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Abstract 

 

This paper deals with cyclic behavior and ductility evaluation of thin-walled stiffened steel box 

columns subjected to cyclic lateral loading in the presence of constant axial load. The basic 

characteristics of steel box columns are noted. The results of finite-element analyses on cyclic 

elastoplastic behavior of steel box columns are presented. For comparison purposes, in the 

analysis three material models are employed for material nonlinearity to trace the inelastic cyclic 

behavior of steel: kinematic hardening, isotropic hardening, and elastic perfectly plastic. A 

method for evaluating ductility capacity of tubular columns is presented. The application of the 

method is demonstrated by comparing the computed strength and ductility of some cantilever 

columns with the test results. 

 

1. Introduction 

 

Thin-walled steel tubular bridge piers, with and without longitudinal and lateral stiffeners, in the 

form of cantilever columns and planar rigid frames, have been used in modern highway bridge 

systems because of their high strength and torsional rigidity. For example, Figure 1a shows 

bridge piers of thin-walled circular and rectangular box sections supporting an elevated highway 

bridge in Nagoya, Japan. These types of structures are susceptible to damage caused by local and 

overall interaction buckling when subjected to severe earthquakes because their sections are 

characterized by a large width-to-thickness ratio of the flange plate (for box section), and by a 

large radius-to-thickness ratio of the circular section. As is well known, a lot of steel piers 

buckled or collapsed during the Kobe earthquake (January 1995). Figure 1b shows an example of 

such a damaged pier.  
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To improve seismic capacity of steel bridge piers of tubular sections, a number of researchers, 

among others, Fukumoto (2004), Uenoya et al. (2003), Mamaghani (2008), Mamaghani et al. 

(2002, 1997, 1996, 1995), Hajjar (2000), Kitada et al. (2000), Nakanishi et al. (1999), Banno et 

al. (1998), Nishikawa et al. (1998, 1996), Gao et al. (1998), JRA(1996),  Shen et al. (1995), and 

Usami et al. (1995) have experimentally and theoretically investigated the stability and plastic 

ductility of steel tubular columns. Based on the damage sustained by steel bridge piers in the 

Kobe earthquake and extensive test results, one of the important challanges of seismic design 

and retrofit of steel tubular columns is to increase the ductility of the columns while keeping 

their ultimate strength almost unchanged. Therefore a sound understanding of the cyclic inelastic 

behavior of thin-walled steel tubular columns is important in developing a rational performance-

based seismic design methodology and ductility evaluation of such structures. Also seismic 

retrofits of existing steel tubular columns that do not satisfy the new seismic design method 

regulations are needed in order to enhance their strength and ductility.  

 

In this paper, the basic characteristics of thin-walled steel tubular columns are noted. The results 

of a finite-element analysis on cyclic elastoplastic behavior of steel tubular columns are 

presented. The isotropic hardening (IH), kinematic hardening (KH), and elastic perfectly plastic 

(EPP) material models are employed for material nonlinearity to trace the inelastic cyclic 

behavior of steel. Based on the ultimate strength and ductility capacity, a ductility evaluation 

 
  

 
   

             (a)                                (b)                      (c)   

Figure 1.  (a) Thin-walled Steel Tubular Columns with Circular (Front) and Rectangular 

Box (Rare) Sections Supporting Elevated Highway Bridge in Nagoya, Japan,  (b) Damaged 

Steel Bridge Pier During Kobe Earthquake (January 17, 1995), (c) Stiffened Box Section                  
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                                                     (a)                                 (b)                       (d) 

Figure 2.  Modeling of Steel Tubular Columns: (a) Steel Tubular Column , 

(b) Analytical Model,   (c) Circular Section, (d) Stiffened Rectangular Section 
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method for thin-walled steel tubular columns is presented and discussed. The application of the 

method in ductility evaluation of steel tubular columns is demonstrated by comparing the 

computed strength and ductility of some cantilever columns with the test results.  

 

2. Thin-walled Steel Box Columns 

 

Steel columns in highway bridge systems are commonly composed of relatively thin-walled 

members of closed cross-sections, either box or circular in shape because of their high strength 

and torsional rigidity, see Figure 1a. Such structures are characterized by: failure attributed to 

local buckling in the thin-walled members; irregular distribution of the story mass and stiffness; 

strong beams and weak columns; and a need for the evaluation of residual displacement. These 

make the columns vulnerable to damage caused by the interaction of local and overall buckling 

in the event of a severe earthquake. The ductility behavior of steel tubular columns of welded 

box sections is mainly governed by local component members such as plates, with or without 

stiffeners. 

 

The most important parameters considered in the practical design and ductility evaluation of 

thin-walled steel hollow box sections are the width-to-thickness ratio of the flange plate Rf for a 

box section, the radius-to-thickness ratio of the circular section Rt, and the slenderness ratio of 

the column  . While Rf  and Rt influence local buckling of the section,  controls the global 

stability. They are given by:  
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in which, b flange width; t plate thickness; y yield stress; E  Young‟s modulus; 

 Poisson‟s ratio; n number of subpanels divided by longtudinal stiffeners in each plate panel 

( 1n for unstiffened sections, see Figure 2d); r  radius of the circular section; h column 

height; gr  radius of gyration of the cross section. In addition, the stiffener‟s slenderness ratio 

s , type of stiffener material, and magnitude of axial load yPP / , are other important parameters 

considered in a practical design. The parameter s  controls the deformation capacity of the 

stiffeners and local buckling mode, and is given by: 
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where sr radius of gyration of a T-shape cross-section consisting of one longitudinal stiffener 

and the adjacent subpanel of width ( / )b n (see Figure 2d); dl  distance between two adjacent 

diaphragms (see Figure 2a); and Q local buckling strength of the sub-panel plate (Usami 1996). 

An alternative parameter reflecting the characteristics of the stiffener plate is the stiffener‟s 

relative flexural rigidity,  , which is interdependent on 
s  and obtained from elastic buckling 

theory, DIN-4114 (1953). Thus only 
s  is considered in the ductility equations. 

The elastic strength and deformation capacity of the column are expressed by the yield strength 

Hy0, and the yield deformation (neglecting shear deformations) 0y , respectively, corresponding 

to zero axial load. They are given by: 
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where yM yield moment and I moment of inertia of the cross section. Under the combined 

action of buckling under constant axial and monotonically increasing lateral loads, the yield 

strength is reduced from Hy0 to a value denoted by Hy. The corresponding yield deformation is 

denoted by y . The value Hy is the minimum of yield, local buckling, and instability loads 

derived by the following equations: 
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in which P   the axial load; yP  the yield load; uP  the ultimate load; and EP  the Euler 

load. In the following section, a seismic performance evaluation method and an analytical 

procedure for determining ultimate strength and ductility capacity of thin-walled steel tubular 

columns are presented. 

 

3. Ultimate Strength and Ductility Evaluation Method 

The failure of a box steel column occurs when a displacement corresponding to the maximum 

strength (m) or 95 percent strength after the peak (95) is reached. Therefore the ductility of steel 

columns is defined by the index /m y  , where 
m  is the displacement at the maximum strength 

(load) 
mH , and y  is the yield displacement. Another ductility parameter is the ratio 95 / y  , 

where
95  is the displacement at 95% of 

mH  (=
95H ) beyond the peak. These parameters are 

depicted schematically on the load-displacement curve in Figure 3. The parameter 95 / y   is 

considered to be more suitable since it includes the effects of cyclic characteristics and takes 

advantage of the strength of steel at large plastic deformations. Also considering that the strength 

of thin-walled steel columns deteriorates significantly after the peak due to local buckling and 

cracks may occur near the column base after a large drop of strength owing to the low cycle 

fatigue of columns with small slenderness ratios, the adoption of 95% of peak is considered to be 

adequate. 

 

 

4. Numerical Analysis 

 

4.1 Analytical Model 

Cantilever steel columns with box or circular cross-sections subjected to a constant axial force 

and cyclic lateral loadings are accounted for in the present analysis. The test specimens available 

in the literature are numerically analyzed following an elastoplastic large-displacement finite-

element analysis procedure. For such thin-walled steel columns, local buckling always occurs 

 
 

Figure 3.  Definition of Strength and Ductility Factors 
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near the base of the columns. Therefore, the beam-column element is employed for the upper 

part of the column; while the shell element that accounts for the effect of local buckling is 

employed for the lower part of the column, see Figure 2b. The interface between the shell 

elements and the beam-column element is modeled using rigid beams, Figure 2b. 

 

The column is stiffened by both longitudinal stiffeners and diaphragms, see Figures 1c and 2d. 

Only one-half of the columns is modeled because of the symmetry of the section and loading 

within the plane of the test, see Figures 2b and 5. The longitudinal stiffeners and each subpanel 

between longitudinal stiffeners are modeled by using a four-node doubly curved shell element 

(S4R) available in a general purpose finite element program ABAQUS (2005). The diaphragm is 

also modeled using the same type of shell element. Shell elements are used only up to the height 

of the third diaphragm, see Figures 2b and 5. The length between the base and the first 

diaphragm is divided into 18 segments, while the subsequent same lengths are divided into 9 

segments along the column length. In the width and depth directions 24 elements are used. Each 

subpanel consists of eight columns of shell elements. Five columns of shell elements are 

assigned for longitudinal stiffeners, see Figures 2b and 5. For shell elements five layers are 

assumed across the thickness, and the spread of the plasticity is considered both through the 

thickness and along the element plane. The portion of the column beyond the third diaphragm is 

modeled using a beam-column element (B31), also included in the ABAQUS program. The 

sectional dimension of this element is chosen in such a way that the moment of inertia and the 

cross-sectional area of the element section are identical to those of one-half of the actual section. 

Ten beam-column elements are adopted to model the upper part of the specimen. The above-

stated mesh divisions are determined by trial and error. It is found that such mesh divisions can 

give accurate results (Mamaghani 1996). 

  

To investigate the effect of different material models on the failure strength and ductility of the 

column, three classical steel material models; IH, KH, and EPP material models, which are 

available in the ABAQUS software library are used with the Von Mises yield criterion. The 

residual stresses due to welding and the initial deflections of the flange and web plates are not 

considered in the analysis because their effect is insignificant on the cyclic behavior (Mamaghani 

1996, Banno et al. 1998).  

 

4.2 Box Columns of Stiffened Rectangular Sections  

The accuracy of the cyclic elastoplastic large-displacement finite-element analysis procedure has 

been verified by the experimental data. Here, as an example, analysis of specimen B14 tested 

under constant axial load and lateral cyclic load by the Public Works Research Institute of Japan 

(Nishikawa et al. 1996) is presented. The dimensions and material properties for the specimen 

B14 are shown in Table 1. Where h, b, t, bs, ts are shown in Fig. 2; y and u are the yield stress 

and ultimate stress of the steel, respectively; Hy and y are the lateral yield load and yield 

Table 1. Geometric and Material Properties of the Columns B14 
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displacement of the column, respectively; Py is the yield load and P is the axial load on the 

column. 

 

Analytical modeling of the specimen is shown in Figure 2. The specimen is a cantilever column 

modeling a bridge pier and is subjected to a constant axial load of P/Py  = 0.125 and cyclic lateral 

displacements of increasing amplitude   , 2 , , 8y y y    at the column top. It has a stiffened 

square box section of size b = 882 mm, height of h = 3,403 mm, two equally spaced longitudinal 

stiffeners of 806 mm, and consists of five panels between equally spaced 6 mm plate 

diaphragms, see Figure 2a. The specimen‟s material is JIS SS400 mild steel (equivalent to 

ASTM A36) with the following material properties: yield stress y = 379 MPa; ultimate tensile 

stress u = 627 MPa; Young‟s modulus E = 206 GPa; strain at the onset of strain hardening st  = 

14y; and Poisson‟s ratio  = 0.3. The column‟s parameters are: Rf  = 0.56 and 
s  = 0.63.    

Numerical and test results of normalized lateral load (H/Hy)-lateral displacement ( / y  ) 

hysteretic curves for the IH, KH, and EPP material models are plotted in Figures 4a, 4b, and 4c, 

respectively. The envelope curves of the positive (i.e. laterally pushed) side of the hysteretic 

curves are plotted in Figure 4d. The comparison reveals that the predicted hysteretic behavior, 

ultimate strength and ductility have good agreement with the test results. The initial stiffness of 

predicted curves agrees well with that of the test results for all three material models. The 

prediction by the EPP material model resulted in smaller strength values as compared to that of 

the test result, especially for the first five cycles. This is because the EPP model does not 

consider the strain-hardening effect of steel, which causes a decrease in strength of the column 

before buckling. However, the EPP material model predicts the post-buckling behavior of the 

column quite well, see Figure 4c. The shape of hysteretic loops predicted by the IH material 

model becomes quite wide near the peak-load because of the increase in elastic range due to 

cyclic loading. After buckling of the component plates of the column, cyclic behavior prediction 

is better because the buckling mode governs the behavior. In the case of the KH model, the 

prediction of hysteretic loops shows relatively good agreement with experimental results for the 

 
(a) IH                                          (b) KH 

 

/ y / y 
 

        (c) EPP                                   (d) Envelope Curves 

 

Figure 4.  Comparisons of Predicted Hysteretic Curves and Test for the Column B14 
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first four cycles, see Figure 4b. The analytical results at the post-buckling stage overestimate the 

strength of the column. The strength and ductility ratio of test and analysis results are given in 

Table 2. If 95/y ratio is considered a failure of the structure, the IH and KH material models 

predict the hysteretic loops well in this range. However, buckling of the component plates causes 

a large deterioration in post-buckling strength as seen from the lateral load-deflection curves, 

Figure 4. Both material models can be used for ductility evaluation of the thin-walled structures 

due to their reliable prediction of the behavior within the range of 95/y. 

 

Deformation of the specimen after the 4
th
 cycle and the final stage of analysis (8

th
 cycle) are 

shown in Figures 5a and 5b, respectively. These results indicate that pronounced yielding and 

local buckling occur in the flange and web panel plates near the base of the column in the 

vicinity of the maximum load after eight cycles,  / 4y  . The buckling pattern of the flange 

and web panel plates is simulated well. These results verify the accuracy of the above-discussed 

analytical procedure in predicting the cyclic elastoplastic behavior of thin-walled steel tubular 

columns. 

 

The predicted results given in Table 2 (95/y = 3.1 for test and 95/y =3.26 for KH model) 

suggests that the deformation corresponding to 95% of the maximum strength after peak from 

Table 3. Strength and Ductility Ratio of the Column B14 

 

     
                      (i) IH              (ii) KH                (iii) EPP                    (i) IH                 (ii) KH             (iii) EPP 

 

              (a) After the 4
th
 cycle                             (b) At the end of loading after 8

th
 cycle 

 

Figure 5.   Deformed Shape of the Column B14 

Table 2. Strength and Ductility Ratio of the Column B14 
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cyclic analysis employing the ABAQUS/KH can be used to verify the validity of the proposed 

ductility evaluation method.  

 

4.3   Tubular Columns of Circular Sections  

 

The analysis of a cantilever steel column with a circular cross-section subjected to a constant 

axial force and cyclic lateral loadings is presented in this section. The test was conducted by the 

Public Works Research Institute of Japan (Nishikawa et al. 1996). The specimen dimensions and 

material properties are given in Table 3. The finite element model is shown in Figure 2b. The 

column is divided into two parts similar to the stiffened box column discussed above. The length 

from the base that equals the radius of the column is divided into 15 segments, while the adjacent 

length of three times of the radius is divided into 10 segments along the column length. In the 

circumferential direction, 30 shell elements are used, see Figures 2b and 7a. Beam-column 

element, B21, having a circular section, is used for the upper part. A stiff plate with infinite 

bending stiffness is used in the interface between the beam-column element and shell-elements.  

Figures 6a, 6b, and 6c, respectively, show a comparison of test results with the analytical results 

for the IH, KH and EPP material models. Similar to the stiffened box column referred to above, 

the EPP model gives smaller strength values because this model does not consider the strain 

hardening of steel. The shape of the hysteretic loops predicted by the IH model becomes quite 

wide near the peak because of the increase in the elastic range. In addition, the IH material model 

overestimates the strength for all cycles. In the case of the KH model, the prediction of hysteretic 

loops for the first cycles shows good agreement with experimental results due to its constant 

 
(a) IH                                              (b) KH 

/ y / y 
 

(c) EPP Material Models       (d) Envelope Curves 

  

Figure 6.  Comparisons of Predicted Hysteretic Curves and Test for the Column P1 

Table 3. Geometric and Material Properties of the Columns P1 
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elastic range. On the other hand, the analytical results at the post-buckling stage have been 

overestimated because in the test the elastic range of the material decreased with an increase in 

cyclic load (Bauschinger effect), whereas the KH model assumes a constant elastic range for the 

material. However, the failure point, 95/y, stays within the range of well-predicted loops, as was 

the case for the rectangular box columns. The strength and ductility ratio of test and analysis 

results are given in Table 4. Envelope curves of the test and analysis results are plotted in Figure 

6d. The KH material model closely predicts the ultimate strength and ductility values as shown 

in Table 4. The deformation of the test specimen at the final stage of loading is shown in Figures 

7a and 7b, obtained from the analysis and test, respectively. The EPP material model predicts the 

local buckling behavior quite well as shown in Figure 7. 

 

5. Conclusions 

 

This paper dealt with the cyclic behavior and ductility evaluation of thin-walled stiffened steel 

box columns subjected to cyclic lateral loading in the presence of constant axial load. The basic 

characteristics of steel box columns were noted. The results of finite-element analyses employing 

the kinematic hardening, isotropic hardening, and elastic perfectly plastic material models on the 

cyclic elastoplastic behavior of steel box columns were presented. A method for evaluating 

ultimate strength and ductility of box columns was presented. The application of the method was 

verified by comparing the computed strength and ductility of some cantilever columns with the 

test results. It is concluded that the ABAQUS program employing the kinematic hardening 

 
                (i) Initial      (ii) IH        (iii) KH      (iv) EPP 

         (a)                                                           (b) 

Figure 7.  Initial Configuration and Deformed Shape of the Column B14 At the End of Cyclic 

Loading:   (a) Analysis,  (b) Test  (Nishikawa et al. 1996)  
 

Table 4. Strength and Ductility Ratio of the Column P1 
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material model can be used to predict the ultimate strength and ductility of steel tubular columns 

with reasonable accuracy.  
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