fire tests following the standard 
ASTM E119 (ASTM 2012) temperature-time curve while sustaining an axial load until the column failed 
due to global buckling. Local buckling of the tubes was also observed in the specimens due to the thermal 
expansion and separation from the concrete.  Overall, the results showed marginal differences in the fire 
resistance of the three specimens, providing evidence for the resilient performance of these columns under 
post-earthquake fire scenarios. An additional quasi-static cyclic loading test was conducted on the specimen 
that had been exposed to fire without any prior damage, to investigate the behavior of the column subjected 
to seismic loads after the fire test. Again, differences in behavior were modest, except for a 5.7% drop in 
strength attributed to permanent degradation in material properties due to the fire test. 
 
In addition to the experimental studies, detailed finite element analyses were conducted using ABAQUS 
and LS-DYNA to simulate the behavior of CFDST columns subjected to post-earthquake fires. The models 
were shown to be capable of replicating the experimental results with sufficient accuracy. A simplified step 
by step analytical procedure was proposed for calculation of the axial load capacity of CFDST columns 
subjected to fire. The procedure was defined based on an analytical solution to the heat transfer problem 
and calculation of axial load capacity using the fire-modified material properties. A number of design 
recommendations, based on the knowledge gained from the experimental and analytical studies, were 
proposed for CFDST columns subjected to fire.  

zuppa
Sticky Note
Marked set by zuppa





 

vii 

 

ACKNOWLEDGEMENTS 

 

Financial support for this work was provided by MCEER, University at Buffalo. This support is gratefully 

acknowledged. Any opinions, conclusions or recommendations expressed in this report are those of the 

authors and do not necessarily reflect the views of MCEER.  





 

ix 

 

TABLE OF CONTENTS 

 

SECTION 1  INTRODUCTION ............................................................................................................ 1 

1.1                       Introduction ......................................................................................................................... 1 

1.2                       Objectives and Scope of Work ............................................................................................ 2 

1.2.1                    Experimental Phase ............................................................................................................. 2 

1.2.2                    Analytical Phase.................................................................................................................. 3 

1.3                       Outline of the Report ........................................................................................................... 4 

SECTION 2  LITERATURE REVIEW ................................................................................................ 7 

2.1                       Post-Earthquake Fires ......................................................................................................... 7 

2.2                       ConcreteFilled Double-Skin Tube (CFDST) Columns ...................................................... 9 

2.2.1                    The Advantages of Traditional ConcreteFilled Steel Tube (CFST) Columns ................... 9 

2.2.2                    ConcreteFilled Double-Skin Tube (CFDST) Columns Subjected to Monotonic and 

Cyclic Loading .................................................................................................................. 12 

2.2.3                    ConcreteFilled Double-Skin Tube (CFDST) Columns Subjected to Fire........................ 17 

2.3                       Summary ........................................................................................................................... 20 

SECTION 3  FINITE ELEMENT MODELING OF CONCRETEFILLED DOUBLE SKIN 

STEEL TUBES ............................................................................................................... 21 

3.1                       Introduction ....................................................................................................................... 21 

3.2                       Finite Element Model for Simulation Cyclic Inelastic Flexural Response ....................... 22 

3.2.1                    Steel Material .................................................................................................................... 22 

3.2.2                    Concrete Material.............................................................................................................. 24 

3.2.3                    Steel-Concrete Interface .................................................................................................... 27 

3.3                       Pre-test Verification for Cyclic Lateral Loading ............................................................... 28 

3.3.1                    Hardening Model for Steel Material ................................................................................. 28 

3.3.2                    Element Type for the Steel Tube ...................................................................................... 29 

3.3.3                    Modification of Concrete Damaged Plasticity Model to Include the Confinement 

                          Effects ............................................................................................................................... 31 

3.3.4                    Verification of Modeling Assumptions for Cyclic Lateral Loading ................................. 33 

3.4                       Finite Element Model for Simulating the Effect of Fire on a Steel-concrete Composite 

                          Member ............................................................................................................................. 40 



 

x 

 

3.4.1                    Introduction to Thermal-Stress Problems ......................................................................... 40 

3.4.2                    Developing the Finite Element Model for Heat Transfer Analysis .................................. 43 

3.4.2.1               Theory of Heat Transfer Analysis ..................................................................................... 43 

3.4.2.2               Thermal Properties of Materials at Elevated Temperatures .............................................. 45 

3.4.2.3               Element Type and Mesh Size for Heat Transfer Analysis ................................................ 49 

3.4.2.4               Thermal Loads and Boundary Conditions ........................................................................ 50 

3.4.2.5               Heat Transfer Mechanisms inside a Composite Member ................................................. 52 

3.4.3                    Developing the Finite Element Model for Stress/Deformation Analysis ......................... 53 

3.4.3.1               Structural Properties of Materials at Elevated Temperatures ............................................ 53 

3.4.3.2               Steel-Concrete Interface .................................................................................................... 61 

3.4.3.3               Loads and Boundary Conditions ....................................................................................... 62 

3.4.3.4               Buckling Issues and Geometric Imperfection ................................................................... 62 

3.4.3.5               Element Types and Meshing ............................................................................................. 63 

3.5                       Pre-test Verification of the Finite Element Model for Thermal Stress Problem ............... 63 

3.5.1                    Verification of Heat Transfer Analysis ............................................................................. 65 

3.5.2                    Verification of Stress/Deformation Analysis .................................................................... 67 

SECTION 4  CYCLIC TESTING TO DAMAGE CFDST COLUMNS (PRIOR TO FIRE 

                          TESTS) ............................................................................................................................. 75 

4.1                       General .............................................................................................................................. 75 

4.2                       Specimen Design ............................................................................................................... 76 

4.2.1                    Geometry of the Specimens .............................................................................................. 76 

4.2.2                    Materials ........................................................................................................................... 78 

4.2.2.1               Steel ................................................................................................................................... 78 

4.2.2.2               Concrete ............................................................................................................................ 78 

4.2.3                    Calculation of Section properties ...................................................................................... 80 

4.3                       Description of the Experimental Setup for Cyclic Tests ................................................... 85 

4.3.1                    General .............................................................................................................................. 85 

4.3.2                    Design of the Setup ........................................................................................................... 86 

4.3.2.1               Assumptions ...................................................................................................................... 86 

4.3.2.2               Calculation of the Maximum Lateral Load Applied to the Specimen .............................. 87 

4.3.2.3               Transfer Element (Connecting the Actuator to the Specimen) ......................................... 88 

4.3.2.4               Connection of the Cap Plate to the Specimen ................................................................... 90 

4.3.2.5               Design of the Box Section at the Base of the Specimen ................................................... 90 



 

xi 

 

4.3.2.6               Welds Connecting Top and Bottom Plates of the Box Section to the Outer Tube ........... 91 

4.3.2.7               Effects of Axial Load on the Specimen and the Box Section ........................................... 92 

4.3.2.8               Threaded Rods at the Base and the Supporting Tubes ...................................................... 92 

4.3.2.9               Effects of Out of Plane Deformations ............................................................................... 93 

4.4                       Construction ...................................................................................................................... 94 

4.5                       Instrumentation.................................................................................................................. 96 

4.5.1                    General .............................................................................................................................. 96 

4.5.2                    Strain Gauges .................................................................................................................... 97 

4.5.3                    String Potentiometers ........................................................................................................ 99 

4.5.4                    Krypton Dynamic Measurement Machine ...................................................................... 101 

4.5.5                    Load Cells ....................................................................................................................... 102 

4.6                       Experimental Protocol ..................................................................................................... 102 

4.7                       Cyclic Test Results .......................................................................................................... 103 

4.7.1                    Test 1: Specimen S1 ........................................................................................................ 103 

4.7.2                    Test 2: Specimen S2 ........................................................................................................ 106 

SECTION 5  FIRE TESTS ON DAMAGED AND UNDAMAGED CFDST COLUMNS ............ 109 

5.1                       General ............................................................................................................................ 109 

5.2                       Experimental Setup for Fire Tests ................................................................................... 109 

5.2.1                    Description of the Setup .................................................................................................. 109 

5.2.2                    Preparation of the Specimens for the Fire Tests ............................................................. 111 

5.3                       Instrumentation................................................................................................................ 114 

5.3.1                    Thermal Instrumentation ................................................................................................. 114 

5.3.2                    Structural Instrumentation .............................................................................................. 117 

5.4                       Experimental Protocol ..................................................................................................... 117 

5.5                       Fire Test Results .............................................................................................................. 119 

5.5.1                    Test 1: Specimen S3 (Undamaged specimen) ................................................................. 119 

5.5.2                    Test 2: Specimen S1 (Damage Level 1) .......................................................................... 123 

5.5.3                    Test 3: Specimen S2 (High-damage specimen) .............................................................. 127 

5.5.4                    Results from Stub Columns ............................................................................................ 132 

5.5.5                    Post-Fire Lateral Cyclic Testing of Specimen S3 ........................................................... 134 

SECTION 6  FINITE ELEMENT SIMULATION OF EXPERIMENTAL RESULTS ............... 137 

6.1                       General ............................................................................................................................ 137 



 

xii 

 

6.2                       Simulation of the Cyclic Tests ........................................................................................ 138 

6.2.1                    Finite Element Models .................................................................................................... 138 

6.2.2                    Push-over Analysis of Specimen S1 ............................................................................... 141 

6.2.3                    Cyclic Analysis of Specimen S1 ..................................................................................... 142 

6.2.4                    Push-over Analysis of Specimen S2 ............................................................................... 150 

6.2.5                    Cyclic Analysis of Specimen S2 ..................................................................................... 151 

6.3                       Simulation of the Fire Tests ............................................................................................ 154 

6.3.1                    General ............................................................................................................................ 154 

6.3.2                    Fire Testing of the Undamaged Specimen (S3) .............................................................. 155 

6.3.2.1               Heat Transfer Analysis of Specimen S3 ......................................................................... 155 

6.3.2.2               Stress/deformation Analysis of Specimen S3 ................................................................. 161 

6.3.3                    Fire Testing of the Moderately Damaged Specimen (S1) ............................................... 169 

6.3.3.1               Heat Transfer Analysis of Specimen S1 ......................................................................... 169 

6.3.3.2               Stress/deformation Analysis of Specimen S1 ................................................................. 170 

6.3.4                    Fire Testing of the Highly Damaged Specimen (S2) ...................................................... 172 

6.3.4.1               Modification of the Finite Element Model...................................................................... 172 

6.3.4.2               Heat Transfer Analysis of Specimen S2 ......................................................................... 173 

6.3.4.3               Stress/deformation Analysis of Specimen S2 ................................................................. 175 

6.3.5                    Fully Coupled Approach versus Sequentially Coupled Approach.................................. 176 

6.4                       Simulation of the Post-Fire Cyclic Test .......................................................................... 177 

6.5                       Summary ......................................................................................................................... 180 

SECTION 7  SIMPLIFIED ANALYTICAL SOLUTION FOR FIRE RESISTANCE OF CFDST 

                          COLUMNS .................................................................................................................... 183 

7.1                       General ............................................................................................................................ 183 

7.2                       Analytical Solution for the Heat Transfer Problem ......................................................... 184 

7.2.1                    General Solution for Heat Conduction Differential Equation ......................................... 184 

7.2.2                    Simplification of the Solution for Heat Transfer Problem for Practical Purposes .......... 192 

7.2.3                    Verification of the Heat Transfer Solution ..................................................................... 196 

7.3                       Calculation of the Axial Load Capacity of CFDST Columns Subjected to Fire ............. 202 

7.3.1                    Development of the Analytical Procedure ...................................................................... 202 

7.3.2                    Simplified Step by Step Procedure to Calculate the Axial Load Capacity for CFDST 

Columns under Fire ........................................................................................................ 211 



 

xiii 

 

7.3.3                    Verification of the Analytical Approach to Calculate the Axial Load Capacity for CFDST 

Columns under Fire ........................................................................................................ 216 

7.4                       Design Recommendations for Fire Resistance of CFDST Columns Subjected to Fire .. 225 

7.4.1                    Inner Steel Tube .............................................................................................................. 225 

7.4.2                    Concrete Core ................................................................................................................. 225 

7.4.3                    Outer Steel Tube ............................................................................................................. 228 

7.4.4                    Examples: Investigating the Effect of Different Section Geometry Parameters on the 

Axial Load Capacity of CFDST Columns Subjected to Fire .......................................... 228 

SECTION 8  SUMMARY AND CONCLUSIONS ........................................................................... 233 

SECTION 9  REFERENCES .............................................................................................................. 239 

APPENDIX A   

A COMPARISON BETWEEN SOLID AND SHELL ELEMENTS ................................................. 247 

A.1                    Accuracy Assessment Based on the Simulation of an Experimental Study .................... 247 

A.1.1                 Experiment Description .................................................................................................. 247 

A.1.2                 Experimental Results ...................................................................................................... 248 

A.1.3                 Simulation with 3D Shell Elements ................................................................................ 249 

A.1.4                 Simulation with 3D Solid Elements ................................................................................ 250 

A.2                    Accuracy Assessment Based on the Classical Pinched Cylinder Problem ..................... 251 

A.2.1                 Problem Description........................................................................................................ 252 

A.2.2                 Analysis with Shell Elements .......................................................................................... 252 

A.3                    Summary ......................................................................................................................... 254 

APPENDIX B   

THE WINFRITH CONCRETE MODEL ............................................................................................ 257 

APPENDIX C   

CASE STUDY: FINITE ELEMENT SIMULATION OF THE FIRST FIRE TEST 

(CONDUCTED ON SPECIMEN S3) USING A FULLY COUPLED TEMPERATURE-

DISPLACEMENT APPROACH ........................................................................................................... 259 

 

  





 

xv 

 

LIST OF FIGURES 

 

Figure 2- 1     Cross-section of a circular: a) CFST and b) CFDST column ............................................... 10 

Figure 2- 2     Effect of void ratio (𝝌) on the ductility of CFDST columns (Tao et al. 2004) .................... 14 

Figure 2- 3     Typical lateral load vs lateral displacement results for a CFDST column subjected to 

                       combined axial and cyclic flexural loading  (Han et al. 2006) ............................................ 16 

Figure 2- 4     Envelope curves for the lateral load versus lateral displacement results from hollow steel 

                       tube, CFST and CFDST column subjected to cyclic bending (Han et al. 2006).................. 17 

Figure 2- 5     Effect of different parameters on the time-temperature curve of the inner tube in CFDST 

                       columns subjected to the standard ISO-834 curve: a) diameter of the outer steel tube (𝑫𝒐) 

                       and b) void ratio (𝝓) (Yang and Han 2008) ......................................................................... 18 

 

Figure 3- 1      Uniaxial behavior of Concrete Damaged Plasticity model  (a) in tension, (b) in 

                        compression from ABAQUS theory manual (SIMULIA 2012) ......................................... 26 

Figure 3- 2      Uniaxial load cycle (tension-compression-tension) for Concrete Damaged Plasticity model 

                        from ABAQUS theory manual (SIMULIA 2012) .............................................................. 26 

Figure 3- 3      Yield surface for Concrete Damaged Plasticity model in plane stress conditions from 

                        ABAQUS theory manual (SIMULIA 2012) ....................................................................... 27 

Figure 3- 4      Lateral load vs lateral displacement hysteresis curve for bare steel tube (a) Experimental 

                        and analytical results (Goto et al. 1998) (Dashed line shows experimental results)  

                        (b) Finite element analysis results for different hardening models ..................................... 29 

Figure 3- 5      Moment-rotation results for cyclic tests of steel tubes: (a) Test results by McCormick et al. 

                        (2010), (b) model with C3D8R solid elements, (c) model with C3D20R solid elements  

                        (d) model with S4R shell elements ..................................................................................... 30 

Figure 3- 6      Strain curves for unconfined and confined concrete enclosed in steel tube ........................ 32 

Figure 3- 7      Schematic View of Test Setup (Han et al. 2006) ................................................................ 34 

Figure 3- 8      Circular Section of cc-23 Specimen .................................................................................... 35 

Figure 3- 9      Meshed Model of cc-23 Specimen ...................................................................................... 35 

Figure 3- 10    Stress-strain relationships used in Concrete Damaged Plasticity model: (a) confined 

                        concrete in compression, and (b) concrete in tension ......................................................... 36 

Figure 3- 11    Stress-strain relationships used for the steel material model with linear kinematic 

                        hardening: (a) outer steel tube, and (b) inner steel tube ...................................................... 37 

Figure 3- 12    Free body diagram of the steel tube section used for confinement (Usami et al. 2001) ..... 38 



 

xvi 

 

Figure 3- 13    Applied cyclic displacement pattern ................................................................................... 39 

Figure 3- 14    Cyclic load versus lateral displacement for cc-23 specimen: a) ABAQUS analysis results 

                        for models with different mesh sizes, (b) Experimental results (Han et al. 2006) .............. 39 

Figure 3- 15    Specific heat of steel as a function of temperature (CEN 2005) ......................................... 46 

Figure 3- 16    Specific heat of normal weight (NC) and light weight (LC) concrete as a function of 

                        temperature (CEN 2005) ..................................................................................................... 47 

Figure 3- 17    Thermal conductance of steel as a function of temperature (CEN 2005) ........................... 48 

Figure 3- 18    Thermal conductance of normal weight (NC) and light weight (LC) concrete as a function 

                        of temperature (CEN 2005) ................................................................................................. 49 

Figure 3- 19    Standard fire curve (ASTM 2012)....................................................................................... 50 

Figure 3- 20    Stress-strain relationship for steel at elevated temperatures (CEN 2005) ........................... 54 

Figure 3- 21    Graphs of Eng. stress vs. Eng. strain as predicted using the NIST approach, the Eurocode 

                        equations, and NIST experimental data for ASTM A572 Gr. 50 structural steel 

                        (NIST 2010) ........................................................................................................................ 57 

Figure 3- 22    Young’s modulus for steel as a function of temperature (different models) ....................... 58 

Figure 3- 23    Stress-strain relationship for concrete at elevated temperatures (CEN 2005) ..................... 59 

Figure 3- 24    Strain in compression curves for concrete at elevated temperatures (Harmathy and Allen 

                        1973) ................................................................................................................................... 60 

Figure 3- 25    Thermal elongation of steel as a function of temperature (CEN 2005)............................... 61 

Figure 3- 26    Geometry of the model ........................................................................................................ 64 

Figure 3- 27    Visualized results of heat transfer analysis showing nodal temperatures (in ◦C) at the end of 

                        the fire event (from ABAQUS) ........................................................................................... 66 

Figure 3- 28    Comparison of the heat transfer analysis results with experimental data from Chabot and 

                        Lie (1992) ............................................................................................................................ 67 

Figure 3- 29    Visualized final displacement result of the structural analysis – Eurocode steel and 

                        concrete models (from ABAQUS) ...................................................................................... 69 

Figure 3- 30    Ratio of the axial load carried by steel tube/concrete core to the total axial load during the 

                        fire test ................................................................................................................................ 70 

Figure 3- 31    Axial displacement results from ABAQUS compared with experimental data (Chabot and 

                        Lie 1992) ............................................................................................................................. 70 

Figure 3- 32    Axial displacement results from ABAQUS compared with experimental data (Chabot and 

                        Lie 1992): checking sensitivity to the mesh sizing and thermal properties of steel material 

                        (MP1: modified coeff. of thermal expansion, MP2: modified coeff. of thermal expansion 

                        and yield  strength of steel at high temp.) ........................................................................... 72 



 

xvii 

 

Figure 3- 33     Axial displacement results from ABAQUS with NIST steel model compared with 

                         experimental data (Chabot and Lie 1992) and simulation results with Eurocode steel 

                         model .................................................................................................................................. 73 

 

Figure 4- 1      Cross-section of the Specimen ............................................................................................ 78 

Figure 4- 2      Stress-strain Curve for Inner and Outer Tube Steel Materials ............................................ 79 

Figure 4- 3      Cross-section of the Specimen with the Assumed N.A. ...................................................... 80 

Figure 4- 4      Differential Element for Calculation of Tensile and Compressive Forces of a Tubular        

                        Section ................................................................................................................................. 81 

Figure 4- 5      Moment Arm for Total Compressive Force of a Tubular Section ...................................... 82 

Figure 4- 6      Differential Force and Moment Calculation for a Circular Section (Above N.A.) ............. 83 

Figure 4- 7      Experimental setup for Cyclic Tests ................................................................................... 85 

Figure 4- 8      Details of the Additional Parts to the Specimen’s Base (built-up box section) .................. 86 

Figure 4- 9      Complete Free Body Diagram of the Specimen .................................................................. 87 

Figure 4- 10    Built-up Transfer Element ................................................................................................... 88 

Figure 4- 11    Failure Modes for Anchor Bolts in Tension (ACI 318-11) ................................................. 89 

Figure 4- 12    Failure Modes for Anchor Bolts in Shear (ACI 318-11) ..................................................... 89 

Figure 4- 13    Circular Welding of the Additional Elements to the Column’s Base ................................. 94 

Figure 4- 14    Thermocouple Wires Coming out of the Specimens ........................................................... 95 

Figure 4- 15    Threaded Rods fixed on the Cap Plate to Be Embedded in Concrete ................................. 96 

Figure 4- 16    Specimen S1 after Instrumentation ..................................................................................... 98 

Figure 4- 17    Strain Gauge Layout ............................................................................................................ 99 

Figure 4- 18    String Pot Layout .............................................................................................................. 100 

Figure 4- 19    LED Layout ....................................................................................................................... 101 

Figure 4- 20    Load Cell Used to Monitor the Tensile Load of the Threaded Rod .................................. 102 

Figure 4- 21    Cyclic Displacement Controlled Test Protocol (ATC-24) ................................................ 103 

Figure 4- 22    Lateral Force vs. Drift Ratio Results– Specimen S1 ......................................................... 105 

Figure 4- 23    Local Buckling at the Base of Specimen S1 ..................................................................... 105 

Figure 4- 24    Specimen S1 at the End of the Cyclic Test ....................................................................... 106 

Figure 4- 25    Lateral Force vs. Drift Ratio Results– Specimen S2 ......................................................... 107 

Figure 4- 26    Local Buckling at the Base of Specimen S2 ..................................................................... 108 

Figure 4- 27    Specimen S2 at the End of the Cyclic Test ....................................................................... 108 

 

Figure 5- 1      Specimen S3 in the Vertical Furnace ................................................................................ 111 



 

xviii 

 

Figure 5- 2      Built-up Elements for Connection of Column Ends to the Top and Bottom Beams of the  

                        furnace ............................................................................................................................... 112 

Figure 5- 3      Built-up Channels Added to the Ends of the Specimens for the Fire Test ........................ 113 

Figure 5- 4      Built-up Member Used at the Top End Connection .......................................................... 113 

Figure 5- 5      Vertical Furnace Thermocouple Layout (view looking into the furnace, S: south side, N: 

                        north side) ......................................................................................................................... 115 

Figure 5- 6      Locations of Thermocouples in the Cross-section of the Specimen and Stub Columns ... 115 

Figure 5- 7      Wires Carrying Temperature Data Connected to the Channels at the Back of the Furnace  

                        Wall ................................................................................................................................... 116 

Figure 5- 8      Temperature Data Acquisition System.............................................................................. 116 

Figure 5- 9      Mechanical Dial Gauges Placed under the Bottom Beam ................................................. 117 

Figure 5- 10    Standard ASTM E119 Fire (ASTM 2012) ........................................................................ 118 

Figure 5- 11    Temperature Data Measured in the Fire Test of Specimen S3 .......................................... 120 

Figure 5- 12    Axial Displacement Results from Fire Test of Specimen S3 ............................................ 120 

Figure 5- 13    Local Buckling of Specimen S3 Close to the Top Beam of the Furnace .......................... 121 

Figure 5- 14    Out of Plane Global Buckling of Specimen S3 ................................................................. 122 

Figure 5- 15    Inclined Connection of the Column with Residual Displacement to the Built-up  

                        Channels ............................................................................................................................ 123 

Figure 5- 16    Specimen S1 Installed in the Furnace in Preparation for the Fire Test ............................. 124 

Figure 5- 17    Temperature Data Measured in the Fire Test of Specimen S1 .......................................... 125 

Figure 5- 18    Axial Displacement Results from Fire Test of Specimen S1 ............................................ 126 

Figure 5- 19    Local Buckling of Specimen S1 Close to the Top Beam of the Furnace .......................... 126 

Figure 5- 20    Out of Plane Global Buckling of Specimen S1 ................................................................. 127 

Figure 5- 21    Temperature Data Measured in the Fire Test of Specimen S2 .......................................... 129 

Figure 5- 22    Axial Displacement Results from Fire Test of Specimen S2 ............................................ 130 

Figure 5- 23    Local Buckling of Specimen S2 Close to the Top Beam of the Furnace .......................... 131 

Figure 5- 24    Out of Plane Global Buckling of Specimen S2 ................................................................. 131 

Figure 5- 25    Temperature Data Measured from the Two Short Columns (SC1, SC2) .......................... 132 

Figure 5- 26    Time history of Temperature Recorded by Nine Thermocouples Installed in Different 

                        Parts of the Furnace during Fire Test 2 ............................................................................. 133 

Figure 5- 27    Post-fire cyclic testing of specimen S3: a) lateral force vs. lateral drift ratio results and b)  

                        fractures at the end of the test ........................................................................................... 135 

 



 

xix 

 

Figure 6- 1      Uniaxial stress-strain relationship used for the modeling of steel material: a) inner tube b)  

                        outer tube .......................................................................................................................... 138 

Figure 6- 2      Uniaxial stress-strain relationship used for the modeling of concrete material for 

                        specimen S1 in: a) compression (used for FE-CDP and FE-CDP-DS), b) tension (used for  

                        FE-CDP) ........................................................................................................................... 139 

Figure 6- 3      Finite element model built for the numerical simulation of cyclic loading tests .............. 140 

Figure 6- 4      Lateral force  vs. drift ratio results from the push-over analysis of specimen S1 using the  

                        FE-CDP model (compared with the test results) ............................................................... 142 

Figure 6- 5      Lateral force  vs. drift ratio results from the cyclic loading  analysis of specimen S1 (FE- 

                        CDP model) compared with the test results ...................................................................... 143 

Figure 6- 6      Uniaxial tensile stress-displacement relationship used for modeling the concrete  material  

                        of specimen S1 (used in FE-CDP-DS model) ................................................................... 145 

Figure 6- 7      Lateral force vs. drift ratio results from the cyclic loading  analysis of specimen S1 (from  

                        the FE-CDP-DS model) compared with  the test results ................................................... 146 

Figure 6- 8      Stress-displacement relationship used for the tensile behavior of concrete in the FE-W  

                        model ................................................................................................................................. 148 

Figure 6- 9      Lateral force vs. drift ratio results from the analysis of the FE-W models of specimen S1: 

                        a) comparison with the experimental results b) mesh sensitivity analysis ........................ 149 

Figure 6- 10    Local buckling of specimen S1 at the end of cyclic testing: a) FE-CDP-DS model  

                        b) FE-W model and c) photo from the test ....................................................................... 150 

Figure 6- 11    Lateral force  vs. drift ratio results from the finite element push-over  analysis (compared  

                        with results from cyclic testing of specimen S2) .............................................................. 151 

Figure 6- 12    Lateral force vs. drift ratio results from the cyclic loading  analysis of specimen S2  

                        (FE-CDP-DS model) compared with the test results ........................................................ 152 

Figure 6- 13    Results from the cyclic loading analysis of the FE-W model of specimen S2:  a) Lateral  

                        force vs. drift ratio (comparison with the experimental results) and b) opening and closing  

                        of concrete tensile cracks while the column goes from +5 to  -5% lateral drift  ratio ...... 153 

Figure 6- 14    Local buckling of specimen S2 at the end of cyclic testing: a) FE-CDP-DS model,    

                        b) FE-W model and c) photo from the test ....................................................................... 154 

Figure 6- 15    Finite element model built for the thermal stress analysis of specimen S3 along with the  

                        final visualized results of the heat transfer analysis for a section chosen at mid-height of  

                        the column (from ABAQUS) ............................................................................................ 157 



 

xx 

 

Figure 6- 16    Analysis results for the temperature time-history of the inner tube for cases  without and  

                        with its connectivity to the end plates for a point at: a) mid-height and b)close  to the top  

                        end of specimen S3 ........................................................................................................... 158 

Figure 6- 17    Analysis results for the temperature time-history for a point in mid-width of the  concrete  

                        core of specimen S3 (compared with test results) ............................................................. 159 

Figure 6- 18    Analysis results of the temperature time-history for a point on the inner tube of  specimen  

                        S3 (compared with test results) ......................................................................................... 160 

Figure 6- 19    Analysis results of the axial displacement of the bottom plate of specimen S3  (compared  

                        with test results) ................................................................................................................ 162 

Figure 6- 20    Final deformed shape of specimen S3 from: a) finite element analysis (ABAQUS) in  the  

                        force-controlled mode and b) experimental results ........................................................... 164 

Figure 6- 21    Global buckling of specimen S3 from the displacement-controlled ABAQUS analysis .. 166 

Figure 6- 22    Axial load versus axial contraction results from the displacement controlled analysis of  

                        specimen S3 after being exposed to different durations of the standard ASTM E119 

                        fire ..................................................................................................................................... 167 

Figure 6- 23    Local buckling of the top end of the outer tube from: a) finite element analysis   

                        (ABAQUS) and b,c,d) test results o Specimen S3 ............................................................ 168 

Figure 6- 24    Analysis results of the temperature time-history for a point in mid-width of the  concrete  

                        core of specimen S1 (compared with test results) ............................................................. 169 

Figure 6- 25    Analysis results of the temperature time-history for a point on the inner tube of  specimen  

                        S1 (compared with test results) ......................................................................................... 170 

Figure 6- 26    Analysis results of the axial displacement of the bottom plate of specimen S1  (compared  

                        with test results) ................................................................................................................ 171 

Figure 6- 27    Final deformed shape of specimen S1 from: a) finite element analysis (ABAQUS) and   

                        b) experimental results ...................................................................................................... 172 

Figure 6- 28    Analysis results for the temperature time-history of a point at mid-width of the  concrete  

                        core of specimen S3 (compared with test results) ............................................................. 174 

Figure 6- 29    Analysis results for the temperature time-history of a point on the inner tube of  specimen  

                        S3 (compared with test results) ......................................................................................... 174 

Figure 6- 30    Analysis results of the axial displacement of the bottom plate of specimen S2  (compared  

                        with test results) ................................................................................................................ 176 

Figure 6- 31    Local buckling of specimen S2 before and after fire testing: a) ABAQUS result  before  

                        fire test b)ABAQUS result after fire test c) photo of the highly damaged specimen (S2)   

                        before fire test d) photo of the highly damaged specimen after fire test ........................... 177 



 

xxi 

 

Figure 6- 32    Lateral force vs. drift ratio results from the finite element analyses of post-fire cyclic  

                        loading of specimen S3 from: a) FE-CDP-DS model and b) FE-W model  (compared with  

                        experimental results) ......................................................................................................... 179 

Figure 6- 33    Lateral force vs. drift ratio results from the simulation of the post-fire cyclic loading of  

                        specimen S3 (FE-W model with element deletion compared with experimental results) 181 

 

Figure 7- 1      Cross-section of a CFDST column for the heat transfer problem: a) with steel  tubes and  

                        b) without steel tubes (assuming uniform temperature for steel sections) ........................ 185 

Figure 7- 2      Comparison of the exact and approximated values calculated for the function, 𝑱𝟎(𝒙) ..... 193 

Figure 7- 3      ASTM E119 Standard fire curve compared with its bilinear approximation .................... 194 

Figure 7- 4      Time-temperature curve measured for the outer tube of specimen S3 along with the  curve  

                        from the fitted bilinear function ........................................................................................ 198 

Figure 7- 5      Temperature dependent vs. constant values of: a) specific heat and b) thermal   

                        conductivity for concrete  (Eurocode 2005) ...................................................................... 199 

Figure 7- 6      Time-temperature curves for a point at mid-width of the concrete section for specimen S3  

                        from the test, finite element analysis and analytical (Eq. 7.54) results ............................. 200 

Figure 7- 7      Time-temperature curves for a point on the surface of inner tube for specimen S3 from the  

                        test, finite element analysis and analytical (Eq. 7.54) results ........................................... 201 

Figure 7- 8      Variation of temperature through the thickness of the Specimen S3’s cross-section for  

                        different points in time (finite element results compared with the analytical solution) .... 202 

Figure 7- 9      Steel and concrete regions with uniform temperature distribution ................................... 203 

Figure 7- 10    Stress-strain curve of steel in uniaxial tension at temperature T (Eurocode curve   

                        compared with the simplified function (Eq. 7.73) ............................................................ 204 

Figure 7- 11    Reduction factor for the elastic modulus of steel at high temperatures (tabulated  data from  

                        Eurocode compared with calculated values from the proposed fitted function ................ 205 

Figure 7- 12    Reduction factor for the yield stress of steel at high temperatures (tabulated data  from  

                        Eurocode compared with calculated values from the proposed fitted function ................ 206 

Figure 7- 13    Reduction factor for the proportional limit stress of steel at high temperatures  (tabulated  

                        data from Eurocode compared with calculated values from the proposed fitted function 206 

Figure 7- 14    Reduction factor for the maximum compressive strength of concrete (tabulated  data from  

                        Eurocode compared with calculated values from the proposed fitted function) ............... 207 

Figure 7- 15    Strain at maximum compressive stress for concrete at high temperatures (tabulated data  

                        from Eurocode compared with calculated values from the proposed fitted function) ...... 207 



 

xxii 

 

Figure 7- 16    Strain at zero compressive stress (ultimate strain) for concrete at high temperatures   

                        (tabulated data from Eurocode compared with calculated values from the proposed fitted  

                        function) ............................................................................................................................ 208 

Figure 7- 17    Generic plots of the 𝑷𝒂𝒙𝒊𝒂𝒍(𝜺, 𝑻) and 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍(𝜺, 𝑻) functions for a fixed 𝑻 and 

                        varying  𝜺 (the axial load capacity is determined by the load at the intersection of the two 

                        curves) ............................................................................................................................... 210 

Figure 7- 18    Generic plot of the 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍∗ (𝜺, 𝑻) functions for a fixed 𝑻 and varying 𝜺 (Eq. 7.78) ........ 213 

Figure 7- 19    Strain values needed for the calculation of 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍∗
𝟎
, 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

∗
𝟏
, ….  ................................ 215 

Figure 7- 20    Graphical explanation for calculating the axial load capacity using Eq. 7.81 for the  cases  

                        where: a) 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍∗
𝟐𝒊−𝟏

< 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍
∗

𝒊
 and b) 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍∗

𝟐𝒊
≤ 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

∗
𝒊
≤ 

                        𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍∗
𝟐𝒊−𝟏

 ...................................................................................................................... 215 

Figure 7- 21    Buckling deformation of Specimen S3 with the rigid part at the bottom end  subjected to  

                        different boundary conditions: a) fixed-fixed and b) fixed-pinned ................................... 218 

Figure 7- 22    Free body diagram of Specimen S3 with the added rigid part after buckling with  the  

                        fixed-pinned end conditions .............................................................................................. 219 

Figure 7- 23    𝑷𝒂𝒙𝒊𝒂𝒍 and 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 functions plotted for Specimen S3 after 65 minutes of exposure   

                        to the ASTM E119 standard fire curve assuming: a) fixed-fixed and b) fixed-pinned end   

                        conditions for cases with different number of defined concrete layers  

                        (𝒏 = 𝟐 and 𝒏 = 𝟑) ............................................................................................................ 221 

Figure 7- 24    Minimum concrete thickness values required to keep the temperature of inner tubes with  

                        different diameter sizes below the critical limit (i.e., 300 C) for 1, 2 and 3 hours of  

                        exposure  to the standard ASTM E119 fire ....................................................................... 226 

Figure 7- 25    Variation of 𝒍𝒏(𝒓/𝒓𝟏) for different values of 𝒓𝟏 and 𝒓 − 𝒓𝟏  (𝒓𝟏: inner tube radius,  

                        𝒓 − 𝒓𝟏: concrete layer thickness) ...................................................................................... 227 

Figure 7- 26    Results of inner tube temperature calculated for a CFDST column with the outer  tube  

                        section AA for different values of concrete layer thickness after 1,2 and 3 hours of  

                        exposure to the ASTM E119 fire curve ............................................................................ 230 

Figure 7- 27    Effects of changes in the thickness of inner and outer tubes on the axial load  capacity of  

                        CFDST columns subjected to the first hour of ASTM E119 fire curve ............................ 232 

Figure 7- 28    Effects of changes in the outer tube diameter, on the axial load capacity of the CFDST  

                        column, assuming that all of the other section geometry properties are selected as such to   

                        maximize the axial resistance ........................................................................................... 232 

 



 

xxiii 

 

Figure A- 1     Test setup (McCormick et al., 2010) ................................................................................. 248 

Figure A- 2     Protocol for applied displacement cycles (McCormick et al., 2010) ................................ 248 

Figure A- 3     Moment vs. rotation results for HSS 304.8x152.4x6.4 (McCormick et al., 2010)............ 249 

Figure A- 4     Moment vs. rotation results obtained from the model using S8R shell elements.............. 250 

Figure A- 5     Moment vs. rotation results obtained from the model using S4R shell elements.............. 251 

Figure A- 6     Moment vs. rotation results obtained from the models using 3D solid elements:  

                        a) C3D8R; b) C3D20R ...................................................................................................... 252 

Figure A- 7     The Pinched Cylinder Problem (ABAQUS benchmark examples manual) ...................... 253 
 

Figure C- 1     Comparison between the heat transfer results from the sequentially coupled  (FE-SC) and  

                        fully coupled (FE-FC) finite element analyses: a) mid-width of concrete;  b) inner tube 260 

Figure C- 2     Comparison between the axial deformation results from the sequentially  coupled (FE-SC)  

                        and fully coupled (FE-FC) finite element analyses ........................................................... 260 

 





 

xxv 

 

LIST OF TABLES 

 

Table 2- 1       Post-earthquake Ignitions for some of the 20th Century U.S. events .................................... 7 

 

Table 3- 1       Thermal Constants and Parameters Used in Heat Transfer Modeling ................................. 52 

Table 3- 2       Formulation of stress-strain relationship for steel at elevated temperatures........................ 55 

Table 3- 3       Parameters for equations 3.24 and 3.25 ............................................................................... 56 

Table 3- 4       Two main parameters of the stress-strain relationship for normal weight (NC) and light 

                        weight (LC) concrete at elevated temperatures (CEN 2005) .............................................. 59 

Table 3- 5       Geometry and material properties (Espinos et al., 2010) .................................................... 64 

 

Table 4- 1       Compactness and Ductility Criteria for Round Filled Composite Elements (AISC2010a, b) 

                       – Limiting values are calculated based on nominal material properties E=29,000 ksi 

                       (200,000 MPa) and fy= 32 ksi(220MPa)) ............................................................................ 77 

Table 4- 2       Geometry of the Specimen .................................................................................................. 77 

Table 4- 3       Concrete Cylinder Test Results ........................................................................................... 79 

 

Table 7- 1       Summary of the parameters needed for the calculation of the temperature field using  

                       Eq. 7.54 .............................................................................................................................. 197 

Table 7- 2       Uniform temperature and material prop. calculated for different parts of the cross-section  

                       of specimen S3 after 50, 65 and 80 min. of exposure to the ASTM E119 fire .................. 217 

Table 7- 3       Axial load capacity calculated for Specimen S3 using the Analytical Approach  (Eq. 7.72)  

                       compared with finite element analysis and test results for different cases   

                       (force unit: kips) ................................................................................................................. 221 

Table 7- 4       𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍
∗  and 𝑷𝒂𝒙𝒊𝒂𝒍

∗  loads calculated at  different strain levels for Specimen S3  

                       after 65  minutes of exposure to the ASTM E119 fire  (n: no. of concrete layers) ............ 223 

Table 7- 5       Geometric properties of the selected profiles for the outer steel tube ............................... 229 

Table 7- 6       CFDST design cases with their calculated axial load capacity ......................................... 231 

 

Table A- 1      Properties of the HSS member used in analyses ................................................................ 247 

Table A- 2      Comparison of the displacement results gained by different types of shell elements ....... 254 

 

  





1 

 

 

INTRODUCTION 

 

1.1 Introduction 

 

Several conflagrations following earthquakes have been documented throughout the history. In the 

twentieth century alone, the destructive fires that followed the San Francisco 1906 and Tokyo 1923 

earthquakes rank as the two largest peace time urban fires. These two events caused significant damage to 

both of the cities (Scawthorn et al. 2005). Damage and losses from the subsequent fires reportedly exceeded 

damage from the shaking itself (NOAA 1972). While these large conflagrations have not been observed in 

more recent earthquakes, there have been numerous separate fires confined to single structures that have 

caused significant damage (Cousins and Smith 2004; Scawthorn 2008). Hundreds of fires were reported 

after the 1989 Loma Prieta, 1994 Northridge and 1995 Kobe earthquakes (NIST 1996). More recently, 

several post-earthquake fires were reported from the aftermath of Tohoko 2011 earthquake (Davidson 2012). 

The resistance of buildings to fire has been an active area of research; however, little information exists on 

whether structural elements damaged to various degrees, by the earthquake itself, can retain all or some of 

their fire resistance.  

 

Although the problem of fire following earthquakes seems important, it has not received much attention 

from researchers in the past. There have been substantial efforts to investigate the effectiveness of various 

fire protection methods and to establish fire-ratings for various protected and unprotected structures. 

However, the involvement of earthquake engineers in this field of research has been limited. More research 

is needed to develop the design basis for structures that can resist a fire event occurring right after an 

earthquake or to determine if repairs may be required to the fire protection system.  

 

ConcreteFilled Steel Tube (CFST) columns have been shown to be a promising multi-hazard resistant 

structural system exhibiting high performance for different types of extreme events. Several past studies 

have demonstrated the desirable seismic performance of CFSTs (Hajjar 2000; Marson and Bruneau 2004; 

Han and Yang 2005), while a number of separate studies have addressed the fire resistance of CFSTs (Kodur 

1998; Han 2001; Han et al. 2003; Hong and Varma 2009; Moliner et al. 2013). It has been observed that 

these columns can achieve relatively high fire-ratings without using external protection. Low heat 

conductivity of concrete delays the temperature rise through the cross-section confined by the steel tube, 

helping the structure to enhance its fire resistance. 
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Observing acceptable results from CFST columns, a new but similar composite column was developed by 

adding a second tube inside the first one with the confined concrete sandwiched in between. The behavior 

of the new column type, referred to as the ductile ConcreteFilled Double-Skin Tube (CFDST) column, has 

been studied separately for seismic (Zhao and Grzebieta 2002; Han et al. 2004; Uenaka et al. 2008) and fire 

(Yang and Han 2008; Lu et al. 2010) and has showed desirable performance under both conditions. More 

recently, CFDST columns have also been investigated under both seismic and blast loadings and found to 

provide good performance under these different loading conditions (Fouché and Bruneau 2010).  
 

The main goal in this project is to study the behavior of CFDST columns subjected to fire following 

earthquake scenarios. For this purpose, the behavior of CFDST columns with various degrees of simulated 

seismic damage is examined under the standard ASTM E119 (ASTM 2012) fire, using both experimental 

and numerical approaches. Moreover, to get a preliminary understanding of the reverse scenario (i.e., a 

post-fire earthquake), the effect of fire on the seismic capacity of a CFDST column is experimentally 

studied.  

 

1.2 Objectives and Scope of Work 

 

The principal aim of this research is to study the behavior of ductile CFDST columns subjected to post-

earthquake fire scenarios. Towards this purpose, experiments and finite element analyses have been 

conducted to simulate a number of scenarios in which different levels of seismic damage are imposed on 

the CFDST column prior to the fire phase. The study started with preliminary finite element modeling and 

analyses conducted to acquire the essential knowledge for the design of the experimental program and setup. 

Objectives and scope of the following experimental and analytical phases are briefly presented here. 

 

1.2.1 Experimental Phase 

 

The experimental phase of this research is divided into two parts, including the cyclic loading and the fire 

simulation tests. Three CFDST columns were tested under cyclic lateral loading with different intensities 

to impose different levels (zero, moderate and high) of simulated seismic damage on the specimens. The 

specimens were built as identical quarter scale circular CFDST columns, such as to limit their prior-to-fire 

differences to be only the severity of the simulated seismic damage. The seismic loading simulation was 

achieved through quasi-static lateral loading of the columns under a constant axial load. The intensity of 
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the damage was judged based on the column’s residual drift ratio (quantitatively) and the severity of local 

buckling observed in the outer tube (qualitatively).  

 

In the fire simulation experiments, the specimens were exposed to direct flames inside a furnace and 

subjected to the standard ASTM E119 fire curve. The objective of these tests was to study the behavior and 

fire resistance of damaged and undamaged CFDST specimens under constant axial load and fire. The 

specimens were equipped with thermocouples embedded at different locations of their cross-section to 

record temperature data to be used in the investigation of the heat transfer process.  

 

In addition to the main specimen columns, a number of 12 inches long stub columns were tested in fire to 

gain additional knowledge about the heat transfer process, effect of fire on the moisture content of concrete 

and possible permanent loss in the structural properties of CFDST columns due to fire exposure. No 

structural loads were applied to the stub columns during the fire tests. 

 

The last part in the experimental program of this research was dedicated to the investigation of the post-fire 

behavior of CFDST columns subjected to lateral cyclic loading. After being exposed to the standard ASTM 

E119 curve and cooled down to room temperature, the specimen which was previously tested under fire as 

the reference (undamaged) case was tested under cyclic loading to study the effects of fire exposure on the 

flexural behavior of the column. The post-fire axial load capacity of CFDST columns was also evaluated 

by conducting axial loading tests on the stub columns which were previously tested in fire. An additional 

axial loading test was conducted on a reference stub column (not tested in fire) to determine the severity of 

possible permanent losses in the axial capacity of the columns due to fire.  

 

1.2.2 Analytical Phase 

 

The main goal of the analytical phase of this research was to build finite element models capable of 

simulating the behavior of CFDST columns subjected to a post-earthquake fire scenario. The objective of 

the finite element simulation of the cyclic loading tests was to replicate the experimental hysteretic load-

displacement curves and specimen deformations with sufficient accuracy.  

 

For fire test simulations, finite element models were built to account for the degradation of structural 

properties of steel and concrete at elevated temperatures. The models had to be capable of simulating the 

during-fire behavior of the columns (i.e. heat transfer process, load carrying capacity and deformations) 

and providing a sufficiently accurate estimation of the fire resistance time. 
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The finite element models built for the simulation of the cyclic loading and fire tests were verified using 

experimental results from similar studies in the past and validated based on the tests conducted in this 

research. The validated model was also used to simulate the behavior of the CFDST column subjected to a 

post-fire cyclic lateral loading scenario. 

 

A simplified analytical procedure was developed to calculate the axial load capacity of CFDST columns 

subjected to any selected duration of any predefined fire curve. The procedure was defined in two parts, 

consisting of the analytical solution for the heat transfer problem for the cross-section of CFDST columns 

exposed to fire, followed by an analytical method to calculate the column’s axial load capacity using the 

modified material properties at elevated temperatures. The procedure was simplified as such to be useful 

for practical design purposes without using specialized structural analysis software.  The proposed method 

was used in a process to develop design recommendations for CFDST columns subjected to fire. 

 

1.3 Outline of the Report 

 

This report provides a detailed description of the analytical and experimental work conducted to study the 

behavior of CFDST columns subjected to post-earthquake fires.  

 

Section 2 presents a brief review of previous related studies. The review starts on the subject of post-

earthquake fires and continues to present a summary of studies conducted on the performance of Concrete 

Filled Steel Tube (CFST) and ConcreteFilled Double-Skin Tube (CFDST) columns under seismic and fire 

loadings. The review includes both analytical and experimental studies and addresses the motivations for 

this research. Section 3 presents preliminary finite element modeling of CFDST columns subjected to cyclic 

loading and fire. This section is completed by conducting verification analyses on the numerical models 

using experimental results from past studies. 
 

Section 4 describes the cyclic loading tests conducted to impose seismic damage on the column specimens. 

Construction of the specimens, experimental setup for cyclic loading tests, observations of behavior and 

results are presented. Section 5 is dedicated to the fire testing part of the experimental program. The fire 

test setup is described and results are presented for different specimens tested under fire. The last sections 

of this section describes the post-fire lateral cyclic and axial loading tests conducted on the specimen and 

stub columns that were previously tested in fire. 
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Section 6 presents the finite element simulation of the experiments presented in Sections 4 and 5. The 

modeling techniques verified in Section 3 are initially used and further enhanced to numerically replicate 

the experimental results observed in cyclic loading and fire tests. The section also includes the simulation 

analysis for the post-fire lateral cyclic loading of CFDST columns. 

 

Section 7 describes a simplified analytical procedure proposed to calculate the axial load capacity of 

CFDST columns subjected to fire. The section presents the analytical derivation of the solution for the heat 

transfer problem and explains a step by step procedure to determine the axial load capacity of the column 

at elevated temperatures. Section 7 concludes with a few examples of how to apply the proposed procedure 

(verifying its accuracy using the experimental and finite element analysis results) and some design 

recommendations for CFDST columns subjected to fire. 

 

Section 8 contains final remarks and conclusions from this research, including comments on the accuracy 

of different material models and analysis techniques in an effort to guide future research tackling similar 

analytical studies. Finally, a summary of the improved understanding of the behavior of the CFDST 

columns in post-earthquake fires gained throughout the project is provided.  
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LITERATURE REVIEW 

 

2.1 Post-Earthquake Fires 

 

Although much attention has been given to protect structures against damage from earthquake shaking, fire 

following an earthquake can be considered a significant contributor to total losses based on historic seismic 

events in the United States and Japan in the twentieth century (Scawthorn et al. 2005). The 1906 San 

Francisco and the 1923 Tokyo earthquakes caused severe damage due to the ground shaking; however, 

damage and losses from the subsequent fires reportedly exceeded damage from the shaking itself (NOAA 

1972). In terms of life and economic loss, the 1906 San Francisco earthquake caused over 3,000 deaths and 

the destruction of more than 28,000 buildings (Scawthorn et al. 2005). In the 1923 Tokyo earthquake, a 

similar situation occurred with 140,000 people killed and 575,000 buildings destroyed. The aftermath 

reports showed that 77% of the building destructions were caused by fire (Scawthorn et al. 2005). 

 

Table 2.1 lists some of the most significant 20th Century seismic events in the United States, which had a 

number of post-earthquake ignitions. Large number of ignitions reported in the aftermath of earthquakes in 

large populated cities emphasizes the threat of possible conflagrations, particularly for structures that are 

probably already impaired because of the shaking damage.   

 

Table 2- 1 Post-earthquake Ignitions for some of the 20th Century U.S. events 

(Scawthorn et al. 2005) 

Date Earthquake Magnitude City No. of Ignitions 

04/18/1906 San Francisco 8.3 San Francisco 52 
03/11/1933 Long Beach 6.3 Long Beach 19 
02/09/1971 San Fernando 6.7 Los Angeles 128 
08/17/1989 Loma Prieta 7.1 San Francisco 26 
01/17/1994 Northridge 6.8 Los Angeles 77 

 

Despite the historical records of massive damage caused by post-earthquake fires and statistics showing a 

large number of ignitions that occur following earthquakes in large cities, little attentions has been given to 

the effects of post-earthquake fires on structures. One possible reason might be the lack of interactions 

between the earthquake engineers and fire protection engineers, who have dealt separately with the 

earthquake and fire hazards, ignoring their possible combined effects. Another reason can be related to the 

fact that the 1906 event was considered as a conflagration, which was a common experience in the U.S. at 
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the time, rather than a side effect of an earthquake. Moreover, improvements in the fire protection services 

have created a general notion that such events are unlikely to occur again (Scawthorn et al 2005).  

 

Vulnerability of structures to the threat from post-earthquake fires should remain an important concern 

because buildings are not normally designed for combined seismic and fire effects. Moreover, damage to 

the firefighting and water supply systems caused by earthquake can result in longer response times in the 

ensuing fires. Little information exists on whether structural elements with various degrees of seismic 

damage can retain all or some of their fire resistance, when subjected to a fire following earthquake 

scenario. Considering the risk of fire either locally within buildings, or conflagrations following an 

earthquake, the effects of seismic damage on the fire resistance of structural members need to be better 

understood if resilient structural design is to be achieved.  

 

A number of recent studies have looked into the behavior of structures subjected to post-earthquake fires. 

Yassin et al. (2010) conducted an analytical study on the performance of steel moment resisting frames in 

post-earthquake fires. The general finite element analysis software, ANSYS, was used to apply the 1940 El 

Centro earthquake to one- and two-story steel moment resisting frames. After the simulation of seismic 

damage and deformations, the structures were subjected to the Canadian standard fire curve (CSA 1989). 

The study revealed that the performance of the structure (in fire following earthquake scenarios) is strongly 

related to the residual lateral deformations caused by the seismic action. This was because the fire induced 

deformations, which occur due to the degradation of material properties, were asymmetrically added to 

severely increase the residual displacements caused by seismic loading.  For frames with no residual 

displacement from a prior seismic action, the fire induced displacements were imposed symmetrically, 

taking a relatively longer time to cause failure. In a more general study, Yassin et al (2010) assessed the 

estimation and mitigation of the risk associated with fire following earthquake events.  

 

Mostafaei and Kabeyasawa (2010) conducted a 3D simulation of the behavior of a 6-story reinforced 

concrete structure subjected to a post-earthquake fire scenario. Seismic damage was simulated by applying 

the 1995 Kobe ground motion to the structure. Subsequently, the ground level was subjected to the standard 

ASTM E119 fire. The study revealed that fire resistance of the structure reduced considerably due to the 

earthquake damage to the structural elements such as columns.  This was because cracks in the concrete 

provided exposure of the column reinforcement to the fire temperature. Analysis showed that heat 

penetration caused relatively large load capacity reductions. 
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Memari et al. (2013) studied the effects of local behavior of reduced beam section (RBS) connections during 

fire following earthquakes on the global response of steel moment resisting frames using nonlinear finite 

element analysis. Results showed that the residual drift after the fire loading was orders of magnitude higher 

than the one from the seismic loading. Looking into the localized behavior of the connections, it was 

revealed that the local Mises stress values had approximately reached the yield stress of the material because 

of the effects of the post-earthquake fire. 

 

For reinforced concrete structures, Lazarov et al. (2013) looked into the fire resistance of a reinforced 

concrete frame subjected to post-earthquake fire. A two-story three-bay planar reinforced concrete frame 

was analyzed under different loading cases using a finite element program developed by the authors. The 

defined load cases included cases with only gravity loads, gravity loads combined with standard fire, gravity 

loads combined with a push-over analysis and a subsequent standard fire, and a last case which was similar 

to the third one except for the push-over loading that was replaced with a 1-cycle push-over scenario (i.e., 

loading + unloading + opposite loading + unloading). Results showed that applying the fire load after a 

push-over loading caused higher residual displacements in the frame compared to the case that did not have 

a push-over loading part. Also the fire resistance time was longer for the latter compared to the former. 

 

To better understand the effects of post-earthquake fires on the behavior of structures (specifically at the 

level of structural elements), a special type of columns, namely the concrete filled double-skin tube 

columns, is studied in this project under different post-earthquake fire scenarios.  Existing information on 

the fire and seismic performance of concrete-filled composite columns is presented in the following 

sections. 
 

2.2 Concrete Filled Double-Skin Tube (CFDST) Columns  

 

2.2.1 The Advantages of Traditional Concrete Filled Steel Tube (CFST) Columns  

 

Concretefilled steel tube columns are composite members constructed (as the name implies) from a steel 

tube filled with concrete. The combination of the steel and concrete sections creates a number of advantages 

for the CFST column compared to its equivalent steel or reinforced concrete counterpart. The steel tube is 

away from the center of the section (creating a larger moment of inertia), and performs well under tension 

and flexure, whereas the concrete core can sustain the axial compressive loads. Fig. 2.1a shows a typical 

circular CFST column. 
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Figure 2- 1 Cross-section of a circular: a) CFST and b) CFDST column 

 

The concrete core in a CFST column also works as a support for the steel tube, preventing it from inward 

local buckling. This delays the strength loss that can be seen in the cyclic loading of a bare steel tube. The 

steel tube, on the other hand, can provide confinement for the concrete core under compression, which leads 

to strength and ductility enhancements for the CFST column. The steel tube also prevents the spalling of 

concrete, which can be beneficial for seismic applications. 

 

Much research has been conducted on the behavior of CFDST columns subjected to different load types. A 

complete summary of the experimental and analytical studies on CFST columns can be found in the online 

database for steel-concrete composite structures created by Hajjar et al. (2013), which contains more than 

approximately 1000 references for this type of structural element alone. Generally, past studies have 

demonstrated the desirable seismic performance of CFST columns; a few such key studies are summarized 

below.  

 

In a review conducted by Hajjar (2000) on the behavior of circular and rectangular concretefilled steel tube 

beam-columns subjected to cyclic seismic loading (based on the past experimental studies), a superior 

behavior was reported for CFST beam-columns compared to their equivalent bare steel or reinforced 

concrete members. This was because the added concrete delayed local buckling and the column could go 

through an increased number of cycles before failure leading to a larger amount of energy dissipation. The 

concrete part also benefits from the confinement effect caused by the steel tube.  Similarly, Marson and 

Bruneau (2004) conducted a series of cyclic loading tests on full scale concretefilled circular steel piers. 

The results showed a satisfactory ductility for the tested columns, and no significant loss in moment 

capacity was noticed up to a drift ratio of 7%.  Likewise, research by Han and Yang (2005) on the behavior 
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of CFST columns subjected to combined axial and cyclic bending loads, confirmed that such columns 

exhibited relatively high stiffness, capacity and ductility for seismic applications.  

 

As briefly mentioned above, one of the most important advantages of the CFST columns is the confinement 

effect from the steel tube that enhances the strength and ductility of the concrete core. Usami et al. (2001) 

proposed a method to predict the complete stress-strain curve of concrete subjected to triaxial compressive 

stresses caused by axial loads and confining pressures applied by the steel tube, for different CFST shapes 

(e.g., circular, rectangular). Specifically, for the circular CFSTs, empirical formulas were used to calculate 

the lateral pressure applied to the concrete core. The authors also proposed approximate expressions for 

determining the post-peak behavior of concrete based on experimental results of past studies. The post-

peak behavior was defined by a linear descending branch starting from the maximum strength point and 

ending at a certain calculated strain value, beyond which the cross-section was able to sustain a low by 

constant stress. Analyses conducted using the proposed model showed good agreement with the test results. 

Additional details from this model are presented in Section 3 for the finite element models used in this 

study.  

 

CFST columns have also shown positive behavior when subjected to fire. Kodur (1998) showed that 

concrete filling is significantly effective in producing fire resistance for HSS columns. Experimental results 

from this study also suggested that there is a significant difference between the behavior of high strength 

concrete filled tube columns and that of the normal strength CFSTs. Results showed that high strength 

concrete reaches the critical temperature limits (that cause significant strength reductions) relatively sooner 

than the normal strength type. To compensate for this shortcoming when high strength concrete has to be 

used, the study suggested that adding fiber reinforcement can significantly improve the column’s behavior 

by enhancing its ductility. Han (2001) and Han et al. (2003), in two successive studies, conducted both 

experimental and analytical works on the fire resistance of axially loaded CFST columns subjected to the 

standard ASTM E119 fire curve. The studies showed that the diameter of the steel tube and slenderness of 

the columns are the two most influencing parameters for the fire resistance. Larger diameter of the steel 

tube simply creates a larger concrete core which can delay the heating of the inner parts of the column.  
 

Hong and Varma (2009) conducted a complete 3D finite element modeling of different CFST columns 

tested in past experimental studies. Sensitivity analysis results from this study showed that linear thermal 

expansion models can be used for the steel and concrete materials. Also it was revealed that full composite 

action may be used to model the CFST column specimens, because results from the models with full 
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bonding at the interaction of the steel and concrete surfaces were not significantly different compared to 

the ones from the models that allowed for slipping. 

 

In a more recent work, Moliner et al. (2013) studied the behavior of eccentrically loaded CFST columns of 

high slenderness subjected to standard ISO-834 fire curve, which is similar to the ASTM E119 curve (ISO 

1980). Results showed that for both normal and high strength concrete, shorter fire resistance time values 

were recorded for the columns with larger values of load eccentricity, because global buckling was 

expedited for these cases. 

 

2.2.2 Concrete Filled Double-Skin Tube (CFDST) Columns Subjected to Monotonic 

and Cyclic Loading 

 

Concrete Filled Double-Skin Tube (CFDST) column is a new type of composite construction that modifies 

the traditional CFST by adding a second steel tube to the section to sandwich the concrete between the two 

tubes and create a hollow part in the middle. Both circular and rectangular sections can be used as the inner 

and outer tubes for the CFDST columns. Fig. 2.1b shows the cross section of a circular CFDST column. 

This type of column can be used in high-rise buildings, sea-bed vessels, and offshore platforms. Recently 

it has been used for high-rise bridge piers in Japan to reduce the structure’s weight while maintaining an 

acceptable energy absorption capacity (Zhao et al. 2002).  

 

CFDST columns can perform better than the traditional CFST columns under different types of monotonic 

and cyclic loading because of the structural contribution of the inner tube and their larger stiffness, and 

larger strength-to-weight ratios (due to the material being distributed farther from the center of the cross-

section).  

 

Zhao and Grzebieta (2002) conducted a series of compression and bending tests on square CFDST columns. 

The specimens had outer tubes with width-to-thickness ratios in the range of 16.7 to 25 and inner tubes with 

a constant width-to-thickness ratio of 20. For compression tests, a total of 8 CFDST stub columns were 

tested along with 5 empty single-skin tube columns under axial load. The failure modes from the axial 

loading tests showed outward local buckling for the outer tube (similar to what occurs for CFST columns) 

and inward local buckling for the inner tube.  

 

For bending, Zhao and Grzebieta used a four point bending rig to apply a monotonic moment to the CFDST 

columns (2002). Similar to the results of axial compression loading, the failure mode showed outward local 
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buckling of the outer tube. The inner tube, on the other hand, showed deflections similar to those of a 

compact empty tube. A more ductile behavior, both in compression and bending, was seen for the CFDST 

column compared to the empty single-skin tubes. 

 

Elchalakani et al. (2002) conducted axial loading tests on CFDST columns with circular outer and square 

inner tubes. The outer tubes had diameter-to-thickness ratios in the range of 19 to 55. The inner tubes were 

chosen from sections with width-to-thickness ratios ranging from 20 to 26. The CFDST columns were 

shown to have significant increase in strength, ductility and energy absorption compared to the hollow steel 

tube columns.  

 

In a number of extensive experimental studies (Han et al. 2004; Tao et al. 2004; Tao and Han 2006), a series 

of both circular and rectangular CFDST columns were tested under different types of static loading. The 

studies included testing of 37 specimens under axial compression, 42 columns under eccentric axial 

compression and 13 specimens subjected to bending. Results showed behavior of CFDST columns similar 

to that of traditional CFST columns, meaning that the sandwiched concrete gets the same confinement 

effects in both cases. A brief review from these studies is presented in the following paragraphs. 

 

The axial loading tests, conducted on CFDST stub columns, showed typical failure mode of local (outward) 

buckling of the outer tube (similar to what occurs in CFST columns). Results showed that the behavior of 

the inner tube and its failure mode can be different according to its 𝐷𝑖/𝑡𝑖 ratio. For larger  𝐷𝑖/𝑡𝑖’s, the inner 

tube failed with inward local buckling, while for tubes with smaller 𝐷𝑖/𝑡𝑖’s no local buckling was reported 

from the tests. In terms of the outer tube, smaller 𝐷𝑜/𝑡𝑜 ratios led to more ductile behavior of the column.  

 

The authors also studied the effect of the void (hollow) ratio (𝜒) on the ductility of CFDST columns. The 

void (hollow) ratio is defined as: 

 

𝜒 =
𝐷𝑖

(𝐷𝑜 − 2𝑡𝑜)
 (2.1) 

 

in which 𝐷𝑖 and 𝐷𝑜 are the diameters for the inner and outer tubes, and 𝑡𝑜 is the outer tube thickness. The 

ductility of each section was quantified using the Ductility Index (𝐷𝐼), defined by Lin and Tsai (2001) as: 

 

𝐷𝐼 =
𝜀95%
𝜀𝑦

 (2.2) 
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in which 𝜀95% is the axial strain at the point where the axial load falls to 95% of the maximum load, 𝜀𝑦 is  

equal to 𝜀75% 0.75⁄ ., and 𝜀75% is the axial strain when the load reaches 75% of the maximum load in the 

pre-peak stage. Fig. 2.2 shows the 𝐷𝐼 values calculated for CFDST columns tested with different void 

(hollow) ratios and a fixed 𝐷𝑜/𝑡𝑜 of 60. Results showed that the void ratio did not significantly affect the 

ductility of the CFDST specimens. Note that the data point with (𝜒 = 0) refers to a conventional CFST 

specimen that was tested as a reference. The results show that the creation of a hollow space in the middle 

of the section did not negatively affect the overall ductility of the columns. 

 

 

Figure 2- 2 Effect of void ratio (𝝌) on the ductility of CFDST columns (Tao et al. 2004) 

 

For the CFDST beam-column tests, the specimens were subjected to eccentric axial loads in a pinned-

pinned end support system and loading was increased up to failure. All of the specimens failed due to global 

buckling and, as expected, the maximum sustained load and the flexural stiffness was smaller for the 

specimens with larger slenderness ratio or load eccentricity. The specimens showed an overall ductile 

behavior and no local buckling was seen in the failure modes.  

 

The interaction between the steel tubes and the sandwiched concrete can be explained in a few steps. At the 

initial stages of the axial loading, the lower Poisson’s ratio of concrete (of 0.2) compared to steel (with a 

ratio of 0.3) leads to its smaller lateral expansion compared to that of the outer tube.  Therefore, no 
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confinement pressure is applied to the concrete by the outside tube at that time. As the axial strain further 

increases, the longitudinal cracking of concrete leads to its increasing lateral expansion, gradually becoming 

greater than that of steel and a contact pressure force builds up between the surfaces of the two materials 

similarly to what occurs in a CFST column (Tao et al. 2004). 

 

The sandwiched concrete in CFDST columns limits local buckling of the steel, as the outer tube is only 

allowed to buckle outward and the inner tube can only buckle inward.  Note that this would be true only as 

long as the concrete layer is thick enough to provide enough rigidity to support the tubes. Based on 

experimental results, Tao et al. (2004) suggested keeping the void (hollow ratio) below the maximum limit 

of 0.8 for an adequate concrete layer thickness. 

 

Tao et al. (2004) also defined a theoretical parameter to describe the composite action between the outer 

steel tube and concrete. The parameter was called the confinement factor (𝜉), defined as:  

 

𝜉 =
𝐴𝑠𝑜 ∙ 𝑓𝑦𝑜

𝐴𝑐,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ∙ 𝑓′𝑐
 (2.3) 

 

in which 𝐴𝑠𝑜 is the cross-sectional area of the outer steel tube, 𝐴𝑐,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal cross-sectional 

area of the concrete core (equal to the hollow area inside the outer tube), 𝑓𝑦𝑜 is the yield strength of the 

outer tube, and 𝑓𝑐′ is the compressive strength of concrete. Comparison between the results of different 

specimens showed that an increase in the confinement factor led to both strength and ductility enhancements 

for the CFDST column.  

 

Uenaka et al. (2010) tested a total of 11 CFDST stub columns under axial loading. An additional CFST 

specimen was built for comparison. All of the CFDST columns had smaller weights (𝑊) compared to the 

reference CFST column (the 𝑊𝐶𝐹𝐷𝑆𝑇 𝑊𝐶𝐹𝑆𝑇⁄  ratio was ranging from 0.57 to 0.99). Results showed that the 

strength-to-weight ratio was improved significantly by replacing the central part of concrete in a CFST 

column with a hollow steel (inner) tube. 

 

In addition to the monotonic axial loading and bending tests mentioned above, CFDST columns have been 

also studied in a number of cyclic loading tests. Han et al. (2006) conducted a number of cyclic loading 

tests on both circular and square CFDST column with void ratios ranging from 0 to 0.77. A total of 28 

column specimens, including 16 circular and 12 square CFDSTs, were subjected to a constant axial and 

cyclically increasing flexural loading. The specimens were set up in pinned-pinned end conditions, in which 
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one of the ends was allowed to move in the axial direction (to apply the axial load) and a load stub was 

used to apply the cyclic lateral loading to a short portion at the mid-length of the columns.  

 

Typical failure mode of the CFDST columns subjected to cyclic bending included outward local buckling 

of the outer tube on each side of the rigid lateral loading stub, crushing of the sandwiched concrete and 

inward local buckling of the inner tube. Hysteretic lateral load versus lateral displacement curves showed 

a desirable energy dissipation capability for the CFDST columns. Fig. 2.3 shows the measured lateral force 

versus lateral displacement curve for one of the tested specimens (Han et al. 2006) 

 

Han et al. (2006) concluded that under a similar axial load level, the shape and changing trend of the 

hysteretic curves of the CFDST columns are similar to those of CFSTs, meaning that the void ratio did not 

negatively affect the behavior of the specimen. To better understand the effect of the void ratio on the 

ductility of CFDST columns, the envelope curves for lateral load versus lateral displacement results were 

plotted together for a hollow steel tube, a CFST column (𝜒 = 0) and three different CFDST columns (Han 

et al. 2006). Comparison between the mentioned cases (shown in Fig. 2.4) revealed that except for the case 

with a relatively large void ratio (𝜒 = 0.77), in which a less ductile behavior was reported, the differences 

in the ductility of CFDST columns with void ratios of 0.25 and 0.51 with that of the CFST column were 

marginal (the CFDSTs were slightly more ductile). 

 

 

Figure 2- 3 Typical lateral load vs lateral displacement results for a CFDST column subjected to 

combined axial and cyclic flexural loading  (Han et al. 2006) 
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Figure 2- 4 Envelope curves for the lateral load versus lateral displacement results from hollow  

steel tube, CFST and CFDST column subjected to cyclic bending (Han et al. 2006) 

 

Han et al. (2006) proposed a numerical model to predict the hysteretic curves of CFDST columns subjected 

to constant axial and cyclic flexural loading. The model predicted the curves based on different parameters 

including the axial load level, strengths and 𝐷/𝑡 ratios of the outer and inner tubes and the void (hollow) 

ratio. Fig. 2.3 shows the comparison between the predicted versus measured load-displacement hysteretic 

curves for one of the tested CFDST columns.  

 

2.2.3 Concrete Filled Double-Skin Tube (CFDST) Columns Subjected to Fire 

 

A CFDST column generally performs better than a traditional CFST when subjected to fire. This is mainly 

because the inner steel tube is thermally protected by the surrounding concrete and its temperature remains 

relatively lower for a longer time.  Lower temperature leads to less strength and stiffness degradation of the 

inner tube, thus making it capable of sustaining the applied axial load for a longer duration (Yang and Han 

2008). Compared to CFST columns, a limited number of studies have been dedicated to investigate the 

behavior of CFDST columns subjected to fire.  

 

Yang and Han (2008) used a theoretical model to assess the performance of CFDST columns subjected to 

the standard ISO-834 fire curve. The proposed model, which was previously developed and used for CFST 

columns (Han 2001), consisted of a temperature distribution analysis in the column cross-section followed 

by a process to estimate the load carrying capacity of the column. The temperature distribution analysis 
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was conducted using the finite element method. The authors studied the effects of the outer steel tube 

diameter and the void ratio on the temperature of the inner tube in CFDST columns subjected to the standard 

ISO-834 fire. Fig. 2.5 shows the plots of calculated temperature for the inner tubes of CFDST columns with 

varying outer steel tube diameter (Fig. 2.5a) and void ratio (Fig. 2.5b), while all of the other parameters are 

kept constant. 

  

Figure 2- 5 Effect of different parameters on the time-temperature curve of the inner tube in  

CFDST columns subjected to the standard ISO-834 curve: a) diameter of the outer steel tube 

 (𝑫𝒐) and b) void ratio (𝝓) (Yang and Han 2008) 

Note that the void ratio in this study is the same parameter as the one that was defined earlier in this section 

for CFDST columns (the only difference here is the use of ∅ instead of 𝜒 for the void ratio). Results in Fig. 

2.5 show that the temperature of the inner tube is significantly lower for CFDST columns with larger outer 

diameters and smaller void ratios. In both cases, if all of the other geometric parameters are kept constant, 

the section has a thicker concrete layer that better insulated the inner tube during the heating period. 

 

Knowing the temperature distribution results for a number of CFDST columns, Yang and Han (2008) 

calculated the columns’ axial load capacities by conducting stability analyses on the models using material 

properties modified for elevated temperatures. Using regression analysis, the authors suggested a strength 

index, referred to as 𝑘𝑠, for the axial load capacity of CFDST columns subjected to the standard ISO-834 

fire. The strength index, 𝑘𝑠, was defined as: 

 

𝑘𝑠 =
𝑁𝑢(𝑡)

𝑁𝑢
 (2.4) 
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in which 𝑁𝑢(𝑡) is the ultimate axial strength of the column at the fire duration time, 𝑡, and 𝑁𝑢 is the axial 

strength at room temperature. The 𝑘𝑠 index, which is calculated from a formula derived from regression 

analysis, is smaller for longer fire durations and depends on the outer diameter (𝐷𝑜), void ratio (= 𝐷𝑖/(𝐷𝑜 −

2𝑡𝑜)), column’s slenderness ratio, thickness of the outer tube (𝑡𝑜), and fire duration time (𝑡). Results from 

parametric analyses showed that the diameter of the outer tube, void ratio, and the slenderness ratio have 

significant effects on the fire resistance of CFDST columns.   

 

Lu et al. (2010) conducted standard fire tests on a total of 6 full size CFDST columns. The specimens were 

constructed using different combinations of circular and rectangular sections for the inner and outer steel 

tubes. Self-compacting concrete was used. Global buckling was observed as the final failure mode for all 

of the specimens. The “limiting temperature” value, 𝑇𝑐𝑟, was defined as the temperature of the outer steel 

tube when the specimen reaches failure under the axial load. Results showed that the CFDST columns had 

higher “limiting temperatures” than the unfilled and conventional concrete filled tubular columns. This 

showed the superior performance of CFDST columns compared to the CFST and hollow tubes.   

 

Lu et al. (2010) also argued that although a bit of composite action between the concrete and outer steel 

tube might have been lost because of the steel’s higher thermal expansion rate, lower temperatures of the 

inner tube kept it in composite action after the yielding of the outer tube. Looking into the effects of different 

parameters affecting the fire resistance of CFDST columns, it was found that the diameter of the outer tube 

and the void ratio (which affects the thickness of the concrete layer) were the most influential.  

 

In a more recent study, Lu et al. (2011) built finite element models to simulate a series of fire tests conducted 

on CFDST columns under axial loads. The models were used in a sequentially-coupled thermal stress 

analysis procedure, consisting of a heat transfer analysis, followed by a stress/deformation analysis. Note 

that a detailed description of the thermal stress analysis using the finite element method will be presented 

in Section 3. Using validated finite element models, a series of analyses were conducted to analyze the 

influence of different parameters on the fire resistance of CFDST columns. The selected parameters 

included the axial load level, capacities of the inner and outer tubes, use of fire protection material, effective 

length, the perimeter of the outer tube, and use of fiber reinforced concrete.  

 

The axial load level was defined as the ratio of the applied axial load to the axial capacity of the column at 

room temperature. Results from the study by Lu et al. (2011) showed that fire resistance of CFDST columns 

decreases significantly as the axial load level increases. This is due to the fact that a column with a higher 

axial load ratio is closer to reaching its capacity, which is reduced because of the degradation of material at 
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elevated temperatures. Results from additional analyses showed that for a set of assumed values for the 

effective column length and diameters of outer and inner tubes, the inner tube thickness was the most 

influential parameter on the fire resistance of the CFDST column. 

 

Apart from the separate seismic loading and fire conditions, CFDST columns have been also shown to 

perform well under other types of multi-hazard conditions. In a recent study, ductile concrete filled double-

skin tube (CFDST) columns have been investigated under both seismic and blast loadings and found to 

provide good performance under these two different loading conditions (Fouché and Bruneau 2010). Finite 

element models were developed to simulate the behavior of CFST columns under seismic and blast loading 

and validated based on the experimental results. The modeling techniques verified in the mentioned process 

were then used to study the behavior of CFDST columns under seismic and blast loads. These analyses 

confirmed the good behavior of CFDSTs under those two hazards.  

 

2.3 Summary  

 

According to the past studies reviewed above, the performance of CFDST columns has been assessed 

separately when subjected to: first, different types of monotonic and cyclic loads and second, standard 

ASTM E119 (or ISO-834) fire curve. Results showed good behavior for the CFDST columns under both 

(structural load and fire) conditions. Although these results suggest that CFDST column may be an effective 

solution providing good performance in fire following earthquake scenarios, no specific experimental or 

analytical study has assessed their performance in such situations. 

 

The research presented in the following sections expands on these previous studies by investigating the 

behavior of CFDSTs when exposed to fire following an earthquake.  More specifically, the behavior of 

such columns under fire is examined after being subjected to various levels of damage from simulated 

earthquake loading. In addition, to a limited degree, the effect of fire on the seismic capacity of structural 

column is also investigated. 
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FINITE ELEMENT MODELING OF CONCRETE FILLED DOUBLE SKIN 

STEEL TUBES 

 

3.1 Introduction 

 

This section presents the details of the finite element models used for simulating the behavior of double 

skin concrete filled steel tubes subjected to lateral cyclic and fire loading, and the calibration work (if 

needed) and rationale for selecting specific modeling approaches. The finite element software ABAQUS is 

used to build the numerical models, which are expected to be capable of simulating realistic conditions. 

Verification and validation of the models are accomplished in two steps.  

 

The first step presented in this section consists of developing the models and comparing the simulation 

results with data from past experiments. These models will be used to predict the results of the tests 

conducted in this study (described in Sections 4 to 5). The second step of the model validation will be done 

using the recorded data from experiments first presented in this report (Section 6).  As such, this second 

step will allow for assessing the validity of the numerical models built in this section using new data, and 

performing minor calibrations to the models if necessary. After the completion of this step, the models will 

be used for further numerical studies and parametric analyses. 

 

In this section, Section 3.2 focuses on developing a model to simulate the cyclic inelastic response of 

CFDSTs (relevant to the seismic-related part of this study) obtained by applying constant axial and cyclic 

lateral loads to the specimens. The modeling assumptions are chosen from different options available in 

ABAQUS in an attempt to get as realistic results as possible. Some of the parameters adopted here are 

suggested in the literature and have been shown to adequately reproduce experimental results. Simulations 

of the material behavior is mostly based on choosing one of the existing models that has been shown to 

work best for the problem at hand, and defined using parameters that are directly measured in the lab. Minor 

calibrations were planned to be done to increase the suitability of the models to this specific problem and 

get closer to the experimental results from this project. The results of the models built in section 3.2 are 

verified with past experimental studies in section 3.3.  

 

The next step focuses on the development of finite element models to simulate the behavior of CFDST 

specimens during a fire event. This simulation falls in the category of thermal-stress problems which can 
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be divided into heat transfer and stress/displacement parts. These two aspects will be discussed separately 

in section 3.4 in a way similar to the aforementioned approach for the cyclic loading model. Section 3.5 

presents the verification analyses for the whole thermal-stress model using experimental data from past 

studies. The main objective of this section is to build numerical models for both cyclic and fire tests that 

can provide overall acceptable results. Further discussions on enhancing the accuracy of the models in 

simulating the experimental works of this project are presented in Section 6. 

 

3.2 Finite Element Model for Simulation Cyclic Inelastic Flexural Response  

 

The specimens tested as part of this project are composite columns consisting of two coaxial steel tubes 

filled with plain concrete. The finite element model should be able to simulate the inelastic behavior of 

these two materials and their bond under combined axial and cyclic loads. The modeling process consists 

of several steps, starting from material modeling to interactions at the steel-concrete interface, to loads and 

boundary conditions discussed in detail in the following paragraphs. 

 

3.2.1 Steel Material 

 

A bilinear model is used for the steel material consisting of a linear elastic phase and a post-yield linear 

hardening phase with stiffness equal to 2-3% of the initial stiffness. Based on experience from similar 

analyses on CFST columns, this simple material model can provide reasonable results for monotonic 

loading. A von Mises yield surface is considered for this steel material. Various hardening rules are 

considered for modeling under cyclic inelastic loading (i.e. with reversals of tension and compression yield 

excursions).  

 

In addition to the elastic perfectly plastic model with no hardening, three hardening models are considered 

here, namely the isotropic, kinematic and two-surface models. The last one combines characteristics of both 

previous models to build two-surface yield criteria. Isotropic hardening models the yield surface as 

expanding with work hardening, neglecting movement of the center of the yield surface. While isotropic 

hardening material is easy to use, the loading surface expands uniformly and remains self-similar while the 

plastic deformation increases. Therefore, it cannot account for the Bauschinger effect exhibited by most 

structural materials. Considering that plastic deformation is an anisotropic process, it is predictable that the 

theory of isotropic hardening will not provide realistic results when complex loading paths with stress 

reversals are considered (Chen and Han 1988). 
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Kinematic hardening models shift the yield surface in the stress space such that straining in one direction 

reduces the yield stress in the opposite direction, simulating the Bauschinger effect and possible anisotropy 

induced by work hardening. The two-surface model, which is a combined isotropic/kinematic hardening 

model provides the flexibility to model both effects, which can be useful in some instances (e.g. to model 

phenomena such as ratcheting, relaxation of the mean stress, and cyclic hardening for materials subjected 

to cyclic loading). It is also possible to superpose several kinematic hardening models, when the range of 

changes in strain is significant to better model ratcheting effects.  

 

At this stage it was decided to leave the sophisticated two-surface model for the second step of model 

development and verification, which will be done to simulate the experiments conducted in this project. 

The first step of model development and verification is done by using the simple no hardening, isotropic 

hardening, and linear kinematic hardening for steel material and comparing the results with experimental 

data from past studies. These simple models have been shown to provide acceptable replications of 

experimental works in the past. Therefore, a number of analyses have been conducted trying to simulate a 

tested specimen’s behavior with these models; results and observations are presented in the following 

section.  

 

The library of most finite element programs (including ABAQUS which is used here), include many types 

of elements that can use the above material models. Obviously some type of stress/displacement elements 

should be selected here, because the problem is the simulation of a structure subjected to cyclic loading. 

Typically to model a 3D structural member, solid elements are used. These elements have different number 

of nodes with displacement degrees of freedom and can be defined by materials which are homogeneous 

(like is case with steel) or layered. However in the modeling of steel tubes, solid elements are not the only 

choice. Another class of elements referred to as shell elements should also be considered. Shell elements 

are used to model structures in which one dimension, the thickness, is significantly smaller than the other 

dimensions (Simulia 2012). Shell elements are appropriate for use with thin tubes (such as the specimens 

considered in this project, which have thickness of 3mm or less). Using conventional shell elements is 

convenient as the thickness is taken care of numerically (meaning not modeled by the element dimensions), 

which avoids problems that could arise when solid elements are used to model thin elements (problems that 

could include having a few integration points across thickness, and issues of improper aspect ratios in term 

of length-to-thickness ratio of the solid elements). 

 

Using solid elements has the benefit of better capturing deformations and contact surfaces, because these 

elements have real dimensions along the thickness of the tube. Also, solid elements provide better 
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visualizations in the ABAQUS outputs. However the problem of generating elements that are very thin in 

one dimension, mentioned above can occur in thin tubes such as those used in this study. Practically, in a 

thin tube, there will be only one solid element used along the thickness of the tube and it will produce aspect 

ratios that are considerably bigger than the common value of two, recommended for solid models. In some 

of the analyses considered below, the maximum aspect ratio of brick elements approximately reached a 

value of ten. To investigate which type of elements was best suited to the problem at hand, both shell and 

solid elements were used in attempts to replicate existing solutions for classical problems and cyclic test 

results of bare steel tubes tested by other researchers. The verification analyses and results are presented in 

section 3.3.2.  

 

3.2.2 Concrete Material 

 

Non-linear cyclic behavior of concrete is typically modeled using stress/displacement elements. Since the 

concrete elements does not have the problem of being thin in one direction, (as was discussed for the steel 

tube), 3D solid elements are the best choice for modeling. The solid (or continuum) elements in ABAQUS 

can be used for linear analysis and for complex nonlinear analyses involving contact, plasticity, and large 

deformations (Simulia 2012). Solid elements include the types with first-order and second order 

interpolation functions, referred to as 8-node and 20-node elements, respectively. According to the 

ABAQUS analysis user’s manual, the 20-node element is very effective in bending-dominated problems 

and can model a curved surface with fewer elements. On the other hand, using 20-node solid elements 

appears to be considerably expensive in terms of the needed computational time. In order to get as close as 

possible to a model that would be both sufficiently accurate and efficient, the 8-node linear 3D solid element 

with reduced integration was selected for the modeling of concrete part, considering that the models will 

go through mesh refinement stages to get to the desired accuracy level. This element type is referred to as 

C3D8R in the ABAQUS element library. It should be mentioned that reduced integration uses a lower-

order integration to form the element stiffness. Therefore, it reduces the running time and avoids the shear 

locking problem. Note that proper hourglass control techniques must be used for the C3D8R elements to 

avoid singularities in the stiffness matrix (SIMULIA 2012). 

 

Having selected the element type, the material model needs to be defined for concrete. The Concrete 

Damaged Plasticity model implemented in ABAQUS is based on developments by Lubliner et al. (1989) 

and by Lee and Fenves (1998) and is able to model the following properties: 
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 Different yield strengths in tension and compression, with the initial yield stress in compression 

being a factor of 10 or higher than the initial yield stress in tension; 

 Softening stiffness and strength in tension; 

 Initial hardening followed by softening stiffness and strength in compression; 

 Different degradation of the elastic stiffness in tension and compression upon unloading; 

 Stiffness recovery at load reversals to consider the effects of closed cracks, and; 

 Rate sensitivity, especially peak strength as a function of strain rate. 

 

The Concrete Damaged Plasticity model expresses behavior in terms of effective stress and hardening 

variables, such that: 

𝜎 = (1 − 𝑑)𝐷0
𝑒𝑙: (𝜀 − 𝜀𝑝𝑙) = 𝐷𝑒𝑙: (𝜀 − 𝜀𝑝𝑙) (3.1) 

�̅� = 𝐷0
𝑒𝑙: (𝜀 − 𝜀𝑝𝑙) ∈ {�̅�|𝐹(�̅�, 𝜀̃𝑝𝑙) ≤ 0} (3.2) 

𝜀̃𝑝𝑙 = ℎ(�̅�, 𝜀̃𝑝𝑙). 𝜀̇𝑝𝑙 (3.3) 

𝜀̇𝑝𝑙 = �̇�
𝜕𝐺(�̅�)

𝜕�̅�
 (3.4) 

 

where 𝜎 is the Cauchy stress, �̅� is the effective stress, 𝐷0𝑒𝑙 is the initial undamaged elastic stiffness, d is a 

scalar stiffness degradation variable, (which can vary between zero for undamaged material to one for fully 

damaged material),  and pl are total strain and plastic strain, (�̅�, 𝜀̃𝑝𝑙) ≤ 0 is the yield function, 𝜀̃𝑝𝑙 is the 

hardening variable which is also referred to as the equivalent plastic strain, h defines the evolution of 

hardening variables, and G is a flow potential which governs the plastic flow.  

 

Figures 3.1a, 3.1b, and 3.2 show the uniaxial behavior of concrete in this model while subjected to tension, 

compression and cyclic loads respectively. The stiffness degradation upon unloading and stiffness recovery 

at load reversals can be seen in the figures. Parameters dc and dt account for stiffness degradation upon 

unloading. When concrete undergoes plastic strains in tension and compression, it typically loses a portion 

of its initial stiffness in the unloading phase, which can be modeled by the stiffness degradation parameters 

(using values of dt and dc less that 1), as shown in Fig. 3.1. At end of the unloading process, when the 

loading starts in the reverse direction, it is sometimes possible to recover the lost stiffness when the cracks 

that have opened in tension start to close and resist load again under compression, leading to stiffness 

recovery (modeled using wc as shown in Fig. 3.2). This process cannot happen when going from 

compression to tension (wt=0). Additional details about the formulation of this constitutive model can be 

found in ABAQUS theory manual (SIMULIA 2012). The Concrete Damaged Plasticity model uses a yield 
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condition based on the yield function proposed by Lubliner et al. (1989) and incorporates the modifications 

proposed by Lee and Fenves (1998) to account for different evolution of strength under tension and 

compression. Fig. 3.3 show the model’s yield surface in plane stress conditions. 

 

 

 

Figure 3- 1 Uniaxial behavior of Concrete Damaged Plasticity model  (a) in tension, 

 (b) in compression from ABAQUS theory manual (SIMULIA 2012) 

 

 

Figure 3- 2 Uniaxial load cycle (tension-compression-tension) for Concrete Damaged Plasticity 

 model from ABAQUS theory manual (SIMULIA 2012) 

 

One important issue, according to the ABAQUS theory manual, is that, simulating the behavior of concrete 

subjected to extreme confinement pressures is beyond the validated range of the Damaged Plasticity model. 

Therefore it is important to have an estimation of the confinement pressure applied to the concrete in 

different problems before using this model. According to the manual if the pressure is above 4 to 5 times 

the ultimate compressive strength under uniaxial direction, the model is unlikely to give reasonable results. 
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This issue will be checked for the specimens considered in this project in the pre-test verifications of the 

model in section 3.3. 

 

Figure 3- 3 Yield surface for Concrete Damaged Plasticity model in plane stress conditions from 

ABAQUS theory manual (SIMULIA 2012) 

 

3.2.3 Steel-Concrete Interface 

 

Contact between steel and concrete must be modeled in concrete filled steel tubes, as well as in double skin 

concrete filled tubes. The models used for this purpose must be able to account for the forces to be 

transferred at the interface when these surfaces are in contact, while allowing the two materials to separate 

from each other if needed. Two situations are possible for these surfaces through the whole loading process, 

including the times that they are actually in contact and times they are separated from each other because 

of the deformations of the tubes and concrete core.  

 

Typically, this contact interface is modeled by generating a surface based interaction in the finite element 

program, (which is ABAQUS in this study), with two sets of properties for the normal and tangent 

directions. In the direction normal to the contact surfaces, the contact elements are able to transfer pressure 

when the surfaces are in contact with each other, and allow them to separate without any pressure between 

the two materials. This can be achieved simply by defining a hard contact property for the normal direction 

in ABAQUS. In the tangent direction, coulomb friction is used to model the tangent forces transferred in 

the interface when there is a normal pressure between the two surfaces; these are shear forces developed in 

the tangent direction, corresponding to the normal pressure multiplied by a friction coefficient. This was 

defined in ABAQUS by creating a tangential behavior property for the interaction with a penalty friction 

formulation. In this stage the only parameter needed to complete the interaction model is the friction 

coefficient. According to a study by Baltay and Gjelsvik (1990), the coefficient of friction between steel 
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and concrete can be between 0.2 and 0.6.  In past studies, a friction coefficient value of 0.20-0.3 has been 

typically used, showing acceptable results compared to experiments (Johansson and Gylltoft 2001; Espinos 

et al. 2010). Friction coefficient of 0.2 is accepted to be used in the finite element models of this project.  

 

3.3 Pre-test Verification for Cyclic Lateral Loading 

 

This section first examines different options for finite element models to determine which modeling 

alternatives best represent past analytical and experimental studies. Next, the selected modeling options are 

combined with the material and interface models discussed in the previous section to build a complete finite 

element model of a CFDST column.  Finally, the adequacy of this model to replicate the experimentally 

observed behavior of specimens subjected to cyclic lateral loading is verified. 

 

3.3.1 Hardening Model for Steel Material  

 

To investigate the effectiveness of different strain hardening models in capturing the cyclic behavior of 

interest here, past experiments of a bare steel tube subjected to cyclic lateral loading are replicated in 

ABAQUS using the three aforementioned hardening options, namely the elastic perfectly plastic with no 

hardening, linear isotropic hardening and linear kinematic hardening.  

 

Fig. 3.4 shows the results from the experimental study by Goto et al. (1998) (shown with dashed line in 

Fig. 3.4a), and the results from numerical simulations done here (Fig. 3.4b). The peak value of H/Hy 

(normalized lateral load) is about 1.3-1.4 for the experimental results, where H is the lateral load and Hy is 

the yield lateral load. Comparing with the results from finite element analyses, the model with elastic-

perfectly plastic (no hardening), and the model with linear kinematic hardening show a similar peak H/Hy 

value of 1.4, but the case with isotropic hardening shows a peak value of 1.5. Another observation is that 

the peak negative values of lateral load occur at negative displacements for the experimental results similar 

to the models with no hardening and linear kinematic hardening. The model with isotropic hardening, 

however, has its negative peak lateral load at a positive displacement. Note that the models with no 

hardening and linear kinematic hardening better replicate the experimental results, and between these two, 

kinematic hardening provides the better overall match, as shown in Fig. 3.4.  

 

Numerical simulations by Goto et al. also suggested that apart from their proposed sophisticated three-

surface hardening model which provided satisfactory results, the kinematic hardening model may be used 
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as an acceptable alternative for practical purposes. Therefore, the linear kinematic hardening model for steel 

was selected at this stage to be used in the finite element analyses in this project. 

 

 

 

Figure 3- 4 Lateral load vs lateral displacement hysteresis curve for bare steel tube 

 (a) Experimental and analytical results (Goto et al. 1998) (Dashed line shows experimental results) 

(b) Finite element analysis results for different hardening models 

 

3.3.2 Element Type for the Steel Tube 

 

The selection of elements to model the steel tube was evaluated by two examples including a classical 

problem with an analytical solution and a specimen from past experimental studies by McCormick et al. 

(2010). Both of these examples have thin cylindrical steel sections that are subject to bending. This is similar 

to the conditions of the steel tubes used in the CFDST columns. Finite element analyses were conducted 

for these examples using both the shell and solid elements. The shell element types selected for the analyses 

included the 4-node general purpose, 8-node thin, and 8-node thick shell elements. As for solid elements, 

the 8-node linear and 20-node quadratic types were selected. These elements were checked with and without 

reduced integration formulation. Detailed discussion of the results for these analyses to select the best 

element type to capture the inelastic cyclic behavior of a steel tube, is presented in appendix A. Fig. 3.5 

shows a few examples of the results of these analyses, including the moment-rotation results from 

experiments by McCormick et al. (2010) and the numerical results obtained using different shell and solid 
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elements in the finite element models developed here. Mesh refinement was peformed separately to reach 

the best results for each particular element type.  

 
  

  

Figure 3- 5 Moment-rotation results for cyclic tests of steel tubes: (a) Test results by McCormick et 

al. (2010), (b) model with C3D8R solid elements, (c) model with C3D20R solid elements (d) model  

with S4R shell elements 

 

In Fig. 3.5, C3D8R refers to the 8-node 3D solid element, C3D20R refers to 20-node 3D solid element and 

S4R refers to the 4-node shell element. All of these element types use the reduced integration formulation, 

which is identified by the letter “R” in their code name. Fig. 3.5 shows that all of the element types were 

able to provide relatively accurate results after mesh refinement. Note that the 20-node solid element 

provided acceptable results using a relatively coarser mesh compared to the 8-node solid and 4-node shell 

elements. However, the 20-node solid (and similarly 8-node shell) elements use quadratic equations and 
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are computationally more expensive to be used in complex structures compared to the 8-node solid and 4-

node shell elements.  

 

Comparing the summarized results shown in Fig. 3.5 (discussed in detail in Appendix A), it was inferred 

that both the 4-node shell (S4R) and 8-node solid (CD38R) elements were able to provide acceptable results 

if used with suitable mesh pattern for the specific problem. Note that this is contingent on identifying the 

parts of the structural members that will be subject to local buckling and large inelastic deformations and 

using a finer mesh pattern at those areas (solid elements need to be finer than shell elements at the locally 

buckling areas). Inability to capture these excessive deformations, stress concentrations and local 

instabilities will negatively impact the results. Therefore, the 4-node shell element with reduced integration 

(S4R) was selected as the first choice for the modeling of the steel tube in the following parts of this study, 

because, compared to the solid element, it needed less mesh refinements at the locally buckling areas. Note 

that the 8-node solid elements were also used in a number occasions, where there was a possibility of 

improvement in the simulation results and also for comparative purposes. 

 

3.3.3 Modification of Concrete Damaged Plasticity Model to Include the Confinement 

Effects 

 

Although it is expected that the confinement pressure applied to concrete in the specimens of this project 

will be low enough to keep the results from the Concrete Damaged Plasticity model valid, it will still have 

some effects on the material’s behavior that can be considered in the analyses by a few modifications. Many 

researcher (Mander et al. 1988; Usami et al. 2001; Sakino et al. 2004) have shown that concrete confined 

by a circular steel tube can exhibit increased strength and ductility as illustrated in Fig. 3.6. 

 

These effects can be considered in the Damaged Plasticity model by modifying the stress-strain expression 

(𝑓𝑐 − 𝜀) of concrete in uniaxial compression defined by Popovics (1973) and later modified by Mander et 

al. (1988), to become: 

 

𝑓𝑐 = 𝑓′𝑐𝑐
𝑥𝑟

𝑟 − 1 + 𝑥𝑟
 (3.5) 

𝑥 =
ℰ

ℇ𝑐𝑐
 (3.6) 

𝑟 =
𝐸𝑐

(𝐸𝑐 − 𝑓
′
𝑐𝑐 ℇ𝑐𝑐⁄ )

 (3.7) 
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ℇ𝑐𝑐 = ℇ𝑐 [1 + 5(
𝑓′
𝑐𝑐

𝑓′𝑐
− 1)] ,  𝑓′𝑐𝑐 = 𝑓′𝑐 +𝑚𝑓𝑟𝑝 (3.8) 

 

 

Figure 3- 6 Strain curves for unconfined and confined concrete enclosed in steel tube 

(Usami et al. 2001) 

 

where 𝑓′𝑐 and ℇ𝑐 are the maximum strength and corresponding strain value for unconfined concrete, 𝑓′𝑐𝑐 

and ℇ𝑐𝑐 refer to the same parameters for confined concrete, and Ec stands for the modulus of elasticity of 

concrete. 𝑓𝑟𝑝 is the maximum radial pressure on concrete and m is an empirical coefficient (in the range of 

4-6). It should be mentioned that this expression works for the whole uniaxial curve (before and after peak), 

but it is also common to model the post-peak behavior as a linear descending branch, starting from the peak 

point and ending at the point with the coordinates (𝜀𝑐𝑢, 𝛼𝑓′𝑐𝑐), after which the material is taken to have a 

constant stress 𝛼𝑓′𝑐𝑐 referred to as the residual stress.  

 

Since it is difficult to come up with a mathematical expression for the parameter 𝜀𝑐𝑢, it is considered here 

as having a constant value of 0.025 in all cases, which can be considered acceptable based on the analyses 

done by Usami et al. Themultiplier is determined by calculating the softening slope (Z), from the peak 

point; for concrete confined having circular sections, and Usami et al. have proposed the following 

equations to calculate Z, based on calibration with experimental data: 
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𝑍 =

{
 
 
 
 

 
 
 
 

0       𝑓𝑜𝑟 𝑅𝑡(𝑓
′
𝑐
𝑓𝑦⁄  ) ≤ 0.006

1.0 × 105𝑅𝑡
𝑓′𝑐
𝑓𝑦
− 600      𝑓𝑜𝑟 𝑅𝑡(𝑓

′
𝑐
𝑓𝑦⁄  ) ≥ 0.006 𝑎𝑛𝑑 𝑓𝑦 ≤ 283 𝑀𝑃𝑎

1.0 × 105𝑅𝑡
𝑓′𝑐
𝑓𝑦
− 6000    𝑓𝑜𝑟 𝑅𝑡(𝑓

′
𝑐
𝑓𝑦⁄  ) ≥ 0.006 𝑎𝑛𝑑 𝑓𝑦 ≥ 283 𝑀𝑃𝑎

(
𝑓𝑦

283
)

13.4

[1.0 × 105𝑅𝑡
𝑓′𝑐
𝑓𝑦
− 600]      𝑓𝑜𝑟 𝑅𝑡(𝑓

′
𝑐
𝑓𝑦⁄  ) ≥ 0.006 𝑎𝑛𝑑 283 𝑀𝑃𝑎 ≤ 𝑓𝑦 ≤ 336 𝑀𝑃𝑎 

 
(3.

9) 

 

where 𝑓𝑦 is the yield stress of steel, and 𝑅𝑡 is the radius to thickness ratio parameter defined by: 

 

𝑅𝑡 = √3(1 − 𝑣
2)
𝑓𝑦

𝐸𝑠

𝐷

2𝑡
 (3.10) 

in which D and t are the outer steel tube’s diameter and thickness respectively. After calculation 

of Z, the parameter, α, is given by: 

 

𝛼 = 1 −
𝑍(𝜀𝑐𝑢 − 𝜀𝑐𝑐)

𝑓𝑐𝑐
′  (3.11) 

 

It should be mentioned that Usami et al. recommend the use of a reduction factor of 0.85 for the 

strength of unconfined concrete, similar to what is used in design specifications of ACI 318. Now 

the next step is to implement these confinement effects in ABAQUS’s Concrete Damaged 

Plasticity model. Based on experience it is known that ABAQUS can capture the increase in the 

compressive strength due to confinement but is incapable of capturing the added ductility. 

Therefore, instead of using a modified stress-strain relationship like Usami et al.’s model, a new 

relationship must be defined which has the added ductility without the added strength. This is 

possible by making minor modifications to the model proposed by Usami et al. A scale factor can 

be applied to Usami’s confined concrete stress-strain relationship to get back to the compressive 

strength of the unconfined concrete, or a plateau can be added to the stress-strain curve of 

unconfined concrete.  

 

3.3.4 Verification of Modeling Assumptions for Cyclic Lateral  Loading 

 

A CFDST previously tested by Han et al. (2006) was selected for verification of the model that was 

developed based on the modeling assumptions discussed in the previous sections. Han et al. (2006) studied 
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different double skin concrete filled steel sections with circular and rectangular shapes subjected to axial 

load and cyclic bending. The specimen labeled cc-23 was selected here because of its similarities with this 

project’s specimens.  

 

The 1500mm long column was built with outer and inner circular steel tubes with diameters of 114mm and 

32mm, respectively.  Both of the tubes were 3mm thick. The outer and inner tubes were made of steel 

materials with different yield strength values, which were reported equal to 308MPa and 422.3 MPa, 

respectively. A constant axial load of 306KN was applied to the specimen, which was equal to 43% of the 

ultimate axial strength of the column. The ultimate lateral strength of the specimen, Puc, was calculated by 

the authors to be equal to 38.8KN.m based on the assumption of fully plastic section (Han et al. 2006). 

 

Fig. 3.7 shows the experimental setup used by Han et al. to test this specimen. The column was placed in a 

horizontal position, and its end plates were attached to clevises that could rotate in plane simulating pin-pin 

boundary conditions. The axial load and the cyclic lateral loads were applied using two hydraulic rams as 

shown in Fig. 3.7. Cyclic load was applied in a displacement-controlled mode, while the axial load was 

applied in a force-controlled manner. Fig. 3.8 shows the section of the cc-23 specimen including the inner 

and outer steel tubes and the infill concrete. Han et al. assumed the modulus of elasticity of steel to be 

200,000 MPa and the concrete compression strength was measured to be about 40 MPa for the specimens.  

 

 

Figure 3- 7 Schematic View of Test Setup (Han et al. 2006) 
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Figure 3- 8 Circular Section of cc-23 Specimen 

 

The FEM model was built according to the assumptions and techniques explained in the previous sections. 

Both of the steel tubes were modeled using 4-node shell elements (S4R) and the concrete core was meshed 

using the 8-node solid elements (C3D8R). To reduce computation time, the model was meshed with a non-

uniform mesh size, with finer meshing in the regions with expected inelastic response. For specimen cc-23, 

it is known from the experiments that these regions are the stub ends at the center, where, yielding and local 

buckling developed. Fig. 3.9 shows the meshed model. 

 

 

Figure 3- 9 Meshed Model of cc-23 Specimen 

 

Steel plates at both ends of the specimen were used to apply the loads and boundary conditions to the 

columns. The boundary conditions applied to the model are pinned-pinned at both ends while one end is 
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allowed to have axial displacement as in the test setup. Axial load was applied as a constant pressure on the 

end plate and the lateral load was directly applied to the stub, which was modeled to act nearly rigid. This 

rigidity can be simulated by a relatively high modulus of elasticity for the stub’s steel material, compared 

to the other parts of the model. Lateral load was defined by a displacement history based on the ATC-24 

guidelines for cyclic testing of structural steel components. The secant stiffness of the specimen when the 

lateral load reached the value of 0.7Puc for the first time was used to determine the yield level lateral 

displacement (Δ𝑦 =
0.7𝑃𝑢𝑐

𝐾𝑠𝑒𝑐
). Puc is the theoretical ultimate lateral strength of the specimen calculated based 

on the assumption of fully plastic section. 

 

Steel and concrete were modeled using the material properties mentioned in Han et al. For steel, a simple 

bilinear model with linear kinematic hardening was implemented. Strain hardening rate was selected to be 

equal to 3% of the initial elastic stiffness of the steel material. Concrete was modeled using the Damaged 

Plasticity model. Figures 3.10 and 3.11 show the stress-strain relationships used for concrete and steel in 

the finite element model.  

 

  

Figure 3- 10 Stress-strain relationships used in Concrete Damaged Plasticity model: 

 (a) confined concrete in compression, and (b) concrete in tension 

 

Fig. 3.10a shows three stress-strain relationships for concrete material in compression (i.e. curve for 

unconfined condition, Usami’s confined model, and the modified confined model). The modified model 

for confined concrete (used in this study) has the ductility enhancement caused by the confinement and not 

the strength enhancement, since the latter is accounted for in the analysis by ABAQUS. For the behavior 

of concrete in tension (shown in Fig. 3.10b), the tensile strength of concrete, ft, was assumed equal to 10% 

of the compressive strength, with an elastic modulus equal to one used for compression (4700 √𝑓′𝑐(𝑀𝑃𝑎)). 
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The post-peak behavior was modeled with a linear descending branch, which continues up to two times the 

cracking strain (the strain at the end of the elastic part) and maintains a residual strength of 0.1ft. Note that 

the strain value at the end of the descending branch (two times the cracking strain) was chosen 

conservatively. The residual tensile strength does not have any physical significance and was selected to be 

slightly above zero to facilitate the computational process. 

 

  

Figure 3- 11 Stress-strain relationships used for the steel material model with linear kinematic  

hardening: (a) outer steel tube, and (b) inner steel tube 

 

Damage parameters needed for the Damaged Plasticity model were calculated based on the stress-strain 

curves given in Fig. 3.10 for compression and tension sides. Considering the strain corresponding to the 

maximum stress in compressive and tensile uniaxial stress-strain curves to be referred to as 𝜀𝑓𝑐′ and 𝜀𝑓𝑡 , 

damage parameters for compression and tension (dc and dt) for a given strain value, 𝜀, were assumed to be 

equal to zero if 𝜀 ≤ 𝜀𝑓𝑐 ′  𝑜𝑟 𝑓𝑡 . For values of 𝜀 > 𝜀 𝑓𝑐′ 𝑜𝑟 𝑓𝑡 , the damage parameters were calculated as 𝑑𝑐 =

1 −
𝜎𝜀
𝑓𝑐
′⁄  and 𝑑𝑡 = 1 −

𝜎𝜀
𝑓𝑡
⁄ , where 𝜎𝜀  is the value of stress corresponding to the strain, 𝜀 , in the 

compressive or tensile uniaxial stress-strain curve. 

 

As mentioned in section 3.2.2, the Concrete Damaged Plasticity model may not capture the behavior of 

concrete material correctly at high confinement pressures. Maximum confinement pressure equal to 4 to 5 

times the uniaxial compressive strength is recommended in the ABAQUS theory manual to be the limit for 

reliable performance of the Concrete Damaged Plasticity model. To approximately check this condition for 

the specimen considered in this verification example, the confinement pressure can be calculated based on 

the free body diagram shown in Fig. 3.12.  
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Figure 3- 12 Free body diagram of the steel tube section used for confinement (Usami et al. 2001) 

 

In Fig. 3.12, fr is the radial pressure (confinement pressure), and frs refers to the hoop stress in steel tube. 

The maximum possible hoop stress happens at the yield stress of steel material, fy. Based on the formula 

shown in Fig. 3.12, for a steel tube with yield stress of 308MPa, diameter of 114mm, and thickness of 3mm, 

maximum confinement pressure equals 17.11MPa. This pressure is about 40% of the maximum uniaxial 

compressive strength of the concrete. This is below the maximum limit by a large margin, and it is 

calculated for the yield limit of the steel tube. The confinement pressure will be in lower levels most of the 

time during the cyclic loading and the validity issues of the Concrete Damaged Plasticity model due to high 

confinement pressures can be neglected here. 

 

The interaction at the steel-concrete interface was modeled using the assumptions and modeling techniques 

presented in section 3.2.3. A surface based interaction was defined with hard contact properties in the 

normal direction allowing the separation of the surfaces. In the tangent direction, a coulomb friction model 

was used, with a coefficient of friction equal to 0.2 that produces shear resistance in the presence of normal 

pressure. The top and bottom plates were tied to the steel tubes and just a hard contact interaction was 

defined for the interface between the steel plates and concrete. To replicate the test by Han et al., two 

analyses were conducted here on the model. First, a monotonic lateral loading analysis was conducted to 

determine the yield level lateral displacement of the model. The lateral yield displacement was used to 

create the displacement history for the cyclic loading based on the ATC-24 specifications for cyclic tests 

of metals. Next, the analysis with the cyclic lateral load was conducted in a displacement controlled mode. 

According to ATC-24 the applied displacement was defined with cycles that follow an increasing pattern. 

The applied displacement history is shown in Fig. 3.13. 
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Figure 3- 13 Applied cyclic displacement pattern 

 

Figures 3.14a and 3.14b show the lateral load versus displacement hysteresis curves for the cc-23 specimen 

from experimental data (Han et al. 2006) and analysis results (conducted in this study), respectively. Note 

that Fig. 3.14a also shows the results of the numerical analysis conducted by Han et al. in the same 

reference. The graphs in Fig. 3.14b indicate that the finite element model has replicated the experimental 

results with sufficient accuracy. The model captured the stiffness and strength of the specimen going 

through increasing amplitudes of cyclic displacements. The two curves plotted in Fig. 14b are from two 

similar finite element models with different mesh sizes, which were analyzed to check the mesh-sensitivity 

of the results. Results showed only a marginal difference, thus approving the proper choice of the mesh 

size.  

 

 

 

Figure 3- 14 Cyclic load versus lateral displacement for cc-23 specimen: a) ABAQUS analysis 

results for models with different mesh sizes, (b) Experimental results (Han et al. 2006) 

 

Note that the initial mesh size was selected after conducting a few number of analyses to reach a close 

replication of the experimental results. Upon reaching an acceptable numerical result, the mesh size was 

refined one step further for sensitivity checks. Results presented above complete the pre-test verification of 
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the modeling assumptions and material types chosen for the numerical simulation of the cyclic testing of 

CFDST columns. Further investigation of the finite element model was left for the post-test validation 

process, presented in Section 6, using the experimental results from the tests conducted and in this study 

(presented in Sections 4 and 5). 

 

3.4 Finite Element Model for Simulating the Effect of Fire on a Steel-concrete 

Composite Member 

 

3.4.1 Introduction to Thermal-Stress Problems 

 

The effect of fire on a structural member can be simulated by conducting finite element analysis of that 

member subjected to a thermal load. This kind of thermal-stress problem includes both thermal and 

structural aspects, taking into account changes in temperature, thermal expansion, heat transfer, 

stress/deformation, and issues related to the simultaneous application of thermal and structural loads. An 

important issue to capture is the interaction between thermal and structural loads.  

 

Applying thermal loads to a structure leads to changes (over time) in the distribution of temperatures within 

the structure itself. Increasing temperature will cause stresses and deformations in the structure due to 

thermal expansion of the material. Additionally, most materials have thermal and mechanical properties 

that are dependent on temperatures. Therefore, when temperature changes, the material will behave 

differently and more complicated models are necessary to capture these effects. 

 

Considering the issues mentioned above, a complete thermal stress analysis can be performed in two 

different ways. The first approach is to perform a fully coupled thermal stress analysis in which the 

stress/displacement and temperature fields are solved simultaneously. The second approach is to perform a 

sequentially coupled thermal stress analysis in which the stress/displacement field is dependent on the 

temperature field but the inverse dependency is not considered. Although the first approach is more realistic, 

it is computationally intensive. Previous studies have shown that the second approach can give reasonably 

acceptable results (Hong and Varma 2009; Espinos et al. 2010). 

 

To further examine the interaction between thermal and structural loading, an example is studied here. A 

double skin concrete filled column with a constant axial load is subjected to a standard fire to create an 

example of thermal stress problems. Time plays an important role in this scenario because as the column 

heats continuously and reaches higher temperatures, degradation occurs in materials properties (for both 
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steel and concrete), until the point when the column is no longer able to resist its axial load, leading to its 

failure. 

 

The fully coupled thermal stress analysis captures the two-way dependency of the temperature field and 

stress/deformation field. The dependency of the stress/deformation field on the temperature field was 

discussed above and is a general aspect of any thermal-stress problem. This dependency in the reverse 

direction should be studied specifically for the structural members that are examined in this project.  

 

One of the parameters that affect the heat transfer mechanism in the CFT columns is the rate of heat 

conductance from the steel tube to the concrete core. While the column is subjected to thermal and structural 

loads, the steel tube and the concrete core can be in contact or separated because of the relative 

displacements and expansion of the material. When they are separated, heat has to transfer through that gap 

mainly by radiation and convection mechanisms. This transfer happens at a lower rate compared to the 

situation in which the two materials are in contact. The varying rate of conductance between the steel tube 

and concrete core is referred to as the “gap conductance” and is the source of dependency of the temperature 

field on the stress/deformation filed.  

 

The main reason for the changes in the gap conductance value is the changes in the void size at the location 

of the separation. Therefore, the heat transfer between the steel and concrete will occur at a different rate, 

affecting the results of the temperature field.  Considering this situation, a fully coupled approach will 

provide better results, but this added complexity may not be necessary in the current context, because if the 

changes in gap conductance value are considered, a sophisticated and reliable equation relating the gap 

conductance to the clearance between the steel and concrete surfaces should be provided. Even though there 

are some models in the literature defining a linear or nonlinear relation for gap conductance as a function 

of clearance, the fact remains that, by using any of these models, a new source of uncertainty will be added 

to the problem, making the situation more complicated without necessarily improving the accuracy of the 

results.  

 

Moreover, the dependence of temperature field on stress/deformation solution that controls the gap 

conductance is not strong in this case, as has been shown by results from previous experimental and 

analytical studies (Hong and Varma 2009; Espinos et al. 2010). Finally, although a lesser concern, the 

computational time required for analysis is also a factor. Performing a fully coupled thermal stress analysis 

for a complicated model takes a relatively longer time because the thermal and structural equations must 

be solved simultaneously. This makes the sequentially coupled analysis approach preferable. 
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For all of the above reasons, the current research project only considers the one-way dependency of 

stress/deformation solution to the temperature field and neglects the reverse dependency. It is noteworthy 

that past studies, in which finite element simulations of CFDSTs or CFSTs under fire were conducted, did 

not used fully coupled analyses.  In this regard, Hong and Varma (2009) reported extensive convergence 

problems of the fully coupled method for the finite element simulation of CFST columns under fire, but 

showed that the sequentially coupled method produced results that matched the experimental data. To 

account for gap conductance, a constant average value will be used to compensate for the changes due to 

different clearance values through the real test. This procedure has been used and shown to be acceptable 

by other researchers in the past (Hong and Varma 2009; Espinos et al. 2010). 

In this section, the modeling procedure for the problem at hand is done in two parts, i.e. using the 

sequentially coupled analysis.  The first part is dedicated to the heat transfer analysis while neglecting the 

stress/deformation field. Section 3.4.2 starts with a summary of the background theory of heat transfer 

analysis and a brief survey of thermal properties of materials and different models available (as 

implemented in ABAQUS), followed by a description of modeling of the specimen with thermal material 

properties and definition of the thermal loads and boundary conditions. Results of this analysis are the 

history of nodal temperature values for the whole specimen through the thermal loading time.  

 

The second part of Section 3.4.2 starts with a brief survey of how some structural material properties vary 

with temperature. Different material models exist in the literature and the ones best suited to the problem 

at hand were selected to determine the model’s structural properties. Results from this phase include the 

stress/deformation solution during the burning time and the fire resisting time for the specimen.  

 

Most of the modeling assumptions made here are based on previous numerical studies that have been shown 

to provide reasonably accurate simulations of experiments. These assumptions will be verified by 

comparing the results of a selected example thermal-stress problem modeled here to replicate past 

experimental results. It is understood that analyses conducted after the experiments will also be done, to 

verify and possibly correct these modeling assumptions.  Incidentally, the experiments may also provide 

information on some modeling parameters that have not been extensively studied in the past; hopefully, at 

some points through calibration, finite element analyses may be able to closely replicate the experimental 

results.  
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3.4.2 Developing the Finite Element Model for Heat Transfer Analysis  

 

3.4.2.1 Theory of Heat Transfer Analysis  

 

The uncoupled heat transfer analysis in ABAQUS is capable of modeling the heat conduction in solid 

bodies with a general material conductivity coefficient that can change as a function of temperature. The 

effects of internal energy can be considered in the formulations through the use of specific heat and latent 

heat terms. Different types of thermal loads and boundary conditions, including general convection and 

radiation, can be defined for the model. A summary of formulations used in ABAQUS, including the basic 

energy balance, constitutive model, boundary conditions, finite element discretization, and time integration 

is presented in the following paragraphs. Some of the important elements of heat transfer analysis theory 

are presented here. 

 

3.4.2.1.1 Energy Balance 

 

The basic energy balance equation is based on the works of Green and Naghdi (1965): 

 

∫ 𝜌�̇�
𝑉

𝑑𝑉∫ 𝑞𝑑𝑆 + ∫ 𝑟𝑑𝑉
𝑉𝑆

 (3.12) 

 

In this equation, V is the volume of the solid material, S is the area of the surface defining the boundary of 

the volume, ρ is the material density, U is the rate of material’s internal energy with respect to time, q is 

the heat flux per unit area of the body flowing into it, and r is the heat per unit volume supplied to the body. 

Considering the analogy between this equation and a typical stress formulation for a 3D body, q can be 

considered as surface pressure/traction while r is similar to body forces (e.g. inertial forces). Eq. 3.12 

considers that U is only a function of θ (temperature), which means that the thermal and mechanical parts 

are uncoupled. Also, q and r do not depend on the strains/displacements of the body. The formulation is 

done in a Lagrangian framework, so that volume and surface are defined with respect to the reference 

configuration.  

 

Heat transfer analysis can be performed in steady state and transient modes. The difference between the 

two is that in the steady state formulation, the internal energy effects from the specific heat terms are 

neglected in the formulations. Therefore, the problem has no intrinsic physically meaningful time scale. 

The specific heat is the amount of heat per unit mass required to raise the temperature of the material by 
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one degree. In a transient mode, the specific heat terms are not neglected, which means that an amount of 

heat flow during a period of time changes the temperature of the material based on its specific heat. In this 

research project, the analysis is performed in transient mode because the fire scenario is defined with a time 

scale raising the temperature from room conditions up to 1000◦C.  

 

3.4.2.1.2 Constitutive Definition 

 

Ignoring the coupling between thermal and mechanical problems, the constitutive relation is written as: 

𝑐(𝑇) =
𝑑𝑈

𝑑𝑇
 (3.13) 

 

where, c is the specific heat, U is the internal energy and T represents the temperature. Based on Eq. 3.13, 

the internal energy will be defined in terms of specific heat. This formula will change for the cases of 

thermal problems that include a material phase change. In these problems, the effects of latent heat, defined 

as the total internal energy associated with the phase change, should also be considered. No solid to liquid 

phase change will happen to steel and concrete at the temperatures expected to develop in a fire. The only 

phase changes will happen for the water in the concrete vaporizing during the fire, and for steel at 

temperatures above 700◦ C that changes the positioning pattern of its atoms. These will be accounted for by 

simple modifications of the specific heat functions of the concrete and steel.  

 

3.4.2.1.3 Heat conduction 

 

Heat conduction in a solid material is defined based on the Fourier law, 

 

𝑓 = −𝑘
𝜕𝑇

𝜕𝑥
 (3.14) 

 

where k is the conductivity matrix and can be a function of temperature, f is the heat flux and x is the 

position. The conductivity matrix has the options to be defined as fully anisotropic, orthotropic, and 

isotropic.  For steel and concrete, it is usually isotropic. 

 

3.4.2.1.4 Boundary conduction 

 

Boundary conditions can be defined as prescribed temperature, prescribed surface heat flux, or prescribed 

volumetric heat flux, all with respect to time and position. Surface convection is also possible to define: 
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𝑞 = ℎ(𝑇 − 𝑇0) (3.15) 

 

where h is the film coefficient, q refers to the heat flux and 𝑇0 is the sink temperature, all of which can be 

dependent on time and position. Surface radiation can also be applied by: 

 

𝑞 = 𝐴[(𝑇 − 𝑇𝑧)4 − (𝑇0 − 𝑇𝑧)4] (3.16) 

 

in which A is the radiation constant (emissivity time the Stefan-Boltzmann constant) and 𝑇𝑧 is the value of 

absolute zero on the temperature scale being used. Cavity radiation effects can also be defined for surfaces 

but this feature is beyond the scope of this project. More information about the implementation of heat 

transfer theory in the finite element method, spatial discretization and time integration can be found in the 

ABAQUS theory manual (Holman 2009; SIMULIA 2012).  

 

3.4.2.2 Thermal Properties of Materials at Elevated Temperatures  

 

Fire analysis of a structure investigates its performance at extremely elevated temperatures. For that 

purpose, different material models at elevated temperatures have been proposed for steel and concrete. Two 

of the most frequently used sources are the models provided by Eurocode 4 general rules for structural fire 

design (CEN 2005), and NIST (2010). The thermal properties used in the models for heat transfer analysis 

are the specific heat and thermal conductance of the material. Thermal expansion can also be considered 

among these properties but due to its effects on stress/deformation field, it will be discussed in the next 

section of the report. 

 

3.4.2.2.1 Specific Heat 

 

As defined before, the specific heat is the amount of heat per unit mass required to raise the temperature of 

the material by one degree. Specific heat of steel, ca, is given in Eurocode 4 as a nonlinear function of 

temperature as shown in Fig. 3.15 defined at different levels of temperatures by Eq. 3.17. There is a spike 

in the specific heat value of steel around the temperature of 750 ̊C. This sudden increase is due to the phase 

change that occurs in steel in which the atoms transition from a face centered cubic to a body centered cubic 

structure (steel with carbon content of 0.25% transfers from pearlite to austenite). This process absorbs 

considerable energy, thus accounting for the spike around 750°C (Kodur et al. 2010).  
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Figure 3- 15 Specific heat of steel as a function of temperature (CEN 2005) 
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(3.17) 

 

Changes in specific heat of concrete with respect to temperature can be seen in Fig. 3.16 which is taken 

from Eurocode 4 general rules for structural fire design (CEN 2005). As it can be seen in Fig. 3.16, there is 

a peak at specific heat values for concrete around the temperature of 100-115   ̊C. This peak is inserted in 

the curve because of the moisture content of the concrete material. Around the temperature value of 100   ̊C, 

the water content of the concrete mixture starts to evaporate, consuming a portion of the thermal energy. 

At this stage, thermal energy will be absorbed for the material “phase change” (to the extent that evaporating 

water in concrete can be assumed to be a phase change), without contribution to the temperature rise. A 

very large value of specific heat in the curve will consume relatively large amount of thermal energy for 

just one degree of change in the concrete temperature, simulating the real conditions indirectly. According 

to the Eurocode 4, specific heat (Cc), for normal weight concrete for different ranges of temperature is given 

by: 
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 (3.18) 

 

The effects of moisture content can be considered in the model through the latent heat effects in a more 

sophisticated analysis, but, for the purposes of this project and in most applications to structural engineering 

problems, this effect is defined in the model as an artificial peak of specific heat at 100-115 ̊C. Therefore, 

when the model’s temperature reaches that level, an extra amount of energy will be used to cross that peak, 

compensating for the latent heat effects. 

 

 

Figure 3- 16 Specific heat of normal weight (NC) and light weight (LC) concrete as a function of  

temperature (CEN 2005) 

 

3.4.2.2.2 Thermal Conductance 

 

Thermal conductance, λa, is a measure of the ability of a material to transfer heat per unit time, given one 

unit area of the material and a temperature gradient through the thickness of the material. Figs. 3.17 and 
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3.18 show the thermal conductance of steel (𝜆𝑎) and concrete (𝑐𝑐) as a function of temperature. These 

curves are defined with Eq. 3.19 and 3.20 for steel and concrete respectively (CEN 2005). 

 

𝜆𝑎 = {
54 − 3.33 × 10−2𝑇𝑎  𝑊/𝑚°𝐶, 20°𝐶 ≤ 𝑇𝑎 ≤ 800°𝐶

2.73 𝑊/𝑚°𝐶 , 800°𝐶 ≤ 𝑇𝑎 ≤ 1200°𝐶
𝑇𝑎: 𝑆𝑡𝑒𝑒𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒,   °𝐶

 (3.19) 

 

𝑐𝑐 = 890 + 56.2 (
𝑇𝑐
100

) − 3.4 (
𝑇𝑐
100

)
2

 

𝑇𝑐: 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, °𝐶 

(3.20) 

 

 

Figure 3- 17 Thermal conductance of steel as a function of temperature (CEN 2005) 

 

As can be seen in the figures, thermal conductance has a similar trend for both steel and concrete at elevated 

temperatures: It decreases for both of the materials until temperature values approach 800 degrees Celsius 

and stays constant from there on.  The difference for the two materials is in the order of magnitude of the 

conductivity values. As shown on the graphs, the conductivity values for steel are more than twenty times 

larger than values for concrete. NIST adopted the Eurocode 4’s formulation for specific heat and thermal 

conductance of steel in its guidelines for structural fire design (NIST 2010). 
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Figure 3- 18 Thermal conductance of normal weight (NC) and light weight (LC) concrete as a  

function of temperature (CEN 2005) 

 

3.4.2.3 Element Type and Mesh Size for Heat Transfer Analysis  

 

Different types of heat transfer elements are available in ABAQUS, including solid elements with choices 

of 8 and 20-node types, and shell elements with choices of 4 and 8-node types. Similar to the discussion in 

the 3D stress analysis part (section 3.3), elements with higher number of nodes use equations of higher 

order and can provide better accuracy compared to the elements with lower number of nodes, while adding 

significant computational cost to the analysis. Considering the fact that acceptable results can be gained 

using the simpler elements (8-node solid and 4-node shell), provided that proper mesh refinement is done 

at the critical areas, 8-node solid heat transfer elements (DC3D8) were used in the modeling of the concrete 

core of the structures in this study. The steel tube was modeled using both 4-node shell (DS4) and 8-node 

solid (DC3D8) heat transfer elements depending on the type of application and also for comparative studies. 

Note that irrespective of element type, mesh size should be fine enough to ensure satisfactory solution, and 

mesh sensitivity analysis must be conducted to establish convergence of the solution. 

 

Another issue about meshing to consider is the selection of a proper mesh pattern for the second part of the 

modeling, which deals with the stress/deformation analysis. Since the result of the heat transfer analysis is 

used as a predefined temperature field for the subsequent stress analysis part, it is important to have a 

compatible mesh pattern for the two parts. In this project the meshing pattern for the heat transfer and 

stress/deformation parts are defined to match.  
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The next steps to develop a complete heat transfer system are the definition of thermal loads, boundary 

conditions, and heat transfer mechanisms that carry the heat into the specimen. These steps are discussed 

in the following sections. 

 

3.4.2.4 Thermal Loads and Boundary Conditions  

 

For a typical finite element analysis thermal analysis problem, after building the geometry and mesh of the 

structural element, thermal loads and boundary conditions must be defined. The thermal load in many 

problems is a fire load defined based on the standard fire curve proposed in ASTM E119 (Fig. 3.19), which 

is frequently used in structural fire engineering studies (ASTM 2012). 

 

 

Figure 3- 19 Standard fire curve (ASTM 2012) 

 

Applying the fire load to the model can be done in different ways. The first approach, which is the simplest, 

is to apply the history of nodal temperature values to the nodes on the exposed surface of the model, as a 

boundary condition that varies through time. In this method, heat transfer analysis will start from the 

exposed surface with known temperatures and track progress of the heat through the material. The problem 

with this method is that the standard fire curve is defined as the temperature of the gas surrounding the 

specimen. Therefore, the temperature values on the exposed surface of the structure will be slightly different 

with information about the difference between these values available from previous experimental studies. 

In most cases, real data measured by thermocouples on specimens during tests can be used here. 
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The second method is to define the fire load as an interaction between the exposed surface of the specimen 

and the ambient space surrounding it. In this approach the standard fire curve will be defined as the ambient 

temperature. The thermal energy will transfer to specimen’s exposed surface via radiation and convection 

mechanisms. While this seems more realistic, it needs some additional information about the parameters 

that affect the radiation and convection processes. 

 

Another method is to model the fire at its origin and follow it from there to the specimen’s exposed surface. 

This is the most sophisticated approach and can be done by Computational Fluid Dynamics (CFD) 

calculations for the temperature of the gas in the path from the fire location to the exposed surface (starting 

from the fire ignition time). It can be done by general CFD analysis programs or some especially designed 

programs like Fire Dynamics Solution (FDS) by NIST. 

 

For the purposes of this section, it was decided to use the second method for all fire simulations. In the pre-

test verification process of the heat transfer modeling, the standard fire curve is given as an ambient 

temperature changing with respect to time, and transferred to the specimen through surface radiation and 

convection. This method assumes that the history of temperature values on the exposed surface of the 

specimen are unknown, limiting the information to the history of temperature values for the surrounding 

air (the resulted nodal temperature values on the exposed surface can be compared with the measured values 

to check the accuracy of the simulation).  

 

To define the surface radiation and convection mechanisms, a few constants must be provided as input to 

the software, including the coefficient of convection at the exposed surface, the Stephan Boltzmann 

constant, the emissivity of fire and exposed surface, and the coefficient factor for radiation at the exposed 

surface. Proper values for theses constants can be found from previous experimental and analytical studies. 

The values recommended by Eurocode 4 (CEN 2005) were adopted to be used in this research and are listed 

in Table 3.1. 

 

The effects of the parameters defined in Table 3.1 on the heat transfer mechanisms will be discussed briefly 

in the following sections. The model also requires initial conditions. Here it is assumed that all of the nodes 

of the steel and concrete model are at room temperature (20 ̊C) before the fire. Now that the initial 

conditions are defined and the fire load is applied to the exposed surface, the next step is to define the heat 

transfer mechanisms inside the specimen. 
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Table 3- 1 Thermal Constants and Parameters Used in Heat Transfer Modeling 

Parameter Definition Value 

h Coeff. of convection at exposed surf. 25 W/m
2
k 

φ Config. factor for radiation at exposed surf. 1 
σ Stephan-Boltzmann const 5.67E-8 W/m

2
k

4 
ϵm Emissivity of exposed surf. 0.7 
ϵf Emissivity of fire 1 
T0 Initial temp. 20 C 

kgap Average gap conductance 200 W/m
2
k 

 

3.4.2.5 Heat Transfer Mechanisms inside a Composite Member 

 

When heat reaches the exposed surface of a material, it will propagate through the material column in 

accordance to the heat transfer mechanisms described here. When thermal energy has to go through a solid 

material (e.g. steel or concrete), the main transfer mechanism is conductance. As mentioned in the previous 

section, the conductance rate is much higher in steel compared to concrete. 

 

At times when no solid element is present in the thermal energy’s path, heat is transferred via convection 

and radiation. This happens for example at a gap in the steel-concrete interface when the two solids are 

separated from each other. The average gap conductance rate, kgap is equal to 200 W/m2 k based on studies 

by Ding and Wang (2008). The conductance rate can be defined in a more sophisticated way by using 

equations proposed in past studies as a function of clearance and temperature, which seems more realistic. 

Eq. 3.21, taken from a study by Ghojel (2004), considers the dependency of gap conductance on 

temperature: 

 

ℎ𝑗 = 160.5 − 63.8𝑒
−339.9𝑇−14   𝑊/𝑚2°𝐶 (3.21) 

 

In this equation, hj is the gap conductance, T is temperature and e is the Euler’s number. Since past studies 

have shown that using the average conductance rate provides enough accuracy for the problem in hand 

while keeping the equations simple, it was adopted to be used in this project.Another heat transfer 

mechanism that should be defined at the steel-concrete interface is radiation. Emissivities of both steel and 

concrete surfaces are considered to be 0.7 based on the recommendations by Eurocode 4 (CEN 2005). After 
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the transfer of thermal energy through the interface between steel and concrete, the transfer mechanism will 

change to conductance through concrete. This will take a relatively longer time because of the low heat 

conductance rate of concrete.  

 

After completion of the above stages, the heat transfer analysis is complete and the output provides the 

history of nodal temperature values for all of the nodes in a model through the burning time. These results 

can then be used as input for the next part of the solution, which deals with the stress/deformation field. 

 

3.4.3 Developing the Finite Element Model for Stress/Deformation Analysis  

 

3.4.3.1 Structural Properties of Materials at Elevated Temperatures  

 

Experiments have shown that structural properties of materials can change when exposed to varying 

temperatures. These changes can have substantial effects on the results of analysis for structures exposed 

to fire. In a fire scenario, structural members can achieve temperatures of up to 1000 ̊C for a relatively long 

period of time. Modeling temperature effects on stress-strain properties is therefore required for this kind 

of analysis.  

 

Several models have been proposed by different researchers to simulate the behavior of steel and concrete 

at elevated temperatures. Most of these models are based on fitting curves to experimental results. The 

material properties needed for this kind of analysis are stress-strain relationships as a function of 

temperature, and the coefficient of thermal expansion, each discussed separately in the sections that follow. 

 

3.4.3.1.1 Stress-strain Relationship for Steel 

 

Several stress-strain relationships that consider the effects of varying temperatures for steel material can be 

found in the literature.  Some of the most frequently used are those by Lie (1994), Poh (2001), Eurocode 4 

(CEN 2005), Yin et al. (2006) and NIST (2010). Based on the sensitivity analysis done by Espinos et al. 

(2010) on all of the models mentioned above, except the NIST model which was not available at the time 

of Espinos’ study, the Eurocode model was reported to give the best results compared to experimental data 

when used for modeling the behavior of concrete filled steel tubes subjected to fire.  

 

 Therefore, the Eurocode steel model was selected here in developing finite element models as part of this 

project, along with the more recent NIST model for comparison purposes. Fig. 3.20 and Table 3.2 show the 
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stress-strain behavior of steel according to the Eurocode specifications. The formulation is defined in a 

general way that accounts for the effect of temperature by varying both the elastic modulus and the yield 

strength of the material, per the relationships presented in Table 3.2. In support of the World Trade Center 

investigation, NIST developed high temperature stress-strain curves using the materials recovered from the 

collapse site. The following expression was obtained for the modulus of elasticity of structural steel. 

 

𝐸(𝑇) = 𝑒0 + 𝑒1𝑇 + 𝑒2𝑇
2 + 𝑒3𝑇

3  𝑤ℎ𝑒𝑟𝑒, 

𝑒0 = 206  𝐺𝑃𝑎,  

𝑒1 = −0.043      𝐺𝑃𝑎/°𝐶,  

𝑒2 = −3.5 × 10
−5   𝐺𝑃𝑎/°𝐶2,  

𝑒3 = −6.6 × 10
−8   𝐺𝑃𝑎/°𝐶3 

(3.22) 

 

 

 

 

 

 

 

 

Figure 3- 20 Stress-strain relationship for steel at elevated temperatures (CEN 2005) 
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Table 3- 2 Formulation of stress-strain relationship for steel at elevated temperatures 

(CEN 2005) 

Strain Range Stress 𝝈 Tangent Modulus 

𝜀 ≤ 𝜀𝑝,𝑇 𝜀𝐸𝑎,𝑇 𝐸𝑎,𝑇 

𝜀𝑝,𝑇 < 𝜀 < 𝜀𝑦,𝑇 𝑓𝑦,𝑇 − 𝑐 + (
𝑏
𝑎⁄ ) [𝑎2 − (𝜀𝑦,𝑇 − 𝜀)

2
]
0.5

 
𝑏(𝜀𝑦,𝑇 − 𝜀)

𝑎 [𝑎2 − (𝜀𝑦,𝑇 − 𝜀)
2
]
0.5 

𝜀𝑦,𝑇 ≤ 𝜀 ≤ 𝜀𝑡,𝑇 𝑓𝑦,𝑇 0 

𝜀𝑡,𝑇 < 𝜀 < 𝜀𝑢,𝑇 𝑓𝑦,𝑇[1 − (𝜀 − 𝜀𝑡,𝑇) (𝜀𝑢,𝑇 − 𝜀𝑡,𝑇)⁄ ] - 

𝜀 = 𝜀𝑢,𝑇 0 - 

Parameters 

𝜀𝑝,𝑇 = 𝑓𝑝,𝑇 𝐸𝑎,𝑇      𝜀𝑦,𝑇 = 0.02      𝜀𝑡,𝑇 = 0.15      𝜀𝑢,𝑇 = 0.20     ⁄  

Functions 

𝑎2 = (𝜀𝑦,𝑇 − 𝜀𝑝,𝑇) (𝜀𝑦,𝑇 − 𝜀𝑦,𝑇 +
𝑐

𝐸𝑎,𝑇
) 

𝑏2 = 𝑐(𝜀𝑦,𝑇 − 𝜀𝑝,𝑇)𝐸𝑎,𝑇 + 𝑐
2 

𝑐 =
(𝑓𝑦,𝑇 − 𝑓𝑝,𝑇)

2

(𝜀𝑦,𝑇 − 𝜀𝑝,𝑇)𝐸𝑎,𝑇 − 2(𝑓𝑦,𝑇 − 𝑓𝑝,𝑇)
 

 

 

A simple phenomenological model was selected for the true stress – true strain relation given by 

 

𝜎 = 𝐾𝜀𝑛 (3.23) 

 

in which K and n are defined as functions of temperature by equations 3.24 and 3.25, 

𝐾 = (𝑘3 + 𝑘4𝑓𝑦)𝑒
(−(

𝑇
𝑘2
)
𝑘1
) (3.24) 

 

where fy is the specified yield strength of steel (i.e., at room temperature), and the remaining parameters in 

Eqs. 3.24 and 3.25 were obtained by fitting curves to the experimental data. Table 3.3 shows the values for 

𝑛 = (𝑛3 + 𝑛4𝑓𝑦)𝑒
(−(

𝑇
𝑛2
)
𝑛1
) (3.25) 
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these parameters, which are expected to give good results for steels with room temperature yield strengths 

in the range of 36-65ksi (248-448 MPa).  

 

Table 3- 3 Parameters for equations 3.24 and 3.25 

Parameter Value Units 

k1 4.92  

k2 575 ◦C 

k3 734 MPa 

k4 0.315  

n1 4.51  

n2 637 ◦C 

n3 0.329  

n4 −4.23 × 10−4 MPa-1 

 

 

Eqs. 3.26 and 3.27 are used to convert the true stress and true strain values to engineering stress and strain  

 

 

For illustration purposes, the engineering stress-engineering strain values for an A572 Gr. 50 steel 

computed per the NIST equations are plotted (Fig. 3.21) for temperature values of 60, 200 and 400  ̊C, 

along with the experimental results obtained as part of the NIST study, and the Eurocode curves (NIST 

2010).  It can be seen in the figure that the model proposed by NIST better matches the experimental results 

compared to the Eurocode equations, which is somewhat expected since the NIST model was calibrated for 

the steel material that was tested in their experimental studies (NIST 2010; Bruneau et al. 2011). 

 

𝜎𝐸 =
𝜎

𝑒𝜀
 

 
(3.26) 

𝜀𝐸 =
𝜎

𝜎𝐸
− 1 (3.27) 
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Figure 3- 21 Graphs of Eng. stress vs. Eng. strain as predicted using the NIST approach, the  

Eurocode equations, and NIST experimental data for ASTM A572 Gr. 50 structural steel 

 (NIST 2010) 

 

According to the NIST technical note 1681 (2010), since the formulation above is based on curve fitting 

over a large strain range (from zero to 0.15), it will work well for large strains but is likely to fail in capturing 

the linear elastic behavior of steel at small strains. Therefore it is suggested that for analysis purposes, the 

linear elastic part of the behavior can be modeled separately up to the yield stress (as defined by a 0.002 

strain offset), and the proposed power law (Eq. 3.23) can be used for providing the stress-strain data beyond 

the yield stress. To obtain the yield stress value for different temperatures, Eq. (3.28) proposed by Luecke 

(CEN 2005) is suggested by NIST, which assumes that yield stress will occur at the strain of 0.002 for all 

temperature levels. In this equation, A2=0.075, m1=8.07, m2=1.0, s1=635   ̊C, and s2=539   ̊C. 

 

𝑅 =
𝑓𝑦(𝑇)

𝑓𝑦(20 °𝐶)
= (1 − 𝐴2)𝑒

(
1
2
(
𝑇
𝑠1
)
𝑚1
−
1
2
(
𝑇
𝑠2
)
𝑚2
)
+ 𝐴2 (3.28) 

 

Looking at the steel models for varying temperatures, it is obvious that as the temperature increases, both 

stiffness and strength of the material degrade to lower values. Fig. 3.22 shows the degradation of elastic 

stiffness at higher temperatures. According to the two models shown above (i.e. NIST and Eurocode), steel 

has nearly a zero elastic stiffness when it reaches the temperature of 1000  ̊C. Fig. 3.22 includes another 

model for steel at varying temperatures proposed by Poh (2001). Among the three models, the NIST 
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approach gives the highest values for Young’s modulus, which indicates that analyses using the Eurocode 

model will give more conservative results. 

 

Figure 3- 22 Young’s modulus for steel as a function of temperature (different models) 

 

3.4.3.1.2 Stress-strain Relationship for Concrete 

 

To account for temperature effects on the stress-strain relationship of the concrete model, among the several 

models proposed by researchers in the past, the study by Espinos et al. (2010) concluded that the models 

proposed by Lie (1994) and Eurocode 4 general rules for structural fire design (CEN 2005) can provide 

reasonable results (slightly conservative for the Eurocode model) when used for modeling the behavior of 

concrete filled steel tubes subjected to fire. Fig. 3.23 and Table 3.4 show the definition of the temperature 

dependent stress-strain model for concrete by Eurocode 4.  

 

Similar to steel, concrete loses both its stiffness and strength when subjected to high temperatures. Fig. 3.24 

shows the stiffness and strength values at varying temperatures. It can be seen that at temperatures close to 

800 ̊C, concrete has only 10% of its initial compressive strength at room temperature. 
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Figure 3- 23 Stress-strain relationship for concrete at elevated temperatures (CEN 2005) 

    

Table 3- 4 Two main parameters of the stress-strain relationship for normal weight (NC) and  

light weight (LC) concrete at elevated temperatures (CEN 2005) 

Concrete Temperatu

re 

𝑻𝒄 (°𝑪) 

𝒌𝒄,𝜽 = 𝒇′𝒄,𝑻 𝒇′𝒄⁄  𝜺𝒄𝒖,𝑻 × 𝟏𝟎
𝟑 

Normal Weight Concr

ete 

Normal Weight Concre

te 

Light Weight Concret

e 

20 1.00 1.00 2.5 

100 1.00 1.00 4.0 

200 0.95 1.00 5.5 

300 0.85 1.00 7.0 

400 0.75 0.88 10.0 

500 0.60 0.76 15.0 

600 0.45 0.64 25.0 

700 0.30 0.52 25.0 

800 0.15 0.40 25.0 

900 0.08 0.28 25.0 

1000 0.04 0.16 25.0 

1100 0.01 0.04 25.0 

1200 0.00 0.00 - 
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Figure 3- 24 Strain in compression curves for concrete at elevated temperatures 

 (Harmathy and Allen 1973) 

 

NIST also provides a concrete stress-strain relationship expression as a function of temperature. The 

relationship is based on the simple equation by Lie (1994) for the compressive strength of concrete at 

various temperatures (Eq. 3.29).  

 

𝑓𝑐,𝑇 = {

𝑓𝑐,20 °𝐶 , 𝑇 ≤ 450 °𝐶

𝑓𝑐,20 °𝐶 [2.011 − 2.353
𝑇 − 20

1000
] , 𝑇 > 450 °𝐶

 (3.29) 

 

The other properties of the model, including the elastic modulus, tensile strength and the stress-strain curve, 

are defined based on the compressive stress value. The model is expected to provide conservative results. 

The Eurocode model has been shown to provide acceptable and slightly conservative results in past studies 

(Espinos et al. 2010) and was selected to be used for concrete modeling in this research. 

 

3.4.3.1.3 Thermal Expansion 

 

Eurocode 4 general rules for structural fire design (CEN 2005) provides thermal expansion coefficient 

values for both steel and concrete as a function of temperature. This parameter can play an important role 

in the analysis of CFT columns because of the relative difference between the amount of expansion in the 

steel and concrete at high temperatures. Although coefficient of expansion for concrete can be defined as a 

function of temperature, past studies have shown that assuming a constant value for all temperatures can 
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provide enough accuracy in the results (Espinos et al. 2010). Therefore, in order to avoid adding 

complexities to the model that will not necessarily improve accuracy of the results, it was decided to use a 

constant value of 𝛼𝑐 = 6 × 10−6
1

°𝐶
 as the expansion coefficient of concrete for all temperatures. Since steel 

material will have considerably more amount of expansion relative to concrete, its thermal elongation, Δ𝑙
𝑙

, 

was defined as a function of temperature based on the Eq. 3.30. Fig. 3.25 shows the relation for thermal 

elongation provided by Eurocode 4. 

 

Δ𝑙

𝑙
(𝑠𝑡𝑒𝑒𝑙) =

{
 

 
−2.416 × 10−4 + 1.2 × 10−5𝑇𝑎 + 4.0 × 10

−9𝑇𝑎
2, 20 °𝐶 ≤ 𝑇𝑎 ≤ 750 °𝐶

11 × 10−3, 750 °𝐶 ≤ 𝑇𝑎 ≤ 860 °𝐶

−6.2 × 10−3 + 2.0 × 10−5𝑇𝑎, 860 °𝐶 ≤ 𝑇𝑎 ≤ 1200 °𝐶

𝑇𝑎: 𝑆𝑡𝑒𝑒𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒,   °𝐶

 (3.30) 

 

 

Figure 3- 25 Thermal elongation of steel as a function of temperature (CEN 2005) 

 

 

3.4.3.2 Steel-Concrete Interface 

 

The modeling of the steel-concrete interface for thermal-stress problem is similar to the model built in Sec. 

3.2.3 for the cyclic loading test. Considering the little amount of sliding that is likely occur between the 

surfaces of steel and concrete in the problem examined in this project, no changes in friction properties 

between the surfaces will be considered in this project.  
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3.4.3.3 Loads and Boundary Conditions 

 

When subjecting a column specimen to a fire, as done in this study, the intent is to keep it under a constant 

axial load. This is assumed to be similar to the real conditions that represent a building column during a 

fire.  However, in a real building, thermal expansion occurs in all structural members, including the 

columns, which may lead to redistribution of the gravity loads among all columns, thus possibly changing 

the amount of axial load on a specific column. However, even though the axial load may not remain constant 

in the real conditions, it is a fair assumption to consider that most of it remains on the column until it 

collapses. In buildings, it is also often assumed that the amount of axial load acting on a column during a 

fire will be approximately equal to 30% of its axial strength.  In experiments, practice has been to maintain 

the high temperatures until the column loses its resistance to a constant axial load and buckles. 

 

Since the failure mode is in the form of buckling, modeling the boundary conditions of the columns is 

significantly important. A column with fixed-fixed conditions at its ends will be able to survive a fire 

relatively longer than a column with pinned-pinned ends.  

 

For the verification process described in Section 3.5, the end conditions of the column will be modeled as 

stated by authors of the reference experiment.  However, for modeling the fire tests conducted as part of 

this project, the end conditions will be more complicated because of the special conditions of the test setup 

at the fire lab (as described in Section 4). The approach to model those specific end conditions will be 

discussed in Section 5. 

 

3.4.3.4 Buckling Issues and Geometric Imperfection 

 

Based on the experience from previous experimental and analytical studies, a column subjected to a fire is 

vulnerable to both local and global buckling (Hong and Varma 2009; Espinos et al. 2010). In addition, 

concrete-filled tubes having a fixed-fixed configuration at their ends can exhibit localized buckling at these 

ends. This happens because the steel tube expands more than its concrete core; as a result, at its ends, the 

steel becomes longer than the concrete and bears alone the entire applied axial load.  Therefore, the elements 

at these critical locations will have excessive deformations and stresses, leading to local buckling of the 

steel tube at column ends. This does not necessarily jeopardize the strength of the column, but rather 

introduces some local damage at the column ends. 
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Eventually, at the high temperatures developed during a fire, the stiffness and strength of the materials will 

become low enough to trigger global buckling of the column. This is the most common failure mode 

reported for concrete-filled columns in experimental studies. In order to develop a model capable of 

predicting this behavior, geometric imperfections must be defined for the specimen. Geometric 

imperfections are basically due to the initial out-of-straightness of the structural elements that promote 

buckling to develop at loads lower than what would otherwise be the case with a perfectly straight structure. 

Since imperfections are always present in actual specimens, they should be considered in the modeling 

process. Initial imperfections are also needed for computational reasons in buckling problems, to help 

trigger buckling modes that would not otherwise develop for idealized structures. 

 

For available specimens, the engineer can actually measure the imperfections and impose them on the 

numerical model. When the specimen is not available, an alternative numerical approach commonly used 

consists of performing an eigenvalue analysis of the model to get the first few mode shapes of the structure, 

to multiply these mode shapes by scale factors, and to impose them as initial displacements to the model. 

This approach makes it possible to capture global buckling of a structural member.   Here, a scale factor of 

L/1000 was used in all analyses, where L is the length of the column.  

 

3.4.3.5 Element Types and Meshing 

 

Similar to the heat transfer modeling, the 8-node solid and 4-node shell elements with reduced integration 

was used to build the model. The only modification needed was to change the element types from heat 

transfer to stress/displacement elements. As discussed before, the mesh pattern was chosen to match that of 

the heat transfer model, making it possible to use the nodal output values from the heat transfer analysis.  

 

3.5 Pre-test Verification of the Finite Element Model for Thermal Stress Problem  

 

A specimen similar to the columns examined in this project was selected from past experimental studies to 

be modeled using the same assumptions and techniques explained above to check the accuracy of the 

numerical results compared to the experimental data. The specimen was selected from a study by Espinos 

et al. (2010) on an advanced FEM model for predicting the fire response of CFT columns. Espinos et al. 

numerically simulate a number of tests done by other researchers including the particular specimen selected 

here from a test by Chabot and Lie (1992).  
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It should be mentioned that although a few studies were available on the fire performance of double skin 

concrete filled tube columns, an example of conventional CFT columns was selected to be used in the model 

verification process. A CFT column was examined because of the completeness of the information available 

about both the experimental and numerical analyses done on this particular specimen, which could help in 

verifying the modeling process. The addition of the second tube definitely makes the problem more 

complicated but for the purposes of pre-test verification of the thermal-stress model, a simple CFT column 

has everything necessary to check the performance of the numerical simulation. Table 3.5 contains 

information about the dimensions, material properties, boundary conditions and loads regarding the selected 

specimen. Fig. 3.26 shows the geometry of the specimen which basically consists of a steel tube filled with 

plain concrete. Two steel plates are attached to the top and bottom faces of the column to be used as 

equipment for applying the loads and boundary conditions.  

 

Table 3- 5 Geometry and material properties (Espinos et al., 2010) 

Length (mm) 
Outer Diameter 

(mm) 

Thickness of the 

Tube (mm) 
𝒇𝒚 (MPa) 𝒇𝒄

′  (MPa) 

3810 219.1 4.78 350 31 

End Conditions Axial Load (KN) Eccentricity (mm) 
Burning Time 

(min.) 

Fixed - Fixed 492 0 80 

 

 

Figure 3- 26 Geometry of the model 
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The selected example can be considered as a complete thermal-stress problem. The CFT column will be 

subjected to a constant axial load and undergo a standard fire, burning until the time that it no longer can 

resist the axial load. As it was discussed in the previous sections, the analysis will be conducted with a 

sequentially coupled approach, starting with a heat transfer analysis and followed by a stress/deformation 

solution. The second part will be affected by the history of nodal temperature results gained from the first 

part. 

 

3.5.1 Verification of Heat Transfer Analysis  

 

The specimen was modeled in ABAQUS considering the issues discussed in Sec. 3.3. Thermal properties 

for steel and concrete were adopted from Eurocode 4. The 8-node solid heat transfer elements (DC3D8) 

were used for both the steel tube and concrete core. Note that in order to be consistent with the numerical 

studies conducted by Espinos et al.  (2010) and for comparative purposes, solid elements were preferred to 

the shell elements for the modeling of the steel tubes. Taking advantage of symmetry, only half of the 

specimen was modeled. The fire load, which was the standard ASTM E119 curve, was applied as the 

ambient air temperature transferred to the specimen through convection and radiation. Heat transfer 

mechanisms defined for the steel-concrete interface were conduction, which was based on an average 

conduction factor (to account for the gaps), and radiation from the inner surface of the steel tube to outer 

surface of the concrete core. A complete list of the parameters and constants used for the modeling are 

shown in Table 3.1 in Sec. 3.3. 

 

The final visualized results of the heat transfer analysis are shown in Fig. 3.27. The top and bottom plates 

have been removed from this part of the analysis assuming that those parts won’t be exposed to the fire 

with the help of protective materials. This is usually done in the tests to keep the connecting parts of the 

specimen and the test machine safe.  

 

According to the colors in the figure, all of the nodes defined for the steel tube member have reached the 

maximum temperature level caused by fire because of the high conductance rate of steel. On the other hand 

going through the specimen, the colors change into colder ones showing that the thermal energy has some 

difficulties going through the interface and especially into the concrete with a low conductance rate. The 

coldest point which is at the center of the specimen has stopped at the temperature of 320 °C at the end of 

the 80-minute heating time. 

 

 



 

66 

 

 

Figure 3- 27 Visualized results of heat transfer analysis showing nodal temperatures (in ◦C) at the 

 end of the fire event (from ABAQUS) 

 

Fig. 3.28 shows the history of temperature for a few selected nodes located at the outer surface of the steel 

tube, mid-way through the concrete core and the center point. The experimental data are also plotted for 

comparison. Generally the simulation has provided reasonable results considering several sources of 

uncertainty in the modeling process. During the initial minutes of burning, the experimental data show 

faster increase in the temperatures of mid-way concrete and center points. This is followed by a relatively 

constant temperature phase. Simulated results however, show a gradual increase from room temperature to 

higher levels without any steep or constant portions. The curves fit well for the second half of the burning 

time for all of the three sample points. 

 

Results indicate that accuracy of the finite element heat transfer analysis is sufficient for the purposes of 

this project. Note that in the post-test validation of the heat transfer models, the fire load will be imposed 

on the exposed surface of the specimens using the recorded data from the experiments conducted in this 

study (to minimize the simulation errors). Another issue to be considered in the post-test validation process 

is the effect of end plates of the column on the heat transfer process. If the end plates are exposed to fire 

and allowed to provide a short path for heat to get to the inner parts of the column, they can change the 

temperature distribution close to the column ends. This issue along with the effects of concrete’s moisture 
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content on the heat transfer process will be discussed further in Section 5, where the tests conducted in this 

project will be simulated numerically. 

 

 

Figure 3- 28 Comparison of the heat transfer analysis results with experimental data from Chabot  

and Lie (1992) 

 

3.5.2 Verification of Stress/Deformation Analysis  

 

The same model with the exact geometry and mesh size was used here for verification of the finite element 

analysis results in the stress/deformation field with experimental data. The only difference was adding the 

structural properties to the existing thermal properties of the model. The mesh pattern was kept the same as 

the one built for heat transfer analysis because the results for history of nodal temperatures were given as 

input to the stress/deformation model. Since the stress/deformation analysis is more complicated than the 

heat transfer analysis in this problem, the mesh pattern that was found suitable for the former was copied 

exactly for the latter.  

The element types were changed to 8-node 3D stress solid elements (C3D8R). A static general analysis 

should be conducted considering the effects of geometric nonlinearities because of the buckling 

possibilities. Two steel plates are added to the top and bottom ends of the column to be used for imposing 

the loads and boundary conditions. 

 

The analysis started with applying the constant axial load of 492KN as a pressure to the top plate. Next, the 

structure was exposed to the first 80 minutes of the standard ASTM E199 fire curve. To consider the effects 
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of geometric imperfections, a buckling analysis was conducted prior to the main analysis to calculate the 

first five buckling modes of the model. These mode shapes were applied as an initial displacement to the 

model with an amplification factor of L/1000. (L is the total length of specimen which is equal to 3810mm 

in this case). The finite element model needs and initial imperfection to be able to initiate the global 

buckling of the column when the applied axial load reaches the critical limit. However, no initial 

imperfections were imposed on the model to capture the possible local buckling of the steel tube, as the 

model was considered to be capable of triggering local buckling based on the conditions that are applied to 

different elements throughout the analysis (e.g. local distortions induced as a consequence of boundary 

conditions restraint to expansion, and other similar constraints at high plastic strains during the simulation). 

The validity of this assumption will be checked based on the results of this simulation.  

 

Thermal properties needed in the analysis were chosen from Eurocode 4 specifications similar to what has 

been used in the heat transfer analysis. In terms of structural properties, two cases will be considered. First 

case will be done using Eurocode material models for steel and concrete whereas the second case will use 

the NIST material model for steel at high temperatures. Eurocode models have been used by many 

researchers in the past and they seem to provide acceptable results, but it may be useful to check their 

differences with the NIST model which has come out of a more recent study. It should be mentioned that 

in terms of thermal properties, NIST and Eurocode provide similar specifications. 

 

Final visualized result of the model built with Eurocode 4 specifications is shown in Fig. 3.29. Only half of 

the specimen was modeled because of symmetry. Local buckling of the steel tube happened near the fixed 

end. The analysis was aborted due to the global buckling of the specimen. The buckled shape can be seen 

up to a certain level in Fig. 3.29 and will go on to larger displacements in a real test. It should be mentioned 

that this type of global buckling is triggered because of the presence of initial geometric imperfection. The 

model goes towards the buckling state with gradual increases in the displacements rather than a sudden 

instability.  

 

Fig. 3.30 shows the roles of the steel tube and concrete core in carrying the constant axial load through the 

burning time. They start with carrying a nearly equal portion of the load but soon after, the load is resisted 

by steel tube alone. This is because the steel tube expands more than concrete, leading to the separation of 

the end plates and the concrete core. This continues until local buckling occurs for the steel tube near the 

ends and it starts to shorten until a point that concrete starts to take load again. From this point on, concrete 

continues to carry the load until it degrades enough due to high temperatures to lose its ability to resist the 

load, leading to the buckling of specimen.  
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Figure 3- 29 Visualized final displacement result of the structural analysis – Eurocode steel and  

concrete models (from ABAQUS) 

 

Fig. 3.31 shows the results of axial displacement of the column’s end plate, which is equivalent to the 

column’s extension or contraction in this case, versus the heating time from the analysis done here along 

with the experimental results from the study by (Chabot and Lie 1992). The simulation results are 

reasonably close to the measured data. One noticeable difference is that in the experiment, the expansion 

period starts at a slower rate and lasts longer than the numerical simulation. Since the numerical model 

generally follows a pattern that is similar to what has occurred during the test, the slight deviation of the 

axial displacement curves might be due to the fact that the thermal properties defined for the steel material 

in the analysis (e.g. coefficient of thermal expansion and yield stress of steel at higher temperatures) did 

not represent the exact properties of the tested material.  
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Figure 3- 30 Ratio of the axial load carried by steel tube/concrete core to the total axial load during 

the fire test 

 

 

 

Figure 3- 31 Axial displacement results from ABAQUS compared with experimental data (Chabot 

and Lie 1992) 
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Additional analyses were conducted to check the sensitivity of the results to a number of parameters 

including the mesh size, temperature dependent coefficient of thermal expansion and yield stress of steel 

material at high temperatures. Fig. 3.32 shows the curves from Fig. 3.31 along with the results from 

additional analyses with changes in the mentioned parameters. Results from the model with a refined mesh 

size followed the same path as the original simulation curve, indicating the convergence of the finite 

element results. 

 

The curve MP1 is from a model with modified values for coefficient of thermal expansion at different 

temperatures for steel material (i.e. a 20% reduction in the coefficient for all temperatures). The reduction 

in the expansion coefficient decreased the slope of axial displacement curve in the early moments of the 

fire, which more closely replicates the experimental results in the initial expansion phase. 

 

Note that the axial displacement curve from the model MP1 reaches its peak value sooner than the 

experimental curve. The peak time is controlled by the yield strength of the steel tube at higher temperatures 

and occurs at the moment when the strength is decreased as much that the tube cannot bear the axial load 

alone. The curve MP2 was obtained from another model, which had the changes made for MP1 along with 

a modified set of reduction factors for the yield stress of steel at high temperatures (20% less reduction 

compared to Eurocode 4 specifications). Result from MP2 follows the experimental curve with an 

acceptable accuracy. 

 

Fig. 3.32 shows that results from the finite element model (at the current mesh size) are not sensitive to the 

changes in the mesh size but can be sensitive to modifications in the definition of certain material properties. 

Note that apart from minor differences in the time and amplitude of the maximum axial displacement, the 

original finite element model (built with material properties adapted from the Eurocode) provided a 

relatively accurate replication of the experimental results. Therefore, the small arbitrary modifications 

mentioned above, which can be made as part of calibration to improve the accuracy of the results for a 

specific problem (but cannot be justified in general solutions), were unnecessary for the purposes of this 

study.  
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Figure 3- 32 Axial displacement results from ABAQUS compared with experimental data (Chabot 

and Lie 1992): checking sensitivity to the mesh sizing and thermal properties of steel material  

(MP1: modified coeff. of thermal expansion, MP2: modified coeff. of thermal expansion and yield 

 strength of steel at high temp.) 

 

The material model for steel proposed by NIST (2010) provides higher stiffness and strength values 

compared to the Eurocode model for the same temperature levels. Considering that the Eurocode model 

may be conservative, the analysis was repeated by changing the steel material’s structural properties to 

NIST specifications. The new analysis just had the stress/displacement part replaced because the heat 

transfer process was exactly the same as the one for the Eurocode model. The analysis results are plotted 

in Fig. 3.33 along with the experimental and simulation results repeated from Fig. 3.31.  

 

Using the NIST steel model, the expansion period lasted for a few more minutes. This is because the 

material has enough strength and stiffness at higher temperatures to resist the axial load for a relatively 

longer time. A longer expansion period leads to a higher peak in the axial displacement curve. Comparing 

the simulation results from the NIST and Eurocode models, it is inferred that while both models predict a 

similar total fire resistance time for the tested column, the Eurocode model provides a better estimation for 

the maximum axial displacement.  
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Figure 3- 33 Axial displacement results from ABAQUS with NIST steel model compared with  

experimental data (Chabot and Lie 1992) and simulation results with Eurocode steel model 

 

The thermal and structural temperature-dependent material properties of steel and concrete will be adopted 

from the Eurocode models (mentioned above) in the following studies presented in this report, unless stated 

otherwise for specific reasons. Based on the comparisons made between the results from numerical analyses 

and the experimental data, the accuracy of the thermal-stress model is considered to be acceptable for the 

pre-test verification process. The models will be revisited and checked again in post-test validation analyses 

to check the accuracy of their results in simulating the fire tests conducted in this project.  
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CYCLIC TESTING TO DAMAGE CFDST COLUMNS (PRIOR TO FIRE 

TESTS) 

 

4.1 General 

 

This section presents the first part of the experimental work conducted to study the behavior of concrete-

filled double-skin tubes subjected to post-earthquake fires. The first part of testing was designed to simulate 

the effects of seismic damage on the specimens by subjecting them to cyclic lateral loading. The second 

part examines the behavior of seismically damaged specimens under fire and is presented in Section 5. The 

main objective of the cyclic loading tests was to impose different levels of seismic damage to the specimens, 

resulting in columns with different initial conditions for the fire resistance tests. 

 

Three identical one-quarter scale column specimens were built and two of those were subjected to different 

levels of cyclic loading. The specimen not subjected to seismic loading served as a reference undamaged 

column, going directly to the fire test (i.e., to be fire tested without prior earthquake damage). The other 

two specimens were subjected to cyclic lateral loading. In order to study the effects of different levels of 

seismic damage on the performance of the specimens under fire, the cyclic tests were designed to impose 

two different damage levels on the specimens. One of the cyclic tests was conducted until the point when 

the onset of inelastic local buckling became visible in the specimen. The other test was continued further 

beyond that point, up to a higher damage level (i.e., developing more severe local buckling), and ended 

leaving a higher residual drift ratio for the column.  

 

Section 4.2 presents the details of specimen design.  A full description of the specimens’ geometry, material 

selection and calculation of section properties is presented along with details of the construction procedure. 

Section 4.3 describes the experimental setup for conducting cyclic tests on the specimens, and how it was 

designed.  Section 4.4 presents information on the construction and preparation of the test setup. Section 

4.5 describes specimen instrumentation and its intended purpose.  Sections 4.6 and 4.7 respectively present 

the protocol followed in the cyclic tests, and the experimental results obtained for all the specimens. 
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4.2 Specimen Design 

 

Due to the importance of studying the effects of different seismic damage levels on the specimens’ fire 

resistance and the limitations of the project in terms of number of fire tests that could be conducted within 

the available budget, it was decided to design and build three identical specimens. The only changing 

variable in the fire tests thus became the specimens’ different initial conditions, in terms of seismic damage 

prior to the fire. Concrete-filled double-skin tube columns were selected for this project, as an extension of 

studies by Fouché and Bruneau (2010), which showed that these columns had superior performances 

compared to conventional bridge columns when subjected to multi-hazard (earthquake and blast) 

conditions.  

 

The specimens used for the current studies were selected to be identical to one of those examined by Fouché 

and Bruneau (2010), which were a quarter scale of the prototype columns they considered.  The geometry 

of the specimen was also chosen to be compatible with the limitations of the experimental setup for cyclic 

and fire testing procedures of this project. Note that the selected specimens satisfied the compactness 

criteria defined in AISC specifications for steel structures (AISC 2010a) and the ductility requirements for 

round filled composite members in AISC seismic provisions (AISC 2010b) as described in the following 

sections. 

 

4.2.1 Geometry of the Specimens 

 

To insure ductile behavior for concrete-filled steel tubes, the AISC specifications for steel structures and 

the AISC seismic provisions (AISC 2010a, b) provide limits on the diameter to thickness ratios (D/t) of the 

tubes. These values which are shown in Table 4.1 were complied with, particularly the first column in the 

row of compactness criteria and the first two columns in the row of ductility criteria, in the design of 

concrete-filled double-skin tubes in this project due to the similarities of the two design alternatives. In 

Table 4.1, fy and E refer to the yield strength and Young’s modulus of the steel material used for the steel 

tube. The main geometric features of the single design for all three column specimens of this project are 

summarized in Table 4.2. 

 

Note that the inner tube has a diameter-to-thickness ratio (Di/ti) equal to 55. 6, which satisfies the 

compactness limit for high ductility (per Table 4.1), while the outer tube has a diameter-to-thickness ratio 

(Do/to) equal to 72.2, which makes it a compact for moderately ductility.  Both are acceptable as the AISC 
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seismic provisions allows this type of composite members to be either highly or moderately ductile (defined 

per the limits in Table 4.1). 

 

Table 4- 1 Compactness and Ductility Criteria for Round Filled Composite Elements (AISC2010a, b) – 

Limiting values are calculated based on nominal material properties (E=29,000 ksi (200,000 MPa) and 

fy= 32 ksi(220MPa)) 

 Width to Thickness Ratio Limits 

Compactness Criteria fo

r Round Filled Composi

te Elements 

𝝀𝒑 

Compact/ 

Non-Compact 

𝝀𝒓 

Non-Compact/ 

Slender 

𝝀𝒎𝒂𝒙 

Maximum  

Permitted 

0.09𝐸

𝑓𝑦
= 81.8 

0.31𝐸

𝑓𝑦
= 281.8 

0.31𝐸

𝑓𝑦
= 281.8 

Ductility Criteria for Ro

und Filled Composite El

ements 

𝝀𝒉𝒅 

Highly Ductile 

𝝀𝒎𝒅 

Moderately  

Ductile 

𝝀𝒎𝒂𝒙𝒅 

Maximum  

Permitted 

0.076𝐸

𝑓𝑦
= 69.1 

0.15𝐸

𝑓𝑦
= 120.8 

0.15𝐸

𝑓𝑦
= 120.8 

 

Table 4- 2 Geometry of the Specimen 

Height 

Diameter

 of Outer 

Tube 

Diameter

 of Inner 

Tube 

Thickness

 of Outer 

Tube 

Thickness

 of Inner 

Tube 𝑫𝒐
𝒕𝒐
⁄  

𝑫𝒊
𝒕𝒊
⁄  

Void 

Ratio 

Ductility Cla

ss 

H (in.) 𝐷𝑜 (in.) 𝐷𝑖 (in.) 𝑡𝑜 (in.) 𝑡𝑖 (in.) 
Outer

 Tube 

Inner

 Tub

e 

106.5 8 5 0.11 0.09 72.2 55.6 0.63 MD HD 

 

Fig. 4.1 shows the section of the specimen. The section has a void ratio of 0.63, which is a relatively high 

value. The large void ratio was chosen for the specimen mainly to provide more space in the middle for 

construction purposes, as will be explained in the following sections. The height of the specimen was 

determined based on the limitations of the experimental setups for the cyclic and fire tests. The fire testing 

furnace required a total height of 10’ for the specimen to fit. Considering the additions to the column at its 
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top and bottom, which were designed for installation purposes in both of the cyclic and fire test setups 

(explained later in this report), the column height was calculated to be 106.5”. 

 

 

Figure 4- 1 Cross-section of the Specimen 

 

4.2.2 Materials 

 

4.2.2.1 Steel 

 

Specimens were constructed of electric resistance welded tubes manufactured from ASTM A513 type 1 

steel. The nominal yield and tensile strength for this steel are 32ksi (220.6 MPa) and 45ksi (310.3 MPa), 

respectively. The material is expected to have a minimum of 15% elongation at failure. Measured stress-

strain curves from coupons tested separately for the outer and inner tubes are shown in Fig. 4.2. ASTM 

A36 steel was used to build the parts of the experimental setup connected to the columns (i.e. end plates, 

fixed base, etc.).  The nominal yield and tensile strength for this A36 steel are 36ksi (248.2 MPa) and 58ksi 

(399.9 MPa), respectively. This type of steel is expected to have a minimum elongation of 20% at failure. 

 

4.2.2.2 Concrete 

 

For the chosen concrete-filled double-skin tubes geometry, the two steel tubes were only 1.5” apart from 

each other, making it impossible to use a vibrator to compact the concrete during construction.  Therefore, 

a self-compacting concrete was used, with nominal compressive strength of 5.0ksi (34.5 MPa), maximum 
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aggregate size of ½”, and a spread of 18”-30”during the slump test. All of the specimens were built from 

the same concrete batch and concrete cylinders were casted on the construction day to be tested on the day 

of specimen testing.  The average compression strength obtained from those cylinder tests was in the range 

of 8-10ksi (55.2-68.9 MPa) depending on the length of curing (results are reported in Table 4.3). The 

significant difference between the nominal and actual values is considered to be a consequence of the use 

of super plasticizers by the concrete provider to achieve the high workability requirements.  

 

 

Figure 4- 2 Stress-strain Curve for Inner and Outer Tube Steel Materials 

 

 

Table 4- 3 Concrete Cylinder Test Results 

Specimen 
Cylinder Tests Conducted o

n the Day of 

Compressive Stress Results 

Cylinder 1 Cylinder 2 Cylinder 3 Ave. 

S1 First Cyclic Test 
7.9 ksi (54.

5 MPa) 

8.0 ksi (55.

2 MPa) 

8.2 ksi (56.

5 MPa) 

8.0 ksi (55.

8 MPa) 

S2 Second Cyclic Test 
8.9 ksi 

(61.3 MPa) 

8.7 ksi 

(59.9 MPa) 

8.5 ksi 

(58.6 MPa) 

8.7 ksi 

(60.0 MPa) 

S3 First Fire Test 
9.6 ksi 

(66.2 MPa) 

9.5 ksi 

(65.5 MPa) 

10 ksi 

(68.9 MPa) 

9.7 ksi 

(66.9 MPa) 
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4.2.3 Calculation of Section properties  

 

The full plastic moment strength (Mp) of the specimens was calculated based on the nominal material 

properties. The calculation was done using the plastic stress distribution method, assuming the steel to be 

fully yielded and the concrete to have reached its strength, f’c, where in compression while being cracked 

and providing no strength in tension. It was decided to use the full f’c, instead of 0.95 f’c mentioned in AISC 

provisions, to indirectly account for some of the confinement provided by both the inner and outer tubes. 

Fig. 4.3 shows the cross-section with an assumed position for the neutral axis (N.A.).  

 

 

 

Figure 4- 3 Cross-section of the Specimen with the Assumed N.A. 

 

The plastic moment for the section is calculated by summation of the contributions from the concrete, inner 

tube and the outer tube, as expressed by:  

 

𝑀𝑃 = 𝑀𝑃𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 +𝑀𝑃𝑂𝑢𝑡𝑒𝑟 𝑇𝑢𝑏𝑒 +𝑀𝑃𝐼𝑛𝑛𝑒𝑟 𝑇𝑢𝑏𝑒 (4.1) 

 

Total compressive and tensile forces acting on the parts of the thin-walled tube above and below the N.A. 

(Fig, 4.4) can be calculated by: 

𝐹𝐶 = 𝑓𝑦(𝜋𝑟𝑡 − 2𝑟𝛾𝑡) = 2𝑓𝑦𝑟𝑡 (
𝜋

2
− 𝛾) (4.2) 
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𝐹𝑇 = 𝑓𝑦(𝜋𝑟𝑡 + 2𝑟𝛾𝑡) = 2𝑓𝑦𝑟𝑡 (
𝜋

2
+ 𝛾) 

 

where 𝑓𝑦 is the plastic stress, r is average radius, t is the wall thickness and 𝛾 is the angle determining the 

position of the N.A. in radians (Fig. 4.4). 

 

 

Figure 4- 4 Differential Element for Calculation of Tensile and  

Compressive Forces of a Tubular Section 

 

Equation 4.2 is used to calculate total forces for both the inner and outer tubes. These forces are multiplied 

by their moment arms to calculate their contribution to the plastic moment of the section. For a given tube, 

the moment arm for the compressive force, dc, (shown in Fig. 4.5) is given by: 

 

𝑑𝑐 =
𝑟 sin(

𝜋
2 − 𝛾)

(
𝜋
2 − 𝛾)

=
𝑟 cos 𝛾

(
𝜋
2 − 𝛾)

 (4.4) 

 

and the plastic moment component coming from the compression side of the tube is: 

 

𝑀𝐶 = 𝐹𝐶𝑑𝑐 = 2𝑓𝑟𝑡 (
𝜋

2
− 𝛾0) .

𝑟𝑐𝑜𝑠𝛾0

(
𝜋
2 − 𝛾0)

= 2𝑓𝑟2𝑡 cos 𝛾0 (4.5) 
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Figure 4- 5 Moment Arm for Total Compressive Force of a  

Tubular Section 

 

Similarly, for the tension side the lever arm, 𝑑𝑡, and the plastic moment component, 𝑀𝑇, are given by: 

 

𝑑𝑡 =
𝑟𝑐𝑜𝑠𝛾0

(
𝜋
2 + 𝛾0)

 (4.5) 

 

𝑀𝑇 = 𝐹𝑇𝑑𝑡 = 2𝑓𝑟𝑡 (
𝜋

2
+ 𝛾0) .

𝑟𝑐𝑜𝑠𝛾0

(
𝜋
2 + 𝛾0)

= 2𝑓𝑟2𝑡 cos 𝛾0 (4.6) 

 

The resulting contribution to the total plastic moment for one tube is: 

𝑀𝑇𝑢𝑏𝑒 = 𝑀𝐶 +𝑀𝑇 = 4𝑓𝑟
2𝑡 cos 𝛾0 (4.7) 

 

Total compressive force and the resultant moment for the concrete part of the section is calculated by 

subtracting the results for a circular section defined by the inner radius of the concrete section, rci, from the 

results for a larger circular section defined by the outer radius of the concrete section, rco. The total force 

and moment corresponding to the part of a circular section above the N.A. are calculated by integration 

using the differential elements shown in Fig. 4.6. 
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Figure 4- 6 Differential Force and Moment Calculation for a Circular

 Section (Above N.A.) 

 

Since f’c is the stress value for all of the elements, total force and moment values are given by: 

 

𝐹 = ∫ 2𝑓𝑟2
𝜋
2

𝛾0

𝑐𝑜𝑠2𝛾𝑑𝛾 =
𝑓𝑟2

2
(𝜋 − 2𝛾0 − sin2𝛾0) (4.8) 

𝑀 = ∫ 2𝑓𝑟3
𝜋
2

𝛾0

𝑐𝑜𝑠2𝛾𝑠𝑖𝑛𝛾𝑑𝛾 =
2

3
𝑓𝑟3𝑐𝑜𝑠3𝛾0 (4.9) 

 

Solving Eqs. 4.8 and 4.9, the total force and plastic moment resulting from the concrete part of the specimen 

are given by: 

 

𝐹𝐶𝑜𝑛𝑐.𝐶𝑜𝑚𝑝 =
𝑓

2
(𝜋 − 2𝛾0 − sin2𝛾0)(𝑟𝑐𝑜

2 − 𝑟𝑐𝑖
2) (4.10) 

𝑀𝐶𝑜𝑛𝑐. =
2

3
𝑓𝑐𝑜𝑠3𝛾0(𝑟𝑐𝑜

3 − 𝑟𝑐𝑖
3) (4.11) 

 

The location of the N.A. can be found by satisfying equilibrium for all the above axial forces acting on the 

cross-section, namely: 

 

𝐹𝐶,𝐼𝑛𝑛𝑒𝑟 𝑇𝑢𝑏𝑒 + 𝐹𝐶,𝑂𝑢𝑡𝑒𝑟 𝑇𝑢𝑏𝑒 + 𝐹𝐶𝑜𝑛𝑐.𝐶𝑜𝑚𝑝. = 𝐹𝑇,𝐼𝑛𝑛𝑒𝑟 𝑇𝑢𝑏𝑒. + 𝐹𝑇,𝑂𝑢𝑡𝑒𝑟 𝑇𝑢𝑏𝑒 (4.12) 
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where, using Eqs. 4.2 to 4.10, the components of Eq. 4.12 can be calculated as: 

 

𝐹𝐶,𝐼𝑛𝑛𝑒𝑟 𝑇𝑢𝑏𝑒 = 2𝐹𝑦𝑟𝑖𝑡𝑖 (
𝜋

2
− 𝛾0) (4.13a) 

𝐹𝐶,𝑂𝑢𝑡𝑒𝑟 𝑇𝑢𝑏𝑒, = 2𝐹𝑦𝑟𝑜𝑡𝑜 (
𝜋

2
− 𝛾0) (4.13b) 

𝐹𝐶𝑜𝑛𝑐.𝐶𝑜𝑚𝑝. =
�́�𝑐
2
(𝜋 − 2𝛾0 − sin2𝛾0)(𝑟𝑐𝑜

2 − 𝑟𝑐𝑖
2) (4.13c) 

𝐹𝑇,𝐼𝑛𝑛𝑒𝑟 𝑇𝑢𝑏𝑒 = 2𝐹𝑦𝑟𝑖𝑡𝑖 (
𝜋

2
+ 𝛾0) (4.13d) 

𝐹𝑇,𝑂𝑢𝑡𝑒𝑟 𝑇𝑢𝑏𝑒 = 2𝐹𝑦𝑟𝑜𝑡𝑜 (
𝜋

2
+ 𝛾0) (4.13e) 

 

Substituting Eq. 4.13 into 4.12, γ is left as the only unknown of the equation, and can be calculated, giving 

both the position of the N.A. and the value of the plastic moment for the cross-section. Using Eqs. 4.7 and 

4.11, the total plastic moment is given by: 

 

𝑀𝑃 = 4𝐹𝑦𝑟𝑖
2𝑡𝑖 cos 𝛾0 + 4𝐹𝑦𝑟𝑖

2𝑡𝑖 cos 𝛾0 +
2

3
�́�𝑐𝑐𝑜𝑠

3𝛾0(𝑟𝑐𝑜
3 − 𝑟𝑐𝑖

3) (4.14) 

 

Using the geometric and nominal material properties of the section mentioned above, total plastic moment 

was calculated to be 360kip.in (4.07 × 104 𝐾𝑁.𝑚). However, for experimental purposes, to design the test 

set-up from a capacity design perspective, a greater maximum specimen flexural strength was 

conservatively calculated using Equation 4.14 considering both an over strength factor of 1.5 for the 

nominal yield strength and a strain hardening factor of 1.5 for the steel tubes, and both a factor of 1.7 for 

the concrete compressive strength to account for the higher expected values along with a factor of 1.5 to 

consider the added strength due to confinement effects, for the concrete core. 

 

Using the new material strength values, the conservative maximum flexural strength was calculated to be 

816kip.in (9.22 × 104 𝐾𝑁.𝑚𝑚) and was used in a capacity design approach to design the experimental 

setup (as described in the following sections). Note that shear capacity of the specimen was not an issue 

(for the specimen geometry chosen) and that design of the experimental setup was dictated by developing 

flexural failure of the column. 
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4.3 Description of the Experimental Setup for Cyclic Tests  

 

4.3.1 General 

 

The specimens were designed to be fixed at their base on a lateral foundation beam to form a vertical 

cantilever condition. The base beam constructed from a W14x211 section was attached to the strong floor 

of the lab. One end of the base beam was welded to an A-shaped reaction frame, from which lateral forces 

could be applied to the specimens using a 50kip MTS actuator. Fig. 4.7 illustrates this experimental setup. 

 

 

Figure 4- 7 Experimental setup for Cyclic Tests 

 

An additional part was designed to be added to the base of each specimen in order to move the position of 

the maximum moment from the connection point on the base beam to the top of that additional part welded 

to the column base. This configuration also prevented damage from occurring to the base beam during the 

cyclic loading process. The additional part welded to the base of the columns consisted of two channels 

with their flanges facing outward and two plates welded to all free edges of the channel flanges on their top 

and bottom. The details of this additional part are shown in Fig. 4.8. For convenience, this built-up part will 

be referred to as the box section from now on in this report. 
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Figure 4- 8 Details of the Additional Parts to the Specimen’s Base (built-up box section) 

 

4.3.2 Design of the Setup 

 

4.3.2.1 Assumptions 

 

This section describes the transfer of the loads (lateral and axial) from the top of the specimen all the way 

to the foundation beam.  Structural elements along this load path are designed to resist those loads.  A 

complete free body diagram showing the assumed load transfer mechanism is shown in Fig. 4.9.  

 

The lateral load is transferred from the actuator to the transfer element on top of the specimen. This load is 

distributed to the full composite section mainly by bearing of the threaded rods coming out of concrete and 

also by the friction forces at the interface of horizontal plate of the transfer element and the top plate of the 

specimen. 

 

The load applied at the top of the composite section produces bending and shear forces acting on top of the 

channels at the bottom of the specimen. The load goes from the column to the plate by bearing against the 

thickness of the plate at the circular welded connection. Stresses in the plate are transferred to top flanges 

of the channels on both sides through the welds and the connecting rods. To satisfy equilibrium, equal 

forces are developed in the bottom flanges of the channels in the opposite direction. These opposite forces 

at the top and bottom flanges create a bending moment resisted by the channels. This moment is transmitted 

to the bottom plate of the specimen and, from there, resisted by tension in the rods going into the foundation 

beam and compression by the hard contact between the bottom plate and the top flange of the foundation 

beam. Design process of the experimental setup for the cyclic test is presented in the following sections.  
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Figure 4- 9 Complete Free Body Diagram of the Specimen 

 

 

4.3.2.2 Calculation of the Maximum Lateral Load Applied to the Specimen  

 

Maximum lateral load applied to the specimen by the actuator was calculated based on the maximum 

capacity of the specimen, assuming development of plastic hinging of the column above the plate on top of 
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the channels. The moment at that position is equal to the sum of the moments caused by the lateral load 

from the actuator and the axial load applied from the threaded rod since its line of action has a little 

eccentricity from the center of the plate on top of the channels. The maximum force was calculated using 

the maximum expected Mp value calculated in the previous section (816 kip.in.). To ensure that all the 

transfer elements worked safely during the experiments, and for expediency, the whole setup was designed 

for a maximum lateral load of 10kips, which was about 20% more than the calculated force. 

 

4.3.2.3 Transfer Element (Connecting the Actuator to the Specimen)  

 

The transfer element was designed to carry the load from the actuator to the specimen. It was also used as 

a bearing plate for the axial load coming from the threaded rod. Considering that this piece was intended to 

be reusable for different tests, it was designed to be practically rigid, by selecting oversized plates. As 

shown in Fig. 4.10, the transfer element consisted of a 0.5” thick vertical plate welded to a horizontal plate 

to form an L-shaped element. The vertical plate was supported by two triangular 0.25” plates, which were 

welded to both sides of the L-shaped element. 

 

 

Figure 4- 10 Built-up Transfer Element 

The horizontal plate of the transfer element was designed for bearing the axial force coming from the post-

tensioning rod. The plate was checked for bearing stresses, punching shear, and yield line analysis capacity 

for the selection of a proper thickness. The manufacturer suggested thickness for the bearing plates of 1 

3/8” threaded rods was finally selected. This thickness of 1 ¾” was larger than the maximum value 

calculated in the design process. 

 

The transfer element is connected to the specimen with four ½” ASTM A193 grade B7 threaded rods. This 

type of steel has nominal yield and tensile strength of 105ksi (723.9 MPa) and 125ksi (861.8 MPa), 

respectively. Minimum elongation at failure for this type of steel is expected to be about 16%, but all rods 
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were designed to remain elastic. The rods were designed to work in combined tension and shear loading 

based on the anchorage design procedures presented in the Appendix D of ACI 318-11 code (ACI 2011).  

 

The rods are in tension because of the pretensioning and the pulling from the actuator (when pretensioning 

forces are exceeded). Shear forces are also caused by the lateral force coming from the actuator. It was 

assumed that the shear force was divided equally between the four rods. The tensile strength of the rods 

was calculated based on their minimum capacity considering different failure mechanisms: Tensile failure 

of steel, concrete breakout, anchor pull out and side face blow out. Failure mechanisms considered in the 

calculation of the shear strength include steel failure, concrete break out and concrete pryout. These 

mechanisms are shown for tensile and shear failures in Fig. 4.11 and Fig. 4.12, respectively. 

 

Figure 4- 11 Failure Modes for Anchor Bolts in Tension (ACI 318-11) 

 

 

Figure 4- 12 Failure Modes for Anchor Bolts in Shear (ACI 318-11) 

 

Tensile strength (ϕNn) and shear strength (ϕVn) for the ½” rods were calculated to be 20.39 kips and 

32.16 kips, respectively, and found to be adequate when considering tension-shear interaction.  An 

embedment depth for the threaded rods of 16” was selected based on the ACI regulations. 
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4.3.2.4 Connection of the Cap Plate to the Specimen 

 

The lateral load from the actuator was assumed to be transferred to the specimen by the threaded rods 

embedded in the concrete. However, there was a possibility that a part of this load could be transferred to 

the weld connecting the specimen to the cap plate by bearing of the threaded rods to the holes in the cap 

plate. To make sure no failure would happen in the process of load transfer from the actuator to the full 

composite section, it was decided to design the weld connecting the cap plate to the specimen to also be 

capable of carrying the full expected lateral load.  

 

It was assumed that the lateral load was distributed uniformly over the full length of the circular weld. 

Using the design procedures for welded connections recommended in AISC J2.4 section (AISC 2010a), a 

minimum weld thickness of 1/8” was found adequate for the connection to carry the maximum lateral load 

from the actuator. Note that for the cap plate to resist the bearing loads from the threaded rods carrying the 

actuator force, calculations showed that a 3/1 thick cap plate would be sufficient (and this didn’t govern its 

sizing). 

 

4.3.2.5 Design of the Box Section at the Base of the Specimen  

 

The channels of the box section were designed to carry the full expected plastic moment of the specimen 

while remaining elastic. Therefore, the required combined section modulus of the channels was calculated 

based on their yield strength (Fy=36ksi). The channels needed to be checked for flange local buckling, web 

yielding, web crippling and web compression buckling. As mentioned before, six tube studs were placed 

tightly between the top and bottom flanges of the channels to ensure stability. Based on the design 

calculations, two MC12x31 channels were selected to be used for the box section. 

 

It should be mentioned that some of the dimensions of the elements used for the additional part were forced 

to be within limits imposed by the existing conditions of the testing facility. The width of the top and bottom 

plates of the box section were selected to be equal to the width of the top flange of the foundation beam 

(16”). Therefore, square 16”x16” plates were selected to be checked for design requirements. The thickness 

of the plate was calculated based on the state of the stress in its plane. The governing equations for this 

analysis were adapted from a study by Fujikura et al. (2007) that presents a similar analysis case. 

Considering that the load transfers from the outer tube of the specimen to the plate through a bearing 

mechanism, the thickness of the plate should be adequate to carry the bearing load which is given by: 
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𝐹𝑏𝑒𝑎𝑟𝑖𝑛𝑔 =
𝑀𝑃
𝑑

 (4.14) 

 

in which Mp is the full plastic moment of the specimen and d is the distance between the top and bottom 

plates of the box section. This distance is determined by the depth of the channels that are placed between 

the plates. This calculation determines the minimum required thickness for the top and bottom plates 

(5/16”). 

 

In addition, assuming simply supported conditions for the plates at their welded edges, they were checked 

for shear loading in beam action. Assuming the bearing load calculated above was applied as a distributed 

load to the beam, the thickness and length of the plates were found adequate for this load. Another 

conservative design check was done by assuming the bearing load applied as a concentrated force to a 

simply supported beam. This time the plates were checked to be adequate for the bending moment caused 

by this concentrated force.  

 

Since the plates were not embedded in concrete in this project contrary to the design in the study by Fujikura 

et al. (2007), they were checked for out-of-plane buckling assuming simply supported conditions at the 

edges. The calculations showed that the critical buckling stress for the selected thickness and width values 

was larger than the yield stress. Based on the design checks done in this section, two MC 12x31 channels 

were finalized to be used in the box section. A 5/16” plate was selected for the bottom side of the box. 

Although this plate size was shown to be also adequate for the top side, due to some concerns about having 

a limited amount of yielding in some areas of the top plate based on finite element analyses, it was decided 

to use a 3/8” plate at the top. The welds connecting the channels along all the edges of their flanges to the 

top and bottom plates were designed to be strong enough for the necessary loads. 

 

4.3.2.6 Welds Connecting Top and Bottom Plates of the Box Section to the Outer Tube 

 

A complete joint penetration groove weld was decided to be used for the connection of the outer tube to top 

plate of the box section. Filling the gap between the outer tube and the 3/8” plate makes the strength of the 

connection to be the same as the base metal. Therefore, the capacity of the connection will be equal to the 

capacity of its elements. This configuration will transfer the force coming from the tube during the cyclic 

test to the plate as an in plane force for which it was designed to be adequately resistant. The weld of the 

bottom plate to the outer tube was designed based on the tensile strength of the tube. Calculations showed 

that a minimum fillet weld size of 1/8” was enough for this connection. 
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4.3.2.7 Effects of Axial Load on the Specimen and the Box Section  

 

The amount of axial load to be applied to the specimen was based on two limitations. First, it had to be in 

the range of loads that are applied to columns in typical buildings (gravity load) which is usually close to 

30% of the axial strength of the column. The second limitation was imposed by the specific method used 

for applying the axial load in this project. The available equipment in the cyclic testing lab allowed the 

maximum axial load of 70-80kip to be applied to the specimen by post-tensioning the threaded rod. The 

fire testing facility also had the maximum limit of 120kips for the axial load. Since the maximum possible 

axial load limit in the cyclic testing lab for this particular experimental setup was about 30-40% of the 

column’s axial strength calculated by the measured material properties (208 kips), it was decided to keep 

the axial load in the range of 70-80kips. 

 

A 1 3/8” ASTM A193 grade B7 threaded rod was used for applying the axial load. The applied load at its 

upper bound (80 kips) creates a tensile stress which is about 51% of the yield strength of the rod (105ksi). 

This satisfies the safety requirements and ensures that the same rod can be used for all of the specimens. 

Along with the threaded rod, two 1 ¾” thick plates were used at top and bottom of the specimen as bearing 

plates for the axial loads. The sizes of these plates were selected based on manufacturer recommendations 

and design procedures that were mentioned earlier. These elements were also used multiple times for all of 

the specimens.  

 

The experimental setup was conservatively checked for an axial load of 120kip to be sure no problems 

would occur in case the axial load was increased to the limit values of the fire lab. A portion of this load 

will transfer into the channels added to the base of the column for which the capacity of the connection and 

the channels should be checked. Since the connection is made of a full joint penetration weld, the total shear 

capacity of a 3/8” plate is available to be used for the load transfer. This shear capacity is larger than the 

total axial load applied to the specimen. When the load is transferred to the channels, it will be resisted by 

the tube studs placed between the top and bottom flanges. The design of the tube stubs are presented later 

in this section.  

 

4.3.2.8 Threaded Rods at the Base and the Supporting Tubes  

 

Six 1.25” ASTM A193 grade B7 threaded rods were used to connect of the specimen to the foundation 

beam. The diameter size was dictated by the holes already present on the foundation beam and checked to 
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be adequate for the forces. The rods were designed to run through tube stubs for two time along their way 

to the base beam. First, the rods go through the tubes that are about 12” long and placed between the top 

and bottom flanges of the channels (to prevent buckling or instabilities) and second, through the pipes 

placed between the bottom plate of the specimen and top flange of the foundation beam to keep the 

specimen about 7” above it. The tubes used for both locations were 2 ½” xx strong pipes that according to 

AISC specifications have the yield stress and tensile stress of 35ksi and 60ksi, respectively (ASTM A53 

Gr. B). The pipes had a nominal wall thickness of 0.552” that satisfied the geometric constraints of the 

setup. The threaded rods had to be pretensioned to keep the specimen fixed in place during the cyclic 

loading. Considering the lab safety and the fact that the rods were going to be used for all of the specimens, 

it was decided to pretension the rods only up to 50% of their yield strength. This pretensioning force is 

directly transferred to the pipes as an axial load.  

 

The tensile and compressive forces applied the threaded rods and the pipes were calculated by adding up 

the effects from the lateral and axial loads applied to the specimen plus the pretentioning force applied to 

the rods. The threaded rods were checked for combined effects of tension and shear according to the AISC 

J.3 provisions for bolted connections (AISC 2010a). The two sets of pipes were checked to remain below 

the critical axial load level during the tests.  

 

Results showed that on the compression side, the axial force on the pipes were below the critical buckling 

load for both the 12” and 7” elements. On the tension side, the pipes lost some of the axial load because of 

the tension coming from the applied moment, but they were still in compression meaning that the specimen 

would remain fixed in place during the cyclic loading. 

 

4.3.2.9 Effects of Out of Plane Deformations 

 

The experimental setup for cyclic loading was designed assuming that the top of the specimens would be 

displaced in a direction parallel to the bottom beam.  However, since no lateral bracing was provided for 

the specimen, there was a possibility of accidental eccentricity and displacements out of that plane, which 

would cause eccentric shear in the rods and undesirable bending in the weak direction of the box assembly 

at the base of the specimen. Since all of the elements of the setup were conservatively overdesigned, the 

effects of accidental eccentricity on the stresses were expected to be insignificant, but out-of-plane 

displacements of the specimen were monitored during the experiment in case these became excessive and 

a cause for concern.  
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4.4 Construction 

 

Assembly of the specimens started by welding the inner and outer tubes to the base plates of their box 

sections. Next, the channels were added to both sides of the outer tube and finally the top plate of the base 

was slid over the outer tube to rest on the two channels. It should be mentioned that the top plate for each 

specimen had a circular hole in its center with a diameter oversized by 1/8” with respect to the diameter of 

the outer tube. After checking the alignment of the holes, straightness of the column and equal distribution 

of the gap around the circular hole, the top plate was fillet welded to the flange of the channels along all 

edges. Finally, the gap between the top plate of the box section and the outer tube was filled with a full 

penetration weld (Fig. 4.13). 

 

Since the specimens were to be used in fire tests after the cyclic loading tests, thermocouples were installed 

inside the specimen before pouring the concrete. Two thermocouples were attached to the outer and inner 

tube surfaces from inside the specimens. A third thermocouple was positioned approximately at the center 

of the gap between the inner and outer tubes. The wires attached to these thermocouples were led out of the 

specimens through one of the four small diameter (1/4”) vent holes (Fig. 4.14), which were drilled on the 

outer tube to provide an escape route for the pressurized vapor during the fire tests (two holes at each end 

of the column).  

 

Figure 4- 13 Circular Welding of the Additional 

Elements to the Column’s Base 
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Figure 4- 14 Thermocouple Wires Coming out of the Specimens 

 

In order to keep a uniform gap distance between the inner and outer tubes of the specimens along the length 

of the column, small diameter rebars with length equal to the projected thickness of the concrete annular 

region were used as spacers welded between the inner and outer tubes at the top of the specimens. 

 

Along with the three main specimens, three short stub columns were also built to be used in the fire tests. 

Using a base plate and the same inner and outer tubes, these columns had the same cross-section as the 

main ones. The only difference was that the stub columns were just 12” high, as opposed to 106.5” for the 

specimen columns. The same thermocouple instrumentation was also installed on the stub columns before 

pouring the concrete. The number of vent holes for the stub columns were reduced to two (one at each end) 

because of their much shorter length, except for the stub column SC2 that was fabricated with three holes 

in an attempt to study the effects of the number of ventilation holes on the heat transfer process in columns. 

 

Self-compacting concrete was poured between the tubes for all specimen and stub columns. The concrete 

was poured gradually from the top without using any vibrator devices. A total of nine concrete cylinders 

were cast from the same batch of concrete to be used for compression tests at different stages of testing. 

The last step was to hold the threaded rods that were designed to stick out of concrete at the top of the 

specimens in the right position. This was done by fixing the four rods by nuts to the cap plates and 

embedding them in concrete while using the cap plate as an aligning tool.  
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Fig. 4.15 shows the preparation of the cap plates with the threaded rods. The specimens and the cast 

cylinders were then set aside for concrete curing. After a few days, the nuts connecting the cap plates to the 

threaded rods were taken out and the cap plates were temporarily removed so that, during the curing period, 

the top of the specimens was left open. Construction of the specimens was completed by reinstalling the 

cap plates and welding them to the outer tube of the column. 

 

 

 

Figure 4- 15 Threaded Rods fixed on the Cap Plate to Be

 Embedded in Concrete 

 

 

4.5 Instrumentation 

 

4.5.1 General 

 

The instrumentation for the cyclic tests was designed to capture the essential structural response parameters 

that can describe the column’s behavior and characteristics under lateral cyclic loading. The parameters of 

interest include displacement response, forces, and strain distribution at specific locations. Displacement 

response was recorded at different points of the specimens by different methods to get a complete record 

of the deformations during the cyclic loading. These recordings can be useful in characterizing the ductility 

and hysteretic behavior of the specimens. 

 

Displacement response was recorded by two different methods.  First, a number of string pots were used to 

record the displacements relative to a fixed reference point. Second, a Krypton Dynamic Measurement 
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Machine was used to track the movements of certain points on the specimens where target Light Emitting 

Diodes (LED) devices were installed.  Together, and in addition to the displacement transducer internal to 

the actuator, these were intended to provide sufficient data to quantify the overall deformation response of 

the specimens. 

 

Strain distributions were recorded mainly for sake of detecting the occurrence and location of first yielding 

on the specimen. They also provide some measurement of plastic strain excursions in the specimens. Load 

cell devices were used to record the applied or resisting forces both in the lateral and axial directions.  All 

instrumentation devices were connected to the input channels of two data acquisition (DAQ) systems: one 

was used for the strain gauges, linear potentiometers (string pots) and load cells both attached to the 

specimen and the actuator; the second one was dedicated to the Krypton LED sensors. A detailed 

description of the equipment used in the instrumentation of the experimental setup for the cyclic tests is 

presented in the following paragraphs. Fig. 4.16 shows a close view of the experimental setup with 

instrumentation. 

 

4.5.2 Strain Gauges 

 

Strain gauges were attached to the surface of the specimen in the longitudinal and circumferential directions 

to capture some aspects of the strain distribution on the outer steel tube. All of the gauges were close to the 

base of the specimen since it was expected that first yielding and plastic moment would develop in that 

area. Strain recordings from the gauges installed on the outer tube at locations both above and below the 

top plate of the box section were planned to be used for calculation of the moment diagram of the specimen 

at that region. 
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Figure 4- 16 Specimen S1 after  

Instrumentation 

 

 

All of the strain gauges used were from the type CAE-06-125-UW-120 provided by Vishay Precision 

Group. Each of the specimens used for the cyclic testing was equipped with a total of 16 strain gauges (front 

and back). Fig. 4.17 shows the strain gauge layout for a typical specimen, with gauges labeled from 1 to 

16. 
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Figure 4- 17 Strain Gauge Layout 

 

4.5.3 String Potentiometers 

 

The displacement at the top of the specimen was recorded by a linear transducer mounted in the MTS 

244.31 50 kips actuator, which has a stroke of ±12”. However, this transducer also recorded displacement 

of the reaction frame on which the actuator reacted during the test. To get a more reliable set of displacement 

recordings, seven linear displacement potentiometers (i.e., string pots) were used for each specimen (shown 

and labeled as SP1 to SP7 in Fig. 4.18), recording specimen displacement relative to a non-reactive post 

connected to the foundation beam. The string pot wires were attached to the outer tube of the specimen 
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using a magnetic mount.  Note that SP 7 was oriented to record the vertical displacements of the top plate 

of the box section to capture possible rotations of the base.  

 

 

Figure 4- 18 String Pot Layout 
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4.5.4 Krypton Dynamic Measurement Machine 

 

In addition to the linear potentiometers, displacement response of the specimens was recorded using a 

Krypton machine. Each specimen was equipped with 22 LEDs to record displacements in three orthogonal 

directions at each of the selected locations. This allows to monitor possible out-of-plane displacements 

(given that there was no bracing system to keep the specimen in plane, as mentioned earlier). Fig. 4.19 

shows the layout of LEDs used for the specimens.  

 

 

Figure 4- 19 LED Layout 
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The Krypton device uses three linear CCD cameras to calculate the position of LEDs with respect to a user 

defined coordinate system by triangulation method. Accuracy is in the range of 0.05mm to 0.5mm 

depending on the field of the view of the camera system. The field of view is a pyramidal volume that is 

defined based on the overlap area of the three linear CCD cameras. The camera was located about12 ft from 

the specimen to enclose all of the LEDs in its field of view. 

 

4.5.5 Load Cells 

 

Two load cells were used in this experimental setup. One was the built-in load cell for the actuator to read 

the force applied to the specimen during the cyclic tests. The other load cell monitored the tensile force in 

the post-tensioning rod used for applying axial load to the specimen. The load cell was tubular with a hole 

in its center from which the 1 3/8” rod could go through. It was placed between the bearing plate and the 

nut at the bottom end of the threaded rod, taking the whole axial load in compression. The load cell was 

calibrated to measure loads up to 100kips. Fig. 4.20 shows the load cell used for the threaded rod. 

 

 

Figure 4- 20 Load Cell Used to Monitor the Tensile Load of

 the Threaded Rod 

 

4.6 Experimental Protocol 

 

Two of the three main specimens were subjected to the cyclic testing program. The third one was kept 

undamaged prior to the fire test. The specimens were tested in displacement controlled mode using the 

protocol shown in Fig. 4.21 which is based on ATC-24 recommendations (ATC 1992). Each specimen was 

subjected to three cycles for each predetermined maximum displacement at the initial stages of the test. The 

first few cycles ended in relatively small displacement amplitudes to capture each specimen’s yielding 

point. Numerical analyses were conducted prior to the tests to get an estimate of the yield displacement. 
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Maximum displacements for different cycles of the test were defined as multiplies of the estimated yield 

displacement. 

 

Amplitude of displacement for the cycles was increased up to the point when the desired damage level for 

the specimen could be visually identified.  The target damage level was different for the two specimens. 

The first specimen (S1) was subjected to cyclic displacements until the first visual signs of local buckling 

appeared on the outer tube. This level was considered a low damage state that created a minimal inelastic 

history for the specimen. The second specimen was pushed further (with additional cycles) to reach a higher 

damage level, but testing stopped before any fracture developed.  Residual drift of the specimens was used 

as a damage index to distinguish between the damage levels of the two specimens. The constant axial load 

was applied to the specimens during the tests. 

 

 

Figure 4- 21 Cyclic Displacement Controlled Test Protocol (ATC-24) 

 

4.7 Cyclic Test Results 

 

4.7.1 Test 1: Specimen S1 

 

Testing on specimen S1 started by applying an axial load of 71 kip by post-tensioning the threaded rod 

along its longitudinal axis.  The axial load was kept constant during the whole cyclic loading period. Cyclic 

testing started with low amplitude displacement cycles of 0.75”. This amplitude was equal to 50% of the 

estimated yield displacement of 1.5” for this specimen (which was estimated using nominal material 

properties). The following cycles had target displacement amplitude values equal to  
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1
2⁄ 𝛿𝑦

∗, 2 3⁄ 𝛿𝑦
∗, 𝛿𝑦

∗, 1.5𝛿𝑦
∗, 2𝛿𝑦

∗, 3𝛿𝑦
∗, 4𝛿𝑦

∗, …  where 𝛿𝑦
∗  refers to the estimated yield displacement. 

Monitoring the force-displacement plot of the specimen during the test showed slight inelastic action during 

the 1.5” displacement cycle followed by clear inelastic hysteretic behavior for the cycles at an amplitude of 

2.25”.  Therefore, the experimentally determined yield displacement and yield force for this specimen were 

𝛿𝑦 = 2.25" and Py= 5.13kips.  

 

Going through the following cycles, the specimen reached a maximum lateral load of 8.06kips. The 

maximum strength was reached during the cycle of amplitude equal to 4𝛿𝑦∗ ≅ 2.66𝛿𝑦 = 6".  Because slight 

bulging of the outer tube could be felt by touching the specimen at the end of the 4𝛿𝑦∗  cycles, the next set 

of cycles were applied with smaller increments of amplitude.  The following cycle was applied to the 

specimen with a maximum displacement of 7” (just 1” more than the one for the previous cycle). Local 

buckling could be visually observed at this stage and the test was stopped with an observable residual drift 

of about 1.5% for the specimen. 

 

Fig. 4.22 shows the resulting lateral force versus drift curve recorded for specimen S1. Drift was calculated 

based on the relative displacement of the top of the specimen with respect to the top plate of the box section 

at the base. It should be mentioned that a slight correction was applied to the displacement values before 

plotting the curve. The correction was done because of the minor rotations that happened to the top plate of 

the box section at the base of the specimen. These rotations at the base which mainly occurred during the 

last cycles were considered to be rigid body motions and the corresponding displacement was subtracted 

from the measured displacement at the top of the specimen.  

 

Results in Fig. 4.22 show that the specimen did not lose significant strength until the last cycle of loading 

when a strength degradation of approximately 5% occurred.  This is logical, as the last cycle is the only one 

during which local buckling could be seen to develop at the base of the outer tube. Minor strength 

degradations were also observed in the second and third cycles at displacement amplitudes of 3.6” and 5”.  

 

Fig. 4.23 shows local buckling of the outer tube from different angles. Grid lines were painted on the 

specimen to provide better visualization of plastic behavior. Fig. 4.24 shows a full view of the specimen at 

the end of the testing. The residual drift of the specimen may not be easily detected because of its relatively 

low value. Based on the corrected values for the top displacement, the maximum and residual drifts for 

specimen S1 was calculated to be about 6.2% and 1.4%, respectively. 
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Figure 4- 22 Lateral Force vs. Drift Ratio Results– Specimen S1 

 

 

 

 

 

 

Figure 4- 23 Local Buckling at the Base of Specimen S1 
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Figure 4- 24 Specimen S1 at the End of the

 Cyclic Test 

 

4.7.2 Test 2: Specimen S2 

 

The test procedure was similar to that of specimen S1, except for the amount of axial load, which was 

higher for S2 because of minor developments in the loading equipment. A constant axial load of 80kip was 

applied to specimen S2 throughout the cyclic testing. Cyclic displacements were applied to specimen S2 

based on the same protocol used for the previous specimen. In terms of the yield displacement, specimen 

S2 started showing inelastic behavior at the 2.25” displacement cycle with the maximum force of 5.07kips. 

The similarity between the results of the two specimens was expected because both of them were built using 

materials coming from the same batches. 
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Specimen S2 was planned to be prepared for the fire test with a higher residual drift as an index of seismic 

damage. Maximum displacement of the last cycle was kept at the same level with the previous test to avoid 

possible fractures in the outer tube of the specimen that could be caused by higher displacement cycles. The 

7” displacement was applied for another half cycle to make it possible for the specimen to stop at a larger 

residual displacement upon returning to the zero force position.  

 

The test ended with maximum and residual drifts of 6.3% and 3.9%, respectively.  The residual drift for S2 

was considerably higher than the previous case (S1). Fig. 4.25 shows the corrected lateral force versus drift 

curve for specimen S2. Maximum lateral load taken by specimen S2 was 7.86 kips which is about 2.5% 

less than S1. Strength degradation was more significant for specimen S2 compared to S1. The maximum 

force reached at the end of the last half cycle was about 14% less than the maximum recorded force. Fig. 

4.26 shows local buckling of the specimen S2 which is more severe compared to S1 mostly because of the 

additional half cycle loading that was applied to S2. Final state of the specimen with the residual drift can 

be seen in Fig. 4.27. Both of the specimens (S1 and S2) were kept with the residual drift to be tested under 

fire.  

 

 

 

Figure 4- 25 Lateral Force vs. Drift Ratio Results– Specimen S2 
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Figure 4- 26 Local Buckling at the Base of Specimen S2 

 

 

Figure 4- 27 Specimen S2 at the End of the Cyclic Test 
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FIRE TESTS ON DAMAGED AND UNDAMAGED CFDST COLUMNS 

 

5.1 General 

 

This section presents the second part of the experimental program, which consists of fire tests conducted 

on CFDST specimens with different initial conditions corresponding to various levels of simulated seismic 

damage. The fire tests were conducted at the fire lab of NGC Testing Services, an external testing facility 

with the capability of performing controlled fire tests on structural members. The facility has a number of 

furnaces in different shapes and sizes available for testing different kinds of building elements. All the 

furnaces use natural gas as their energy source for fire and have temperature control systems to follow 

specific fire protocols and standards. Facilities for the type of tests conducted here are not available on the 

University at Buffalo campus. 

 

Three scaled column specimens built and tested under simulated seismic loading as discussed in the 

previous section were prepared for testing in the fire lab. In addition to the specimen columns, three short 

stub columns, which had sections similar to the specimen columns, were also tested under fire for different 

observational purposes that are discussed later in this report. A total of three fire tests were conducted for 

this project, one for each of the specimen columns. To limit the number of fire tests, the stub columns were 

tested together with one of the specimen columns. Section 5.2 describes the experimental setup and 

specimen preparation for the fire tests. Section 5.3 presents the instrumentation process for recording both 

thermal and structural response of the specimens. Section 5.4 describes the experimental protocol 

implemented in this project and finally, section 5.5 presents the complete results of the fire tests.  

 

5.2 Experimental Setup for Fire Tests 

 

5.2.1 Description of the Setup 

 

Based on the geometry of the specimens and test requirements, a vertical 10’x10’ furnace available at the 

NGC lab was selected to conduct the fire tests in this project. This furnace was primarily designed for 

testing vertical building members (i.e., walls, doors, windows, etc.). The furnace is capable of 

accommodating 10’ tall members, a requirement that was considered during the design of the specimens. 
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The main features of the experimental setup for the three conducted fire tests are presented in the following 

paragraphs. 

 

The boundaries of the furnace were defined by two concrete beams at the top and bottom, framing between 

two concrete columns, a moving wall on one side of the plane delimited by these beams and columns, and 

a fixed wall on the other side of the furnace. The top and bottom beams were 16” and 12” wide, respectively. 

The top beam was fixed in place, working as a reacting member to the vertical loads applied to it by the top 

of the column specimen (in compression, as described later). The bottom beam was attached to a railing 

that could move up or down over a total travel distance of 4” (±2"). The railing was supported from below 

by eight hydraulic actuators used for applying vertical compression loads to the tested specimens.  

Maximum load was limited to120 kips (i.e., 15 kips per actuator) due to the equipment specifications. 

 

Each specimen was installed between the top and bottom beams, and subjected to a constant axial load 

applied from the bottom beam. Total axial displacement of the column, including thermal expansion and 

deformation under axial load, was limited to the  ±2" travel distance of the bottom beam. The walls on both 

sides of the furnace were designed to keep the heat inside the test chamber for up to a four-hour period 

which was considered to be sufficient for the fire tests based on numerical estimations (note that these walls 

are typically designed and built with just enough fire-proofing material to fit the requirements of any 

particular test). 

 

Natural gas is injected into the furnace and burned to create flames surrounding the specimen. A few 

observation windows are built on both sides of the furnace, making it possible for the lab technicians to 

visually inspect the inside of the furnace at any time. Note that the width of the furnace is approximately 

equal to the width of the top beam (16”). Since the walls on the sides are only built to provide insulation 

and cannot resist loads from structural members, possible out-of-plane deformations of the structure had to 

be monitored to ensure that the specimen remained within the available enclosure space. Fig. 5.1 shows a 

photo of the vertical furnace, with the specimen between the top and bottom beams. 
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Figure 5- 1 Specimen S3 in the Vertical Furnace 

 

5.2.2 Preparation of the Specimens for the Fire Tests  

 

The three main specimens were prepared for the fire tests with a few modifications at both ends. The only 

available way to connect any member to the top or bottom beams of the described vertical furnace was to 

bolt the ends using Unistrut bolts (Unistrut 2013) that could be positioned on a thin track at the center of 

the top and bottom beam surfaces along their total length. Since the end plates of the specimens could not 

be drilled for holes in their center, built up members were added to both ends. These added members were 

designed to push against the end plates of the specimens and were tied down to the top and bottom beams 

by the bolts along their center lines. Fig. 5.2 shows the details of these built-up members. 
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Figure 5- 2 Built-up Elements for Connection of Column Ends to the Top  

and Bottom Beams of the furnace 

 

In addition to the side members, two built-up channels were designed and added to both ends of the column 

(Fig. 5.3). The webs of these channels were positioned parallel to the end plate with their flanges aligned 

such as to allow the top and bottom beams of the furnace to socket into the added channels. This 

configuration ensured that the specimens would remain in place during the fire tests. Note that a last minute 

modification was required to adjust the length of the specimens. Initially the columns were designed about 

1’ shorter than the maximum height of the furnace (10’) to provide additional clearance should it be needed.  

However, it was learned later in the project (much after the specimen had been fabricated) that the fire test 

specimens had to be exactly 10’ since the initial position of the furnace’s bottom beam was not adjustable. 

 

To make up for the shortness of the specimens, two extension plates were welded to the top plate of the 

columns. The built-up channel was welded to the end of extension plates, creating in the process a void 

between the web of the built-up channel and the top plate. This volume was filled with concrete to avoid 

any early instability that could happen for the steel elements at that location under the axial load applied 

during the fire test. This extension was only added to one end of the column. The other end was directly 

welded to the built up channel. 
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Figure 5- 3 Built-up Channels Added to the Ends of the Specimens for the Fire Test 

 

The lengths of the extension plates were adjusted to bring the specimen length to the 10’ requirement of the 

furnace. Fig. 5.3 shows the details for the additional elements welded to the top and bottom ends of the 

columns. In addition to these modifications, four ¼” holes were drilled on the outer tube of the specimens 

to allow for vapor ventilation during the fire test. The line of the two holes at the top was at a 90◦ angle 

relative to that of the holes at the bottom according to the AISC design guide for fire resistance of steel 

structural framing (AISC 2003). Fig. 5.4 shows the top end of one of the specimens fixed in place using the 

built-up angles. Note that a new set of these angles was used for each specimen to ensure that the members 

used had not been damaged or weaken by the previous fire tests.  

 

 

Figure 5- 4 Built-up Member Used at the Top End Connection 
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5.3 Instrumentation 

 

5.3.1 Thermal Instrumentation 

 

Two sets of thermocouples were used to record the temperature distribution response around and within the 

specimens. A first group of thermocouples (that are part of the furnace equipment) were set to monitor the 

air temperature in the furnace. Recordings from these thermocouples were used as feedback to the control 

system that was keeping the air temperature in the test chamber within the desired range. Most fire tests are 

designed to follow a predetermined temperature curve (i.e., fire loading protocol) and use data from these 

thermocouples during the test to control the fire intensity.  Nine thermocouples served for this purpose, 

installed at different locations in the furnace. The control system was designed to keep the average 

temperature of these nine sensors as close as possible to the predetermined target temperature curve. Test 

operators were able to monitor progress of the average furnace temperature over time and its closeness to 

the predetermined target curve in a single digital graph plotted in real-time during the test. This arrangement 

provided for the possibility of manual corrections in case the control system did not operate as intended, 

for any reason. Fig. 5.5 shows the locations of the nine thermocouples used in the furnace. 

 

The second sets of thermocouples were used to record the temperature distribution within the specimen. As 

mentioned in Section 4, the thermocouples were placed in the specimens during the construction process 

and embedded in concrete. Heat resistant wires connected to the thermocouples and coming out of a hole 

drilled in the outer tube were used for connection to the Data Acquisition (DAQ) system. Each specimen 

was equipped with three thermocouples. Two of them were used to record the temperature time history at 

the surfaces of the inner and outer tubes. The third one was used to monitor temperature in the middle of 

the concrete region. The thermocouples were installed at a height close to the top end of the specimens 

(about 1’ from the top plate).The same set of three thermocouples were installed on the stub columns. Fig. 

5.6 shows the locations of the three thermocouples in the cross-section of the both specimen and stub 

columns. All of the thermocouples were connected to the panel on the wall of the furnace (Fig. 5.7) and 

from there to the DAQ system (Fig. 5.8). 
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Figure 5- 5 Vertical Furnace Thermocouple Layout  

(view looking into the furnace, S: south side, N: north side) 

 

 

 

Figure 5- 6 Locations of Thermocouples in the Cross-section 

of the Specimen and Stub Columns 
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Figure 5- 7 Wires Carrying Temperature Data Connected to the

 Channels at the Back of the Furnace Wall 

 

 

Figure 5- 8 Temperature Data Acquisition System 
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5.3.2 Structural Instrumentation 

 

The specimens were subjected to a constant axial loading from their bottom side using a set of eight 

hydraulic actuators, as mentioned earlier. Since the fire testing facility had some limitations regarding the 

availability of instrumentation devices for structural tests, no load cells were used in the test. The axial load 

was applied by calculating the equivalent pressure needed to for the pumps to exert the load up to the desired 

level, knowing the internal area on which pressure acted in the actuator cylinder rams. The load was also 

monitored during the test by reading the pressure gauges frequently.  

 

Axial displacement of the columns had to be measured according to the movements of the bottom beam. 

Since the testing facility didn’t have a DAQ system for linear potentiometers (the available DAQ system 

was dedicated to the thermocouples), two mechanical dial gauges were used for measuring the axial 

displacement. The gauges were read manually at intervals by a technician during the fire tests and had an 

accuracy of 0.001”. Fig. 5.9 shows the mechanical dial gauges placed below the bottom beam of the furnace.  

Displacement readings were recorded as a function of time since beginning of test using a dedicated timer 

located next to the technician. 

 

Figure 5- 9 Mechanical Dial Gauges Placed under the Bottom Beam 

 

Although the accuracy of the structural response parameters recorded in the fire lab were considered to be 

lower than the ones recorded for the cyclic tests, they were considered acceptable for the purposes of this 

project. 

 

5.4 Experimental Protocol 

 

The tests began with applying the axial load to the columns. While the axial load was kept constant by 

maintaining the pressure in the pumps, the fire was started in the furnace along with a timer. The specimens 
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were exposed to the standard ASTM E119 fire which is controlled to reach specific temperature levels 

within a specified time period (ASTM 2012). Fig. 5.10 shows the temperature-time curve for the adopted 

fire standard. The curve gets to the temperature of 537◦C (1000◦F) in 5 minutes and increases up to the 

temperature of 1050◦C (1925◦F) at the end of 180 minutes. 

 

The fire test was planned to continue up to the point when the column could no longer resist the axial load. 

This failure criterion could be confirmed by observation of the global buckling of the specimen or by 

detecting a suddenly developing relatively fast movement of the bottom beam under the axial load (close 

to 1”/min.). For safety reasons and due to the possibility of out-of-plane buckling of the column damaging 

the enclosure walls and the furnace, the tests were stopped as soon as the bottom beam had traveled about 

2” towards the top beam.  

 

 

Figure 5- 10 Standard ASTM E119 Fire (ASTM 2012) 

 

 

Assuming that the undamaged column would probably have the maximum fire resistance time, and to 

acquire knowledge on the behavior of the undamaged specimen under fire as a benchmark prior to fire 

testing the earthquake-damaged columns, specimen S3 (which was not subjected to cyclic loading earlier) 

was selected for the first fire test, keeping the damaged specimens, S1 and S2, for the second and third ones. 
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5.5 Fire Test Results 

 

5.5.1 Test 1: Specimen S3 (Undamaged specimen)  

 

The furnace wall was conservatively built to keep the heat for a four-hour long fire, even though the initial 

finite element simulations showed a resistance time of less than two hours. An axial load of 70 kips (the 

same amount that was applied in the cyclic tests) was applied to the column and kept constant for the rest 

of the test. The fire test was started in a controlled mode to follow the ASTM E119 temperature curve. 

 

Fig. 5.11 shows the history of the average furnace temperature along with the temperature data recorded by 

the thermocouples embedded in the specimen. The average furnace temperature closely matches the ASTM 

E119 curve, as intended. The difference between the temperature of the inner and outer tubes throughout 

the test shows the effects of concrete as a material with relatively low thermal conductivity. It is speculated 

that the sudden fluctuations in the recorded temperature data can be related to water content of the concrete 

traveling within the specimen and corresponding pressure changes inside the specimen. Vaporization of the 

moisture content of concrete builds up pressure between the inner and outer tubes during the fire test. 

Sometimes, if this pressure is relieved in some part of the concrete, the heat may travel faster locally to 

other parts of the concrete, and at specific times and locations, this may have affected readings of the 

thermocouple installed on the inner tube.  This phenomena may also be sensitive to the specific positioning 

of aggregates in the vicinity of a thermocouple. At times, this could lead to higher temperatures on inner 

tube compared to the concrete part, where the thermal energy is still partially used to vaporize the water 

content. Note that these fluctuations appeared to be temporary, allowing the temperature curves to follow 

the expected trend after a while. 

 

The total fire resistance time was recorded to be about 65min for specimen S3. Fig. 5.12 shows the results 

for axial displacements of the bottom beam measured during the test. Two curves are plotted based on the 

data from the mechanical gauges placed on the north and south sides of the beam. Note that since the eight 

hydraulic pumps were working separately underneath the bottom beam, which was only supported by the 

actuators and consequently allowed small rotations of the beam to develop, the gauges north and south of 

the center line of the beams didn’t record the same displacements. Assuming that the base of the column 

was at the center of an imaginary line connecting the two gauges to each other (which is how it was 

attempted to install the gauges), the average of the two readings was plotted as the assumed axial 

displacement for the column in Fig. 5.12. 
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Figure 5- 11 Temperature Data Measured in the Fire Test of Specimen S3 

 

 

 

Figure 5- 12 Axial Displacement Results from Fire Test of Specimen S3 

 

 

Looking at Fig. 5.12, the specimen goes through four stages during the fire test. These are similar to the 

four stages of the mechanical behavior of the conventional concrete filled tubes presented in a numerical 

study by Espinos et al. (2010). The first stage lasts about 12min and consists of an expansion process in 

which the outer steel tube expands faster than the concrete core and inner tube. As a result, the outer steel 
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tube caries the entire axial load. The second stage occurs a few minutes later when the outer tube reaches 

higher temperatures, weakening the steel, and can no longer sustain the load.  This stage is accelerated by 

local buckling of the outer tube under the 70 kip load, creating the sudden drop in the axial displacement 

plots shown in Fig. 5.12, which continues until the concrete is engaged anew in carrying the axial load.  

 

The third stage starts after the drop, when the tubes and the concrete are working together until about 55 

minutes from the start of the test. During this period, the specimen is either expanding very slightly or just 

maintaining its position resisting the axial load. The last stage starts when the specimen can no longer resist 

the axial load and the displacement begins to increase at a significantly higher rate. The test ends a few 

minutes later when global buckling is visually confirmed and the bottom beam is moving with a rate close 

to 1 in./min.  

 

Fig. 5.13 shows the local buckling of the outer tube close to the top beam of the furnace. Although the 

movement is happening at the bottom beam, no local buckling action is seen around that location. The 

reason for this difference is expected to be the weight of the concrete core. Although this will be investigated 

and verified analytically in Section 6, it can be explained for the time being as follows: As the outer tube, 

which is welded to both top and bottom plates, is heated faster and expands longitudinally more than the 

concrete core, this excessive expansion can cause the separation of the top or bottom plates from the 

concrete. Since the weight of the concrete core doesn’t let this separation to occur at the bottom, it happens 

at the top, leading to the local buckling of the outer tube in that area.  

 

 

Figure 5- 13 Local Buckling of Specimen S3 Close to the Top Beam of the Furnace 
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Fig. 5.14 shows the final state of the specimen at the end of the test. The specimen failed with an out-of-

plane global buckling mechanism. The connection at the top worked as a fixed connection, creating an 

inflection point in the upper part of the specimen. Close observation of the bottom end of the specimen 

revealed that this connection had functioned as a semi-rigid joint allowing a limited out-of-plane rotation 

for the bottom end of the specimen. This limited rotational freedom was considered as a possible reason for 

the out-of-plane orientation of the global buckling. The other possible reason was the fact that the specimen 

had more bending strength in the in-plane direction because of the greater in-plane fixity provided by the 

channels at the bottom.  

 

 

Figure 5- 14 Out of Plane Global Buckling of Specimen S3 
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5.5.2 Test 2: Specimen S1 (Damage Level 1)  

 

Specimen S1 with a residual cyclic testing drift of 1.8% was selected for the second fire test. This column 

was considered to be representative of a structural element having a moderate level of seismic damage. The 

column was modified to fit in the boundaries of the vertical furnace in the same manner as specimen S3. 

The only difference was that considering the lack of straightness of specimen S1, the built-up channels were 

welded to both ends of the column with a slightly inclined orientation. This modification was needed in 

order to get two flat and parallel surfaces at the top and bottom of the specimen. Steel shims were used to 

fill the space between the straight and inclined plates. Fig. 5.15 shows the details of the inclined connection.  

 

 

Figure 5- 15 Inclined Connection of the Column with Residual Displacement to the Built-up

 Channels 

 

Fig. 5.16 shows specimen S1 installed in the fire furnace and ready for the test, just before closing the 

enclosure. Note that the end of the column with the seismic damage was positioned close to the bottom 

beam of the furnace. Although the first fire test lasted for only 65 minutes, the insulation wall was 

conservatively built to keep the heat for at least two hours. The actuators were set up to apply the 70 kip 

axial load and the fire test started in a controlled mode to follow the standard ASTM E119 temperature 

curve. The test was terminated due to global buckling of the specimen with a recorded fire resistance time 

of 60-65 minutes. The resistance time showed that the seismic damage hadn’t significantly affected the 

general performance of the column under fire loading.  
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Figure 5- 16 Specimen S1 Installed in the Furnace in Preparation for the 

Fire Test 

 

Fig. 5.17 shows the data recorded by the thermocouples inside the furnace and within the specimen. The 

results are similar to the data reported from the first fire test. This was predictable because the two 

specimens have the same geometry and materials. This data also shows that the moderate seismic damage 

induced at the base of the column did not affect the heat transfer process in the specimen. Note that two of 

the stub columns were also tested in the furnace along with specimen S1, and their results are presented 

later in this report (Section 5.5.4). 
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Figure 5- 17 Temperature Data Measured in the Fire Test of Specimen S1 

 

The axial displacement curves recorded by the mechanical gauges are plotted in Fig. 5.18. The data recorded 

by the gauge at the southern side of the bottom beam show that the beam did not move in the expected 

direction (away from the specimen) during the expanding stage of the outer column. This is likely due to 

an unintended jam of the sliding mechanism at the south end of the bottom beam. The other side of the 

beam was pushed away by the expanding column, causing the bottom beam to rotate slightly more 

compared to the first fire test. The average of the two readings is also plotted as the best estimate of column 

axial displacement.  

 

The column went through the same four stages of behavior described for the previous test specimen. 

Although initial imperfections were imposed at the bottom end of the outer tube because of the damage 

from cyclic testing, local buckling occurred at the top of the column just like the previous test. This 

confirmed the effect of gravity forces on the concrete part which leads to the separation of the concrete and 

top plate of the column. Different locations of the seismic damage (at the bottom end of the column) and 

fire damage (local buckling of the outer tube at the top end) prevented the occurrence of combined fire-

seismic damage to the column. The fact that global buckling still occurred in the out-of-plane direction, 

even though the in-plane moment resistance of the column was subjected to cyclic loading (resulting in 

some stiffness reduction), supported the idea that the bottom end connection allowed for a limited out-of-

plane rotation facilitating the out-of-plane oriented buckling. These observations were considered in 

planning of the third fire test, as explained in the subsequent section. Figures 5.19 and 5.20 show the local 

and global buckling of specimen S1, respectively. 
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Figure 5- 18 Axial Displacement Results from Fire Test of Specimen S1 

 

 

 

 

 

Figure 5- 19 Local Buckling of Specimen S1 Close to the Top Beam of the Furnace 
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Figure 5- 20 Out of Plane Global Buckling of Specimen S1 

 

5.5.3 Test 3: Specimen S2 (High-damage specimen) 

 

Specimen S2 was prepared for the third and last fire test with a residual drift of 3.9% from the lateral cyclic 

loading. Using the residual drift as a damage index for structures, a ratio of 3.9% can be considered 

representative of a relatively high damage level. Considering the results from the first two fire tests, the 

effects of the moderate seismic damage on the overall performance of the specimen were insignificant. 

Therefore, the setup for the third fire test was modified in two specific ways in an attempt to better capture 

the potential effects of cyclic loading on performance of the specimen under fire.  
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First, based on results from the previous tests, because it was expected that local buckling of the outer tube 

under fire loading will occur close to the top of the column for the reasons mentioned before, the third 

specimen was inverted such that its seismically damaged end was connected to the top beam of the furnace. 

The intention was to combine the existing local buckling from the cyclic loading with the potential local 

buckling from the fire test in the same region.  

 

Second, the specimen was installed in the furnace such that it was rotated 90◦ with respect to the previous 

two columns. This orientation was selected to ensure that the out-of-plane buckling of the specimen 

(predictable given by the partially fixed boundary condition at the bottom end) would occur in the same 

direction that had already been weakened during the cyclic test. These two modifications, along with the 

fact that the specimen had deformations corresponding to a relatively high residual drift from the cyclic 

test, were considered in the third fire test to examine the probable effects of seismic damage on the fire 

resistance of the particular type of concrete-filled columns studied in this project. 

 

The axial load for specimen S2 was increased to 80kips to match the axial load applied in the cyclic test. 

The load was kept constant by maintaining the required hydraulic pressure while the specimen was 

subjected to the standard ASTM E119 fire. Although the column was considerably damaged due to cyclic 

loading prior to the fire test and was installed with particular conditions in the fire furnace to amplify the 

effects of the damage, the total fire resistance time was recorded to be about 60 minutes. Therefore, the 

effects of the seismic damage on the global behavior of this type of column under fire (for the type of 

boundary conditions considered here) could be considered marginal. In terms of local behavior, a few 

differences were seen compared to the previous tests, and these are outlined in the following paragraphs. 

 

Fig. 5.21 shows the time history of temperature changes recorded by the thermocouples installed both 

within and out of specimen S2 in the furnace area. The recordings show a similar trend compared to the 

previous tests. The only difference is that the temperature values measured for specimen S2 are about, on 

average, 100◦C lower than the temperatures recorded from S1 and S3 at the same points in time. The average 

furnace air temperature on the other hand is the same for all of the specimens. The 100◦C difference seems 

to be due to some unexpected changes in the heat transfer process. One observed incident occurred at about 

25 minutes into the test, when a sustained noise similar to a pressure relief was heard. This was speculated 

to be related to vaporization of the water content of concrete and its attempt to escape from the steel case. 

The sound faded out after about 5 minutes.  
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Figure 5- 21 Temperature Data Measured in the Fire Test of Specimen S2  

 

The time history of axial displacement measured by the mechanical gauges for specimen S2 are plotted in 

Fig. 5.22. The marginal difference between the two readings showed that the bottom beam of the furnace 

moved uniformly along its length. The fire resistance time was similar to the previous tests, showing that 

for the fire tests conducted with the aforementioned conditions on the particular columns built in this 

project, a certain amount of burning time was needed to reach failure, regardless of the amount of simulated 

seismic damage. Longer burning time simply leads to more degradation in the material properties, causing 

the specimen’s failure.  

 

Apart from the fire resistance time which is controlled by global buckling in these tests, a few differences 

were observed in the behavior of specimen S2 in comparison with the previous tests. The average maximum 

axial displacement in the expansion period was measured to be about 1.68mm which was about 30% of the 

measured values for the other two specimens (4-5mm). Two factors may have contributed to this difference. 

The first one was the specific orientation of specimen S2 in the furnace. Similar to the previous tests, the 

expansion of the outer tube was followed by its local buckling close to the top beam of the furnace. 

Specimen S2 already had initial local buckling in that area acting as an initial imperfection. Therefore, from 

the beginning of the test, expansion of the outer tube contributed to enlarge the existing local-buckling ring 

at that location, rather than first contributing to axial displacement of the column.  The second factor 

possibly contributing to the lesser expansion of specimen S2 is based on the fact that S2 had lower 

temperature values compared to the other two specimens (maximum temperature for the outer tube of S2 
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was about 720 °C as opposed to 920 °C for S1 and S3). Lower temperature levels lead to lesser expansion 

of the material. 

 

 

Figure 5- 22 Axial Displacement Results from Fire Test of Specimen S2 

 

Local buckling of the outer tube is shown in Fig. 5.23. Compared to similar photos from the other two 

specimens, the excessive severity of the local buckling for specimen S2 is visible, and provides an example 

of combined damage from the seismic and fire loads on the structure. Fig. 5.24 shows the final state of the 

specimen after the termination of the test. Higher residual drift and impaired moment resistance of the 

specimen led to a slightly shorter fire resistance time (less than 10 min in difference) in comparison with 

the other two specimens. The difference in the resistance time is mainly due to the fact that one of the four 

stages mentioned above for the time history of axial displacement for columns S1 and S3 was eliminated 

for S2; as explained above, the stage during which the outer tube expands faster than concrete, resisting the 

axial load alone, could not be achieved for specimen S2 because the outer tube had already buckled. 
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Figure 5- 23 Local Buckling of Specimen S2 Close to the Top Beam of the Furnace 

 

 

Figure 5- 24 Out of Plane Global Buckling of Specimen S2 
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5.5.4 Results from Stub Columns 

 

Two of the three stub columns (SC1, SC2), built to be used as additional references for temperature 

distribution analyses, were tested in the same furnace with specimen S1. The third one (SC3) was kept 

intact to be used as a reference model. No structural loads were applied to the two stub columns while being 

tested under fire. Note that the building materials, geometric properties of the section and the positioning 

of the thermocouples were similar to those of the column specimens.  

 

Considering that no structural loads were applied to the short columns during the fire test, the temperature 

measurements recorded on the stub columns could be used to check the dependency of the results of heat 

transfer analysis on the structural analysis. Fig. 5.25 shows the history of temperature distribution in SC1 

and SC2 measured during the fire test. The results showed a similar trend compared to the temperature data 

from the specimen columns. The maximum temperature reached by the outer tube of stub columns is about 

100◦C less than the similar records for the main columns. This minor difference was considered to be due 

to the lower air temperature at the bottom of the furnace where the short columns were located, as opposed 

to the upper part of the furnace (thermocouples for the full-length specimens were located close to the top 

of the columns). Note that temperature measurements from the thermocouples installed in different parts of 

the furnace showed a maximum difference of about 150◦C, while the average of their readings closely 

followed the ASTM E119 fire curve. Fig. 5.26 shows the time history of temperature recorded by the nine 

thermocouples installed at different parts of the furnace.  

 

Figure 5- 25 Temperature Data Measured from the Two Short Columns (SC1, SC2) 
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The recorded temperature curves from the thermocouples installed in the concrete and on the surface of the 

inner tube for SC1 shows a smoother trend as opposed to recordings from the specimen columns. The 

temperature response recorded on the surface of the inner tube for SC2 shows sudden fluctuations similar 

to what was seen for the main columns. Since all of the tested columns had similar section properties with 

steel plates welded to their both ends (the only difference was length of the tubes for the specimen and stub 

columns), it is speculated that these fluctuations may be due to the random arrangement of aggregates in 

concrete part of specimens, causing moisture and pressure relief at certain times and affecting the 

thermocouple readings. Considering the similarity of heat transfer results from specimen and stub columns, 

it is speculated that effects of applying structural loads on the heat transfer process of the specific structures 

used in this study are insignificant (several complimentary numerical studies are needed to verify this 

speculation). 

 

 

Figure 5- 26 Time history of Temperature Recorded by Nine Thermocouples Installed 

in Different Parts of the Furnace during Fire Test 2 

 

To study the effects of ventilation holes on the heat transfer process in columns, SC2 was built with one 

additional vent hole compared to SC1 (3 holes instead of 2). The comparison shows that the temperature 

values for all of the three thermocouples installed in SC2 are about 50◦C higher than the values for SC1. 

Since this difference in temperature values is noticeable from the very beginning of the test, it is inferred 

that the main reason for this minor difference is more likely to be related to the different location of the 

stub columns in the furnace than the number of vent holes used.  Note that SC1 and SC2 were sitting on the 

south and north sides of the bottom beam surface, respectively. 
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Stub columns were also used to study the effects of fire tests on the moisture content of concrete by 

comparing the measured Relative Humidity (RH) of the two stub columns tested in fire with that of the 

third one, SC3, which was kept intact in the lab. Relative humidity is the amount of water vapor present in 

a volume of air at a given temperature to the maximum amount that the air could hold at that temperature, 

expressed as a percentage. Relative humidity of the three stub columns were measured based on the standard 

ASTM F2170 (ASTM 2011). An electronic probe was inserted into holes drilled into the concrete (after 

running through the steel) to measure the RH values. Measurements gave post-fire RH values of 29% and 

20% for SC1 and SC2, respectively. These values were about half of the RH value of 59% for SC3 which 

wasn’t tested in fire.  The effect of the additional vent hole is seen in the difference of RH values for SC1 

and SC2. Note that the holes were drilled after the fire tests at points which were not close to the vent holes 

of stub columns. 

 

To investigate the permanent effects of an approximate 1-hour long fire (ASTM E119) exposure on the 

squash load of CFDST columns, an axial loading test was conducted on SC1, SC2 and SC3 stub columns. 

SC1 and SC2, which were both tested in fire, had squash load values of 334 kips and 339 kips, respectively. 

These values show a 28% reduction compared to the 471 kip squash load measured for the reference case 

(SC3). Note that according to the Eurocode 4 specifications for the post-fire structural properties of steel 

and concrete, a 40% decrease was expected for the squash loads of SC1 and SC2. Test results reveal that 

the strength reduction factors specified in Eurocode 4 might be slightly conservative but can provide a 

reasonable estimate of the post-fire conditions. 

 

5.5.5 Post-Fire Lateral Cyclic Testing of Specimen S3 

 

Given that Specimen S3 was only subjected the fire test, a post-fire cyclic loading test was performed in an 

attempt to investigate the effects of prior fire loading on the flexural behavior of the column under cyclic 

loading. Note that the column was not loaded axially in this test due to the difficulties caused by its 

deformed shape. Fig. 27a shows the lateral force vs. drift ratio curve from the post-fire cyclic testing. The 

test was continued up to the point that a strength degradation of about 50%, which occurred at a drift ratio 

of 11%, was recorded in the hysteretic curves and substantial fractures occurred in the lower part of the 

outer tube on both sides. Fig. 27b shows a photo of the fractured column, with cracks over lengths of 

11”And 5” on the right and left sides of the column, respectively. 
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Figure 5- 27 Post-fire cyclic testing of specimen S3: a) lateral force vs. lateral drift ratio results an

d b) fractures at the end of the test 

 

From Fig. 27a, it is observed that specimen S3 retained its ductile behavior after being subjected to fire 

loading (after cooling down to room temperature). The maximum lateral strength value for the cyclic testing 

of specimen S3 was about 6.6 kips. According to the theoretical P-M interaction diagram for the specimen 

cross-section considered, the absence of axial load in this test (compared to the columns tested previously) 

would result in a 12% reduction in moment capacity. Therefore, considering that specimens S1 and S2 

would have reached a maximum lateral strength of about 7 kips in absence of axial load (i.e., a 12% 

reduction of the experimentally recorded value of 8kips), this leaves a 5.7% reduction in maximum lateral 

strength of specimen S3 (compared to S1 and S2) that can be attributed to permanent changes in material 

strength caused by fire.  

 

Considering the temperature distribution results presented above, the outer and inner steel tubes along with 

the concrete core reached maximum temperatures above 800°C (except for the third fire test in which the 

temperatures were on average 100°C lower), and cooled down to the ambient temperature of about 20°C. 

According to the Eurocode 4 general rules for structural fire design (CEN 2005), this temperature history 

is expected to causes a 10% permanent loss in the yield and tensile strength of steel, along with an 85% 

permanent loss in the compressive strength of the concrete core. Calculation of the moment capacity of the 

cross-section based on these modified strength values shows that the column would have been expected to 

resist a maximum lateral load of about 6.4 kips. This calculated strength is in good agreement with the 

recorded value of 6.6 kips from the post-fire cyclic testing of specimen S3. 
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FINITE ELEMENT SIMULATION OF EXPERIMENTAL RESULTS  

 

6.1 General 

 

This section investigates the adequacy of the finite element models to numerically replicate the 

experimental results obtained in this project. In Section 3, these models were initially developed based on 

recommendations from past numerical studies, and compared to results from past experimental simulations 

performed on structures with similar characteristics to the ones studied in this project. Here, the selected 

models using the recommended analysis procedures and material models from these previous studies are 

further examined by simulating the results of the experiments conducted in this study as described in 

Sections 4 and 5.  Different modeling strategies are then investigated in attempts to improve the match 

between analytical and experimental results. 

 

Analyses are initiated with the models developed in Section 3, but updated to account for the materials 

properties obtained for the specimens used in this study. The objective was to see if the models could 

replicate the experimental results using only measured material properties and geometry as inputs.  The 

goal was to minimize the need for calibration, as it would limit the applicability of the models to other 

cases.  In cases where the accuracy of the simulation results was deemed to be insufficient, the objective 

then shifted to investigating which material models and analysis procedures could better replicate the 

physics of the problem, rather than trying to calibrate the existing models (although a limited calibration 

was performed to investigate to what extent calibration would be needed to best match results for the 

specific columns tested in this study). The general finite element analysis software ABAQUS was used for 

the majority of the analyses, except for a few cases in which LS-DYNA was used to address a few modeling 

problems that were encountered and are discussed later in this report. 

 

Section 6.2 presents the simulation of the two cyclic loading tests described in Section 4. Section 6.3 

describes the finite element analyses conducted to replicate the three fire tests on columns with different 

levels of simulated seismic damage (the tests were presented in Section 5). In each of these sections, the 

simulation process starts using the models built in Section 3 and modifications are made as necessary to 

better replicate the test results. 
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6.2 Simulation of the Cyclic Tests  

 

6.2.1 Finite Element Models 

 

This section presents the finite element simulation of the two cyclic loading tests conducted on Specimens 

S1 and S2 in order to impose two different levels of simulated seismic damage on the columns (as described 

in Section 4). The steel material was modeled based on the stress-strain data measured from uniaxial tension 

tests conducted on various coupons extracted from the same tubes used to construct the inner and outer 

tubes of the specimens. Two coupons were extracted from the inner and outer tubes used in the construction 

of each of the three specimens for a total of 12 coupons. Fig. 6.1 shows the results from tensile tests 

conducted on different coupons for the inner and outer tubes. Different coupons from the inner tubes of 

different specimens showed almost identical results, as expected, since they were built from the same batch 

of material. The outer tube coupons also show no significant variation amongst each other, but there is a 

noticeable difference in strength between the inner tube and outer tube.  

 

A bilinear elastic-plastic model with linear kinematic hardening was fitted to the data with different values 

for the inner and outer tubes. The yield strength, maximum tensile strength, and corresponding strain 

parameters were chosen to be equal to the average of the measured values from the coupon tests. The yield 

and maximum tensile strength values were selected to be 50 ksi (341 MPa) and 58 ksi (401 MPa) for the 

outer tube, and 44 ksi (304 MPa) and 53 ksi (364 MPa) for the inner tube, respectively (Fig. 6.1). These 

values were used in the cyclic testing simulations for all of the specimens. Elastic modulus and Poisson’s 

ratio were assumed have values of 29000 ksi (200000 MPa) and 0.3, respectively. 

 

 

 

Figure 6- 1 Uniaxial stress-strain relationship used for the modeling of steel material:  

a) inner tube b) outer tube 
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The concrete within the columns was modeled using the Damage Plasticity material with compressive 

strength, 𝑓′𝑐, measured from the cylinder tests conducted on the day of each cyclic test. Cylinders casted 

on the construction day showed average compression strength values of 8.0 ksi (55.2 MPa) and 8.7 ksi (60.0 

MPa) on the cyclic testing days for specimens S1 (first cyclic test) and S2 (second cyclic test), respectively 

(complete list of cylinder test results are reported in Table 4.3). The tensile strength of concrete, 𝑓𝑡, was 

assumed to be about 10% of the compressive strength. The initial stiffness for the linear elastic portion of 

the uniaxial compressive stress-strain curve was calculated based on the equation given in ACI 318-11, 

namely: 𝐸𝑐 = 57000√𝑓𝑐′ (𝑝𝑠𝑖), which gives values of 5098 ksi (35,149 MPa) and 5317 ksi (36,659 MPa) 

for specimens S1 and S2 (ACI 2011). Poisson’s ratio for concrete was assumed to be 0.2 in this model. Fig. 

6.2 shows the uniaxial compressive and tensile stress-strain curves used for the model of Specimen S1. As 

explained in Section 3, ABAQUS only accounts for the increase in the concrete compressive strength (but 

not ductility) caused by the confinement. Therefore, the unconfined stress-strain curve was modified to 

account for added ductility, using Usami’s stress-strain relationship for confined concrete (Usami et al. 

2001). The process of obtaining the uniaxial stress-strain relationships in compression (with confinement 

effects), tension and their corresponding damage parameters was done similarly to the case explained in 

Section 3 (Section 3.3.4), with modifications to account for the measured material properties for specimens 

S1 and S2.  

 

  

Figure 6- 2 Uniaxial stress-strain relationship used for the modeling of concrete material for  

specimen S1 in: a) compression (used for FE-CDP and FE-CDP-DS),  

b) tension (used for FE-CDP) 

 

Fig. 6.3 shows the finite element model built for the cyclic analyses of specimens S1 and S2. A non-uniform 

mesh pattern was used for the model, with smaller element sizes in the area close to the fixed end of the 
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column, where local buckling of the outer tube is expected. The average size of the concrete (3D solid) 

elements in the course and fine areas were about 20x20x20 mm and 10x10x10 mm, respectively. For steel 

(shell) elements, these sizes were about 20x20 mm and 10x10 mm. The concrete core was modeled using 

8-node solid (C3D8R) elements while the steel tubes (both inner and outer) were modeled with 4-node shell 

(S4R) elements. The default hourglass control method in ABAQUS was used for both element types to 

control the hourglass modes that might occur in the linear elements that use the reduced integration method.  

 

 

Figure 6- 3 Finite element model built for the numerical simulation of cyclic loading tests 

 

The bottom plate of the column was tied to both the inner and outer tubes in the finite element model, while 

the top plate was only tied to the outer tube, to replicate the experimental conditions. In the construction of 

the specimen, the outer tube was welded at both ends while the inner tube was only welded to the bottom 

plate since there was no access to weld the inner tube to the top plate. The interaction at the steel-concrete 

interface was defined with a hard contact (allowing separation of the surfaces) in the normal direction, and 

a coulomb friction model in the tangent direction which a friction coefficient of 0.20.  
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To avoid adding unnecessary complexities to the numerical model, loads and boundary conditions were 

defined with some slight differences compared to the test setup. First, the axial load was applied as a 

pressure to the central part of the top and bottom plates of the column, thus removing the post-tensioning 

bar from the numerical model. Second, the connection at the base of the column was simplified by removing 

the additional (built-up) box section, which was used in the experimental setup to protect the base beam. 

This was done to eliminate the unnecessary stress/deformation complexities and several surface-to-surface 

tie contact models that would make the analysis computationally expensive. 

 

To account for the flexibility of the base caused by the built-up box section in the cyclic tests, a second 

plate was modeled just below the bottom plate of the column and was kept elastic to act as the base beam 

of the experimental setup (Fig. 6.3). A hard contact model (allowing separation of the surfaces) was used 

for the interaction between the bottom plate of the column and the elastic base plate. The two plates were 

connected to each other using the Bolt Load feature from the load module of ABAQUS, which was defined 

using six bolt positions (three on each side of the plates) that could be adjusted for different bolt stiffness 

and prestress loads. To ensure that this approach was effective to simulate the conditions of the base 

connection in the experimental setup, while keeping the numerical model simple and efficient, push-over 

analyses were conducted before the cyclic loading simulation to calibrate the flexibility of the modeled base 

connection for each specimen based on the results from the cyclic tests.  This model is referred to as the 

FE-CDP model (as it uses the Damaged Plasticity model for concrete) in the following pages and figures 

of this report. 

 

6.2.2 Push-over Analysis of Specimen S1 

 

The push-over analysis of the FE-CDP model of Specimen S1 was conducted by a three-step loading 

process as follows: 1) apply the pre-stress load to the bolts; 2) apply an axial load of 71kips as pressure to 

the top and bottom plates, and; 3) apply a monotonic displacement to cause a drift ratio of 6.5%. A series 

of push-over analyses were conducted to calibrate the properties of the bolting system based on initial 

stiffness of the system recorded at the beginning of the cyclic testing of Specimen S1. 

 

Fig. 6.4 shows the final results from the push-over analysis of Specimen S1 (after calibration for the 

flexibility of the base) along with the experimental results from the cyclic testing of the column. The two-

plate system was able to replicate the effects of the base connection on the initial lateral stiffness of the 

column with sufficient accuracy. The final calibrated model has an initial lateral stiffness of 3.5 kip/in., 

which includes combined effects of the specimen column and the base connection with sufficient accuracy. 
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The initial lateral stiffness for the fixed base model was 3.9 kip/in., which corresponds to a 10.2% difference 

with the stiffness value for the model with the added flexibility to the base. Note that the difference between 

the initial stiffness of the fixed-base and calibrated models was attributed to the flexibility of the bolted 

base connection in the test setup, assuming that the elastic modulus of concrete was equal to the value 

calculated using the ACI 318 formula based on the measured compressive strength. 

 

The lateral force versus drift curve obtained from push-over analysis follows a path that encloses the 

experimental cycles and predicts acceptable lateral resisting force values for the increasing drift ratio. Note 

that the push-over curve gives lateral force values slightly larger than the ones recorded in the experiment 

for the cycles at the highest displacement amplitudes (i.e., at 5% and 6% drift ratio). The difference is 

attributed to the minor strength degradation that occurred in the specimen going through repeated cycles of 

relatively large displacements that caused a slight local buckling to develop at the base of the outer steel 

tube.  

 

 

Figure 6- 4 Lateral force  vs. drift ratio results from the push-over analysis

 of specimen S1 using the FE-CDP model (compared with the test results) 

 

6.2.3 Cyclic Analysis of Specimen S1 

 

The FE-CDP model of Specimen S1 with calibrated base flexibility was then subjected to the cyclic 

displacement protocol recorded from the cyclic testing of the column. Fig. 6.5 shows the lateral force versus 
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drift ratio results from the finite element analysis. The model provided acceptable stiffness and strength 

predictions but failed to capture the pinching of the hysteretic curves for the CFDST column under cyclic 

loading. Note that during the cycles at the maximum drift ratios of 5% and 6%, the model was also not 

capable of capturing the strength degradation caused by the local buckling of the steel tube.  

 

 

Figure 6- 5 Lateral force  vs. drift ratio results from the cyclic loading  

analysis of specimen S1 (FE-CDP model) compared with the test results 

 

Local buckling of the outer steel tube plays an important role in the formation of pinching in the hysteretic 

curves of cyclically loaded CFDST columns. It occurs on the compression side of the column, and more 

easily so when the tube comes under compression after having previously stretched and plastically 

elongated in tension during loading in the reversed direction. Since the concrete core in CFDST columns 

provides a bearing support for the tubes (thus delaying the occurrence of local buckling), the formation of 

tensile cracks and their opening and closing in subsequent cycles can affect the severity of the outer tube’s 

local buckling. As the crack opens on the tension side, the adjacent length of the outer tube is stretched 

more than the case without the crack opening. More stretching causes more severe buckling in the reverse 

loading part of the cycle. To account for these effects, the material model for concrete needs to be capable 

of capturing the initiation and growth of tensile cracks that are expected to form in that region of the 

concrete core. 
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As it can be inferred from Fig. 6.5, the Damage Plasticity model used for concrete in the FE-CDP model 

was not able to accurately simulate tensile cracking in concrete and its subsequent effects (specifically, the 

opening and closing of the tensile cracks that play an important role in the creation of the pinching behavior 

in the hysteretic curves). The issue was also reported by Goto et al. (2010) in a similar study on numerical 

modeling of concrete filled columns, because the Damaged Plasticity model is approximate in terms of its 

tensile behavior since isotropic plasticity is assumed in tension. 

 

To resolve this problem, Goto et al. proposed a modification to the model by inserting a horizontal discrete 

crack model (Chen 2007)  at the location of the major tensile crack; this location can be identified by a 

preliminary analysis (in the case of a cantilever column, the major tensile crack occurs in the vicinity of the 

fixed base). A hard contact was modeled between the two separated surfaces of concrete at the horizontal 

crack to be able to simulate the opening and closing behavior. In the tangent direction, the friction between 

the two concrete surfaces was modeled using a friction coefficient of 1.0 based on ACI recommendations 

(ACI 2011). The effectiveness of the proposed solution was verified by comparison with experimental 

results of different CFT columns (Goto et al. 2010). 

 

In a similar study, Goto et al. showed that using additional discrete cracks (two or three instead of one) can 

improve the accuracy of the results for rectangular CFST columns (Goto et al. 2012). The disadvantage of 

using multiple discrete cracks was the computational difficulties that were added to the problem because of 

the multiple contact surfaces introduced in that model.  To avoid these difficulties, which can be worse for 

CFDST columns because of their added complexity, and because the studies by Goto et al. showed the 

sufficiency of a using a single discrete crack for circular CFST columns (as opposed to rectangular ones 

where additional cracks led to better results), the insertion of a single crack was considered for the models 

used in this study. 

 

In an attempt to better replicate the experimental results of Specimen S1 (specifically the pinching behavior 

of the hysteretic curves), the FE-CDP model was modified in two ways. First, the stress-strain curve used 

for the concrete material in tension was replaced with a stress-displacement curve (assumed to be equivalent 

to the crack opening), which, according to the ABAQUS Documentation, is effective in decreasing the 

mesh-sensitivity of the results for the elements that reach the softening branch of the concrete material’s 

tensile behavior (SIMULIA 2012). The stress-displacement curve used here was determined using the 

stress-strain relationship defined earlier in this section and the average element size of the concrete model 

used in this study. Note that, with this approach, displacement (crack opening, ucr) is related to the 

equivalent plastic strain by (𝜀𝑝𝑙 = 𝑢𝑐𝑟

𝑙0
), where l0 is the concrete element length. Fig. 6.6 shows the stress-
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displacement curve used in the finite element model. The damage parameters for the tension side, 

previously defined as a function of equivalent plastic strain, were also changed to be a function of 

displacement.  

 

 

Figure 6- 6 Uniaxial tensile stress-displacement relationship used for modeling the concrete  

material of specimen S1 (used in FE-CDP-DS model) 

 

Second, considering that the modified concrete model was still incapable of simulating the crack opening 

and closing behavior, a discrete crack was inserted at the lower end of the concrete core (close to the base), 

where the stress contour lines showed the maximum tensile stress values (note that, for more complicated 

systems with less obvious points of maximum tension, locations of the discrete cracks would be determined 

by additional studies). The crack was modeled by cutting the concrete core along a horizontal plane just 

above the base and defining an interaction, with the properties mentioned above, between the two concrete 

surfaces. This model is referred to as the FE-CDP-DS model (DS stands for Discrete Crack) in the following 

pages and figures of this report. 

 

Fig. 6.7 shows the lateral force vs. drift ratio results for the cyclic loading of the FE-CDP-DS model of 

Specimen S1. Results show a much closer agreement to the experimental data because of the improved 

capability of the modified model to capture local buckling of the steel tube, resulting in the pinching of the 

hysteretic curves of the CFDST column. The hysteresis curves also show small strength degradations in the 

cycles at drift amplitudes of 5% and 6%. This is also in agreement with the experimental results, supporting 

the fact that the opening and closing of the tensile cracks in concrete, facilitates the local buckling of the 

steel tube, which then causes strength degradation.  
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Figure 6- 7 Lateral force vs. drift ratio results from the cyclic loading  

analysis of specimen S1 (from the FE-CDP-DS model) compared with  

the test results 

 

Comparing results from the FE-CDP and FE-CDP-DS models, it can be inferred that the model could be 

improved to create a situation between these two cases. The opening and closing of the tensile cracks help 

to capture the pinching behavior in the hysteretic curves, but maybe the concrete core should not be 

completely divided into two separate pieces at the cracked region as was done in the modified model used 

here. A partial continuity in the cracked region could compensate for the slightly more severe pinching that 

is seen in the hysteresis curves for the model with the discrete crack, compared to the experimental results. 

 

However, despite the more severe pinching seen in the hysteresis curves, the FE-CDP-DS model with the 

discrete concrete crack was deemed to provide sufficiently accurate results and was considered acceptable 

for the finite element analysis simulation of the behavior of CFDST columns under post-earthquake fire 

scenarios. However, to investigate if the modeling approach could be further improved, additional analyses 

were conducted using the program LS-DYNA, where instead of inserting discrete cracks at pre-determined 

locations, a different concrete model capable of simulating the behavior of tensile cracks was used. 

 

As such, the concrete core was modeled using the Winfrith Concrete material available in LS-DYNA, which 

provides a better simulation of the tensile behavior of concrete by attempting to regularize the strain 
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softening in tension via parameters accounting for crack opening width, fracture energy and aggregate size. 

The model is also capable of simulating tensile cracking with up to three orthogonal crack planes per 

element (Schwer 2011). Additional information about the Winfrith concrete model is presented in Appendix 

B.  

 

To provide a complete set of needed parameters for the Winfrith model in LS-DYNA, aside from the 

maximum compressive strength, elastic modulus, and tensile strength (which were assumed to be the same 

as the values used in the ABAQUS model), the maximum aggregate size was selected to be 0.25” in. 

(6.35mm), as the concrete mixture used in the specimen construction had small aggregates to facilitate its 

flow in the 1.5” (38.1 mm) wide space between the two tubes. A new stress-displacement (crack opening 

width) relationship was defined for the behavior of concrete in tension according to the procedure presented 

in a study by Schwer (2011) on the performance of the Winfrith concrete model. In this procedure (as shown 

in Fig. 6.8), the stress-displacement relationship starts with a linear elastic branch, going from zero tensile 

stress to the tensile strength, 𝑓𝑡, and descends with another linear branch that goes back to zero tensile stress 

at the crack opening width of 𝑤. Defining the area under the stress-displacement curve as the specific 

fracture energy, 𝐺𝐹, the crack opening width for the zero tensile stress (𝑤) can be calculated from: 

 

𝑤 =
2𝐺𝐹
𝑓𝑡

 (6.1) 

 

The Euro-International Committee for Concrete (CEB 1993) provides recommended values for the specific 

fracture energy of concrete with given maximum compressive strength and maximum aggregate size. For 

concrete with the maximum compressive strength of 8 ksi (55.2 MPa) and maximum aggregate size of 

0.25 in. (6.35 mm), a specific fracture energy of 5.31×10-4  
kip

in.⁄  (95 N m⁄ ) is specified, which gives the 

crack opening width value (𝑤) of 0.0014 in. (0.03 mm) for the zero tensile strength point (𝑓𝑡 was assumed 

equal to 10% of the compressive strength). Note that the new model, which uses the Winfrith model for 

concrete, is referred to as the FE-W in the following pages and figures of this paper. 
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Figure 6- 8 Stress-displacement relationship used for the tensile

 behavior of concrete in the FE-W model 

 

 

Fig. 6.9a shows the results from the cyclic loading analysis of the FE-W model of Specimen S1. Note that 

the steel material was modeled using a bilinear behavior with kinematic hardening (referred to as the Plastic 

Kinematic material model in LS-DYNA) similarly to the FE-CDP and FE-CDP-DS models (built in 

ABAQUS). Results from the FE-W model follow the experimental curves with considerable accuracy. The 

accuracy of the results showed that the crack simulation capabilities of the concrete material were effective 

in capturing the true behavior of CFDST column. The FE-CDP model required the insertion of a discrete 

crack (as done in the FE-CDP-DS model) to fully capture the effects of tensile crack opening and closing 

in concrete structures. 

 

In addition to the mesh sensitivity analyses conducted for both cyclic loading and fire test simulations in 

Section 3, an LS-DYNA analysis was conducted to check the sensitivity of the results from the Specimen 

S1 model to the mesh size. Fig. 6.9b shows the results from two similar FE-W models with total number of 

elements of about 26000 and 58000. The difference between the two sets of hysteresis curves is marginal, 

confirming the convergence of the finite element analysis (i.e., the mesh size used is sufficiently refined for 

the current problem). 
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Figure 6- 9 Lateral force vs. drift ratio results from the analysis of the FE-W models of specimen 

S1: a) comparison with the experimental results b) mesh sensitivity analysis 
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Figure 6- 10 Local buckling of specimen S1 at the end of cyclic testing: a) FE-CDP-DS model  

b) FE-W model and c) photo from the test 

 

In terms of deformations, both the ABAQUS and LS-DYNA models were able to capture the local buckling 

of the outer tube near the fixed base. Fig. 6.10 shows the final deformed shape of the lower end of the 

column from both analyses, along with a photo from the cyclic testing of Specimen S1. Note that the FE-

CDP-DS model (Fig. 6.10a) shows larger deformations in the buckled region, which is in agreement with 

the more severe pinching, seen in the hysteresis curves of Fig. 6.7.  

 

6.2.4 Push-over Analysis of Specimen S2 

 

Fig. 6.11 shows the results from the push-over analysis of Specimen S2, plotted along with the experimental 

results from the specimen’s cyclic testing. Since specimens S1 and S2 had identical geometries and steel 

tubes with the same material properties, the model used for the push-over analysis of specimen S1 was just 

updated to account for the 8% higher compressive strength of concrete measured from the cylinder tests for 



 

151 

 

Specimen S2. The analysis provided an acceptable replication of the experimental results in terms of the 

initial stiffness and maximum lateral resisting force. 

 

 

Figure 6- 11 Lateral force  vs. drift ratio results from the finite element push-over  

analysis (compared with results from cyclic testing of specimen S2) 

 

6.2.5 Cyclic Analysis of Specimen S2 

 

Cyclic testing of Specimen S2 was simulated using the FE-CDP-DS model. The applied cyclic displacement 

time-history was modified to match the corrected values recorded from the second cyclic test. Fig. 6.12 

shows results from the analysis along with the experimental hysteresis curves. Similar to what was observed 

for Specimen S1, the numerical simulation provided acceptable results in terms of predicting strength and 

stiffness values in agreement with the experimental data through different displacement cycles. The model 

captured the strength degradation at cycles with drift amplitudes of about 5% and 6.2%.  The only notable 

problem (again, similar to the case of Specimen S1) was the relatively more severe pinching of the 

numerical hysteresis curves compared to test results. Considering that this issue was due to the discontinuity 

created at the base of the concrete core to account for the opening and closing of the tensile cracks, an LS-
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DYNA analysis was conducted using the Winfrith concrete (FE-W) model in an attempt to better replicate 

the second cyclic test results.  

 

 

 

Figure 6- 12 Lateral force vs. drift ratio results from the cyclic loading  

analysis of specimen S2 (FE-CDP-DS model) compared with the test results 

 

 

Fig. 6.13a shows the lateral force vs. drift ratio results from the FE-W model, which provided a more 

accurate match of the experimental data. Fig. 6.13b shows the capability of the FE-W model in simulating 

the opening and closing of tensile cracks in concrete structures. Appearance and disappearance of the 

horizontal crack lines at the lower end of the concrete core show the opening and closing of tensile cracks, 

while the column goes from a 5% drift in one direction to the same amount in the opposite side. Note that 

the minimum required opening width for a crack to be displayed by the LS-DYNA post-processor was set 

to 0.002 in. (0.05 mm).  
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Figure 6- 13 Results from the cyclic loading analysis of the FE-W model of specimen S2:  

a) Lateral force vs. drift ratio (comparison with the experimental results) and b) opening 

and closing of concrete tensile cracks while the column goes from +5 to  -5% lateral drift  

ratio 

 

Fig. 6.14 shows the local buckling of the outer tube for Specimen S2, both from numerical simulation (FE-

CDP-DS and FE-W) and test results. The figure shows the final state of the column, when the cyclic loading 

stops at zero lateral load, leaving the specimen at a 3.9% residual drift (considered as a relatively high 

simulated seismic damage). Results from both simulation analyses are in good agreement with the photo 

taken at the end of the cyclic testing. 
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Figure 6- 14 Local buckling of specimen S2 at the end of cyclic testing: a) FE-CDP-DS model,   

b) FE-W model and c) photo from the test 

 

Note that final results from the ABAQUS analyses of specimens S1 and S2 under cyclic loading are used 

as initial conditions for the numerical simulation of fire tests of these specimens (presented in Section 6.3) 

to complete the simulation of the post-earthquake fire scenario  

 

6.3 Simulation of the Fire Tests  

 

6.3.1 General 

 

This section presents results of the series of thermal-stress analyses performed to simulate the three standard 

ASTM E119 fire tests conducted on specimens S1, S2, and S3. As discussed in Section 3, the full thermal-

stress analysis was divided into two sequentially coupled parts, referred to as the heat transfer and 
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stress/deformation analyses. The alteration from a fully coupled analysis to a sequentially coupled analysis 

was mainly done to avoid unnecessary complexities in the numerical simulations, thus making the models 

computationally efficient (the effects of this alteration were discussed in detail in section 3). 

 

The simulation process starts with a heat transfer analysis for each column to obtain the time-history of 

nodal temperatures to be used as input (for fire loading) in the subsequent stress/deformation analysis. 

Experimental data from the thermocouples embedded within the columns were used for validation of the 

numerical models. The stress/deformation analysis was conducted on the models using a multi-step analysis 

approach that included the axial loading, the cyclic loading (for specimens S1 and S2), and the fire loading. 

The last phase used the results from heat transfer analysis to simulate the effects of fire on the axially loaded 

and damaged columns.  

 

Considering the results from thermal-stress analyses conducted in Section 3, the thermal and structural 

temperature-dependent material properties for both steel and concrete were adopted from the Eurocode 

specifications (CEN 2005). The concrete core was modeled using 8-node solid elements in both heat 

transfer and stress/deformation analyses. The steel tube was modeled with different types of elements (8-

node solid and 4-node shell) in different occasions for reasons that are mentioned later in this report. The 

simulations are presented in the same order as the experimental program described in Section 4, starting 

with the fire testing of the undamaged specimen (S3) and moving on to the fire testing of the moderately 

and highly damaged columns (specimens S1 and S2). 

 

6.3.2 Fire Testing of the Undamaged Specimen (S3)  

 

6.3.2.1 Heat Transfer Analysis of Specimen S3 

 

A transient heat transfer analysis was conducted on Specimen S3 (the undamaged specimen) to simulate 

the effects of the ASTM E119 standard fire applied to the column during the first fire test. The recorded 

time-history of temperature for the outer tube was provided as input for the heat transfer analysis by setting 

a boundary condition on the outer surfaces of the model. This eliminates possible errors that might affect 

the results if the furnace air temperature data is used to predict the temperature on the surface of the outer 

tube. The preliminary finite element analysis of the heat transfer process presented in Section 3.5 showed 

that the temperature distribution on the outer surfaces of the model can be calculated with an acceptable 

accuracy by using the furnace air temperature as input for the analysis. Note that although the time-history 

of temperature was recorded by a thermocouple attached to the inner surface of the outer tube, it was 
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assumed that the outer surface followed the same temperature curve.  The difference in temperature of the 

inner and outer surfaces of a 0.11” (2.8mm) steel tube can be considered insignificant because of the 

relatively high thermal conductivity of steel.  

 

Similarly to the model used in Section 3, two heat transfer mechanisms (conduction and radiation) were 

defined for the steel-concrete interface. The conduction mechanism was defined based on an average 

conduction factor, selected to account for the possible gaps between the steel and concrete surfaces 

(discussed in more detail in Section 3). The complete list of the parameters and constants used for the heat 

transfer mechanism are presented in Table 3.1 (Section 3). 

 

Fig. 6.15 shows the finite element model built for Specimen S3 and the results of the heat transfer analysis 

for a section chosen at mid-height of the column. The colors of the contour lines show the difference in 

temperature levels going from the outer tube towards the inner tube of the column. Note that this model 

contains the additional built-up box at the base of the specimen as it was designed and built in the 

experimental setup. This was done because the way the bottom end of the inner tube was connected with 

the bottom plate of the additional built-up box section can affect the results, providing an “all steel” heat-

transfer load path at that location.  In other words, this connection detail can cause a “short circuit” for the 

direct transfer of the thermal energy from the outer surfaces of the structure to the inner tube, rather than 

going through the cross-section of the column with its considerably less conductive concrete part. 

 

Note that a similar “short circuit” exists at the top end of the column, where the thermal energy can find a 

direct path from the top plate of the specimen to the top end of the inner tube (even though the top plate 

was not welded to the inner tube, it was most likely in contact with it during the test). In order to investigate 

the significance of those effects on the heat transfer analysis results, an additional analysis was conducted 

on the same model in which the thermal connectivity of the built-up box section and the top plate to the 

bottom and top ends of the inner tube was eliminated (no thermal connectivity was defined between the 

corresponding surfaces). 

 

Fig. 6.16 shows the results of these heat transfer analyses for two different nodes, located at mid-height and 

close to the top end of the inner tube, for two different cases (with and without the thermal connectivity of 

the top and bottom plates to the inner tube). Temperature time-history recorded for the inner tube of 

Specimen S3 during the first fire test is also plotted for comparison (Fig. 6.16). Note that the test data was 

recorded by a thermocouple that was located on the outer surface of the inner tube and close to its top end. 

Results indicate that the thermal connectivity of the inner tube to the plates at its top and bottom ends does 
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not significantly affect the nodal temperature values at locations close to the mid-height of the inner tube 

(Fig. 6.16a). However, for the nodes located about 6-12” from the top plate of the specimen (which is 

approximately the same location where the thermocouple was installed in the test), the connectivity of the 

top end of the inner tube to the top plate does significantly affect the temperature results (Fig. 6.16b). Note 

that accounting for the special conditions at the top end of the inner tube leads to a more accurate calculation 

of the temperature time-history for the inner tube (the obtained curve is closer to the experimental results 

on average).  

 

 

 

Figure 6- 15 Finite element model built for the thermal stress analysis of specimen S3 along with 

the final visualized results of the heat transfer analysis for a section chosen at mid-height of the  

column (from ABAQUS) 
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Figure 6- 16 Analysis results for the temperature time-history of the inner tube for cases  

without and with its connectivity to the end plates for a point at: a) mid-height and  

b) close to the top end of specimen S3 

 

However, comparison of nodal temperature values at different locations along the specimen, for the two 

different cases defined above, also revealed that variation in results created by the connection of top and 

bottom plates to the whole section of the column are limited to relatively short portions of the specimen 

close to its top and bottom ends. It is expected that this difference in the temperature levels for the nodes 
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located close to the ends or mid-height of the column due to the presence of steel end-plates would be bigger 

for sections having thicker concrete fills; in the presence of a relatively thicker concrete, the low 

conductivity of concrete would keep the temperature of the inner tube at considerably lower temperature 

levels, thus resulting in a significant difference with the temperatures in the inner tube at its top and bottom 

ends (where thermal energy has an easier path to get to the inner tube compared to the path going through 

the concrete).  

 

To simulate the test conditions, the case with steel end-plates (“short circuit”) was used in all of the 

following analyses. Note that the removal of these plates, which are experimental artifacts, would generally 

improve the fire resistance of the column. 

 

Figures 6.17 and 6.18 show results of the recorded time-history of temperature from the thermocouples 

installed in the middle of the concrete layer and on the outer surface of the inner tube, along with the results 

from heat transfer analysis for two selected nodes located approximately at the same positions. The 

temperature time-history of the outer tube (applied as a boundary condition to the model) is also included 

in both figures for comparison purposes.  The figures indicate that the numerical simulations have 

reasonably predicted the temperature time-histories for nodes both in the mid-width of the concrete section 

and on the inner steel tube. 

 

 

 

Figure 6- 17 Analysis results for the temperature time-history for a point in mid-width of the  

concrete core of specimen S3 (compared with test results) 
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Figure 6- 18 Analysis results of the temperature time-history for a point on the inner tube of  

specimen S3 (compared with test results) 

 

Note that the fluctuations in temperature values recorded by the thermocouples (especially on the inner 

tube) do not appear in the numerical results. Analytically, since the temperature values for the concrete and 

the inner tube increase over time because of the gradual transfer of thermal energy through the defined heat 

transfer mechanisms over homogenously defined materials, a smooth increase in temperature values is 

expected. However, no specific mechanism was modeled to replicate the recorded fluctuations that are 

suspected to be due to localized changes in pressures inside the tube (pressure build-up and release around 

concrete aggregates), which can create non-linear paths for the heat and alter the trend of temperature 

distribution. This may also result in non-linear travel of water vapor to the specimen’s release holes, and 

allow temperatures of the inner tube to fluctuate and reach temperature values exceeding that of the concrete 

part for short periods during the fire test. 

 

Another difference seen between the numerical results and the experimental recordings occurs during the 

last 15 minutes of the fire test. The experimental data show that temperature of both the inner tube and the 

concrete increase more rapidly (to reach the temperature of the outer tube) in the last quarter hour of the 

test, while the analysis results indicate temperature increasing at the same rate throughout the test and 

maintaining a proportional difference with the temperature of the outer tube until the end of the test. The 

sharp increase in the temperature values of the thermocouples in the concrete core and on the inner tube 
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seems to have occurred because of the excessive deformations during the final minutes of the test, which 

have probably opened a path for the heat to reach both of the mentioned thermocouples, increasing their 

temperature values up to that of the outer tube. 

 

6.3.2.2 Stress/deformation Analysis of Specimen S3 

 

The finite element model used for the heat transfer analysis of Specimen S3 was modified for the 

stress/deformation analysis, while keeping the geometric features (specifically the mesh size) fixed. The 

element types (which were 8-node heat transfer elements) were changed to 8-node 3D stress solid elements 

(C3D8R) for both the steel and concrete parts. Note that the mesh size was defined considering both heat 

transfer and stress/deformation analyses (e.g. Fig. 6.15 shows that a smaller mesh size was selected for the 

top end of the column, where local buckling of the outer tube was expected to occur). A Static General 

analysis was defined with two steps: first, applying the axial load and maintaining it for the rest of the 

analysis, and second, simulating the fire test by applying the results of the heat transfer analysis (time-

history of temperature distribution during the fire exposure for all of the nodes) to the model. 

 

Temperature dependent thermal and structural properties of steel and concrete materials were adopted from 

the specifications in the Eurocode (CEN 2005). These properties were presented in Section 3. The analysis 

was defined to account for geometric nonlinearities to capture the probable buckling in the model. An initial 

imperfection consisting of the first buckling mode shape of the column (global buckling) with a 

displacement amplitude of L/1000 was imposed on the model to duly trigger global buckling when the 

degradation in material properties reach the critical level. Note that as discussed in Section 3, no initial 

imperfection was imposed on the model to initiate local buckling, since the model was shown to be capable 

of triggering local buckling based on the conditions that are imposed to the elements throughout the analysis 

(e.g. boundary conditions, constraints, high plastic strains).  

 

In terms of boundary conditions, the top plate of the column was defined to be fixed. The bottom end was 

free to move in the axial direction and rotate in the weak direction (one of the directions had more flexural 

strength because of the added channels). Note that the bottom end connection in the test furnace was not 

completely free to rotate (due to its partial rigidity). An attempt to simulate the effects of the partially fixed 

connection at the bottom end of the furnace, which had unknown properties, was contemplated, but not 

done because it was considered that the additional analysis complexities were not necessary to be able to 

interpret the results in the current context. Modeling with a pinned end results in a reduction of the critical 

buckling load, thus slightly reducing the fire resistance, and allows for slightly larger rotations as opposed 
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to the experimental results. These changes are considered in the interpretation of the simulation results 

throughout the rest of this section. The axial loads consisted of the 71 kips external gravity load that was 

applied as a pressure to the bottom plate of the column and the weight of the concrete core, which was 

applied as a force pushing the concrete part towards the bottom plate. 

 

Fig. 6.19 shows the ABAQUS analysis results for the axial displacement time-history of the bottom plate 

of the column (equivalent to the axial extension or contraction of the column) for Specimen S3 during its 

exposure to the ASTM E119 fire. Results from the finite element analysis are plotted along with the two 

curves recorded by manual gauges (which were placed at the north and south sides of the furnace bottom 

beam) and their calculated average. Numerical results follow the same four-stage pattern explained in 

Section 5 for the fire tests conducted in this study (consisting of: expansion of the outer tube; local buckling 

of the outer tube; expansion of the whole column, or maintaining the axial displacement; global buckling). 

 

 

Figure 6- 19 Analysis results of the axial displacement of the bottom plate of specimen S3  

(compared with test results) 

 

Fig. 6.19 shows that experimental and numerical results are in good agreement in terms of the maximum 

axial displacement and the total fire resisting time (about 60 minutes). A noticeable difference between the 

test and analysis results is the trend in the increase and decrease of the axial displacement, especially during 

Stage 2 while the outer tube expands and contracts. The sudden drop in the total axial displacement values 

due to the local buckling of the outer tube was more severe in the tested column compared to the finite 
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element model. The analysis captures the local buckling at the right place and time, but the elements go 

through a slightly less severe buckling deformation compared to the test results. Also in Stage 3, when the 

steel tubes and concrete core are sustaining the axial load together (after a short period during which the 

whole load was on the outer steel tube), the simulation results show more expansion than the test results, in 

which the tubes and concrete had only a slight expansion and maintained the same level of axial 

displacement until the last stage of the test. The second phase of expansion, seen in the numerical results, 

is considered to be logical because the temperature continues to rise and even though further expansion of 

the outer tube may only contribute to making the local buckling more severe, there is no mechanism to 

prevent the concrete core from expanding. Considering the fact that displacement measurements during the 

tests were based on the manual readings from two mechanical gauges (and the limited instrumentation used 

during the experiment), the match between the recorded values and numerical simulation results was 

deemed to be sufficiently accurate for the purposes of this study. 

 

An additional analysis was conducted on a similar model with a refined mesh size in order to check mesh-

sensitivity issue. Results shown in Fig. 6.19 verify the convergence of the finite element analysis for the 

initial mesh size. The simulation results could be improved to provide a better match to the experiment by 

calibrating a few modeling parameters (e.g. the temperature dependent coefficient of thermal expansion for 

both steel and concrete materials) in a way similar to the case discussed in Section 3. Nevertheless, since 

the model was shown to be capable of simulating the four stages defined for the experimental results and 

provided an acceptable prediction of the fire resisting time, it was considered sufficiently accurate for the 

purposes of this project.  

 

Fig. 6.20 compares the final state of the numerical model after the termination of the analysis due to the 

global buckling of the column, with a photo taken at the end of the fire testing of Specimen S3. Note that 

global buckling was triggered by the initial imperfection in the numerical model, but the column could not 

go through large buckling deformations because the analysis was defined as a force-controlled process 

during that step. The constant axial load was applied to the column at the beginning of the analysis and 

maintained during the fire simulation. As the column reached the point when it could no longer sustain the 

axial load, the force-controlled analysis terminated.  
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Figure 6- 20 Final deformed shape of specimen S3 from: a) finite element analysis (ABAQUS) in  

the force-controlled mode and b) experimental results 
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As shown in Fig. 6.19, despite being incapable of simulating the post-buckling phase of the test (after the 

initiation of global buckling), the analysis was able to replicate the axial displacement of the moving end-

plate of the column, which was the main issue in the prediction of the fire resisting time. However, to study 

the behavior of the numerical model in the post-buckling phase, an additional analysis was conducted on 

the same column in two steps: first, the model of Specimen S3 was subjected to the same fire curve up to 

the point that the global buckling was initiated in the previous analysis (about 65 min. after the start of the 

test, when the column could no longer sustain the load); Second, the moving (bottom) end-plate was pushed 

to apply compressive load to the column in a displacement-controlled mode, allowing it to go through large 

buckling deformations.  

 

Fig. 6.21 shows the buckled shape of Specimen S3. The analysis was able to simulate the global buckling 

in the displacement-controlled mode. Recall that the bottom end of the column was modeled as a pinned-

pinned connection (as opposed to the semi-rigid connection in the test setup) and shows a larger rotation 

compared to the experimental results (Fig. 6.20b). Fig. 6.22 shows the axial force versus axial displacement 

of the moving (bottom) end-plate of the column obtained when performing the above displacement-

controlled analysis after the column was exposed to the first 50, 65, and 80 minutes of the standard ASTM 

E119 fire curve. The case with the 65 min. fire exposure buckled under an axial load of 69 kips, which is 

close to the 71 kips load applied during the experiment. Note that for longer periods of fire exposure, the 

column buckles under lower axial load levels. 

 

Fig. 6.20 also shows the local buckling of the outer tube close to the top end of the column for Specimen 

S3 (from both test and analysis). Results indicated that applying the weight of the concrete as a constant 

force pushing it towards the bottom plate was effective in keeping the bottom end surface of the concrete 

core in contact with the bottom plate throughout the analysis. Considering this configuration, the expansion 

of the outer tube could only cause the separation of the top end surface of the concrete core from the top 

plate of the column. This forced the local buckling to occur only at the top end of the specimen, similarly 

to what occurred in the test. Note that based on calculations, the weight of the concrete core was enough to 

overcome the friction resistance between the steel tubes and concrete core.  
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Figure 6- 21 Global buckling of specimen S3 from the displacement-controlled ABAQUS analysis 
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Figure 6- 22 Axial load versus axial contraction results from the displacement controlled analysis

 of specimen S3 after being exposed to different durations of the standard ASTM E119 fire  

 

Fig. 6.23 provides a closer view of the locally buckled region. It shows that, during the test, local buckling 

of the outer tube occurs at a lower position than predicted by the simulation results. This difference may be 

due to the fact that the top steel plate of the column was anchored into the concrete using four ½” threaded 

rods (16” long) during construction. Note that no threaded rods were used at the bottom end of the column. 

Cutting open the steel outer tube after the tests revealed that a short segment of concrete (about 8” long) 

remained tied to the top plate. This indicates that the top end surface of the concrete core did not lose its 

contact with the top plate of the column. Fig. 6.23c shows the locally damaged end of the column where 

the outer steel tube was cut to expose the concrete core. A thin crack line is seen in this figure on the 

concrete surface (and in a closer view in Fig. 6.23d) at the same location where local buckling of the outer 

tube occurred. It is inferred that while the top end of the concrete core was tied to the steel top plate, the 

outer steel lost its contact with the concrete core at the location of the mentioned crack line (shown in Fig. 

6.23d), leading to the outward buckling of the outer tube around the same location under the applied load 

and temperature. After the initiation of local buckling, further thermal expansion amplified the amplitude 

of the local buckle.  In the numerical simulation, the threaded rods were not modeled, which may explain 

why, in that case, the separation occurs at the interface of the top end of the concrete and the top plate.  

Models including the threaded rods were not attempted, as this slight difference in local buckling location 

was deemed to be of no significance on the specimen behavior. 
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Figure 6- 23 Local buckling of the top end of the outer tube from: a) finite element analysis  

(ABAQUS) and b,c,d) test results o Specimen S3 
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6.3.3 Fire Testing of the Moderately Damaged Specimen (S1)  

 

6.3.3.1 Heat Transfer Analysis of Specimen S1 

 

The same model (built for Specimen S3) was used to conduct the heat transfer analysis of Specimen S1. 

The boundary condition defined for the surface of the outer tube was modified to follow the recorded time-

history of the temperature for the exposed surface of Specimen S1 during the second fire test. Figures 6.24 

and 6.25 show the results of the recorded time-history of temperature from the thermocouples installed in 

the middle of the concrete layer and on the outer surface of the inner tube, along with the results from heat 

transfer analysis for nodes at the corresponding locations. The temperature time-history of the outer tube 

(applied as a boundary condition to the model) is also included in both figures for comparison purposes.  

The figures indicate that numerical analysis provided acceptable predictions of the time-history of 

temperature at both of the selected locations. Note that similarly to Specimen S3, fluctuations in the time-

history of temperature values recorded by the thermocouples do not appear in the numerical results (again, 

no particular mechanism was defined in the model to capture this kind of irregular behavior). 

 

 

Figure 6- 24 Analysis results of the temperature time-history for a point in mid-width of the  

concrete core of specimen S1 (compared with test results) 
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Figure 6- 25 Analysis results of the temperature time-history for a point on the inner tube of  

specimen S1 (compared with test results) 

 

6.3.3.2  Stress/deformation Analysis of Specimen S1 

 

The finite element model of Specimen S1 was subjected to the 2-step thermal stress analysis (force-

controlled axial loading and fire simulation) with an initial imperfection that was created by cyclic lateral 

loading (ending with a 1.4% residual drift), to simulate the scenario that had occurred for the fire testing of 

the moderately damaged specimen. The applied initial condition consisted of a stress-free model which had 

only the residual deformations of the cyclic loading from the previous analysis. Note that although there 

likely were residual stresses in internal equilibrium in the specimen before the start of the fire test, those 

were ignored to avoid complexities at this stage of simulations for the moderately damaged specimen. A 

more sophisticated approach will be used for the highly damaged column.   

 

Fig. 6.26 shows the time-history of axial displacement for Specimen S1 obtained from the ABAQUS 

analysis, along with the experimental results (corresponding to measurements from the north and south 

gauges, and their average). Analysis results are in good agreement with test data in terms of the general 

pattern (following the 4-stage process), the axial peak displacement, and the fire resisting time. Note that 

the analysis predicted a fire resistance time that was slightly shorter than recorded during the test. 

Considering that the final failure of the column is controlled by global buckling, modeling the connection 

of the column to the bottom beam as a pinned end in the out-of-plane direction (as opposed to the partially 
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fixed condition observed in the test) might have played a role in the prediction of a shorter resistance time 

by the analysis. 

 

 

Figure 6- 26 Analysis results of the axial displacement of the bottom plate of specimen S1  

(compared with test results) 

 

Fig. 6.26 also shows an additional curve derived from an analysis on a similar model with a refined mesh 

size, which was conducted to check the mesh-sensitivity of the results. The marginal difference between 

the curves indicates the convergence of the finite element analysis results. Fig. 6.27 shows the resulting 

deformed shape of the Specimen S1 model, which includes the initiation of global buckling of the column, 

local buckling of the outer tube at the top end (caused by the fire test) and local buckling of the outer tube 

at the bottom end (cause by cyclic loading of the column). Simulation results are in good agreement with 

photos from experiment. Note that similarly to Fig. 6.20 of Specimen S3, Fig. 6.27 merely shows the 

initiation of the global buckling for Specimen S1, because the force-controlled analysis could not continue 

to larger deformations. Repetition of the deformation-controlled buckling analysis conducted for Specimen 

S3 (Figures. 6.21 and 6.22) was considered to be unnecessary, since global buckling of Specimen S1 

occurred under the same load and approximately at the same time (60-65 min.) as those of Specimen S3. 

Local buckling at the top end of the column occurs at a lower height for the test (compared to the numerical 

simulation) for the same reason mentioned above for Specimen S3. 
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Figure 6- 27 Final deformed shape of specimen S1 from: a) finite element analysis (ABAQUS)  

and b) experimental results 

 

6.3.4 Fire Testing of the Highly Damaged Specimen (S2)  

 

6.3.4.1 Modification of the Finite Element Model  

 

Considering the higher severity of seismic damage in Specimen S2 prior to the fire test, and in an attempt 

to better simulate the effects of the cyclic loading history on the performance of S2 under fire, the finite 

element model for this specimen was modified as follows. To include all the effects of the cyclic loading 
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history (e.g. residual stresses, strains, deformation, degradations, etc.), an additional analysis step was added 

to the thermal-stress problem. Note that this configuration was significantly more computationally 

expensive than the case for the moderately damaged specimen (S2), where the axial loading and fire 

simulation parts were started after just imposing the stress-free final resulting deformations (from a 

previously conducted cyclic loading analysis) as initial imperfection to the finite element model.  

 

In order to reduce computational difficulties, the built-up box section was removed from the finite element 

model, reducing it to the configuration that was used in the simulation of cyclic loading tests in Section 3.2. 

Flexibility of the base was accounted for using an additional base plate connected by the Bolt Load option 

in ABAQUS as presented in the same section. The model was also enhanced by inserting a horizontal 

discrete crack into the concrete core just above the bottom plate of the column (the FE-CDP-DS model was 

used). The mesh size was refined at the bottom end to better capture the expected local buckling of the outer 

tube caused by both cyclic and fire loading (results from the simulations conducted on specimens S3 and 

S1 and their mesh-sensitivity analyses were used as guidance in the mesh size selection for the Specimen 

S2 model). 

 

Two separate models, using the same geometry and mesh size but different element types, were built for 

the heat transfer and stress/deformation analyses. To better replicate the effects of the cyclic loading part, 

the element type for the steel tube sections were changed from 8-node solid, C38DR (as it was for the fire 

test simulations of specimens S3 and S1), to 4-node shell elements, S4R. Note that although the solid 

element was shown to provide reasonably accurate results for the fire testing simulations of specimens S3 

and S1, the shell element was preferred here for Specimen S2 because of the importance of the cyclic 

loading history in the approach taken here, and because of the shell element’s ability to provide sufficiently 

accurate replications of local buckling (and subsequent strength and stiffness degradation), as shown in the 

simulation of the cyclic tests presented in Section 6.2. As such, the finalized model looked the same as the 

one built for the cyclic testing simulations (Fig. 6.3).  

 

6.3.4.2 Heat Transfer Analysis of Specimen S2 

 

Figures 6.28 and 6.29 show the results from the heat transfer analysis of Specimen S2, conducted by 

applying the measured temperature time-history of the outer tube as a boundary condition, for nodes in the 

middle of the concrete part and on the inner tube along with the measured data at the corresponding 

locations. Analysis results are relatively accurate for both locations. Temperature records from the fire 
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testing of Specimen S2 show less fluctuations compared to the past two tests, thus making a better match 

with the smooth numerical results.  

 

Figure 6- 28 Analysis results for the temperature time-history of a point at mid-width of the  

concrete core of specimen S3 (compared with test results) 

 

 

Figure 6- 29 Analysis results for the temperature time-history of a point on the inner tube of  

specimen S3 (compared with test results) 
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6.3.4.3 Stress/deformation Analysis of Specimen S2 

 

To keep the multi-step finite element analysis computationally efficient, the cyclic loading step applied 

only a few displacement cycles (not the full protocol used in the test). The applied displacement cycles 

were selected to include a few of the drift ratio amplitudes identified in the test protocol, namely cycles at 

drift ratios of about 3.5%, 5% and the maximum recorded value of 6.2%. Each of these cycles was applied 

once to create the local buckling effect at the bottom end of the column. An additional cycle at a drift ratio 

of 6% was applied to the model in the end, making it possible to unload while keeping a residual drift close 

to the value recorded in the test (3.9%).  

 

The output from the above cyclic analysis was then subjected to a 2-step thermal stress analysis (axial 

loading and fire test) to simulate the effects of the ASTM E119 fire on the highly damaged specimen. To 

replicate the test conditions, a fixed boundary condition was imposed at the end of the column close to the 

locally buckled side, and a pin boundary condition able to translate vertically was modeled at the other end, 

leaving it free to move in the axial direction and rotate in the direction in which cyclic loading had been 

applied to the column in the previous step.  

 

Fig. 6.30 shows the time-history of axial displacement for the moving end plate of Specimen S2 (equivalent 

to the extension and contraction of the column). The numerical model was found to give reasonable 

predictions of both maximum axial displacement and fire resisting time for the specimen. Note that 

similarly to the results for specimens S3 and S1, the numerical simulation showed a relatively longer 

expansion period for the outer tube. In terms of the stages defined for the variation of axial displacement 

versus time, the analysis results seem to more closely match the experimental ones than was the case for 

the previous specimens, as the sharp expansion and drop from the curve typically corresponding to stage 2 

was not observed in Specimen S2 (contrary to the previous specimens).  

 

Fig. 6.31 shows the damaged end of the column (caused by cyclic loading) before and after the fire test 

from both analysis and experimental results. Results show that the analysis successfully simulated the 

effects of fire testing on increasing the severity of the local buckling, which had been initiated in the cyclic 

loading step and deliberately positioned at the top end of the furnace in an attempt to combine the damaging 

effects of seismic and fire loads. 
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Figure 6- 30 Analysis results of the axial displacement of the bottom plate of specimen S2  

(compared with test results) 

 

6.3.5 Fully Coupled Approach versus Sequentially Coupled Approach  

 

Even though the acceptable performance of the sequentially coupled analysis was demonstrated by other 

researchers (as mentioned in Section 3.4.1), and even though results presented in past sections have shown 

that the sequentially coupled analysis was adequate to replicate the experimental results obtained as part of 

the current research, an additional fire simulation analysis was conducted using the fully coupled method 

to investigate the significance of possible differences between the results of the two methods. Results from 

the fully coupled analysis, which is presented in detail in Appendix C, did not demonstrate a meaningful 

difference compared to the ones from the sequentially coupled analyses. It was inferred that for the problem 

at hand (i.e. behavior of CFDST columns with capped top and bottom ends subjected to axial loading and 

fire), the sequentially coupled approach was capable of replicating the experimental results with sufficient 

accuracy. 
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Figure 6- 31 Local buckling of specimen S2 before and after fire testing: a) ABAQUS result  

before fire test b) ABAQUS result after fire test c) photo of the highly damaged specimen (S2)  

before fire test d) photo of the highly damaged specimen after fire test 

 

6.4 Simulation of the Post-Fire Cyclic Test 

 

The numerical models built for simulation of the cyclic loading tests were further examined in an attempt 

to replicate the post-fire cyclic testing of Specimen S3. Note that the first two cyclic loading tests were 

conducted to impose a limited amount of damage to specimens S1 and S2, thus avoiding large deformations 

and subsequent fractures. Simulating the post-fire cyclic testing of Specimen S3, which continued until 

fracture of the outer steel tube and an approximate lateral force resistance decrease of 50%, was used as an 

additional step in the validation of the finite element models. 

 

Both of the FE-CDP-DS and LS-DYNA models were modified to comply with the conditions of the post-

fire cyclic loading test. Since the test was continued up to the fracture of the outer tube, going through 

severe pinching in hysteretic curves and concrete cracking, the models from both finite element analysis 
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programs were used in the simulation process to investigate their ability to follow hysteretic behavior up to 

the large measured displacements.  

 

Material properties for steel and concrete were changed to account for their possible variation during the 

fire test. Tensile tests were conducted on coupons extracted from the outer tube of Specimen S3 (after test) 

to measure the post-fire yield and tensile strength of the steel material. The tests showed a 5% decrease in 

strength compared to the average values measured from the coupons prepared before the construction. 

According to the Eurocode general rules for structural fire design (CEN 2005), reaching the temperature of 

800°C and cooling down to the ambient temperature of 20°C could cause a 10% permanent decrease in the 

yield and tensile strength of the steel material (although these are values recommended for design, and 

possibly conservative). Since actual measured values were obtained here, the 5% reduction was applied to 

the original strength values mentioned in Section 6.2.1 for both the inner and outer tubes and used in the 

modified finite element models. 

 

The Eurocode also specifies an 85% permanent reduction in the compressive strength of concrete after 

going through a similar temperature increase history. A compression test conducted on a single concrete 

cylinder, which was burned in a similar fire test, showed almost no compressive strength. The burned 

cylinder had a visible crack at one end after the completion of the fire test for unknown reasons. Since the 

result of a single compression test could not be relied on, the 85% reduction specified in the Eurocode was 

applied to the finite element models to simulate the effect of the fire test on concrete compression strength. 

 

Steel was modeled using a bilinear elastic-plastic behavior with linear kinematic hardening in both of the 

FE-CDP-DS and FE-W models. Note that similar to the previous cases, no softening branch was modeled 

for the steel material at this stage. This made the models capable of capturing the degradations and softening 

due to the geometric nonlinearities (e.g. local buckling) and large deformations, but not the ones caused by 

fracture. The concrete material was modeled using the Damaged Plasticity model plus the insertion of a 

horizontal discrete crack at the lower end of the column in the ABAQUS analysis, while the Winfrith model 

was used in the analysis conducted using LS-DYNA. 

 

Fig. 6.32 shows the lateral force versus drift ratio results obtained from the FE-CDP-DS and FE-W models, 

along with the experimental curves from the post-fire cyclic testing of Specimen S3.  Observation of the 

results from the FE-CDP-DS model (Fig. 6.32a) suggests that the model successfully captured the concrete 

tensile crack opening and closing, which led to the softening of the column stiffness when it went past the 

zero drift position. The model captured the increase in stiffness and lateral force resisting strength, seen in 
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the experimental results when the column reached the extreme left or right displacements during an inelastic 

cycle (i.e., when the buckled tube was straightened and started to work in tension again). 

 

 

 

Figure 6- 32 Lateral force vs. drift ratio results from the finite element analyses of post-fire cyclic

 loading of specimen S3 from: a) FE-CDP-DS model and b) FE-W model  

(compared with experimental results) 

 

As the column went through cycles with larger displacement amplitudes (above 5% drift), large 

deformations in the shell elements used for the modeling of the steel tubes lead to continuous strength 

degradation in the results from the FE-CDP-DS model, a behavior that was not seen in the experimental 

hysteresis curves (the lateral force increased to the same maximum value at the maximum displacement of 

each cycle, until the first fracture occurred on one side of the column). Even though the steel tube went 

through sequential buckling and straightening phases, both in the test and simulation, the straightening 
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(recovery) phase was less effective in the in the FE-CDP-DS model, leading to a continuous strength 

degradation in the results.  

 

On the other hand, analysis on the FE-W model provided a better match of the experimental hysteresis 

curves (Fig. 6.32b). The model captured the softening and strength degradation when the column went 

through continuous cycles at a certain displacement amplitude (e.g., 4.4%, 6%, and 7% drift), and recovered 

the maximum lateral force resistance of 6.5 kips upon going to the next cycle at a higher displacement 

amplitude. Results from the FE-W model almost exactly followed the experimental curves until the point 

when first fracture occurred on one side of the outer steel tube, which resulted in a sharp strength 

degradation in the test results (that was not modeled analytically). 

 

The above discrepancy in the results after fracture of the specimen was deemed acceptable, and understood 

to be a consequence of not introducing a damage criteria in the steel material (i.e., nothing was defined after 

the strain hardening branch). The definition of cyclic damage initiation and evolution for the steel material 

was considered to be beyond the scope of this study. However, short of a rigorous damage progression and 

fracture analysis, in an attempt to enhance the match in that region of the hysteretic curve, an additional 

analysis was conducted using an arbitrary fracture limit for the accumulative effective plastic strain 

parameter (defined for the Plastic Kinematic material in LS-DYNA), calibrated to initiate element deletion 

in the steel tube at a certain point that would result in the best fit with the test results. 

 

Fig. 6.33 shows the results from the modified FE-W model. The fracture (element deletion) started during 

the cycle at 7% drift ratio, in the reverse loading direction (with respect to the first loading direction), 

causing a strength degradation that followed the experimental results with acceptable accuracy. Note that 

this result is based on an arbitrary chosen fracture limit, which was tailored to the specific test conducted 

here. More sophisticated cyclic damage models are needed to rigorously capture the fracture initiation and 

evolution in steel, based on a set of measured properties. 

 

6.5 Summary 

 

Finite element models originally built for CFDST columns (in Section 3) using the general finite element 

software ABAQUS were re-used in attempts to analytically replicate the experimental results obtained for 

specimens S1, S2 and S3 under both cyclic and fire loads. Initial simulation of the cyclic lateral loading 

(using the FE-CDP models) provided acceptable predictions of the maximum lateral resisting force, but 

failed to capture the pinching phenomena observed in the hysteresis behavior of CFDST columns. 
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Figure 6- 33 Lateral force vs. drift ratio results from the simulation of the post-fire cyclic loading 

of specimen S3 (FE-W model with element deletion compared with experimental results) 

 

Considering the short-comings of the Damaged Plasticity model (used in FE-CDP model) in simulating the 

formation of tensile cracks and the effects of their subsequent opening and closing in concrete structures, 

the model was modified by inserting a discrete horizontal crack at the location with the maximum tensile 

stress. The modified model (FE-CDP-DS) provided a much better replication of the experimental hysteresis 

curves, and underscored how results can be affected by different strategies adopted for modeling the 

behavior of concrete in tension when investigating inelastic cyclic behavior. 

 

To further investigate the effects of concrete tensile cracking on the flexural behavior of CFDST columns, 

an additional finite element model was built using the software LS-DYNA and the Winfrith concrete model 

to account for tensile cracks and the effect of their opening and closing (referred to as the FE-W model).  

Simulation results showed significant improvements in replicating the experimentally obtained hysteretic 

results. To validate the models for tests with larger lateral displacements, both of the FE-CDP-DS and FE-

W models were used for the simulation of the post-fire cyclic testing of Specimen S3. These results again 

showed the advantages of the FE-W model in reproducing strength degradation, with the FE-CDP-DS 

model being less effective in simulating the effects of consecutive cycles of buckling and straightening of 

the steel tube.  
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As for the fire testing simulation, the finite element models provided acceptable predictions of the total fire 

resistance time, and of the specimen deformations for different cases of fire tests conducted on damaged 

and undamaged specimens. The thermal and structural material properties adopted from the Eurocode 

general rules for structural fire design for steel and concrete (in both during and post-fire situations) were 

shown to be sufficiently accurate to be used for the numerical simulation of the behavior of CFDST columns 

under fire. 
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SIMPLIFIED ANALYTICAL SOLUTION FOR FIRE RESISTANCE OF 

CFDST COLUMNS 

 

7.1 General 

 

When the fire resisting capability of a structural element is to be explicitly considered in the design process 

(i.e., to determine the minimum dimensions of an element to fulfill a certain fire resistance requirement), 

robust calculation methods that can provide an acceptable estimate of the fire resistance time in a simple 

but sufficiently accurate way are crucial. With respect to the performance of CFST columns under fire 

conditions, several methods have been developed (based on both experimental and numerical studies) in an 

attempt to provide such a calculation of their fire resistance time. 

 

Han et al. (2003) proposed an equation for the fire resisting time of unprotected CFST columns based on 

regression analyses conducted on experimental results. Another method (more popular in North America) 

was provided by Kodur and MacKinnon (1998), which uses a single empirical equation to calculate the fire 

resistance of axially loaded CFST columns.  

 

Eurocode 4 provides three calculation methods for the design of CFST columns under fire:  a first approach 

relies on the use of tabulated data (limited for a few cases); the second and third ones are called to be simple 

and advanced calculation models, respectively (CEN 2005). Due to the limitations of the tabulated data, 

and the computationally demanding features of the advanced method (which requires the use of finite 

element models for simulation), the simple calculation method can be considered as the most practical 

option.  

 

Although the Eurocode simplified method provides a step by step guide to calculate the fire resisting time 

by incrementally increasing the uniformly distributed strain of the section to satisfy the axial equilibrium 

using the material properties modified for elevated temperatures, it assumes that the designer knows the 

temperature distribution within the cross-section at any particular time during the fire exposure (no 

simplified method is given in the Eurocode for the calculation of the temperature field).  

Espinos et al.  (2012) proposed a method for calculating a uniform equivalent temperature for the whole 

concrete core (and similarly another one for the steel tube), which if used in the Eurocode method, will 

provide the same fire resisting time as the one obtained considering the actual non-uniform temperature 
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distribution. The uniform temperature value was conservatively determined to be the maximum of two 

values, which were calculated such as to produce the same plastic resistance and flexural stiffness for the 

cross-section as for the case with true non-uniform temperature distribution. After conducting fire resistance 

time analyses using this procedure for several different CFST columns, two equations were proposed, 

obtained from regression analyses, for calculating of the equivalent uniform temperature for the steel tube 

and concrete core, namely: 

 

𝑇𝑠,𝑒𝑞 = 342.1 + 10.77𝑅 − 0.044𝑅
2 + 3.922𝐴𝑚 𝑉⁄ − 0.025𝑅 𝐴𝑚 𝑉⁄  (7.1) 

 

𝑇𝑐,𝑒𝑞 = −186.44 + 5.764𝑅 − 0.026𝑅
2 + 22.577𝐴𝑚 𝑉⁄ − 0.32(𝐴𝑚 𝑉⁄ )2 + 0.14𝑅 𝐴𝑚 𝑉⁄  (7.2) 

 

In these equations, 𝑇𝑠,𝑒𝑞, 𝑇𝑐,𝑒𝑞 are the equivalent uniform temperature values for the steel and concrete 

sections, and 𝐴𝑚 𝑉⁄ , which is defined as the section factor, is the ratio of the surface area of the steel tube 

to its volume. The expression for the section factor can be simplified to 4 𝐷⁄ , in which 𝐷 is the outer 

diameter of the steel tube. The parameter 𝑅, in both equations, refers to the standard fire resistance class, 

which is given as 30, 60, 90 , and 120 for standard resistance times of 30, 60, 90 and 120 minutes. Although 

Eqs. 7.1 and 7.2 were shown to provide acceptable results for CFST columns with different cross-sections, 

they were limited to the case of exposure to the standard ASTM E119 fire, and there were no CFDST 

columns in the database used to develop the regression analysis.  

 

This section presents a simplified two-step procedure developed for the calculation of the fire resistance of 

the axially load CFDST columns. The first step provides an analytical based solution for the heat transfer 

problem, which calculates the temperature distribution for the CFDST column cross-section based on a 

given fire (time-temperature) curve. The second step uses selected results from the first step to calculate 

the design axial load capacity of the CFDST column at any particular time during the given time-

temperature curve. Note that the procedure is defined for CFDST columns, but can also be used for the 

traditional CFST cases, with slight modifications. 

 

7.2 Analytical Solution for the Heat Transfer Problem 

 

7.2.1 General Solution for Heat Conduction Differential Equation  

 

The objective of this section is to analytically solve the heat conduction partial differential equation for the 

cross-section of any given CFDST column. The cross-section is initially at room temperature, 𝑇0, and its 
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outer edge is subjected to a predetermined time-temperature curve, 𝑓(𝑡), where t is time.  Fig. 7.1a shows 

the cross section of a CFDST column. Considering the relatively higher heat conductivity of steel compared 

to the concrete material (about 10 times larger), it is assumed that both the outer and inner tube sections 

have a uniform temperature distribution. Based on this assumption, the problem can be reduced to a single 

material model, that consists of a cylindrical concrete section, initially at room temperature, and subjected 

to a predetermined time-temperature curve, 𝑓(𝑡) (Fig. 7.1b). 

 

  

Figure 7- 1 Cross-section of a CFDST column for the heat transfer problem: a) with steel  

tubes and b) without steel tubes (assuming uniform temperature for steel sections) 

 

Considering a polar coordinate system for the problem, the boundaries of the section are defined by 𝑟𝑜 

(radius of the outer tube) and 𝑟𝑖 (radius of the inner tube). Each point in the cross section can be referred by 

a specific pair (𝑟, 𝜃). The differential equation of heat conduction for the cylindrical section can be written 

as (Greenberg 1998): 

 

𝛼2 (𝑢,𝑟𝑟 +
1

𝑟
𝑢,𝑟 +

1

𝑟2
𝑢,𝜃𝜃) = 𝑢,𝑡         𝑟𝑖 ≤ 𝑟 ≤ 𝑟𝑜, 0 ≤ 𝜃 ≤ 2𝜋, 0 ≤ 𝑡 < ∞ 

𝑢(𝑟, 𝜃, 0) = 𝑇0, 𝑢(𝑟𝑜, 𝜃, 𝑡) = 𝑓(𝑡) 
(7.3) 

 

where 𝑢(𝑟, 𝜃, 𝑡)  is the temperature field in the section, 𝑢,𝑟 =
𝜕𝑢

𝜕𝑟
, 𝑢,𝑟𝑟 =

𝜕2𝑢

𝜕𝑟2
, 𝑢,𝜃𝜃 =

𝜕2𝜃

𝜕𝜃2
 and  

𝑢,𝑡 =
𝜕𝑢

𝜕𝑡
. The initial condition is defined using the term 𝑢(𝑟, 𝜃, 0) = 𝑇0  and the boundary condition 

corresponding to exposure of the outer edge to the predetermined fire curve, is shown by 𝑢(𝑟𝑜, 𝜃, 𝑡) = 𝑓(𝑡).  

Furthermore, 𝛼2 is the thermal diffusivity of the material (assumed to be a constant in Eq. 7.3), which is 

given by: 
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𝛼2 =
𝑘

𝜌𝑐𝑝
 (7.4) 

 

in which k is the thermal conductivity, 𝜌 is material density, and 𝑐𝑝 is the specific heat capacity of the 

material. Although all of these parameter can change to some extent with temperature, the differential 

equation here is solved based on the assumption that 𝛼2 is constant (i.e., calculated using constant values 

recommended in Eurocode for the parameters shown in Eq. 7.4). Note that possible effects of this 

simplification on the accuracy of the solution is checked in the verification study presented in Section 7.2.3. 

 

Since the domain is cylindrical and the initial conditions and boundary conditions are both independent of 

𝜃, the resulting temperature field, u, is therefore also independent of 𝜃, and only a function only of r and t. 

Note that if the equation is solved for values of r in the region, 𝑟𝑖 = 0 ≤ 𝑟 ≤ 𝑟𝑜, it can be used for all the 

other cases that have the configuration 0 < 𝑟𝑖 ≤ 𝑟 ≤ 𝑟𝑜. Therefore, the differential equation will be solved 

for a circular section, providing a general solution that can be used for both CFST and CDFST columns (in 

case of a CFDST section, the temperature at the radius, ri, is taken as the temperature of the inner tube, and 

all temperature values for radius values below ri are irrelevant). Applying these modifications to Eq. 7.3, 

the new governing differential equation is: 

 
𝛼2 (𝑢,𝑟𝑟 +

1

𝑟
𝑢,𝑟) = 𝑢,𝑡         0 = 𝑟𝑖 ≤ 𝑟 ≤ 𝑟𝑜, 0 ≤ 𝑡 < ∞ 

𝑢(𝑟, 0) = 𝑇0, 𝑢(𝑟𝑜, 𝑡) = 𝑓(𝑡) 
(7.5) 

 

Note that the term 𝑢𝜃𝜃  is eliminated. Since the partial differential equation has a non-homogeneous 

boundary condition (𝑢(𝑟𝑜, 𝑡) = 𝑓(𝑡) instead of zero), its solution, according to a procedure given in various 

advanced engineering mathematics textbooks (e.g. Greenberg 1998), can be written as the summation of 

functions 𝑢0 and 𝑣: 

 

𝑢(𝑟, 𝑡) = 𝑢0(𝑟, 𝑡) + 𝑣(𝑟, 𝑡) (7.6) 

 

in which 𝑢0(𝑟, 𝑡) is a function satisfying only the non-homogeneous boundary condition, 𝑢0(𝑟𝑜, 𝑡) = 𝑓(𝑡). 

To fulfil this requirement, it is assumed that 𝑢0(𝑟, 𝑡) = 𝑓(𝑡). As a result: 

 

 

𝑢,𝑟 = 𝑣,𝑟 (7.7) 
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𝑢,𝑟𝑟 = 𝑣,𝑟𝑟 (7.8) 

𝑢,𝑡 = 𝑣,𝑡 + 𝑓′(𝑡) (7.9) 

𝑢(𝑟, 0) = 𝑓(0) + 𝑣(𝑟, 0) = 𝑇0 (7.10) 

𝑢(𝑟𝑜, 𝑡) = 𝑓(𝑡) + 𝑣(𝑟𝑜, 𝑡) = 𝑓(𝑡) (7.11) 

 

Knowing that 𝑓(𝑡) is defined as the specified time-temperature curve for fire and assuming that any fire 

starts from the room temperature, it is inferred that 𝑓(0) = 𝑇0. Adding this information to Eq. 7.10 gives: 

 

𝑣(𝑟, 0) = 0 (7.12) 

 

Also from Eq. 7.11: 

 

𝑣(𝑟𝑜, 𝑡) = 0 (7.13) 

 

Using Eqs. 7.8 to 7.13, a new problem can be defined for the function 𝑣(𝑟, 𝑡) as: 

 

𝛼2 (𝑣,𝑟𝑟 +
1

𝑟
𝑣,𝑟) = 𝑣,𝑡 + 𝑓′(𝑡)        0 = 𝑟𝑖 ≤ 𝑟 ≤ 𝑟𝑜, 0 ≤ 𝑡 < ∞ 

𝑣(𝑟, 0) = 0, 𝑣(𝑟𝑜, 𝑡) = 0 
(7.14) 

 

Note that the new problem has a homogeneous boundary condition, but the differential equation itself has 

changed to a non-homogeneous one because of the addition of the term, 𝑓′(𝑡). Assuming the function, 𝑣, 

as a summation of its homogeneous and particular parts (𝑣 = 𝑣ℎ + 𝑣𝑝), and using the method of Separation 

of Variables, the homogeneous part of the solution for the differential equation can be written in the product 

form: 

 

𝑣ℎ(𝑟, 𝑡) = 𝑅(𝑟)𝑇(𝑡) (7.15) 

 

Note that in Eq. 7.15, 𝑣ℎ is assumed to be the product of two separate functions, R(r) and T(t), which are 

functions of only r and only t, respectively. Substituting Eq. 7.15 into the homogeneous part of Eq. 7.14 

and dividing both sides by RT gives: 

 

𝑅,𝑟𝑟 +
1
𝑟 𝑅,𝑟

𝑅
=
1

𝛼2
𝑇,𝑡
𝑇
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = −𝜅2 (7.16) 
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The right hand site of the equation is specified to have a non-positive value, since using a positive value 

will not provide a proper solution. Now the original partial differential equation is converted to a set of two 

ordinary differential equations, as: 

 

𝑅,𝑟𝑟 +
1

𝑟
𝑅,𝑟 + 𝜅

2𝑅 = 0 (7.17) 

𝑇,𝑡 + 𝜅
2𝛼2𝑇 = 0 (7.18) 

 

Eq. 7.17, for nonzero values of 𝜅, results in a solution that is a summation of first and second types of 

Bessel functions, 𝐽0 and 𝑌0. For 𝜅 = 0, the solution is in the logarithmic form. The two types of solutions 

can be written as: 

 

𝑅(𝑟) = {
𝐶1𝐽0(𝜅𝑟) + 𝐶2𝑌0(𝜅𝑟), 𝜅 ≠ 0

𝐶3 + 𝐶4𝑙𝑛 (𝑟), 𝜅 = 0
 (7.19) 

 

Similarly, T(t) has different solutions for different values of 𝜅: 

 

𝑇(𝑡) = {
𝐶5𝑒

−𝜅2𝛼2𝑡, 𝜅 ≠ 0
𝐶6, 𝜅 = 0

 (7.20) 

 

Note that 𝐶𝑖’s are constants. Substituting Equations 7.19 and 7.20 into Eq. 7.15 and combining the two 

different solutions with a linear summation gives: 

 

𝑣ℎ(𝑟, 𝑡) = [𝐶3 + 𝐶4 𝑙𝑛(𝑟)]𝐶6 + [𝐶1𝐽0(𝜅𝑟) + 𝐶2𝑌0(𝜅𝑟)]𝐶5𝑒
−𝜅2𝛼2𝑡 

   = 𝐶′1 + 𝐶2′ ln(𝑟) + [𝐶3′𝐽0(𝜅𝑟) + 𝐶4′𝑌0(𝜅𝑟)]𝑒−𝜅
2𝛼2𝑡 

(7.21) 

 

where 𝐶1′ , 𝐶2′  and 𝐶3′  are a new set of constants. Note that Eq. 7.17 is a second order differential equation 

and needs two boundary conditions to be solved, but only one boundary condition is given in the problem 

(Eq. 7.14). As a second boundary condition, it is appropriate to require that 𝑣ℎ must be bounded at 𝑟 = 0. 

This is a reasonable requirement, since the temperature at 𝑟𝑖 starts from the room condition and will increase 

to some extent according to the given fire curve. Considering the nature of the fire curves, the final 

temperature value at 𝑟 = 0 will eventually reach a limit (which will be less than the maximum outer tube 

temperature).  Applying this limit condition (as a boundary) at 𝑟 = 0 requires that: 
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𝑣ℎ(0, 𝑡) = 𝐶′1 + 𝐶2
′ ln(𝑟) + [𝐶3

′𝐽0(𝜅𝑟) + 𝐶4
′𝑌0(𝜅𝑟)]𝑒

−𝜅2𝛼2𝑡 → 𝑏𝑜𝑢𝑛𝑑𝑒𝑑 (7.22) 

 

Since both 𝑙𝑛 (𝑟) and 𝑌0(𝜅𝑟) are unbounded at 𝑟 = 0, in order to satisfy Eq. 7.22, the constants 𝐶2′  and 𝐶4′  

must be equal to zero. Eq. 7.21 simplifies to: 

 

𝑣ℎ(𝑟, 𝑡) = 𝐶′1 + 𝐶3
′𝐽0(𝜅𝑟)𝑒

−𝜅2𝛼2𝑡 (7.23) 

 

Applying the second boundary condition, 𝑣ℎ(𝑟𝑜, 𝑡) = 0 to Eq. 7.23 gives: 

 

𝑣ℎ(𝑟𝑜, 𝑡) = 𝐶′1 + 𝐶3
′𝐽0(𝜅𝑟𝑜)𝑒

−𝜅2𝛼2𝑡=0    for     0 ≤ 𝑡 < ∞ (7.24) 

 

Since 𝐶1′ (as a constant) and 𝐶3′𝐽0(𝜅𝑟𝑜)𝑒−𝜅
2𝛼2𝑡 are linearly independent in the t interval, it follows from Eq. 

7.24 that 𝐶1′ = 0 and 𝐶3′𝐽0(𝜅𝑟𝑜) = 0. The latter gives 𝐶3′ = 0 or 𝐽0(𝜅𝑟𝑜) = 0. Since the elimination of the 

𝐶3
′𝐽0(𝜅𝑟𝑜)𝑒

−𝜅2𝛼2𝑡 term would lead to a trivial solution, it is inferred that: 

 

𝐽0(𝜅𝑟𝑜) = 0 (7.25) 

 

The solution for Eq. 7.25 consists of positive roots of the J0 function that are referred to as 

𝑧𝑛 = 𝜅𝑛𝑟𝑜 (these roots are known and will be used later). Using superposition and substituting C for 𝐶3′  for 

simplicity, the homogenous part of the solution for the differential equation becomes: 

 

𝑣ℎ = ∑ 𝐶𝑛𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝑡∞

𝑛=1   (7.26) 

 

where the Cn’s are constants. Now the particular solution, 𝑣𝑝, needs to be added to vh. Taking 𝑣𝑝 as: 

 

𝑣𝑝 = ∑ 𝐷𝑛(𝑡)𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝑡∞

𝑛=1   (7.27) 

 

where 𝐷𝑛(𝑡) is a function of only t and Substituting it into Eq. 7.14 gives: 

 

𝛼2 (𝑣𝑝𝑟𝑟 +
1

𝑟
𝑣𝑝𝑟) = 𝑣𝑝𝑡 + 𝑓′(𝑡) (7.28) 
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Simplifying Eq.7.28 and removing the terms that satisfy the homogeneous part gives:  

 

∑𝐷′𝑛(𝑡)𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡

∞

𝑛=1

= −𝑓′(𝑡) (7.29) 

 

which is in the Bessel-Fourier series form. Multiplying both sides of Eq. 7.29 by the term 𝑟
𝑟𝑜
𝐽0(𝑧𝑚

𝑟

𝑟𝑜
) and 

integrating in the domain 0 = 𝑟𝑖 < 𝑟 < 𝑟𝑜 gives: 

 

∫
𝑟

𝑟𝑜
𝐽0(𝑧𝑚

𝑟

𝑟𝑜
)∑𝐷′𝑛(𝑡)𝐽0 (𝑧𝑛

𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
𝑑𝑟

∞

𝑛=1

𝑟0

0

= ∫ (−𝑓′(𝑡))
𝑟

𝑟𝑜
𝐽0(𝑧𝑚

𝑟

𝑟𝑜
)𝑑𝑟

𝑟𝑜

0

 (7.30) 

 

Using the orthogonallity of Bessel functions, Eq. 7.30 is simplified to: 

 

∫
𝑟

𝑟𝑜
𝐷′𝑛(𝑡)𝐽0

2(𝑧𝑛
𝑟

𝑟𝑜
)𝑒
−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
𝑑𝑟

𝑟0

0

= ∫ (−𝑓′(𝑡))
𝑟

𝑟𝑜
𝐽0(𝑧𝑛

𝑟

𝑟𝑜
)𝑑𝑟

𝑟𝑜

0

 (7.31) 

 

Eqs. 7.32 and 7.33 show two relations that can be used for the integration of Bessel functions: 

 

∫𝑠𝐽0(𝑠)𝑑𝑠 = 𝑠𝐽1(𝑠) + 𝐶 (7.32) 

∫ 𝑠[𝐽𝑣
2(𝑧𝑛𝑠)]𝑑𝑠 =

𝑎2

2

𝑎

0

[𝐽𝑣+1
2 (𝑧𝑛𝑎)] (7.33) 

 

Using Eqs. 7.32 and 7.33 to simplify Eq. 7.31 and solving for 𝐷𝑛′ (𝑡) results in: 

 

𝐷𝑛
′ (𝑡) =

2(−𝑓′(𝑡))

𝑧𝑛𝐽1(𝑧𝑛)
𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
 (7.34) 

 

Now 𝐷𝑛(𝑡) can be calculated by integrating Eq. 7.34 in the time domain as: 

 

𝐷𝑛(𝑡) = ∫ 𝐷𝑛
′ (𝜏)𝑑𝜏 = ∫

2(−𝑓′(𝜏))

𝑧𝑛𝐽1(𝑧𝑛)
𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝜏
𝑑𝜏

𝑡

0

𝑡

0

 (7.35) 
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in which 𝑓′(𝑡) is the derivative of the predetermined time-temperature (fire) curve, which is applied to the 

outer edge of the section. Now summing up the homogeneous and particular solutions (𝑣 = 𝑣ℎ + 𝑣𝑝) and 

using Eqs. 7.26, 7.27 and 7.35, gives: 

 

𝑣 = 𝑣ℎ + 𝑣𝑝 = 

∑[𝐶𝑛+𝐷𝑛(𝑡)] 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
=

∞

𝑛=1

 

∑[𝐶𝑛+∫
2(−𝑓′(𝜏))

𝑧𝑛𝐽1(𝑧𝑛)
𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝜏
𝑑𝜏

𝑡

0

] 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡

∞

𝑛=1

 

(7.36) 

 

Eq. 7.36 must satisfy the initial boundary condition mentioned in Eq. 7.12 (𝑣(𝑟, 0) = 0). Rewriting Eq. 

7.36 for 𝑡 = 0 gives: 

 

𝑣(𝑟, 0) = ∑[𝐶𝑛+𝐷𝑛(0)] 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼
𝑟𝑜

)
2
(0)
=

∞

𝑛=1

 

∑[𝐶𝑛+∫
2(−𝑓′(𝜏))

𝑧𝑛𝐽1(𝑧𝑛)
𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝜏
𝑑𝜏

0

0

] 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) =

∞

𝑛=1

 

∑𝐶𝑛 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) = 0

∞

𝑛=1

 

(7.37) 

 

from which it is inferred that 𝐶𝑛 = 0 (since 𝐽0(𝑧𝑛
𝑟

𝑟𝑜
) ≠ 0). Finally, using Eq. 7.6, the solution for the 

temperature field in the circular section, 𝑢(𝑟, 𝑡), can be written as: 

 

𝑢(𝑟, 𝑡) = 𝑣(𝑟, 𝑡) + 𝑢0(𝑟, 𝑡) 

𝑢(𝑟, 𝑡) = [∑[∫
2(−𝑓′(𝜏))

𝑧𝑛𝐽1(𝑧𝑛)
𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝜏
𝑑𝜏

𝑡

0

] 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡

∞

𝑛=1

] + 𝑓(𝑡) 

 

                                                          𝐼∗ 

(7.38) 

 

Eq. 7.38 can be used to calculate the temperature of a point, located at the radial distance of r from the 

center of a circular region, which is subjected to a temperature-time (fire) curve of 𝑓(𝑡) along its outer edge. 

Note that 𝑧𝑛’s are the n first positive roots of the first kind of Bessel function 𝐽0(𝑧). Although Eq. 7.38 
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provides the exact solution for the heat transfer problem, its implementation requires the use of advanced 

mathematical tools. A number of simplifications are presented in the following section to make Eq. 7.38 

more suitable for simple hand calculations. 

   

7.2.2 Simplification of the Solution for Heat Transfer Problem for Practical Purposes  

 

The first step in the simplification of Eq. 7.38 is to limit the number of terms that are needed to be included 

in the summation that is part of the equation, provided that the results remain sufficiently accurate for the 

purposes of this study. Comparison of results obtained considering various number of terms in the 

summation revealed that the equation can provide acceptable results when the first four terms are included 

in the summation. Including four terms requires the use of the first four positive roots of 𝐽0(𝑧), namely 

𝑧1, 𝑧2, 𝑧3 and 𝑧4 that are equal to: 

𝑧1 = 2.405 (7.39) 

𝑧2 = 5.520 (7.40) 

𝑧3 = 8.654 (7.41) 

   𝑧4 = 11.792 (7.42) 

 

Knowing the values of z1 to z4, it is possible to calculate the numerical values of the first four terms of 

𝐽1(𝑧𝑛) , and include them as constants in the final formula. The term, 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
)  must be calculated 

specifically for a given column’s dimensions and cannot be turned into a set of constants. The function, 

𝐽0(𝑧), is defined by the infinite series: 

 

𝐽0(𝑧) = 1 −
𝑧2

(1!)222
+

𝑧4

(2!)224
−

𝑧6

(3!)226
+⋯ (7.43) 

 

For values of z>1, the function 𝐽0(𝑧) can be approximated using the formula: 

𝐽0(𝑧) ≅ (√
2

𝜋𝑧
)𝑐𝑜𝑠(𝑧 −

𝜋

4
) (7.44) 

Fig. 7.2 shows the comparison between the results of the two formulas (Eqs. 7.43 and 7.44) for positive 

value of z: 
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Figure 7- 2 Comparison of the exact and approximated values calculated for the function, 𝑱𝟎(𝒛) 

 

Since the approximate formula (Eq. 7.41) diverges from exact results for the values of z<1, an additional 

linear approximation was defined for that region, which is shown by the dotted line in Fig. 7.2. Combining 

the two approximate formulas, numerical values of 𝐽0(𝑧) can be obtained from: 

 

𝐽0(𝑧) ≅ {

1 − 0.2349𝑧, 𝑧 ≤ 1

(√
2

𝜋𝑧
)𝑐𝑜𝑠(𝑧 −

𝜋

4
), 𝑧 ≥ 1

 (7.45) 

 

The next step in the simplification of Eq. 7.38 is to calculate the integral term 𝐼∗ (defined in Eq. 7.38), 

which needs the first derivative of the applied fire curve. Assuming that any given fire curve, 𝑓(𝑡), can be 

approximated by a piecewise linear function, its first derivative would have constant values over different 

regions of t. This will allow the term (−𝑓′(𝑡)) to be extracted from the integral as a constant, thus 

simplifying the calculations.   

 

For the purposes of this study, the function 𝑓(𝑡) is defined as a bilinear approximation of the given fire 

curve expressed as: 

 

𝑓(𝑡) = {
𝑎1𝑡 + 𝑇0, 𝑡 ≤ 𝑡1
𝑎2𝑡 + 𝑏2, 𝑡 ≥ 𝑡1

 (7.46) 
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in which 𝑎1, 𝑎2, and 𝑏2 are constants defined to provide the best fit for the fire curve. Recall that 𝑇0 is the 

room temperature. Note that for more sophisticated cases, where a bilinear approximation might be 

insufficient, multiple linear segments can be defined to follow the given fire curve with more accuracy. 

Using Eq. 7.46, the first derivative of the function is given by: 

 

𝑓′(𝑡) = {
𝑎1, 𝑡 ≤ 𝑡1
𝑎2, 𝑡 ≥ 𝑡1

 (7.47) 

 

As an example for this approximation, a bilinear function can be defined to represent the standard ASTM 

E119 fire curve as: 

 

𝑓𝐴𝑆𝑇𝑀 𝐸119(𝑡) = {
78𝑡 + 20, 𝑡 ≤ 10 𝑚𝑖𝑛.

1.8𝑡 + 783.2, 𝑡 ≥ 10 𝑚𝑖𝑛.
 (7.48) 

 

Fig. 7.3 shows the ASTM E119 Standard fire curve along with the approximate bilinear function. Since this 

fire curve has an initial sharp increasing branch followed by a second part over which temperature increases 

at a much slower rate, the bilinear function provides a reasonable approximation.  

 

 
Figure 7- 3 ASTM E119 Standard fire curve compared with its bilinear approximation 

 

The proposed bilinear approximation for the ASTM E119 standard fire curve gives the following values 

for the first derivative: 
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𝑓′𝐴𝑆𝑇𝑀 𝐸119(𝑡) = {
𝑎1 = 78, 𝑡 < 10 𝑚𝑖𝑛.
𝑎2 = 1.8, 𝑡 > 10 𝑚𝑖𝑛.

 (7.49) 

 

 

 

Assuming that the function, 𝑓(𝑡), is bilinear, the integral term in Eq. 7.38 can be computed as: 

 

 

 

 

∫
2(−𝑓′(𝜏))

𝑧𝑛𝐽1(𝑧𝑛)
𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)𝜏
𝑑𝜏 =

𝑡

0

 

    = −2

𝑧𝑛𝐽1(𝑧𝑛)

{
 
 

 
 [𝑎1 ∫ 𝑒

(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝜏
𝑑𝜏

𝑡

0
] , 𝑡 ≤ 𝑡1

[𝑎1 ∫ 𝑒
(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝜏
𝑑𝜏 + 𝑎2 ∫ 𝑒

(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝜏
𝑑𝜏

𝑡2
𝑡1

𝑡1
0

] , 𝑡 > 𝑡1

 

 

(7.50) 

 

After computing the integral terms, Eq. 7.50 can be written as: 

 

 

∫
2(−𝑓′(𝜏))

𝑧𝑛𝐽1(𝑧𝑛)
𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)𝜏
𝑑𝜏 =

𝑡

0

 

    −2ro
2

𝛼2𝑧𝑛
3𝐽1(𝑧𝑛)

{
 
 

 
 𝑎1 [𝑒

(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝑡
− 1] , 𝑡 ≤ 𝑡1

𝑎1 [𝑒
(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝑡1 − 1] + 𝑎2 [𝑒

(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝑡
− 𝑒

(
𝑧𝑛𝛼

𝑟𝑜
)
2
𝑡1] , 𝑡 > 𝑡1

 

 

(7.51) 

 

according to which, the function 𝐴𝑛(𝑡) can be defined as: 
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𝐴𝑛(𝑡) =

{
 
 

 
 𝑎1 [𝑒

(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
− 1] , 𝑡 ≤ 𝑡1

𝑎1 [𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡1 − 1] + 𝑎2 [𝑒

(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
− 𝑒

(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡1] , 𝑡 > 𝑡1

 (7.52) 

 

Note that as mentioned above, only the first four terms of 𝐴𝑛(𝑡) are needed (using the constants 𝑧1 to 𝑧4) 

for a sufficiently accurate result. Using Eqs. 7.51 and 7.52 and limiting the number of terms used in the 

summation part of Eq. 7.38 to the first four terms, the solution of the temperature field for a circular section 

subjected to a bilinear fire curve can be calculated from: 

 

𝑢𝑏𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑖𝑟𝑒(𝑟, 𝑡) = [∑
−2𝑟𝑜

2𝐴𝑛(𝑡)

𝛼2𝑧𝑛
3𝐽1(𝑧𝑛)

 𝐽0 (𝑧𝑛
𝑟

𝑟𝑜
) 𝑒

−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡

4

𝑛=1

] + 𝑓(𝑡) (7.53) 

 

Using the numerical values of 𝐽1(𝑧𝑛) for the first four terms, the approximate formula for the calculation 

of 𝐽0(𝑧) (Eq. 7.45) and the information provided above, the resulting equation is: 

 

𝑢𝑏𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑖𝑟𝑒(𝑟, 𝑡) =
𝑟𝑜
2

𝛼2
[−0.2770𝐴1(𝑡)𝐵1(𝑡) + 0.0349𝐴2(𝑡)𝐵2(𝑡) (7.54) 
−0.0114𝐴3(𝑡)𝐵3(𝑡) + 0.0052𝐴4(𝑡)𝐵4(𝑡)] + 𝑓(𝑡) 

 

All of the parameters used in Eq. 7.54 (including the newly introduced 𝐵𝑖(𝑡)’s) are summarized in Table 

7.1. In this equation, 𝑟𝑜 is the radius of a circular section (or the outer radius of a cylindrical section), 𝑟 is 

the radial distance of any selected point in the section and 𝑡 is the amount of time (in minutes) past from 

the start of the exposure of the circular section’s outer edge to the bilinear fire curve, 𝑓(𝑡). Using these 

parameters, 𝑢𝑏𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑖𝑟𝑒(𝑟, 𝑡) can be calculated as the temperature of the selected point at the selected 

time. Note that, from here on, the equation defining the temperature distribution in a cross-section of a 

CFDST column exposed to a bilinear fire curve will be referred to as 𝑢(𝑟, 𝑡) for simplicity (instead of 

𝑢𝑏𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑖𝑟𝑒(𝑟, 𝑡)). 

 

7.2.3 Verification of the Heat Transfer Solution 

 

The analytical approach described in the previous section was applied to one of the tested columns, namely 

the undamaged specimen used in the first fire test (Specimen S3), to be verified against the experimental 

and finite element simulation results. Results from Eq. 7.54 needed to be checked against data from both 
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experiment and finite element analysis, because the differential equation was solved using a bilinear 

approximation of the true applied fire curve along with the assumption of a constant diffusivity (𝛼), which 

is a temperature dependent quantity. 

 

Table 7- 1 Summary of the parameters needed for the calculation of the temperature field using 

Eq. 7.54 

Parameter/Function Expression 

𝐴𝑛(𝑡), 𝑛 = 1 𝑡𝑜 4 𝐴(𝑡) =

{
 
 

 
 𝑎1 [𝑒

(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
− 1] , 𝑡 ≤ 𝑡1

𝑎1 [𝑒
(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡1 − 1] + 𝑎2 [𝑒

(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
− 𝑒

(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡1] , 𝑡 > 𝑡1

 

𝐵𝑛(𝑡), 𝑛 = 1 𝑡𝑜 4 𝐵𝑛(𝑡) = [𝑒
−(
𝑧𝑛𝛼
𝑟𝑜

)
2
𝑡
]

[
 
 
 
 

{
 
 

 
 1 − 0.2349𝑧𝑛

∗ , 𝑧𝑛
∗ = 𝑧𝑛

𝑟

𝑟𝑜
≤ 1

√
2

𝜋𝑧𝑛
∗ 𝐶𝑜𝑠(𝑧𝑛

∗ −
𝜋

4
), 𝑧𝑛

∗ = 𝑧𝑛
𝑟

𝑟𝑜
≥ 1

]
 
 
 
 

 

𝑓(𝑡) 

 

Bilinear fire curve appl

ied to the outer edge 

𝑓(𝑡) = {
𝑎1𝑡 + 𝑇0, 𝑡 ≤ 𝑡1
𝑎2𝑡 + 𝑏2, 𝑡 ≥ 𝑡1

    𝑇0: Room temperature 

For ASTM-E119 Standard fire: 

𝑎1 = 78, 𝑎2 = 1.8 
°𝐶

𝑚𝑖𝑛.⁄     𝑏2 = 783.2°𝐶     𝑡1 = 10 𝑚𝑖𝑛. 

 

𝛼2 

 

Thermal Diffusivity of 

the section’s material 

𝛼2 =
𝑘

𝜌𝑐𝑝
 

𝑧𝑛, 𝑛 = 1 𝑡𝑜 4 

 

First four positive roots

 of the Bessel function, 

𝐽0(𝑧) 

𝑧1 = 2.405,   𝑧2 = 5.520,   𝑧3 = 8.654,   𝑧4 = 11.792 

 

Since the time-temperature curve applied to the outer tube of specimen S3 was different than the standard 

ASTM E119 curve, a new bilinear function (𝑓(𝑡)) needed to be fitted to the recorded curve. Note that 

although the furnace air temperature followed the ASTM E119 curve accurately, a slightly different curve 
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with lower temperature values was recorded on the surface of the outer tube. Using the recorded 

temperature-time curve for the outer tube of specimen S3, the fitted function was determined as: 

 

𝑓𝑆3(𝑡) = {
17.03𝑡 + 20, 𝑡 ≤ 42.75 𝑚𝑖𝑛.

4.27𝑡 + 565.49, 𝑡 ≥ 42.75 𝑚𝑖𝑛.
 (7.55) 

 

in which t is time in minutes. Fig. 7.4 shows the plots of the recorded values versus the fitted function.  

 

 
Figure 7- 4 Time-temperature curve measured for the outer tube of specimen S3 along with the  

curve from the fitted bilinear function 

 

The proposed bilinear approximation gives the following values for the first derivative: 

 

𝑓′𝑆3(𝑡) = {
𝑎1 = 17.03, 𝑡 ≤ 42.75 𝑚𝑖𝑛.
𝑎2 = 4.27, 𝑡 ≥ 42.75 𝑚𝑖𝑛.

 (7.56) 

 

Substituting Equations. 7.55 and 7.56 into Eq. 7.54, the temperature distribution in the cross-section of 

specimen S3 can be calculated using the set of parameters: 𝑟𝑜 = 4 𝑖𝑛. , 𝑟𝑖 = 2.5 𝑖𝑛. and 𝛼2, which must be 

specified as a constant for concrete. According to Eq. 7.4, 𝛼 is dependent on thermal conductivity (k), 

specific heat capacity (cp) and density (𝜌) of the material. Eurocode 4 general rules for structural fire design 

specify temperature independent values for the specific heat and thermal conductivity of concrete to be 

used in simplified calculation procedures. 

  

The specified constant values of 1000 J/kg °C for the specific heat and 1.6 W/m °C for the thermal 

conductivity of concrete were used here. Fig. 7.5 shows the temperature dependent versus constant values 
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for both of the mentioned parameters. Note that the specific heat parameter shows little variation as a 

function of temperature. Thermal conductivity, on the other hand, changes significantly at higher 

temperature levels. Therefore, using the recommended constant value consequently increases the rate of 

heat transfer through the concrete material, leading to slightly conservative predictions of the axial load 

capacity of the column at the end of the process.  Recall that constant values for these parameters must be 

used here because the governing partial differential equation was solved with the assumption of a constant 

𝛼.  

 

  
Figure 7- 5 Temperature dependent vs. constant values of: a) specific heat and b) thermal  

conductivity for concrete  (Eurocode 2005) 

 

Assuming a density of 140 lb/in3 (2242 kg/m3) for concrete (normal weight), 𝛼2 can be calculated as: 

 

𝛼2 =
𝑘

𝜌𝑐𝑝
≅ 0.07 𝑖𝑛

2

𝑚𝑖𝑛.⁄ ≅ 7.13 × 10−7  𝑚
2

𝑠⁄    (7.57) 

 

For verification with the available experimental and finite element analysis results for temperature values 

of points at mid-width of the concrete section and on the inner tube surface, Eq. 7.54 was used to calculate 

temperature values for points with 𝑟1 = 3.25 𝑖𝑛. (corresponding to a point at mid-width of concrete) and 

𝑟2 = 𝑟𝑖 = 2.5 𝑖𝑛. (corresponding to a point on the outer surface of the inner tube) as a function of time.   

 

Fig. 7.6 shows the variation of temperature through time for a point at mid-width of the concrete section, 

as obtained from test recordings, finite element heat transfer analysis (presented in Section 6.3.2.1) and the 

analytical solution proposed for the heat transfer equation in this section (Eq. 7.54). The analytical solution 

is in good agreement with the experimental and finite element analysis results. Note that, especially in the 
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last 40 minutes of the fire time, temperature values obtained from Eq. 7.54 are slightly higher than the ones 

from finite element analyses. This is contradictory to the fact that the bilinear approximation used for the 

temperature curve (which was applied as a boundary condition to the outer tube) had lower temperatures 

than the ones from the recorded data (also used in the finite element model). This discrepancy was caused 

by using a constant diffusivity parameter (𝛼) for concrete in the analytical solution (Eq. 7.54) instead of 

the temperature dependent variable used in the finite element analyses. Using the constant value, which 

was calculated based on Eurocode 4 general rules for structural fire design, leads to slightly conservative 

results (i.e. higher temperature values for a certain point at a certain time) as shown in Fig. 7.6. 

 

 
Figure 7- 6 Time-temperature curves for a point at mid-width of the concrete section for  

specimen S3 from the test, finite element analysis and analytical (Eq. 7.54) results 

 

Fig. 7.7 shows the time-temperature curves for a point on the surface of the inner tube, as obtained from 

the test, finite element analysis and, analytical (Eq. 7.54) results for specimen S3 subjected to the standard 

ASTM E119 fire. Results from the finite element heat transfer analysis and the analytical solution (Eq. 

7.54) are in good agreement. The test results, however, show significantly higher temperatures than those 

of the other two curves during certain periods of the fire test. The difference, as discussed in Section 6, is 

attributed to two main causes: first, sudden fluctuations of the recorded temperature possibly due to pressure 

built-ups and releases in the CFDST columns; and second, the fact that the temperature of the inner tube 

was recorded by a thermocouple that was installed close to the top end of the specimen, and therefore 

affected by the thermal “short circuit” that was created because of the contact between the surface of the 

top plate with the top end of inner tube. 
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Figure 7- 7 Time-temperature curves for a point on the surface of inner tube for specimen S3  

from the test, finite element analysis and analytical (Eq. 7.54) results 

 

The first issue was not accounted for in either of the finite element or analytical (Eq. 7.54) approaches, but 

the finite element model was capable of simulating the effects of the second issue (i.e., the “short circuit”). 

Note that the analytical solution (Eq. 7.54) was derived based on the assumption of heat transfer inside an 

infinitely long cylindrical section; therefore, it cannot account for the boundary condition imposed by the 

connectivity of a heated top plate to the inner tube. To make the comparison in Fig. 7.7 more relevant, the 

curve from the finite element analysis results was derived from a node located in the central portion of the 

specimen S3 model, which was not affected by the mentioned “short circuit”.  

 

To further investigate the accuracy of Eq. 7.54 in calculating the distribution of temperature in the cross-

section of a CFDST column, results of the variation of temperature going through the thickness of the 

concrete layer from the finite element analysis of specimen S3 (the undamaged specimen) were plotted in 

Fig. 7.8 for a number of points in time (i.e., 𝑡 = 0, 𝑡 = 20, 𝑡 = 40, 𝑡 = 60 and 𝑡 = 80 𝑚𝑖𝑛.) along with the 

curves resulted from using Eq. 7.54. Fig. 7.8 shows a good agreement between the two set of results. 
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Figure 7- 8 Variation of temperature through the thickness of the Specimen S3’s cross-section for

 different points in time (finite element results compared with the analytical solution) 

 

Assuming that the “short circuit” effects are limited to a short portion of the column near its top or bottom 

ends (as was demonstrated to be the case in Section 6), or avoided in cases where no heated end plates are 

connected to the ends of the column, the analytical solution (Eq. 7.54) was shown to be capable of providing 

accurate results for the distribution of temperature in the cross-section of CFDST columns. 

 

7.3 Calculation of the Axial Load Capacity of CFDST Columns Subjected to Fire  

 

7.3.1 Development of the Analytical Procedure 

 

Knowing the temperature distribution through the cross-section of a CFDST column, its axial load capacity 

can then be calculated by using the modified material properties at a given time during the column’s 

exposure to the ASTM E119 (or any other defined) fire curve. Uniform temperature values for the outer 

and inner steel tubes with radii ro and ri (Fig. 7.9) at time 𝑡∗ measured from the start of the outer tube’s 

exposure to the bilinear fire curve, 𝑓(𝑡), is given by (T is used for temperature): 

Temperature of the outer steel tube (uniform): 

 𝑇𝑜𝑠𝑡,𝑡∗ = 𝑓(𝑡∗) 
(7.58) 

Temperature of the inner steel tube (uniform): 

 𝑇𝑖𝑠𝑡,𝑡∗ = 𝑢(𝑟𝑖, 𝑡∗)   (using Eq. 7.54) 
(7.59) 

 

0

100

200

300

400

500

600

700

800

900

1000

2.5 2.75 3 3.25 3.5 3.75 4

T
em

p
er

a
tu

re
 (
 C

)

Distance from the Center of the CFDST Column's 

Cross-section (in.)

Finite Element

Analytical (Eq. 7.54)t=0 min.

t=20 min.

t=40 min.

t=60 min.

t=80 min.



 

203 

 

 
Figure 7- 9 Steel and concrete regions with uniform temperature distribution 

 

Calculations then proceed by dividing the concrete into 𝑛 concentric layers set to have different uniform 

temperature (Fig. 7.9). This discretization can account for the non-uniform temperature distribution in the 

concrete section, with its accuracy dependent on the selected number of layers (i.e., a larger 𝑛 leads to better 

accuracy). The uniform temperature for each layer is selected to be equal to the temperature of the point 

located on a circle going along the mid-width of the layer.  

 

Uniform temperature values for concrete layer 𝑖 (shown in Fig. 7.9) at time 𝑡∗ measured from the start of 

the outer tube’s exposure to the fire curve, 𝑓(𝑡), is given by: 

 

Temperature of concrete layer 𝑖 (uniform): 

𝑇𝑐𝑟𝑖,𝑡∗ = 𝑢(
(2𝑛−1)(𝑟𝑜−𝑡𝑜−𝑟𝑖)

2𝑛
, 𝑡∗)   (using Eq. 7.54) 

(7.60) 

 

where 𝑡𝑜 is the thickness of the outer tube and 𝑛 is the number of concrete layers.  

 

In this study, as discussed in Section 3, the temperature dependent structural properties for steel were 

adapted from the Eurocode general rules for structural fire design (Eurocode 2005). Repeating from Section 

3.4.3.1, the complete stress-strain relationship for steel at a given temperature can be constructed using 

these four parameters: elastic modulus (𝐸𝑐(𝑇)), proportional limit stress (stress at the end of the linear 

elastic part, 𝑓𝑝(𝑇)), effective yield stress (𝑓𝑦(𝑇)) and tensile strength (𝑓𝑢(𝑇)). The curve constructed using 

these parameters is shown in Fig. 7.10. The equations needed for construction of stress-strain relationships 

using the mentioned parameters were presented in Table 3.3. 
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Figure 7- 10 Stress-strain curve of steel in uniaxial tension at temperature T: Eurocode curve  

compared with the simplified function (Eq. 7.73) 

 

Eurocode provides tabulated data for the determination of the four parameters at different temperatures. To 

provide an easier approach for the calculation of these parameters at any given temperature, approximate 

fitted curves were developed as follows: 

 

The reduction factor for elastic modulus of steel, 𝑅𝐸𝑠, at temperature T is given by: 

 

𝑅𝐸𝑠,𝑇 =
𝐸𝑠(𝑇)

𝐸𝑠
=

1

1 + (
𝑇
523

)
4 − 0.04 (7.61) 

 

in which T is in °C and 𝐸𝑠 is the elastic modulus at room temperature. Similarly for the yield stress, the 

reduction factor, 𝑅𝑓𝑦, is given by: 

𝑅𝑓𝑦,𝑇 =
𝑓𝑦(𝑇)

𝑓𝑦
= {

1, 𝑇 ≤ 400
1.10

1 + (
𝑇
572

)
6.54 , 𝑇 > 400 (7.62) 

in which T is in °C and 𝑓𝑦 is the yield stress at room temperature. The reduction factor for the proportional 

limit stress, 𝑅𝑓𝑝 , can be calculated as: 

 

𝑅𝑓𝑝,𝑇 =
𝑓𝑝(𝑇)

𝑓𝑝
 

= {
1, 𝑇 ≤ 100

1.27 − 2.71 × 10−3𝑇 + 1.71 × 10−6𝑇2 − 2.69 × 10−10𝑇3, 𝑇 > 100
 

(7.63)  
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in which 𝑓𝑝 is the proportional limit stress at room temperature. Note that 𝑓𝑝 = 𝑓𝑦 for room temperature 

(𝑇 = 20°𝐶). Finally, tensile stress of steel at temperature T is given as: 

 

𝑓𝑢(𝑇) = {
1.25𝑓𝑦(𝑇), 𝑇 ≤ 400

𝑓𝑦(𝑇), 𝑇 > 400
 (7.64) 

 

Figures 7.11 to 7.13 show plots of the tabulated data from Eurocode for the reduction factors mentioned 

above (𝑅𝐸𝑠, 𝑅𝑓𝑦  and 𝑅𝑓𝑝) along with the values calculated from the proposed fitted functions. The functions 

are shown to be sufficiently accurate. 

 

 
Figure 7- 11 Reduction factor for the elastic modulus of steel at high temperatures (tabulated 

 data from Eurocode compared with calculated values from the proposed fitted function) 

 

According to the Eurocode specifications for concrete at high temperatures (presented in Section 3.4.3.1), 

the ascending branch of the stress-strain curve for concrete in compression at temperature, T, can be 

constructed using two parameters, namely the compressive strength (𝑓𝑐′) and the strain at maximum stress 

(𝜀𝑐𝑢(𝑇)). Note that after this point, the curve continues with a descending branch, down to a zero stress at 

the strain of 𝜀𝑐𝑒(𝑇). 
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Figure 7- 12 Reduction factor for the yield stress of steel at high temperatures (tabulated data  

from Eurocode compared with calculated values from the proposed fitted function) 

 

 
Figure 7- 13 Reduction factor for the proportional limit stress of steel at high temperatures  

(tabulated data from Eurocode compared with calculated values from the proposed fitted  

function) 

 

A fitted function was also developed here for the reduction factor to adjust the maximum compressive 

strength of concrete at high temperatures, 𝑅𝑓𝑐′, based on the tabulated data provided in Eurocode 4. The 

resulting equation for 𝑅𝑓𝑐′ is given by: 

𝑅𝑓𝑐′,𝑇 =
𝑓𝑐
′(𝑇)

𝑓𝑐
′ =

1.12

1 + (
𝑇
597

)
3.27 − 0.13 (7.65) 
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in which T  is in °C and 𝑓𝑐′ is the maximum compressive stress of concrete at room temperature. Using two 

additional fitted functions, 𝜀𝑐𝑢(𝑇) and 𝜀𝑐𝑒(𝑇) can be calculated as: 

 

𝜀𝑐𝑢(𝑇) = {
1.75 × 10−3 + 3.45 × 10−5𝑇 − 1.22 × 10−7𝑇2 + 2.14 × 10−10𝑇3, 𝑥 < 600

0.025, 𝑥 ≥ 600
 (7.66) 

 

𝜀𝑐𝑒(𝑇) = 1.99 × 10
−2 + 2.50 × 10−5𝑇 (7.67) 

 

Figures 7.14 to 7.16 show plots of the values of 𝑅𝑓𝑐′,𝑇, 𝜀𝑐𝑢(𝑇) and 𝜀𝑐𝑒(𝑇) extracted from tabulated data in 

Eurocode, along with the ones calculated using Equations 7.65 to 7.67. The fitted functions are shown to 

follow the Eurocode’s specifications accurately.  

 
Figure 7- 14 Reduction factor for the maximum compressive strength of concrete (tabulated  

data from Eurocode compared with calculated values from the proposed fitted function) 

 

 
Figure 7- 15 Strain at maximum compressive stress for concrete at high temperatures (tabulated 

data from Eurocode compared with calculated values from the proposed fitted function) 
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Figure 7- 16 Strain at zero compressive stress (ultimate strain) for concrete at high temperatures  

(tabulated data from Eurocode compared with calculated values from the proposed fitted  

function) 

 

The equations needed to determine the complete stress-strain curve of concrete in compression using the 

three parameters mentioned above were presented in Section 3.4.3.1. Now that the stress at both steel and 

concrete sections can be calculated as a function of strain and temperature (𝜎(𝜀, 𝑇)), the total applied axial 

load on a CFDST column, 𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇), can be calculated as: 

 

𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇) = 𝐴𝑜𝑠𝑡𝜎𝑜𝑠𝑡(𝜀, 𝑇) + 𝐴𝑖𝑠𝑡𝜎𝑠𝑡𝑖(𝜀, 𝑇) +∑𝐴𝑐𝑟𝑖𝜎𝑐𝑟𝑖(𝜀, 𝑇)

𝑛

𝑖=1

 (7.68) 

 

in which 𝐴𝑜𝑠𝑡/𝑖𝑠𝑡/𝑐𝑟𝑖  refers to the area of the outer steel tube, inner steel tube, and i’th concrete layer, 

respectively.  Likewise, 𝜎𝑜𝑠𝑡/𝑖𝑠𝑡/𝑐𝑟𝑖(𝜀, 𝑇) refers to the value of uniform stress in the same components as a 

function of strain and temperature, which can be calculated using the stress-strain relationships mentioned 

above. Note that the formula is written for a concrete region divided into n layers and assumes a 

compressive strain uniformly distributed over the cross-section. In each of the terms on the right hand side 

of Eq. 7.68, 𝑇 refers to the temperature of one specific layer (inner tube, outer tube, or concrete) at a certain 

time (the 𝑜𝑠𝑡, 𝑖𝑠𝑡 and 𝑐𝑟𝑖 indices for 𝑇 have been removed for simplification). At a certain temperature, 

when going from zero to higher values of strain, 𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇) increases to its maximum value, attained when 

the steel and concrete layers reach a uniform stress distribution at their maximum strength values 

(𝑓𝑢(𝑇) 𝑎𝑛𝑑 𝑓𝑐′(𝑇)).  
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The critical buckling load as a function of strain and temperature, 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇), can be written as: 

 

𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇) =
𝜋2

(𝐾𝐿)2
[𝐼𝑜𝑠𝑡𝐸𝑡𝑜𝑠𝑡(𝜀, 𝑇) + 𝐼𝑖𝑠𝑡𝐸𝑡𝑠𝑡𝑖(𝜀, 𝑇) +∑𝐼𝑐𝑟𝑖𝐸𝑡𝑐𝑟𝑖

(𝜀, 𝑇)

𝑛

𝑖=1

] (7.69) 

 

in which, 𝐼𝑜𝑠𝑡/𝑖𝑠𝑡/𝑐𝑟𝑖 and 𝐸𝑡𝑜𝑠𝑡/𝑖𝑠𝑡/𝑐𝑟𝑖(𝜀, 𝑇) refer to the moment of inertia and tangent modulus values for the 

different sections, and 𝐾𝐿 is the effective length of the column. Note that using the tangent modulus in Eq. 

7.69 makes it capable of calculating the elastic and inelastic critical buckling loads as the materials go 

through the increasing values of strain. At any given temperature level, the tangent moduli of steel and 

concrete decrease while going towards higher strain values. Therefore, Eq. 7.69 returns the maximum value 

for 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇)  at (𝜀 = 0 ) (calculated 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇)  remains constant or decreases as 𝜀  increases). 

According to the Eurocode specifications, the tangent modulus of steel heated to the temperature of T, 

𝐸𝑠𝑡(𝜀, 𝑇), can be calculated as: 

 

𝐸𝑠𝑡(𝜀, 𝑇) =

{
  
 

  
 

𝐸𝑠(𝑇), 𝜀 < 𝜀𝑝(𝑇)

𝑏(0.02 − 𝜀)

𝑎√𝑎2 − (0.02 − 𝜀)2
, 𝜀𝑝(𝑇) < 𝜀 < 0.02

𝑓𝑢(𝑇) − 𝑓𝑦(𝑇)

0.02
, 0.02 < 𝜀 < 0.04

0, 0.04 < 𝜀 < 0.15

 (7.70) 

Note that Eq. 7.70 is given for strains up to the start of the descending branch of the uniaxial tensile behavior 

and must be used separately for the inner and outer steel tubes, as they would be at different temperature 

levels. Similarly for concrete, the tangent modulus for strains up to the limit of compressive strength can 

be calculated as: 

 

𝐸𝑐𝑡(𝜀, 𝑇) = 𝑓𝑐(𝑇)

[
 
 
 
 

3

2 + (
𝜀

𝜀𝑐𝑢(𝑇)
)
3 −

9
𝜀𝑐𝑢(𝑇)

(
𝜀

𝜀𝑐𝑢(𝑇)
)
3

[2 + (
𝜀

𝜀𝑐𝑢(𝑇)
)
3

]

2

]
 
 
 
 

 (7.71) 

 

Eq. 7.71 can be used separately for each of the n layers of concrete at their respective calculated uniform 

temperature. Fig. 7.17 shows generic plots from the 𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇) and 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇) functions for a fixed 

(current) 𝑇 for each of the steel and concrete layers and a varying 𝜀. Finally, the axial load capacity of the 

column after a certain duration of exposure to a given fire curve can be determined from the intersection of 
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the two functions 𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇) and 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇) (Equations 7.68 and 7.69), as shown in Fig. 7.17. Defining 

𝜀𝑖𝑛𝑡 as the strain value of the intersection point gives: 

 

𝑃𝑎𝑥𝑖𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑇) = 𝑃𝑎𝑥𝑖𝑎𝑙(𝜀𝑖𝑛𝑡, 𝑇) = 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀𝑖𝑛𝑡, 𝑇) (7.72) 

 

 
Figure 7- 17 Generic plots of the 𝑷𝒂𝒙𝒊𝒂𝒍(𝜺, 𝑻) and 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍(𝜺, 𝑻) functions for a fixed 𝑻 and  

varying 𝜺 (the axial load capacity is determined by the load at the intersection of the two curves) 

 

Assuming a uniform temperature distribution in each of the inner tube, outer tube, and the defined concrete 

sections, Eq. 7.72 can be solved by incrementally increasing the strain value up to the point when the two 

load functions (𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇) and 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇)) return the same load, which is then the axial capacity of the 

column. This part of the procedure (i.e., solving Eq. 7.72 by incrementally increasing the strain value) is 

similar to what is presented in the simple calculation method described in Annex H of the Eurocode 4 

general rules for structural fire design. Alternatively, the equation can be solved graphically by plotting the 

two curves as functions of strain and finding their intersecting point.  

 

Although the solution procedure is straight forward, it needs a few lines of programing or spreadsheets to 

find the intersection point while accounting for the strain- and temperature-dependency of the material 

properties. Therefore, a further simplified procedure was developed to provide an acceptable approximation 

of the axial load capacity of CFDST columns by calculating the values of  𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇) and 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙(𝜀, 𝑇) 

at a few selected key points. The procedure is presented in the following section. 
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7.3.2 Simplified Step by Step Procedure to Calculate the Axial Load Capacity for 

CFDST Columns under Fire 

 

To reduce the complexity of the analytical approach described above for the calculation of the axial load 

capacity of CFDST columns subjected to fire, an alternative set of simplified equations were selected to 

calculate the uniform stress and tangent modulus to be used in the different parts of the cross-sections, as 

functions of strain and temperature. For steel, as shown in Fig. 7.10, the elliptical part of the Eurocode 

stress-strain curve (for strains in the range 𝜀𝑝 < 𝜀 < 0.02), which has a varying tangent modulus as 

specified in Eq. 7.70, was replaced by a multi-linear curve, turning the reference curve into four linear 

segments. The new stress-strain relationship for different strain ranges with their corresponding tangent 

modulus is given as: 

 

𝜎𝑠𝑡𝑒𝑒𝑙
∗ (𝜀, 𝑇) =

{
 
 

 
 𝐸𝑠1(𝑇)𝜀, 𝜀 < 𝜀𝑝(𝑇)

𝑓𝑝(𝑇) + 𝐸𝑠2(𝜀 − 𝜀𝑝(𝑇)), 𝜀𝑝(𝑇) < 𝜀 < 0.02

𝑓𝑦(𝑇) + 𝐸𝑠3(𝜀 − 0.02), 0.02 < 𝜀 < 0.04

𝑓𝑢(𝑡), 0.04 < 𝜀 < 0.15

 (7.73) 

 

in which 𝜎𝑠𝑡𝑒𝑒𝑙∗ (𝜀, 𝑇) is the simplified function for the stress-strain relationship of steel at temperature T. 

Note that 𝐸𝑠1 , 𝐸𝑠2 , 𝐸𝑠3 , 𝐸𝑠4 refer to the tangent modulus of steel over different strain ranges and are given 

as: 

𝐸𝑠𝑡
∗ (𝜀, 𝑇) =

{
  
 

  
 

𝐸𝑠1(𝑇) = 𝐸𝑠(𝑇), 𝜀 < 𝜀𝑝(𝑇)

𝐸𝑠2(𝑇) =
𝑓𝑦(𝑇) − 𝑓𝑝(𝑇)

0.02 − 𝜀𝑝(𝑇)
, 𝜀𝑝(𝑇) < 𝜀 < 0.02

𝐸𝑠3 =
𝑓𝑢(𝑇) − 𝑓𝑦(𝑇)

0.02
, 0.02 < 𝜀 < 0.04

𝐸𝑠4 = 0, 0.04 < 𝜀 < 0.15

 (7.74) 

 

Similarly for concrete, since the stress-strain relationship given in the Eurocode leads to a complicated 

nonlinear equation for the tangent modulus (Eq. 7.71), Hognestad’s equation (1951), which is a 

polynomial of degree two, was used to express the stress-strain relationship for concrete as follows: 

 

𝜎𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
∗ (𝜀, 𝑇) = 𝑓𝑐

′(𝑇) [
2𝜀

𝜀𝑐𝑢(𝑇)
− (

𝜀

𝜀𝑐𝑢(𝑇)
)
2

] (7.75) 
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in which 𝑓𝑐′(𝑇) and 𝜀𝑐𝑢(𝑇) are calculated based on the Eurocode specifications (using the fitted functions 

presented above in Equations 7.65 and 7.66). Note that Eq. 7.75 gives the stress-strain relationship up to 

the point of maximum compressive stress, 𝑓𝑐′(𝑇), which ocurrs at the strain of 𝜀𝑐𝑢(𝑇) for concrete at the 

specific temperature, T. Taking the first derivative of Eq. 7.75 with respect to 𝜀, the tangent modulus for 

concrete can then be calculated as: 

 

𝐸𝑐𝑡
∗ (𝜀, 𝑇) =

2𝑓𝑐
′(𝑇)

𝜀𝑐𝑢(𝑇)
[1 −

𝜀

𝜀𝑐𝑢(𝑇)
] (7.76) 

 

which is a simple linear equation is terms of 𝜀. Note that the ‘*’ used in the equations above is used to 

distinguish the new simple equations from the previously presented Eurocode equations for the same 

parameters. Using the new set of equations for the stress and tangent modulus calculation, Equations 7.68 

and 7.69 are rewritten as: 

 

𝑃𝑎𝑥𝑖𝑎𝑙
∗ (𝜀, 𝑇) = 𝐴𝑜𝑠𝑡𝜎𝑜𝑠𝑡

∗ (𝜀, 𝑇) + 𝐴𝑖𝑠𝑡𝜎𝑠𝑡𝑖
∗ (𝜀, 𝑇) +∑𝐴𝑐𝑟𝑖𝜎𝑐𝑟𝑖

∗ (𝜀, 𝑇)

𝑛

𝑖=1

 (7.77) 

 

𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
∗ (𝜀, 𝑇) =

𝜋2

(𝐾𝐿)2
[𝐼𝑜𝑠𝑡𝐸𝑡𝑜𝑠𝑡

∗ (𝜀, 𝑇) + 𝐼𝑖𝑠𝑡𝐸𝑡𝑠𝑡𝑖
∗ (𝜀, 𝑇) +∑𝐼𝑐𝑟𝑖𝐸𝑡𝑐𝑟𝑖

∗ (𝜀, 𝑇)

𝑛

𝑖=1

] (7.78) 

 

Now redrawing the curve for the critical buckling load from Fig .7.17, this time with more details, according 

to the changes of the tangent moduli of steel and concrete over different strain ranges, a number of 

discontinuity points occur in the curve as shown in Fig. 7.18. The discontinuities are caused by the sudden 

changes in the tangent modulus of steel when the strain in each of the inner or outer tubes gets past the 

limits of 𝜀𝑝(𝑇) (which is different for the outer and inner steel tubes) and 0.02. Note that changes in the 

tangent modulus of concrete do not create discontinuities because it is defined as the first derivative of a 

continuous function.  

 

The curve in Fig. 7.18 needs to be continued up to the point when the uniform strain in the section reaches 

to the limit of 𝜀𝑐𝑢(𝑇) for one of the concrete layers, which will be the limit of 

𝜀 = 𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇)}. The behavior of concrete in compression enters the descending branch at this point 

and Eq. 7.76 can no longer be used for the calculation of the tangent modulus. However, when the strain 

level in the section reaches this limit, the total critical buckling load has dropped more than needed to create 
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an intersection with the applied axial load 𝑃𝑎𝑥𝑖𝑎𝑙(𝜀, 𝑇), making the rest of the curve irrelevant. Note that 

the strain limits in Fig. 7.18 are based on the assumption that 𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇)} > 0.02. 

 

 
Figure 7- 18 Generic plot of the 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

∗ (𝜺, 𝑻) functions for a fixed 𝑻 and varying 𝜺 (Eq. 7.78) 

 

Considering the possible range of values for 𝜀𝑐𝑢(𝑇) according to the Eurocode specifications (0.0025 ≤

𝜀𝑐𝑢 ≤ 0.025), the strain limits 𝜀1, 𝜀2, 𝜀3 and 𝜀4 can be determined as follows: 

 

𝜀1 = 𝜀𝑝𝑜𝑠𝑡
(𝑇) 

𝜀2 = 𝜀𝑝𝑖𝑠𝑡
(𝑇) 

𝜀3 = 𝑚𝑖𝑛 {0.02,𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇)}} 

𝜀4 = 𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇)} (applicable only if  𝜀3 = 0.02) 

(7.79) 

 

Note that  𝜀𝑝𝑜𝑠𝑡(𝑇)  will always be lower than 𝜀𝑝𝑖𝑠𝑡(𝑇)  because the outer steel tube is at a higher 

temperature level (according to Eurocode specifications, for a certain steel, 𝜀𝑝(𝑇) decreases as temperature 

increases). According to the strain limits defined in Eq. 7.79, the tangent moduli for the inner and outer 

tubes at the temperatures of 𝑇𝑜𝑠𝑡 and 𝑇𝑖𝑠𝑡 are given as: 

 

𝐸𝑜𝑠𝑡𝑡(𝑇𝑜𝑠𝑡), 𝐸𝑖𝑠𝑡𝑡(𝑇𝑖𝑠𝑡) =

{
 
 

 
 
𝐸𝑜𝑠𝑡1(𝑇), 𝐸𝑖𝑠𝑡1(𝑇)     𝜀 < 𝜀1
𝐸𝑜𝑠𝑡2(𝑇), 𝐸𝑖𝑠𝑡1(𝑇)     𝜀1 < 𝜀 < 𝜀2
𝐸𝑜𝑠𝑡2(𝑇), 𝐸𝑖𝑠𝑡2(𝑇)     𝜀2 < 𝜀 < 0.02

𝐸𝑜𝑠𝑡3(𝑇), 𝐸𝑖𝑠𝑡3(𝑇)     0.02 < 𝜀 < 0.04

 (7.80) 
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in which 𝐸𝑜𝑠𝑡/𝑖𝑠𝑡1−3 are calculated using Eq. 7.74. Note that the location of the strain limits 𝜀3 and 𝜀4 with 

respect to the 0.02 and 0.04 limits must be determined specifically for a given problem. At this point, the 

intersection of the two curve defined by the functions, 𝑃𝑎𝑥𝑖𝑎𝑙∗ (𝜀, 𝑇) and 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙∗ (𝜀, 𝑇) (Equations 7.77 and 

7.78), which is equal to the axial load capacity of the CFDST column after being exposed to the first t 

minutes of a given fire curve, 𝑓(𝑡), can be determined by following these steps: 

 

Step1. Using the analytical solution derived for the heat transfer problem (using Equations 7.58 to 7.60), 

determine the uniform temperature values for the outer steel tube, inner steel tube and all of the n concentric 

concrete layers at time t after the start of the CFDST column’s exposure to the given fire curve, 𝑓(𝑡). 

 

Step2. Determine 𝜀1, 𝜀2, 𝜀3 and 𝜀4 (if applicable) for the column using Eq. 7.79. 

 

Step3. Calculate the critical buckling load, using the tangent moduli of different steel and concrete regions, 

for the strain values shown with dots in Fig 7.19a, if 𝜀3 = 𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇)}, or Fig. 7.19b, if 𝜀3 =

0.02 , 𝜀4 = 𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇)}. Note that these critical buckling load values, calculated using Equations 

7.78 to 7.80, are referred to as 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙∗
0
, 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
1
, . . . , 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
5
  for the first case and 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙∗

0
, 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
1
,

. . . , 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
∗

7
 for the second case, as shown in Fig. 7.18. Recall that the sudden drops (discontinuities) occur 

due to the sudden changes in the tangent modulus of steel as the strain value jumps from one of the strain 

ranges defined in Eq. 7.80 to the other. The infinitesimal value 𝜖 is used to distinguish between the tangent 

modulus when the strain is just below or just above one of the strain ranges defined in Eq. 7.78. The slight 

gradual decreases seen between any two discontinuity points in Fig. 7.18 are caused by the gradual 

reduction of the concrete tangent modulus as the curve goes to higher strains.  

 

Step4. Assuming 𝑃𝑎𝑥𝑖𝑎𝑙∗
𝑖
= 𝑃𝑎𝑥𝑖𝑎𝑙

∗ (𝜀𝑖, 𝑇) that can be calculated using Eq. 7.77 for the strain values 𝜀0 =

0, 𝜀2, 𝜀3 and 𝜀4 (given by Eq. 7.78), axial load capacity of the column can be determined through the simple 

iterative process defined in Eq. 7.81. Knowing that 𝑃𝑎𝑥𝑖𝑎𝑙∗
0
= 0 and starting from 𝑖 = 1: 

 

𝑃𝑎𝑥𝑖𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 

=

{
 
 

 
 

𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
∗

2𝑖−2
𝑃𝑎𝑥𝑖𝑎𝑙
∗

𝑖
− 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
2𝑖−1

𝑃𝑎𝑥𝑖𝑎𝑙
∗

𝑖−1

(𝑃𝑎𝑥𝑖𝑎𝑙
∗

𝑖
− 𝑃𝑎𝑥𝑖𝑎𝑙

∗
𝑖−1
) − (𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
2𝑖−1

− 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
∗

2𝑖−2
)
, 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
2𝑖−1

< 𝑃𝑎𝑥𝑖𝑎𝑙
∗

𝑖

𝑃𝑎𝑥𝑖𝑎𝑙
∗

𝑖
, 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
2𝑖
≤ 𝑃𝑎𝑥𝑖𝑎𝑙

∗

𝑖
≤ 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
2𝑖−1

𝑅𝑒𝑑𝑜 𝑡ℎ𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑓𝑜𝑟 𝑖 = 𝑖 + 1, 𝑃𝑎𝑥𝑖𝑎𝑙
∗

𝑖
< 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
2𝑖

 
(7.81) 
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in which 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙∗
𝑖
’s come from the calculation in step 3 and 𝑖𝑚𝑎𝑥 is equal to 4 when the strain limit of 𝜀4 

is defined according to Eq. 7.79, and to 3 otherwise. Fig. 7.20 visually explains the logic used in the 

definition of Eq. 7.81. Note that for the cases where 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙∗
2𝑖−1

< 𝑃𝑎𝑥𝑖𝑎𝑙
∗

𝑖
, the equation provides a slightly 

conservative result for the axial capacity of the column. 

 

 

 
Figure 7- 19 Strain values needed for the calculation of 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

∗
𝟎
, 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

∗
𝟏
, … 

 

  
Figure 7- 20 Graphical explanation for calculating the axial load capacity using Eq. 7.81 for the  

cases where: a) 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍
∗

𝟐𝒊−𝟏
< 𝑷𝒂𝒙𝒊𝒂𝒍

∗

𝒊
 and b) 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

∗
𝟐𝒊
≤ 𝑷𝒂𝒙𝒊𝒂𝒍

∗

𝒊
≤ 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

∗
𝟐𝒊−𝟏

 

 

A
x
ia

l 
L

o
a
d

Strain

P*critical

P*axial

(from Eq. 7.81)

Intersection Point

A
x
ia

l 
L

o
a
d

Strain

P*critical

P*axial

(from Eq. 7.81)

Intersection Point



 

216 

 

7.3.3 Verification of the Analytical Approach to Calculate the Axial Load Capacity 

for CFDST Columns under Fire 

 

The analytical approach described in Section 7.3.1 for calculating the axial load capacity of CFDST 

columns subjected to fire was applied to one of the tested columns, namely the undamaged specimen used 

in the first fire test (Specimen S3), to be verified against the experimental and finite element simulation 

results. Knowing the temperature distribution in the cross-section of specimen S3, which was calculated 

and verified using the solution described in Section 7.2, the axial load capacity of Specimen S3 can be 

calculated using Eq. 7.72, which equates two load curves that are determined using the stress distribution 

in different sections at certain temperature and strain levels, and the current critical buckling load of the 

column calculated according to the tangent modulus of different sections at certain temperatures. A simple 

MATLAB code was developed to generate the mentioned load curves and solve for the equation to 

determine the axial load capacity of any given CFDST column subjected to the first 𝑡  minutes of a 

predetermined fire curve. Results from this MATLAB code for Specimen S3 are presented later in this 

report. In addition to applying the procedure described in Section 7.3.1, the axial load capacity of Specimen 

S3 subjected to the ASTM E119 fire curve was also determined using the simplified step by step procedure 

presented in Section 7.3.2 for verification. 

 

According to the first fire test results, specimen S3 had a fire resisting time of about 65 minutes under a 

constant axial load of 71 kips. As presented in Section 6, the finite element analysis successfully simulated 

the fire scenario, predicting a similar fire resisting time for the numerical model of specimen S3 subjected 

to the 71 kips axial load. To check the capability of the proposed simplified analytical method in predicting 

the axial load bearing capacity of CFDST columns subjected to any given fire curve, the axial load capacity 

of specimen S3 was calculated using the analytical procedure described in Section 7.3.1 after 50, 65 and 80 

minutes from the start of the outer tube’s exposure to the bilinear fire curve defined by Eq. 7.55 (which 

follows the outer tube’s recorded temperature curve from the test). 

 

To assess the dependency of accuracy on the assumed number of concrete layers, the procedure was 

conducted for two cases, namely 𝑛 = 2 and 𝑛 = 3. Using Eqs. 7.57 to 7.67, the uniform temperature values 

for the sections of inner and outer tube, concrete layer 1, and concrete layer 2 (and 3 for the second case), 

along with their corresponding material properties (modified for high temperatures) were calculated to be 

used in Equations 7.68 and 7.69. These parameters are presented in Table 7.2. Initial values of material 

properties at room temperature were taken from the measured values presented in Section 4 (𝐸𝑠 =

29000 𝑘𝑠𝑖, 𝑓𝑦,𝑖𝑛𝑛𝑒𝑟 𝑡𝑢𝑏𝑒 = 44 𝑘𝑠𝑖, 𝑓𝑦,𝑜𝑢𝑡𝑒𝑟 𝑡𝑢𝑏𝑒 = 50 𝑘𝑠𝑖, 𝑓𝑐
′ = 9.7 𝑘𝑠𝑖, 𝐸𝑐 = 5613 𝑘𝑠𝑖).  
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Table 7- 2 Uniform temperature and material prop. calculated for different parts of the cross-

section of specimen S3 after 50, 65 and 80 min. of exposure to the ASTM E119 fire 
C

o
n

d
it

io
n

s 

Steel Regions 
Outer 

Tube 

Inner 

Tube 

Concrete 

Regions 

𝒏 = 𝟐 𝒏 = 𝟑 

1 2 1 2 3 

Outer Radius (in.) 4.00 2.50 
Outer 

Radius (in.) 
3.89 3.19 3.89 3.43 2.97 

Thickness (in.) 0.11 0.09 
Thickness 

(in.) 
0.70 0.70 0.46 0.46 0.46 

R
o

o
m

 

T
em

p
er

a
tu

re
 𝑬𝒔 (ksi) 29000 29000 𝑬𝒄 (ksi) 5613 5613 5613 5613 5613 

𝒇𝒑 (ksi) 50 44 𝒇𝒄
′  (ksi) 9.70 9.70 9.70 9.70 9.70 

𝒇𝒚 (ksi) 50 44 𝜺𝒄𝒖 0.0025 0.0025 0.0025 0.0025 0.0025 

𝒇𝒖 (ksi) 58 53 𝜺𝒄𝒆 0.0200 0.0200 0.0200 0.0200 0.0200 

A
ft

er
 5

0
 m

in
. 

o
f 

 

F
ir

e 
E

x
p

o
su
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Temp. (°C) 778.9 440.1 Temp. (°C) 513.5 681.0 488.2 594.3 710.5 

𝑬𝒔(𝑻) (ksi) 3737 18153 𝒇𝒄
′ (𝑻) (ksi) 5.48 3.02 5.89 4.21 2.67 

𝒇𝒑(𝑻) (ksi) 3.49 16.91 𝜺𝒄𝒖(𝑻) 0.0164 0.0250 0.0145 0.0242 0.0250 

𝒇𝒚(𝑻) (ksi) 6.44 41.01 𝜺𝒄𝒆(𝑻) 0.0353 0.0403 0.0345 0.0377 0.0412 

𝒇𝒖(𝑻) (ksi) 6.44 41.01 - - - - - - 

A
ft

er
 6

5
 m

in
. 

o
f 

 

F
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e 
E

x
p

o
su

re
 

Temp. (°C) 843.0 573.8 Temp. (°C) 634.1 767.0 613.5 698.8 790.0 

𝑬𝒔(𝑻) (ksi) 2581 10684 𝒇𝒄
′ (𝑻) (ksi) 3.64 2.06 3.93 2.80 1.84 

𝒇𝒑(𝑻) (ksi) 2.01 9.97 𝜺𝒄𝒖(𝑻) 0.0250 0.0250 0.0250 0.0250 0.0250 

𝒇𝒚(𝑻) (ksi) 4.03 23.96 𝜺𝒄𝒆(𝑻) 0.0389 0.0429 0.0383 0.0409 0.0436 

𝒇𝒖(𝑻) (ksi) 4.03 23.96 - - - - - - 

A
ft
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e 
E

x
p
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Temp. (°C) 907.1 678.6 Temp. (°C) 729.1 841.7 711.9 783.7 861.5 

𝑬𝒔(𝑻) (ksi) 1726 6405 𝒇𝒄
′ (𝑻) (ksi) 2.46 1.40 2.65 1.90 1.26 

𝒇𝒑(𝑻) (ksi) 0.95 5.91 𝜺𝒄𝒖(𝑻) 0.0250 0.0250 0.0250 0.0250 0.0250 

𝒇𝒚(𝑻) (ksi) 2.57 11.93 𝜺𝒄𝒆(𝑻) 0.0418 0.0452 0.0413 0.0434 0.0457 

𝒇𝒖(𝑻) (ksi) 2.57 11.93 - - - - - - 

 

Recall that Specimen S3 was connected with fixed and semi-rigid connections at its top and bottom ends, 

respectively. Due to the lack of information about the properties of the semi-rigid connection at the bottom 

end, two different cases, with fixed and pinned connections at the base, were considered in the axial load 

capacity calculations. Fig. 7.21 shows the buckling deformation of the column under the two mentioned 

configurations. Note that the bottom portion of the column, which consists of the built-up part (steel box 
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filled with concrete) that was added as a length extension to make the column fit the 10’ high vertical fire 

furnace, was assumed as a rigid segment with a total length of 14”, leaving a length of 106” for the CFDST 

column. Note that since the out-of-plane buckling of Specimen S3 engaged the added channels (for the 

other built-up part that was used for the cyclic testing setup) about their weak axes, the portion of the column 

with the added channels was not included in the rigid segment (it has a larger 𝐸𝐼 compared to the CFDST 

section, but so large as to be considered rigid). 

 

  
Figure 7- 21 Buckling deformation of Specimen S3 with the rigid part at the bottom end  

subjected to different boundary conditions: a) fixed-fixed and b) fixed-pinned 

 

For the fixed-fixed configuration (Fig. 7.21a), it was assumed that the rigid part stayed straight and that the 

upper 106” segment acted as a column with fixed conditions at both ends. The corresponding effective 

length for this case was calculated as 𝐾𝐿 = 53” (𝐾 = 0.5), to be used in Eq. 7.69. The critical buckling 

load for the fixed-pinned case needs to be calculated as a special case because the rigid part is engaged in 

the buckling deformation and the problem must be formulated in a different way.  

 

Assuming that the function 𝑤(𝑥) returns the deflection of the column at point A, which is located at the 

distance 𝑥 from the top end of the column as shown in Fig. 7.22, the governing differential equation and 

the appropriate boundary conditions can be written as (Hjelmstad 2005): 

𝐸𝐼𝑤′′(𝑥) + 𝑃𝑤(𝑥) + 𝑅(𝑥 − 𝐿 − 𝐿1)       , 0 ≤ 𝑥 ≤ 𝐿 

𝐵. 𝐶.′ 𝑠: {

(1)                      𝑤(0) = 0
(2)                    𝑤′(0) = 0
(3)        𝑤(𝐿) = 𝐿1𝑤

′(𝐿)
 

(7.82) 
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Figure 7- 22 Free body diagram of Specimen S3 with the added rigid part after buckling with  

the fixed-pinned end conditions 

 

Note that Eq.7.82 is derived by satisfying the moment equilibrium at point A. The General solution for the 

governing differential equation can be written as: 

 

𝑤(𝑥) = 𝑎1 sin(𝜇𝑥) + 𝑎2 cos(𝜇𝑥) −
𝑅

𝑃
(𝑥 − 𝐿 − 𝐿1) (7.83) 

 

in which 𝜇 = √𝑃 𝐸𝐼⁄  and the term (− 𝑅

𝑃
(𝑥 − 𝐿 − 𝐿1)) is the particular solution (𝑅 is the support reaction at 

the pinned end). Satisfying the first and second boundary conditions gives: 

 

𝑎1 =
𝑅

𝑃𝜇
 (7.84) 

𝑎2 = −
𝑅(𝐿 + 𝐿1)

𝑃
 (7.85) 

 

Substituting Equations 7.84 and 7.85 in Eq. 7.83 gives: 

 

𝑤(𝑥) =
𝑅

𝑃𝜇
sin(𝜇𝑥) −

𝑅(𝐿 + 𝐿1)

𝑃
cos(𝜇𝑥) −

𝑅

𝑃
(𝑥 − 𝐿 − 𝐿1) (7.86) 

 

Now applying the third boundary condition to Eq. 7.86, one gets: 
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(𝐿 + 2𝐿1) cos(𝜇𝐿) + (𝐿1𝜇(𝐿 + 𝐿1) −
1

𝜇
) sin(𝜇𝐿) − 2𝐿1 = 0 (7.87) 

 

which must be solved for roots of 𝜇, from which the critical buckling load values for different buckling 

modes can be calculated (𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝜇2𝐸𝐼). Note that if 𝐿1 = 0, which means the column does not have a 

rigid part, Eq. 7.87  reduces to the equation, tan(𝜇𝐿) = 𝜇𝐿, which has the smallest root of  𝜇 = 4.493

𝐿
 and 

leads to the familiar critical buckling load of 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
20.19𝐸𝐼

𝐿2
 (equivalent to 𝐾 ≅ 0.7  for 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =

𝜋2𝐸𝐼

(𝐾𝐿)2
).  

 

Assuming 𝐿 = 106" and 𝐿1 = 16", Eq. 7.87 was numerically solved to obtain the smallest root of 𝜇 ≅

0.05. The critical buckling load for this value of 𝜇 is 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 2.5 × 10−3𝐸𝐼. Assuming a column with 

the length of 𝐿 = 106", the calculated 𝜇 is equivalent to taking 𝐾 = 0.593 in the formula 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
𝜋2𝐸𝐼

(𝐾𝐿)2
 

. 

 

To determine the axial load capacity of Specimen S3, the 𝑃𝑎𝑥𝑖𝑎𝑙  and 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  functions (defined in 

Equations 7.68 and 7.69) were calculated for different strain values and plotted in Fig. 7.23 for the four 

cases considered (fixed-fixed and fixed-pinned, each with 2 and 3 concrete layers) after 65 min. of exposure 

to the ASTM E119 fire. Note that the plots were derived from the results of the MATLAB code written for 

the procedure that used the varying tangent moduli of steel and concrete (Equations 7.70 and 7.71) for the 

calculation of 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 at different strain values.  

 

Fig. 7.23 shows that the case with three concrete layers gives the same results as using two concrete layers 

(the results have converged with respect to the number of concrete layers for the specific problem in hand). 

The axial load capacity values calculated by solving Eq. 7.72 for different cases (namely, Specimen S3 

subjected to the first 50, 65 and 80 minutes of the standard ASTM E119 fire curve) are summarized in 

Table 7.3. Note that for 65 minutes of fire exposure, the cases with fixed-fixed and fixed-pinned end 

conditions have axial load capacity of 84.1 kips and 68.4 kips, respectively. Considering that the column 

buckled under a load of 70 kips in the fire test, it was inferred that the end conditions were closer to the 

fixed-pinned case rather than the fixed-fixed one.  
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Figure 7- 23 𝑷𝒂𝒙𝒊𝒂𝒍 and 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 functions plotted for Specimen S3 after 65 minutes of exposure  

to the ASTM E119 standard fire curve assuming: a) fixed-fixed and b) fixed-pinned end  

conditions for cases with different number of defined concrete layers (𝒏 = 𝟐 and 𝒏 = 𝟑) 

 

Results for the 50, 65 and 80 minutes of fire exposure time were also verified with the buckling forces 

calculated for Specimen S3 in Section 6.3.2.2 using finite element analysis with ABAQUS. From the results 

presented in Table 7.3, it is inferred that the results from applying the analytical approach to the case with 

the fixed-pinned end conditions are again reasonably close to the finite element analysis results, and slightly 

conservative due to the assumptions made in the heat transfer part of the solution. Recall that the finite 

element models were built with the assumption of fixed-pinned end conditions. 

 

Table 7- 3 Axial load capacity calculated for Specimen S3 using the analytical approach  

(Eq. 7.72) compared with finite element analysis and test results for different cases  

(force unit: kips) 

Calculation Meth

od 

Analytical  

Eq. 7.71 

Analytical  

Eq. 7.71 

Finite Element 

Analysis 
Test Results 

End Conditions Fixed–Fixed Fixed-Pinned Fixed-Pinned 
Fixed-Semi fi

xed 

No. of Concrete 

Layers 
n=2 n=3 n=2 n=3 - - 

Exposure 

Time (mi

n.) 

50 143.4 140.2 121.0 118.4 130.8 - 

65 84.1 84.7 68.9 68.4 69.0 70.0 

80 54.0 53.6 44.1 43.7 49.0 - 
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As the last part of the verifications process, the simplified step by step approach described in Section 7.3.2 

was applied to Specimen S3 to calculate the axial load capacity after 65 minutes of exposure to the standard 

ASTM E119 fire curve. Since the first step of the process (the heat transfer solution) was already completed 

in the previous verification analysis, the procedure started with the second step, which requires the 

calculation of the strain limits 𝜀1, 𝜀2, 𝜀3, 𝜀4 (if applicable) using Eq. 7.79. Using the information provided 

in Table 7.2, after 65 minutes of fire exposure time, the mentioned strain limits are calculated as: 

 

𝜀1 = 𝜀𝑝𝑜𝑠𝑡
(𝑇𝑜𝑠𝑡 @ 65𝑚𝑖𝑛.) =

𝑓𝑝𝑜𝑠𝑡
(𝑇𝑜𝑠𝑡 @ 65𝑚𝑖𝑛.)

𝐸𝑠𝑜𝑠𝑡(𝑇𝑜𝑠𝑡 @ 65𝑚𝑖𝑛.)
=
2.01

2581
= 7.79 × 10−4 

𝜀2 = 𝜀𝑝𝑖𝑠𝑡
(𝑇𝑖𝑠𝑡 @ 65𝑚𝑖𝑛.) =

𝑓𝑝𝑖𝑠𝑡
(𝑇𝑖𝑠𝑡 @ 65𝑚𝑖𝑛.)

𝐸𝑠𝑖𝑠𝑡(𝑇𝑖𝑠𝑡 @ 65𝑚𝑖𝑛.)
=

9.97

10684
= 9.33 × 10−4 

𝜀3 = 𝑚𝑖𝑛 {0.02,𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇𝑐𝑟𝑖 @ 65𝑚𝑖𝑛.)}} = 𝑚𝑖𝑛{0.02,0.025} = 0.02 

𝜀4 = 𝑚𝑖𝑛𝑖=1−𝑛{𝜀𝑐𝑢𝑖(𝑇𝑐𝑟𝑖 @ 65𝑚𝑖𝑛.)} = 0.025 

(7.88) 

 

The next step is dedicated to the calculation of the 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑖
∗ ’s for 𝑖 = 1 𝑡𝑜 4 using Equations 7.78 to 7.80. 

These are the critical buckling loads at different strain levels, which are calculated using the tangent moduli 

of steel and concrete sections as explained in Section 7.3.2. The load values were calculated for specimen 

S3 after 65 minutes of exposure to the ASTM E119 fire and are reported in Table 7.4. 

 

Using the load values summarized in Table 7.4, the axial load capacity of the column can be determined 

for different end conditions according to the iterative method described in step 4 of the simplified procedure 

proposed in Section 7.3.2. Axial load capacity for the case with fixed-pinned end conditions and two 

concrete layers can be calculated as (using Eq. 7.77 for calculation of 𝑃𝑎𝑥𝑖𝑎𝑙∗
𝑖
’s): 

 

𝑃𝑎𝑥𝑖𝑎𝑙
∗

0
= 0 

𝑖 = 1: 𝑃𝑎𝑥𝑖𝑎𝑙
∗

1
= 21.8 𝑘𝑖𝑝𝑠 < 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
2
= 192.4 𝑘𝑖𝑝𝑠 → 𝑖 = 𝑖 + 1 = 2 

𝑖 = 2: 𝑃𝑎𝑥𝑖𝑎𝑙
∗

2
= 25.0 𝑘𝑖𝑝𝑠 < 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
4
= 87.9 𝑘𝑖𝑝𝑠 → 𝑖 = 𝑖 + 1 = 3 

𝑖 = 3: 𝑃𝑎𝑥𝑖𝑎𝑙
∗

3
= 118.1 𝑘𝑖𝑝𝑠 >  𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
5
= 28.7 𝑘𝑖𝑝𝑠 ∶ 

𝑃𝑎𝑥𝑖𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
∗ =

𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
∗

4
𝑃𝑎𝑥𝑖𝑎𝑙
∗

3
− 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
5
𝑃𝑎𝑥𝑖𝑎𝑙
∗

2

(𝑃𝑎𝑥𝑖𝑎𝑙
∗

3
− 𝑃𝑎𝑥𝑖𝑎𝑙

∗
2
) − (𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
5
− 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

∗
4
)

=
(87.9)(118.1) − (28.7)(25.0)

(118.1 − 25.0) − (28.7 − 87.9)
=
10380.9

152.3
= 68.2 𝑘𝑖𝑝𝑠 

(7.89) 
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Table 7- 4 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍
∗  and 𝑷𝒂𝒙𝒊𝒂𝒍

∗  loads calculated at  

different strain levels for Specimen S3 after 65  

minutes of exposure to the ASTM E119 fire  

(n: no. of concrete layers) 

Load 𝑷𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍
∗ (𝜺) (kips) 

 
End Co

nd. 
Fixed - Fixed Fixed - Pinned 

Strain 

Level 
 n=2 n=3 n=2 n=3 

𝜀0 = 0 458.7 457.2 326.1 325.1 

𝜀1 − 𝜖 = 

7.79 × 10−4 − 𝜖 
455.3 453.9 323.7 322.7 

𝜀1 + 𝜖 = 

7.79 × 10−4 + 𝜖 
270.7 269.3 192.4 191.4 

𝜀2 − 𝜖 = 

9.33 × 10−4 − 𝜖 
269.9 268.6 191.9 190.9 

𝜀2 + 𝜖 = 

9.33 × 10−4 + 𝜖 
123.7 122.3 87.9 86.9 

𝜀3 − 𝜖 = 

2.0 × 10−2 − 𝜖 
40.5 40.2 28.7 26.6 

𝜀3 + 𝜖 = 

2.0 × 10−2 + 𝜖 
21.8 21.5 15.5 15.3 

𝜀4 = 

2.5 × 10−2 
≈ 0 ≈ 0 ≈ 0 ≈ 0 

 

Note that the calculated capacity (68.2 kips) is reasonably close to the load values calculated from the 

analytical solution (following the procedure of Section 7.3.1) and finite element analysis for the case with 

fixed-pinned end conditions, which were 68.9, 69.0 kips (from Table 7.3), respectively. Recall that 

Specimen S3, after 65 minutes of exposure to the ASTM E119 fire curve (the same fire loading condition 

as the one considered for the calculations above), failed under an axial load of 70 kips.  
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The analytical approaches described in this section for calculation of the axial load capacity of CFDST 

columns subjected to fire were shown to be sufficiently accurate when compared with results from finite 

element analyses and test data. Although the more sophisticated procedure described in Section 7.3.1 can 

provide relatively more accurate results if implemented in a short computer code, the simplified step by 

step process (presented in Section 7.3.2) was shown to be capable of providing reasonable axial capacity 

estimations for design purposes.  

 

The analytical approach described in this section for calculation of the axial load capacity of CFDST 

columns subjected to fire was shown to be sufficiently accurate when compared with results from finite 

element analyses and test data. Considering the significant assumptions used in the presented simplified 

analytical approach (i.e. uniform distribution of strain in the total cross-section, full composite action 

between the steel and concrete regions, negligible differential expansions, and Euler-Bernouli beam 

behavior), and the fact that each of these assumptions are possibly contentious, it can be arguably surprising 

that accurate results were obtained from the simplified method. The reasons for such good agreement are 

not fully known, and future research may eventually establish why satisfactory results are nonetheless 

obtained.  However, it may be that the equations provide acceptable estimates of the axial load capacity 

during fire due to the specific boundaries of the column considered here. The CFDST columns used in this 

study are capped with steel plates at their top and bottom ends. Capped ends limit the relative movements 

at the steel-concrete interfaces and may contribute to develop enough composite action between the steel 

and concrete region. If that is the case, the proposed equations might not provide conservative results for 

CFDST columns without such cap plates at their ends (such as in long columns that can go through 

significant expansion), or for tubes with large D⁄t ratios that might lose a considerable amount of their 

flexural resistance (MP) due to the local buckling. 

 

Another possible explanation is that, after significant fire exposure, little global buckling resistance is 

provided by the outside tube; since the inside tube remains in contact with the concrete (as steel laterally 

expands more than concrete), most of the initial assumptions remains applicable.  Finally, given that the 

concrete has lost 85% of its strength (and subsequently its tangent modulus has reduced to almost zero) by 

the time global buckling develops, for the verification case considered, the inside tube has a tangent 

modulus of about 10684 ksi, indicating that the inside tube alone provides most of the flexural strength 

developed during buckling.  This proportion may change when a thicker concrete layer exists between the 

tubes, which may affect the accuracy of the approximate methods.  This remains to be elucidated in future 

research. 
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7.4 Design Recommendations for Fire Resistance of CFDST Columns Subjected to 

Fire 

 

This section presents general design recommendations to achieve a desired amount of fire resisting time for 

CFDST columns under axial load. The recommendations are targeted to achieve three levels of fire 

resistance (under standard ASTM E119 fire), namely 1, 2 and 3 hour limits, which each can be sufficient 

depending on specific applications. The design recommendations are presented separately for the outer 

tube, concrete core, and inner tube, using the analytical methods described above for both the heat transfer 

and axial load capacity calculations as needed.  

 

7.4.1 Inner Steel Tube 

 

According to the Eurocode specifications for the structural properties of steel at high temperatures (Figures 

7.11 and 7.12), the temperature of 300 °C can be selected as a critical limit, as the material experiences a 

decrease of 20% in its elastic modulus and will continue to do so at a significantly higher rate when reaching 

slightly higher temperatures. Note that the 300 °C limit is also just below the temperature limit for the start 

of significant reductions in the yield stress of steel (400° C). In a CFDST column, the inner tube can be 

thermally protected by the concrete layer to remain below the critical temperature limit for a desired amount 

of fire exposure time. 

 

Assuming that the minimum required thickness of concrete layer is provided to keep the temperature of the 

inner tube below the critical limit for the desired amount of fire exposure time (discussed later in Section 

7.4.2), the diameter and thickness of the inner tube can be selected to be capable of, apart from contributing 

to the pre-fire seismic and service load resistance, sustaining the permanent gravity loads, which remain 

acting on the structure in a post-earthquake fire scenario, for the desired fire exposure time. Note that the 

𝐷/𝑡 ratio of the inner tube must be checked to comply with the desired compactness and ductility levels. 

  

7.4.2 Concrete Core 

 

Concrete has a relatively low heat conductance rate and can act as a fire protection layer for the inner steel 

tube. Considering the 300° C limit as the critical temperature for the inner tube, the thickness of the concrete 

between the inner and outer tube can be chosen such as to delay the inner tube attainment of the critical 

limit for the desired amount of fire resistance time.  
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Using the analytical solution presented in Section 7.2 for the heat transfer problem (specifically Equations 

7.59 and 7.54), it is possible to calculate the minimum concrete thickness values required to keep the 

temperature of inner tubes with diameter sizes ranging from 2” to 30” below the critical limit (i.e., 300° C) 

for 1, 2 and 3 hours of exposure of the corresponding CFDST column to the standard ASTM E119 fire. Fig. 

7.24 shows the results of these analyses for different fire exposure times. Note that as the inner tube diameter 

increases, the minimum required concrete layer thickness values converge to a constant limit. This might 

be explained by looking into a relatively simpler situation where the inner and outer surfaces of a cylinder, 

with radii of 𝑟1  and 𝑟2 , have constant (steady state) temperature values of 𝑇1  and 𝑇2 . In this situation, 

temperature of a point at the distance of 𝑟 from the center (𝑟1 ≤ 𝑟 ≤ 𝑟2) is proportional to the value ln ( 𝑟
𝑟1
) 

(Sukhatme 2005). Assuming 𝑟1 as the radius of the inner tube (equal to the inner radius of the concrete 

layer), and 𝑟 − 𝑟1 as the thickness of the concrete layer, variation of temperature through the thickness of 

the concrete layer will be proportional to ln ( 𝑟
𝑟1
). Fig. 7.25 shows the variation of ln (𝑟/𝑟1) for different 

values of inner tube diameter in the range of 2” to 30” (1 ≤ 𝑟1 ≤ 15) and different concrete layer thickness 

(𝑟 − 𝑟1) values in the range of 2” to 6”. The figure shows that the rate of change in ln ( 𝑟
𝑟1
) values decrease 

as 𝑟1 increases. 

 

 
Figure 7- 24 Minimum concrete thickness values required to keep the temperature of inner tubes 

with different diameter sizes below the critical limit (i.e., 300 C) for 1, 2 and 3 hours of exposure  

to the standard ASTM E119 fire 
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Figure 7- 25 Variation of 𝒍𝒏(
𝒓

𝒓𝟏
)for different values of 𝒓𝟏 and 𝒓 − 𝒓𝟏  

(𝒓𝟏: inner tube radius, 𝒓 − 𝒓𝟏: concrete layer thickness) 

 

Using the plots shown in Fig. 7.24, simple equations were defined for the calculation of the minimum 

required concrete layer thickness as a function of inner tube diameter for different amount of fire exposure 

time. For a 1-hour exposure: 

 

𝑡𝑚𝑖𝑛.
𝑐𝑜𝑛𝑐. = {

4.90 − 0.20𝑑𝑖𝑠𝑡, 2 ≤ 𝑑𝑖𝑠𝑡 ≤ 8
3.30, 𝑑𝑖𝑠𝑡 > 8

 (7.90) 

 

for a 2-hour exposure: 

 

𝑡𝑚𝑖𝑛.
𝑐𝑜𝑛𝑐. = {

7.40 − 0.25𝑑𝑖𝑠𝑡 , 2 ≤ 𝑑𝑖𝑠𝑡 ≤ 10
4.90, 𝑑𝑖𝑠𝑡 > 10

 (7.91) 

 

and for a 3-hour exposure: 

 

𝑡𝑚𝑖𝑛.
𝑐𝑜𝑛𝑐. = {

9.30 − 0.20𝑑𝑖𝑠𝑡 , 2 ≤ 𝑑𝑖𝑠𝑡 ≤ 10
6.30, 𝑑𝑖𝑠𝑡 > 10

 (7.92) 

 

where  𝑡𝑚𝑖𝑛.𝑐𝑜𝑛𝑐. is the minimum required concrete layer thickness and 𝑑𝑖𝑠𝑡 is the diameter of the inner tube in 

inches. The curves resulting from Equations 7.90 to 7.92 are plotted with dashed lines on top of the exiting 

curves in Fig. 7.24.  
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7.4.3 Outer Steel Tube 

 

The outer tube of a CFDST column subjected to fire reaches the critical temperature level in a relatively 

short time due its direct exposure to fire. Note that in the standard ASTM E119 fire curve, the air 

temperature reaches 300° C in less than 10 minutes. Therefore, the outer steel tube will go through 

significant elastic modulus and yield strength reductions in the early minutes of its fire exposure.  

 

Considering the situation described above and the fact that the relatively high thermal conductance rate of 

steel would cause the heat to almost immediately transfer through the thickness of the outer tube, it is 

inferred that the outer tube has a marginal contribution to the fire resistance of the CFDST columns. 

Therefore, it is recommended that the minimum required thickness of the outer tube be selected based on 

the seismic and service load requirements (ignoring the fire performance criteria). Compactness and 

ductility criteria for round concrete filled composite elements, per the AISC specifications, were presented 

in Table 4.1 (AISC 2010a,b). For instance, assuming an outer diameter of 15”-20” for a column used in a 

typical multistory building, the minimum thickness of the outer tube (𝑓𝑦 = 50 𝑘𝑠𝑖) would need to be 0.29”-

0.39” to satisfy both the compactness and moderate ductility requirements. 

 

Note that the above requirements are for cases where no fire-proofing material is applied to the the outer 

steel, consistently with what has been done throughout this study. 

 

7.4.4 Examples: Investigating the Effect of Different Section Geometry Parameters on 

the Axial Load Capacity of CFDST Columns Subjected to Fire  

 

Different trial cases with outer tube diameters in the range of 15”-20” (practical sizes for multi-story 

building columns) were considered to calculate their axial load capacities when subjected to the first 1, 2, 

and 3 hours of the standard ASTM E119 fire. Note that the goal of these examples was not to design a 

CFDST column for a specific fire performance, but rather to provide a general sense of the axial load 

capacity of CFDST columns subjected to the standard ASTM E119 fire and study the effects of geometric 

properties of the section, while the outer diameter size was limited to the range of 15”-20” and the other 

remaining parameters (i.e., outer tube thickness, concrete layer thickness, and inner tube thickness) were 

changing.  

 

In the calculations presented here, the outer steel tube is assumed to exactly follow the standard time-

temperature curve throughout the fire exposure time. Therefore, the results from these calculation are 
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relatively conservative, because the standard fire curve is defined for the air temperature and the 

temperature on the surface of the outer steel tube is slightly lower (as seen, for example, in the fire tests 

results reported in Section 5).  

 

Both the outer and inner steel tubes were assumed to have elastic modulus and yield strength values of 

29000 ksi and 42 ksi, respectively. These are nominal values for HSS round sections. A maximum 

compressive strength of 5 ksi was assumed for the concrete. Table 7.5 shows the geometric properties of 

the different round HSS section selected for the outer steel tubes.  

 

Table 7- 5 Geometric properties of the selected profiles for the outer steel tube 

Code Profile 
Outer Diameter

 (in.) 

Thickness 

(in.) 
D/t Compactness and Ductility level 

AA HSS16x0.375 16 0.349 45.84 Compact and Highly Ductile 

AB HSS16x0.438 16 0.407 39.31 Compact and Highly Ductile 

AC HSS16x0.500 16 0.465 34.41 Compact and Highly Ductile 

AD HSS16x0.625 16 0.581 27.54 Compact and Highly Ductile 

B HSS18x0.500 18 0.465 38.71 Compact and Highly Ductile 

C HSS20x0.500 20 0.465 43.01 Compact and Highly Ductile 

 

To study the effect of concrete thickness, different cases, ranging from a minimum thickness of 2” up to a 

maximum of 7”, were checked for all of the outer tube sections specified in Table 7.5 using Equations 7.59 

and 7.54, with the goal of keeping the inner tube temperature below the critical limit (300° C) at the end of 

the 1, 2 and 3-hour fire exposures. Fig. 7.26 shows the results of the inner tube temperatures calculated for 

a CFDST column with the outer tube section AA (from Table 7.5) for different values of concrete 

thicknesses (ranging from 2” to 7”), after 1, 2 and 3 hours of exposure to the ASTM E119 fire curve.  

 

Looking into Fig. 7.26, there are two cases for the 1-hour fire exposure time in which the inner tube 

temperature was kept below the critical limit. These cases have concrete thickness values of 4” and 5” for 

inner tubes with outer diameters of 8” and 6”, respectively. Note both of the mentioned concrete layer 

thickness values are above the minimum required value calculated using Eq. 7.90 for inner tube with the 

mentioned diameter sizes (the calculated minimum thickness values were equal to 3.3” and 3.7”). Fig. 7.26 

also shows that a CFDST column with the outer tube diameter of 16”, regardless of the geometric properties 

of the inner tube and concrete layer, will not be able to keep the temperature of its inner tube below the 

critical limit for a 3-hour period. This is because selection of an inner tube with the smallest available 



 

230 

 

diameter size (𝑑𝑖𝑠𝑡 = 1.66") results in the thickness value of 6.82” for the concrete layer, which is not 

sufficient. 

 

 
Figure 7- 26 Results of inner tube temperature calculated for a CFDST column with the outer  

tube section AA for different values of concrete layer thickness after 1,2 and 3 hours of exposure 

to the ASTM E119 fire curve 

 

 

Using the outer tube sections shown in Table 7.5, a total of 15 CFDST column cross-sections were defined 

to be used in the axial load capacity calculation for different fire exposure times. Table 7.6 shows all of the 

selected cases with their axial load capacity values calculated using the simplified analytical step by step 

method described in Section 7.3.2. All of the columns are assumed to have a length of 160” (typical story 

height) and pinned-pinned boundary conditions. The inner tube sections were selected such as to create 

cases with different concrete layer thickness and inner tube thickness values. Note that design cases 1.AD.1 

to 1.AD. 4 are selected to assess the effects of changes in the inner tube thickness on the axial load capacity 

of the column when all of the other geometric parameters are kept constant. Also cases 1.AA, 1.AB, 1.AC 

and 1.AD.4 are selected to perform a similar analysis on the outer tube thickness (with marginal changes 

in the concrete layer thickness). For cases in which only one thickness is chosen for the inner or outer tube, 

it was taken to be equal to the maximum available thickness (based on shapes listed in the AISC Steel 

Construction Manual).  
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Table 7- 6 CFDST design cases with their calculated axial load capacity 

Case  

ID. 
Outer Tube Section 

Inner Tube  

Section 

Conc. Layer 

Thickness  

(in.) 

Fire Exposure 

Time (hour) 

Axial Load 

Capacity  

(kips) 

1.AA HSS16.000x0.375 HSS9.625x0.500 2.84 1 391.4 

1.AB HSS16.000x0.438 HSS9.625x0.500 2.78 1 394.1 

1.AC HSS16.000x0.500 HSS9.625x0.500 2.72 1 396.7 

1.AD.1 HSS16.000x0.625 HSS9.625x0.250 2.61 1 272.59 

1.AD.2 HSS16.000x0.625 HSS9.625x0.312 2.61 1 290.7 

1.AD.3 HSS16.000x0.625 HSS9.625x0.375 2.61 1 321.7 

1.AD.4 HSS16.000x0.625 HSS9.625x0.500 2.61 1 401.8 

1.B HSS18.000x0.500 HSS10.750x0.500 3.16 1 577.3 

1.C HSS20.000x0.500 HSS12.750x0.500 3.16 1 784.6 

2.AD HSS16.000x0.625 HSS2.875x0.250 5.98 2 187.2 

2.B HSS18.000x0.500 HSS7.625x0.375 4.72 2 342.5 

2.C HSS20.000x0.500 HSS10.000x0.625 4.54 2 590.5 

3.AD HSS16.000x0.625 HSS1.660x0.140 6.59 3 74.5 

3.B HSS18.000x0.500 HSS1.660x0.140 7.71 3 172.9 

3.C HSS20.000x0.500 HSS3.500x0.313 7.79 3 355.3 

 

 

Fig. 7.27 shows the effect of changes in the thickness of outer and inner tubes on the axial load capacity of 

CFDST columns subjected to the first hour of the standard ASTM E119 fire. Note that the changes are 

made to a base model with an axial load capacity of about 400 kips, for which all other geometric parameters 

are kept constant. The figure shows that changes in the outer tube thickness do not significantly affect the 

axial load capacity of the column. On the other hand, increasing the thickness of the inner tube has increased 

the axial load capacity by as much as 32% in the cases considered. The difference is due to the fact that the 

inner tube temperature remains significantly lower than that of the outer tube and increasing the thickness 

of the former leads to a significant increase in the column’s axial load capacity.  
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Figure 7- 27 Effects of changes in the thickness of inner and outer tubes on the axial load  

capacity of CFDST columns subjected to the first hour of ASTM E119 fire curve 

 

Fig. 7.28 shows the effects of changes in the outer tube diameter on the axial load capacity of CFDST 

columns, assuming that all of the other section geometric properties are selected such as to maximize the 

axial resistance after the start of fire.  The axial load capacity increases for larger outer tube diameters in a 

similar trend for all of the three fire duration choices. The results were expected, since increasing the 

diameter of the outer tube allows for the selection of larger concrete layer thickness, which can generally 

enhance the column’s performance under fire. 

 
Figure 7- 28 Effects of changes in the outer tube diameter, on the axial load capacity of the CFDST

 column, assuming that all of the other section geometry properties are selected as such to  

maximize the axial resistance 
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SUMMARY AND CONCLUSIONS 

 

The main goal of this research was to study the behavior of CFDST columns subjected to post-earthquake 

fire scenarios. CFDST columns with different levels of simulated seismic damage (imposed by lateral cyclic 

loading) were tested in the standard ASTM E119 fire while sustaining a constant axial load. The key 

observations from the experiments and the subsequent analytical studies are summarized here. 

 

Two identical CFDST columns were subjected to a constant axial load and increasing cyclic lateral 

displacements to reach two different levels of simulated seismic damage: a moderate damage level, which 

had maximum and residual drift ratios of 6.2% and 1.4%, respectively, and a high damage level, which had 

maximum and residual drift ratios of 6.3% and 3.9%, respectively. A third specimen was kept undamaged 

as a reference. The hysteretic load-drift curves from cyclic loading tests showed a stable ductile behavior 

for the CFDST columns.  

 

Results from testing the three CFDST columns subjected to the standard ASTM E119 fire revealed that, for 

the particular type of columns built and tested under the boundary conditions considered in this study, 

differences in the initial simulated seismic damage level had insignificant effects on the total fire resistance 

time of the specimens. The shortest fire resistance time was recorded for the highly damaged specimen (i.e., 

the one with the residual drift ratio of 3.9%); it was almost 10 minutes shorter than the 65-minute time 

recorded for the undamaged specimen.  This suggests that CFDST columns can be particularly effective in 

resisting a combination of seismic and fire conditions. However, since the three fire tests were limited to a 

specific boundary condition (fixed and semi-fixed ends), results should not be indiscriminately expanded 

to other conditions without further experimental and numerical studies (nor should the trends observed be 

extrapolated to other types of column constructions). All of the three columns experienced severe local 

buckling due to the expansion of the outer tube during the fire, and failed due to global buckling under the 

constant axial load.  

 

Post-fire cyclic testing of a CFDST column, which was not previously subjected to cyclic loading and 

cooled down to room temperature after being exposed to a 65-minute long ASTM E119 standard fire, 

showed a permanent loss in lateral strength. The experimentally measured lateral resistance reduction was 

in good agreement with the strength calculated using the fire-modified material properties defined in the 

Eurocode 4 (general rules for structural fire design). Results showed a resilient behavior for CFDST 
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columns in a post-fire cyclic loading scenario, although the conclusion is based on a single test and needs 

supplemental studies to generalize these findings.  

 

Finite element simulation of the cyclic lateral loading tests revealed that the Damaged Plasticity model 

implemented in ABAQUS for concrete has acceptable performance under cyclic compression, but is not 

sufficiently accurate in accounting for the effects of tensile cracks and their opening/closing. Therefore, the 

FE-CDP model (which used the Damaged Plasticity model for concrete) was not able to replicate the 

pinching hysteretic load-drift curves recorded in the tests. Local buckling of the outer tube and the concrete 

tensile crack opening/closing were identified as responsible for the pinching behavior of the hysteretic 

curves. 

 

The FE-CDP model was modified by inserting a horizontal discrete crack at the base of the concrete section 

of the column, where the maximum tensile stress values were obtained from the results of the FE-CDP 

(without the discrete crack). The new model, referred to as FE-CDP-DS, could simulate the crack 

opening/closing (by separation/hard contact of the two opposite surfaces of concrete at the crack interface) 

and capture the pinching hysteretic curves for the column. This underscores how numerical results can be 

affected by different strategies adopted for modeling the behavior of concrete in tension when investigating 

inelastic cyclic behavior. 

 

The FE-CDP-DS model was also capable of properly capturing the local buckling of the outer tube. 

However, the simulated hysteretic curves showed more severe pinching than the experimental results. The 

difference was caused by the fact that the insertion of a discrete crack creates two separate pieces of concrete 

with absolutely zero strength in tension, whereas in reality there is a partial continuity in part of the concrete 

cross-section at the location of the cracks. 

 

To further enhance the accuracy of the finite element simulation, a new CFDST model, referred to as FE-

W, was developed using the software, LS-DYNA, which includes different material models for concrete. 

The concrete model used, referred to as the Winfrith Model, can provide a better simulation of the tensile 

behavior of concrete and account for tensile cracking with up to three orthogonal crack planes per element. 

Results from this model followed the experimental curves with considerable accuracy, thus validating the 

desirable performance of the Winfrith model in simulating the tensile behavior of concrete. Modeling the 

steel material with a simple bilinear behavior and kinematic hardening was shown to be sufficient for the 

purposes of this research. 
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A finite element model was built in ABAQUS to simulate the behavior of CFDST columns subjected to the 

standard ASTM E119 fire. Temperature dependent thermal and structural material properties were selected 

from the Eurocode 4. Sequentially coupled thermal stress analyses were conducted on CFDST columns 

with different simulated seismic damage levels subjected to a constant axial load and fire. Damage 

simulation for the moderately and highly damaged columns was achieved through additional finite element 

analyses prior to the fire simulation. For the moderate damage case, the residual displacement results 

(including the residual drift and slight local buckle of the outer tube) were derived from the output of a 

cyclic lateral loading analysis and used as the initial conditions for the fire simulation analysis. For the high 

damage case, a more accurate procedure was used by including the cyclic lateral loading part as an 

additional step to be completed prior to the beginning of the heating in the fire simulation analysis. The 

new procedure was capable of retaining the complete history of cyclic lateral loading, including the residual 

deformations, possible strength and stiffness degradations and residual stresses, in a state of internal 

equilibrium at the end of a cyclic loading protocol that has terminated with a zero lateral force. 

 

The finite element models were shown to be capable of replicating the experimental results with sufficient 

accuracy. Local buckling of the outer tube and the failure of the columns due to global buckling were both 

captured for all of the three cases. For the highly damaged column, the model successfully combined the 

local buckling effects from seismic and fire loading to make the already initial local buckle (due to seismic 

damage) more severe after the fire simulation. The onset of global buckling was predicted properly by the 

force-controlled analysis for all of the columns. An additional displacement controlled analysis was 

conducted on the undamaged specimen to simulate the severe global buckling deformations which occurred 

in the test. 

 

In terms of the fire resistance time, the simulation results were in good agreement with the records from the 

experiments, confirming that the CFDST columns could almost retain the same fire resistance for all of the 

three damage levels. The columns’ axial extension/contraction versus time results from the finite element 

analyses followed the same pattern that was observed in the experiments. However, a difference was 

observed in the axial extension/contraction values after the local buckling of the outer tube, where the finite 

element simulation predicted higher column extension values (i.e. expansion of the CFDST column) 

compared to the test results. Although the accuracy of the simulation results could be enhanced by 

modifying the thermal expansion rates for the two materials used in these specific columns, such 

modifications were considered to be unnecessary, since the model built with Eurocode 4 specifications was 

able to predict the total fire resistance time with an acceptable accuracy. 
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To validate the models for tests with larger lateral displacements, both of the FE-CDP-DS and FE-W models 

were used for the simulation of the post-fire cyclic testing of a CFDST column. These results showed a 

better performance from the FE-W model in reproducing strength degradation and the stiffness 

loss/recovery during the cyclic loading, with the FE-CDP-DS model being less effective in simulating the 

effects of consecutive cycles of buckling and straightening of the steel tube. Overall, the thermal and 

structural material properties adopted from the Eurocode 4 for steel and concrete (in both during and post-

fire situations) were shown to be sufficiently accurate to be used for the numerical simulation of the 

behavior of CFDST columns subjected to fire. 

 

An analytical procedure was developed for the calculation of the axial load capacity of CFDST columns 

subjected to fire. The procedure started with a solution for the heat transfer problem, derived analytically 

by solving the partial differential equation of heat conduction. The solution was simplified to an explicit 

formula that can provide the temperature of any point in the CFDST column’s cross-section, after a given 

amount of exposure time to any predefined time-temperature curve. The simplification process had a 

marginal conservative effect on the accuracy of the calculation that resulted in slightly higher temperature 

values as a consequence of replacing a few temperature dependent factors with constant values 

recommended in the Eurocode 4. Comparing experimental and finite element results, the temperature values 

calculated using the simplified analytical formula were shown to be sufficiently accurate.  

 

The second part of the analytical procedure consisted of a simplified step by step method to estimate the 

axial load capacity of CFDST columns subjected to fire using the temperature modified material properties 

calculated in the previous part. The method is based on solving for axial equilibrium using simple 

expressions for the structural material properties at elevated temperatures. Results calculated for the 

specimen not previously subjected to earthquake damage were in good agreement with the finite element 

and experimental data. 

 

The analytical procedure defined for the axial load capacity calculation was applied to a few case studies 

to propose some general design recommendations for axially loaded CFDST columns subjected to fire. It 

was revealed that to retain a given axial load for a certain amount of time, the most effective solution is to 

design an inner tube capable of sustaining that load and make the concrete layer thick enough to keep the 

inner tube’s temperature below the critical limit (about 300°C) for the specified amount of fire resistance 

time.  
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Moreover, it was found that for a given CFDST column cross-section (i.e., diameters of the inner and outer 

tube are known), changes in the thickness of the outer tube do not significantly affect the column’s axial 

load capacity after a certain amount of exposure to fire. Changing the thickness of the inner tube, on the 

other hand, can be significantly effective, because, being at much lower temperatures than the outer tube, 

its capacity is retained for a longer time. Additional calculations revealed that increasing the diameter of 

the outer tube, or any other change that results in a thicker concrete layer, generally increases the axial load 

capacity of CFDST columns subjected to fire.  

 

According to the experimental and numerical studies conducted in this research, CFDST columns were 

shown to have a desirable behavior when subjected to post-earthquake fires by retaining almost the same 

fire resistance regardless of the severity of the simulated seismic damage imposed on them prior to the start 

of the heating. The structural contribution of the inner tube, which is thermally protected by the concrete 

layer, was seen to have a crucial role in the fire resistance of the CFDST column. Note that the results of 

this work, especially from the experimental phase, are limited to the specific conditions used here and 

should not be extrapolated for different conditions. Additional studies are needed to further investigate the 

behavior of CFDST columns under other boundary conditions and also as parts of single- or multi-story 

structural frames to better understand their behavior when subjected to post-earthquake fires. 
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APPENDIX A 

A COMPARISON BETWEEN SOLID AND SHELL ELEMENTS 

 

A.1 Accuracy Assessment Based on the Simulation of an Experimental Study  

 

Finite element analyses were conducted to simulate the behavior of thin-walled rectangular HSS sections 

subjected to bending. Different types of shell and solid elements were used in the simulation process. The 

solutions were compared to the results of an experimental study by McCormick et al. (2010), on the cyclic 

testing of the hollow structural sections for seismic applications in low to mid-rise moment frames.  

 

A.1.1 Experiment Description 

 

The HSS member was used as a vertical cantilever with a rigid connection at the base, and a top end, which 

was pinned to the loading frame. Rigid angles and stiffeners were used at the base connection to make sure 

that the plastic behavior would occur outside of the connection region and in the beam member. A slotted 

hole at the top of the HSS member was used to prevent the creation of axial forces because of shortening 

and local buckling. The hydraulic actuator allowed for rotations of up to 0.08 radians to be imparted to the 

beam. Rotation was calculated by dividing the horizontal displacement of the top of the beam by the length 

of the beam (i.e. 1537 mm). 

 

Several different specimens were tested at that study, but only one of them was used here for accuracy 

checking purposes. The member used here is a rectangular HSS section with the properties mentioned in 

Table A.1. 

 

Table A- 1 Properties of the HSS member used in analyses 

HSS Member t (mm) d (mm) b (mm) A (mm2) d/t b/t 

304.8x152.4x6.4 5.91 304.8 152.4 5179 51.57 25.79 
 

The yield stress of the steel was assumed to be 422.7 MPa (obtained from coupon tests). Figures A.1 and 

A.2 show a schematic of test setup and the displacement controlled load protocol used in this quasi-static 

test. 
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Figure A- 1 Test setup (McCormick et al., 2010) 

 

 
Figure A- 2 Protocol for applied displacement cycles (McCormick et al., 2010) 

 

 

A.1.2 Experimental Results 

 

Fig. A.3 shows the moment versus rotation results from the lateral cyclic loading of the HSS member. 

 



 

249 

 

 
Figure A- 3 Moment vs. rotation results for HSS 304.8x152.4x6.4 (McCormick et al., 2010) 

 

A.1.3 Simulation with 3D Shell Elements  

 

The test was simulated using the commercial software ABAQUS with shell elements to check the accuracy 

of numerical results. Two different types of shell elements were used: 

 

 S4R: 4-node thick or thin shell element with reduced integration 

 S8R: 8-node thick shell reduced integration 

 

The problem with the S8R elements was that they took more time for analysis and also had convergence 

problems when the model was pushed to large displacements. When the mesh is finer, the problem gets 

worse, because obviously a lot more work is added for the solver dealing with 8-node elements.  

Fig. A.4 shows the results for a uniform 20mm×20mm mesh size with S8R elements, which have produced 

a behavior very similar to what was seen in Fig. A.3. Strength reduction has started at nearly the same 

rotation value and has eventually converged to a final value very close to the test result. The only problem 

was that, the analysis stopped just before the last cycle due to convergence problems. 
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Figure A- 4 Moment vs. rotation results obtained from the model using S8R shell elements 

 

Because the accuracy seemed to be enough, no finer mesh patterns were used with S8R elements. For the 

S4R elements, the same analysis was conducted with a different mesh pattern, which consisted of 

20mm×20mm elements for almost the entire height of the HSS member, but was customized to be finer 

near the fixed base (10mm×10mm). This was done to somehow compensate for the less integration points 

of the S4R elements compared to the S8R type. 

 

The moment versus rotation results from the model with S4R elements are shown in Fig. A.5. Results show 

that the model with S4R elements provided sufficiently accurate results for the purposes of this study. The 

model was also capable of simulating the last cycle of applied displacements, approving that the S4R 

elements are less likely to encounter convergence problems compared to the S8R types. Note that the mesh 

pattern for the model with S4R elements was refined at the critical locations. 

 

A.1.4 Simulation with 3D Solid Elements  

 

The performance of 3D solid elements was checked with results from the experimental study mentioned 

above to get an idea of their capability in predicting the response of thin structures. Obviously in case they 

prove to work well if used properly, it would be beneficial to have the options of both solid and shell 
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elements for these kinds of problems dealing with tubes, so that in any particular model, the one that works 

faster can be used. Two different types of solid elements were used in the simulation analyses: 

 

 C3D8R: 8-node linear 3D solid element with reduced integration 

 C3D20R: 20-node quadratic 3D solid element with reduced integration 

 

 
Figure A- 5 Moment vs. rotation results obtained from the model using S4R shell elements 

 

Similarly to the case with S4R elements, a mesh with a combination of 20mm×20mm and 10mm×10mm 

elements, with the latter used at critical locations (i.e. near to the base of the beam for the problem at hand), 

was used in the models with both C3D8R and C3D20R elements. Fig. A.6 shows the results from these 

analyses. Although the model with C3D20R elements showed a faster strength reduction compared to the 

one with C3D8R elements (the 20-node elements showed generally better results), both of the models were 

shown to be capable of providing sufficiently accurate results for the behavior of HSS member subjected 

to cyclic lateral loading.  

 

A.2. Accuracy Assessment Based on the Classical Pinched Cylinder Problem  

 

The accuracy of shell element, which were shown to provide acceptable results for thin structures under 

bending, was also checked for a classical problem by comparing its results with the available analytical 

solution. In this example, which is one of the standard test cases used to evaluate the performance of 

-250

-200

-150

-100

-50

0

50

100

150

200

250

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

M
o
m

en
t 

(K
N

.m
)

Rotation (rad)

Simulation with S4R Elements



 

252 

 

different element formulations, a finite length circular cylinder shell with rigid diaphragms in its ends is 

subjected to concentrated pinching loads. This example is especially useful because comparison can be 

made with known solutions like the one by Lindberg et al. (1969).  

  
Figure A- 6 Moment vs. rotation results obtained from the models using 3D solid elements:  

a) C3D8R; b) C3D20R 

 

A.2.1 Problem Description 

 

The geometry and material properties used for this example are shown in Fig. A.1. No units are specified 

since the values given are in a self-consistent set of units. The thickness of the cylinder is 1/100 of its radius, 

so the structure can be considered a thin shell. The mesh covers a symmetric segment of the cylinder, as 

indicated in the figure, with symmetry boundary conditions imposed on three edges of the mesh, while the 

fourth edge (the end of the cylinder) is supported by a rigid diaphragm. 

 

The response parameter used for comparison is the radial displacement at the point where the pinching load 

is applied. The solution given by Lind berg et al. based on Flügge ’s (1973) series solution is 1.825× 10-4. 

 

A.2.2 Analysis with Shell Elements 

 

Four different types of shell elements were used: 

 

 S4R: 4-node thick or thin shell element with reduced integration 

 S4: 4-node general purpose shell 

 S8R: 8-node thick shell reduced integration 

 S8R5: 8-node thin shell, reduced integration, five degrees of freedom per node 
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Figure A- 7 The Pinched Cylinder Problem (ABAQUS benchmark examples manual) 

 

Note that element type with full integration formulations were also included in the models for this example. 

Analysis was conducted using the shell elements listed above with different mesh sizes. In all of the 

configurations, equal numbers of elements were generated in the both straight and curved boundaries of the 

model. Results are summarized in Table A.2. The column with the header, 𝑁 × 𝑁, shows the number of 

elements generated in each side. Looking into the results, it is inferred that: 

 

 The S4R and S4 elements cannot provide acceptable results for relatively coarse mesh patterns, but 

their accuracy improves significantly with each step of mesh refinement.  

 The S8R and S8R5 elements were able to produce relatively accurate results even when a 5×5 

mesh size was used. 

 Comparing the S8R and S8R5 types while used with different mesh patterns, it was shown that the 

S8R5 type can provide better results when a coarse mesh is used.  As the mesh pattern is refined, 

results from the S8R element become closer to the accurate solution. 
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Table A- 2 Comparison of the displacement results gained by 

different types of shell elements 

Element Type 𝑵× 𝑵 Disp. (10-5 ) Error (%) 

S4R 5×5 1.086 40.49 
S4 5×5 0.951 47.89 

S8R 5×5 1.721 5.70 
S8R5 5×5 1.804 1.15 
S4R 10×10 1.591 12.82 
S4 10×10 1.519 16.77 

S8R 10×10 1.806 1.04 
S8R5 10×10 1.832 0.38 
S4R 25×25 1.803 1.21 
S4 25×25 1.783 2.30 

S8R 25×25 1.842 0.93 
S8R5 25×25 1.846 1.15 
S4R 50×50 1.838 0.71 
S4 50×50 1.831 0.33 

S8R 50×50 1.849 1.32 
S8R5 50×50 1.851 1.42 

 

 

A.3 Summary 

 

Comparing the results shown above, it was inferred that both the 4-node shell (S4R) and 8-node solid 

(CD38R) elements were able to provide acceptable results if used with suitable mesh pattern for the specific 

problem. Note that this is contingent on identifying the parts of the structural members that will be subject 

to local buckling and large inelastic deformations and using a finer mesh pattern at those areas (solid 

elements need to be finer than shell elements at the locally buckling areas). Inability to capture these 

excessive deformations, stress concentrations and local instabilities will negatively impact the results. 

Therefore, the 4-node shell element with reduced integration (S4R) was selected as the first choice for the 

modeling of the steel tube in the following parts of this study, because, compared to the solid element, it 
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needed less mesh refinements at the locally buckling areas. Note that the 8-node solid elements were also 

used in a number occasions, where there was a possibility of improvement in the simulation results and also 

for comparative purposes.  
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APPENDIX B 

THE WINFRITH CONCRETE MODEL 

 

The Winfrith Concrete Model which is implemented in LS-DYNA, was originally developed for the 

simulation of the behavior of reinforced concrete structures under accidental impact loadings (Broadhouse 

and Neilson 1987). The model is a smear crack, smear rebar model that has been implemented in the 8-

noded single integration point continuum element. The model was referred to and used in Section 6, Section 

6.2.3 of this document. A few additional details about the formulation of this model is presented here. 

 

The plasticity of the Winfrith model is based on the Ottosen shear failure surface, which can be defined 

using a four parameter formulation given as (Schwer 2011): 

 

𝐹(𝐼1, 𝐽2, 𝑐𝑜𝑠3𝜃) = 𝑎
𝐽2

(𝑓𝑐
′)2

+ 𝜆
√𝐽2
𝑓𝑐
′ + 𝑏

𝐼1
𝑓𝑐
′ − 1 (B.1) 

 

in which the constants a and b define the meridional shape of the shear failure surface, 𝜆 = 𝜆(𝑐𝑜𝑠3𝜃) 

determines the shape of the failure surface in the 𝜋-plane, and 𝑓𝑐′ is the maximum compressive strength of 

concrete. Note that the constants, a and b, also depend on the ratio of the unconfined tensile strength to the 

unconfined compressive strength (𝑓𝑡
′

𝑓𝑐
′⁄ ). It should be mentioned that while the Winfrith model uses the 

Ottosen shear failure surface, it does not allow the user to determine the parameters a and b. These 

parameters are calculated internally based on undocumented data fitting and the 𝑓𝑡
′

𝑓𝑐
′⁄  ratio defined by the 

user. The proposed equations for the calculation of a and b parameters can be found in the study on the 

Winfrith model by Schwer 2011). 

 

The Winfrith material flows plastically if failure is reached under compression, up to three orthogonal 

cracks can be formed in the elements according to the tensile principal stresses. When a crack is formed, 

the crack-normal stress decays as a linear function of the crack-normal extension. The model is capable of 

accounting for the shear transfer thorough the cracked regions due to the aggregate interlock (Broadhouse 

and Neilson 1987). 

 

The formulation of the tensile crack width in the Winfrith model was based on the study by Wittmann et 

al. (1988), in which different parameter, including the specific fracture energy, crack opening displacement 
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and maximum load was measured for a large number of concrete samples. These sample tests had different 

configurations in terms of the aggregate size, compressive strengths, loading rates and water to cement 

ratios.  

 

The model is capable of simulating the tensile crack formation in the two conditions of with and without 

strain rate effects. If the strain rate effects are ignored, which was the case in this study for the problem at 

hand, the softening branch of the behavior of concrete in tension is modeled with a linear declining path 

from the tensile strength at the crack width of zero to zero tensile stress at the crack width of w. As it was 

mentioned in Section 6, Section 6.2.3, the crack width for zero tensile stress, w, can be determined based 

on the CEB (1993) recommendations for the specific fracture energies for concrete material with a given 

unconfined compressive strength and maximum aggregate size values (Schwer 2011). 
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APPENDIX C 

CASE STUDY: FINITE ELEMENT SIMULATION OF THE FIRST FIRE 

TEST (CONDUCTED ON SPECIMEN S3) USING A FULLY COUPLED 

TEMPERATURE-DISPLACEMENT APPROACH 

 

As mentioned in Section 6.3.5, in order to investigate the significance of possible differences between the 

results of the two methods (i.e. sequentially coupled and fully coupled), which can be used for the solution 

of a thermal stress problem, an additional fire simulation analysis was conducted using the fully coupled 

method for the first fire test on Specimen S3. The element types for both steel and concrete parts in the 

previously used ABAQUS finite element models were changed to S4RT (4-node coupled temperature-

displacement shell element) and C3D8T (8-node coupled temperature-displacement 3D brick element), 

respectively. The heat transfer and stress/deformation analysis steps were combined to form a single 

coupled step, in which the thermal and displacement equations were solved simultaneously. All of the 

temperature dependent thermal and structural material properties for steel and concrete were adopted from 

the Eurocode 4 recommendations. The gap conductance rate at the steel-concrete interface (as explained in 

Section 3.4.1) was selected based on the results of the sensitivity analysis in a study by Espinos et al. (2010) 

on finite element simulation of CFST columns subjected to fire. Results of this analysis are presented below. 

 

Fig. C.1a shows the time history of temperature, for a point at mid-width of the concrete region, resulted 

from the fully coupled thermal stress analysis compared with measured values from the test and simulation 

results from the sequentially coupled method. Note that the recorded temperature of the outer steel tube 

(from the test) was applied as a boundary condition to the outer surface of the column. Fig. C.1b shows 

similar plots for a point on the inner steel tube. Results show a marginal difference between the two 

methods, thus approving the validity of the assumption, that the sequentially coupled method can be used 

as a sufficiently accurate alternative for the problem at hand. The almost identical results also demonstrate 

that the dependency of the temperature field on the stress/deformation field, in this specific problem, is 

limited to the gap conductance rate at the steel-concrete interface. Therefore, if a proper value is selected 

for this parameter, which was determined here based on the results of sensitivity analyses conducted in past 

studies on simulation of similar fire tests), the sequentially coupled approach can provide acceptable results.  
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Figure C- 1 Comparison between the heat transfer results from the sequentially coupled  

(FE-SC) and fully coupled (FE-FC) finite element analyses: a) mid-width of concrete;  

b) inner tube 

 

Fig. C.2 shows the time history of the axial deformation (extension/contraction) of Specimen S3 when 

subjected to axial loading and fire from the test, sequentially coupled, and fully coupled analysis results. 

The difference between the two simulation methods, both of which were successful in providing an 

acceptable replication of the experimental results, is again, marginal.  

 

 
Figure C- 2 Comparison between the axial deformation results from the sequentially  

coupled (FE-SC) and fully coupled (FE-FC) finite element analyses 
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Looking at these comparisons, and the fact that the finite element models using the sequentially coupled 

method were validated based on the experimental results in Section 6, it is inferred that the sequentially 

coupled method can be used for the simulation of the behavior of CFDST columns when subjected to axial 

loading and fire. 
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