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Abstract: After yielding, steel structures progressively exhibit an asymmetrical hysteretic behaviour under 10 

earthquakes biased in one direction (ratcheting effect). This response may be favourable to structural 11 

components because of the absence of symmetrical cyclic loading reversals. To evaluate the inelastic 12 

behaviour of components to asymmetrical cyclic loading, this study develops a set of one-sided cyclic 13 

loading histories for columns on the basis of a parametric study on the asymmetrical hysteretic behaviour 14 

of steel moment-resisting-frames (MRFs). Experimental and computational results indicate that steel 15 

tubular columns subjected to one-sided cyclic loading may exhibit 15% to 71% higher ductility compared 16 

with that under symmetrical cyclic loading showing adequate resistance to local buckling initiation and 17 

sufficient ductility afterwards. These reduced ductility demands may permit the use of high-strength steels 18 

in energy dissipative zones, such as high yield-to-tensile strength ratio (Y/T) steels, resulting in reduced 19 

material consumption and more economical seismic design of buildings. The above findings are utilised in 20 

the seismic design of a MRF employing high Y/T steel, which enjoys almost the same lateral strength as a 21 

corresponding conventional steel MRF but nearly 25% smaller cross-sectional area in columns. Nonlinear 22 

time-history analyses revealed that the high Y/T MRF behaved elastically under frequent events, whilst the 23 

ground floor columns of the conventional MRF yielded. Under rare seismic events, the average story drift 24 

ductility demand for the high Y/T MRF was only 1.77, while for the conventional MRF was 2.57. The former 25 

MRF successfully resisted the earthquake loads without experiencing local buckling in columns. 26 

Keywords: Steel MRFs, High Y/T steels, Square tubular columns, One-side cyclic loading, Local buckling  27 
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1 Introduction 28 

Current seismic design codes do not permit the use of high-strength steels in energy dissipative 29 

zones of steel structures, as their inferior strain-hardening characteristics and relatively low ductility may 30 

lead to premature failure under cyclic loading [1]. Relevant upper limits in yield stress of structural steels, 31 

including limitations for the yield-to-tensile strength ratio (Y/T) (high-strength steels provide high Y/T 32 

ratio), have mainly been established or assessed by subjecting individual structural components to 33 

displacement loading histories that impose the seismic ductility demands quasi-statically. The most widely 34 

used loading histories are conventional cyclic loading protocols consisting of symmetrical positive and 35 

negative cyclic displacement reversals (ATC, SAC, FEMA) [2-6] (Figure 1a). However, full-scale shaking 36 

table experiments have shown that steel structures progressively exhibit an asymmetrical nonlinear 37 

hysteretic response after yielding, predominantly in one direction, without a corresponding unloading in 38 

the other direction [7]. The resulting nonlinearities are then biased in one direction (one-sided hysteretic 39 

behaviour) creating a stepwise ratcheting effect [8] (Figure 1a). This effect may result in reduced ductility 40 

demands for individual components because of the absence of symmetrical cyclic reversals [9]. This paper 41 

aims to investigate the one-sided hysteretic behaviour of tubular steel columns giving an emphasis to 42 

simulate the progressive damage accumulation caused by the gradual yielding of structures and local 43 

buckling growth. Then it will explore whether the more susceptible to local buckling high Y/T steel columns 44 

can be used in energy dissipative regions of steel structures. 45 

(a)  (b)  

Figure 1 a) One-sided cyclic behaviour; b) Backbone curves of the normalized M-θ relationship 

(illustration of the lower and upper M-θ capacity bounds under conservative and non-conservative one-

sided loading histories, respectively, based on findings of this study) 
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 46 

Ghassemieh et al. [10] have recently reported the strong influence the loading protocol sequence 47 

has on quantifying the seismic capacity of structures through various evaluation indices, such as the energy 48 

dissipation, equivalent plastic strain, and deformation capacity, in accordance with design level and near 49 

collapse earthquakes. Krawinkler et al. [11, 12] introduced typical loading protocols for steel beam-to-50 

column subassemblies that contain the design level seismic demand (symmetrical protocols) and the effect 51 

of large displacement pulses (typical one-sided protocols). Among these, the SAC Near-Fault protocol 52 

simulates the one-sided cyclic behaviour of structures but emphasizes the behaviour incipient to collapse. 53 

In fact, the pulse-type loading amplitudes and large reversals of near-fault protocols abruptly drive the 54 

structures into the inelastic region and may not always realistically describe the progressive transition from 55 

the initial symmetrical hysteretic behaviour to the one-sided hysteretic behaviour as dictated by the stepwise 56 

damage growth. In latter case, a gradual exhaustion of ductility capacity is expected to take place as has 57 

been seen under repeated earthquakes or earthquake sequences of design-basis or major events [8, 13-19]. 58 

Research findings herein, clearly indicate the need to include cyclic loading histories that impose a 59 

progressively repeated one-sided damage accumulation which is more demanding than that corresponding 60 

to the current collapse-consistent loading protocols (e.g., SAC Near-Fault protocol) and less demanding 61 

than that corresponding to the codified symmetrical loading protocols (e.g., SAC protocol). 62 

Loading protocols that combine one-sided asymmetrical cyclic patterns have been studied for 63 

structural steel, concrete and timber elements suggesting that one-sided cyclic and/or monotonic tests may 64 

be more representative in simulating the inelastic seismic demands on buildings [20-24]. The inelastic 65 

capacity of members evaluated under these loading protocols was found to be higher than the one under the 66 

codified symmetrical loading protocols suggesting a new direction in setting strength and ductility limits 67 

for the design of components. Some of these loading protocols account for the various design characteristics 68 

of the buildings (building height, span, cross-sectional width-to-thickness ratio and strong-column weak-69 

beam ratio) and have been developed on the basis of a number of collapse-inducing seismic loads. However, 70 

the above protocols do not account for a progressive one-sided damage accumulation of the inelastic 71 



4 
 

response, thus provide relatively similar results to SAC Near-Fault protocol.  72 

Analyses in previous studies were performed utilizing spring-based models, and in some cases 73 

generalized SDOF systems. For simplicity and practicality, cyclic/in-cycle degradation effects were either 74 

entirely neglected, or if at all considered, they were assumed to be controlled by loading history independent 75 

parameters (e.g., predefined deterioration), which had been previously calibrated against tests or analyses 76 

of components subjected to symmetrical cyclic loading histories (e.g., Ref [7, 25]). The accumulation of 77 

damage manifesting as global strength and stiffness deterioration under one-sided asymmetrical loading, 78 

which appears to be more realistic for structural components, has not been investigated through load 79 

dependent distributed plasticity models (i.e., detailed finite element (FE) methods of full-scale MDOF 80 

systems. Ideally, this modelling approach can trace the stepwise damage growth with less uncertainty, as 81 

well as provide a sufficient information for the intermediate area of the hysteretic response. This will enable 82 

a better quantification of the ductility demands under one-sided loading protocols with special focus on 83 

assessing localized failures in structures, such as local buckling initiation and post-peak strength 84 

deterioration (i.e., post-local buckling response). 85 

This paper investigates the asymmetrical hysteretic behaviour of tubular steel columns and aims to 86 

quantify the ductility and post-peak strength capacity they possess when subjected to the more favourable 87 

and realistic one-sided cyclic loading protocols. Findings of this investigation are then reflected into the 88 

seismic design of steel moment-resisting-frames (MRFs) where a high Y/T steel is utilized in columns. To 89 

achieve this aim, the present study has developed the following original methodical steps: 90 

1) A seismic response databank of typical steel MRFs with square tubular steel columns and H-beams is 91 

created through detailed FE load-dependent distributed plasticity models [26] of full scale MDOF 92 

systems that can actively trace the one-sided global hysteretic response. The frame FE models include 93 

all necessary material and local/global geometrical nonlinearities to explicitly capture strength and 94 

stiffness degradation due to local buckling. Different design characteristics, such as the beam-to-column 95 

moment ratio at joints and the axial loads in columns, are considered. 96 

2) A new computational method is proposed to identify the one-sided global plastic mechanisms of the 97 
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frames by implementing the principles of the sequential earthquake analysis [13-19]. The designed 98 

MRFs are subjected to repeated earthquake motions imposing gradual one-sided asymmetrical 99 

deformations on the structures thus allowing the corresponding global one-sided plastic mechanism of 100 

frames to be accurately identified. This allows the evaluation of the one-sided stepwise damage growth 101 

under repeated loading which may not be always captured under collapse-inducing seismic loads. 102 

3) On the basis of the seismic response database of the steel MRFs, several sets of one-sided cyclic loading 103 

histories are developed and categorized, as shown in Figure 1a, with respect to well-known local and 104 

global evaluation indices for loading protocols, such as the number of loading cycles (Nt), the maximum 105 

drift (θmax), the maximum drift ranges (Δθmax) and the cumulative plastic drift (CPD). 106 

4) The experimental asymmetrical cyclic response of square tubular steel columns is investigated. Then, 107 

a large database with the inelastic responses of columns made of both conventional and high Y/T steels 108 

is developed by subjecting column FE models to the one-sided loading histories. This approach led to 109 

a new and more realistic definition of a lower and upper bound of the moment-rotation (M-θ) capacity 110 

curves of the columns shown in Figure 1b, as instructed by the asymmetry (i.e., level of conservatism) 111 

of each cyclic loading history. On the basis of the column response database, the current plastic and 112 

compact classification limits for steel tubular columns in design codes [27-32] are reassessed.  113 

5) Finally, the findings are translated into steel MRFs seismic demands. The seismic performance of a 114 

newly designed MRF with columns made of conventional steel and high Y/T steel is investigated 115 

through nonlinear time-history analyses under ground motions compatible to two Japanese hazard levels 116 

(Level 1 earthquakes that correspond to a return period of 50 years, and Level 2 earthquakes that 117 

correspond to a return period of 500 years, approximately). Comparisons are made with respect to the 118 

onset of yielding, local buckling initiation and story drift ductility demands.  119 

 120 

2 Asymmetrical seismic behaviour of steel MRFs 121 

2.1 Parametric study and analysis procedure 122 

The asymmetrical hysteretic behaviour of steel moment-resisting-frames (MRFs) is investigated by 123 
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performing time-history finite element (FE) analyses using full-scale plane frame models. The parametric 124 

study is conducted in a cloud cluster supported by a super-computer (HPC) facility [33]. Originally, a three-125 

dimensional (3D) 5-story and 3-span office building is designed according to Japanese seismic design code 126 

as a reference structure [34]. Figure 2a shows the elevation and plan view of the reference 3D building. 127 

One plane frame of this building is modelled with the aid of the finite element analysis software ABAQUS 128 

[26]. Figure 2b illustrates an overview of the frame FE model. The frame model developed herein is a 129 

mixed shell/beam element frame model that combines the powerful nonlinear S4R shell elements employed 130 

to discretise the critical regions of the building, such as beam-to-column connections and columns at the 131 

base where cross-sectional instabilities (e.g., local buckling) are expected, with the B31 Timoshenko beam-132 

column elements which were employed to discretise the remaining structure in non-critical regions [35]. 133 

The boundary nodes between beam and shell elements are connected through multi-point constraints (type 134 

beam). The beam-to-column connection is fully restrained by diaphragm plates located at the bottom and 135 

top of the panel-zone height thus simulating a rigid welded connection. The weld access hole is not 136 

modelled. Shell elements are used for a length equal to twice the width of column and beam depth, 137 

respectively, in order to accurately capture the local buckling initiation and post-local buckling response 138 

(plastic hinge zone). It has been observed in previous experiments and detailed finite element analyses that 139 

this is an adequate length for the formation of the plastic hinge [25]. For sufficiently small strains, steel is 140 

modelled as a linear elastic isotropic material with density ρ = 7,850 kg/m3, modulus of elasticity E = 141 

205GPa and Poisson’s ratio ν = 0.3. For large strains, this constitutive model includes von-Mises yield 142 

criterion with kinematic hardening and is suitable to simulate the inelastic behaviour of metals under cyclic 143 

loading (combined isotropic-kinematic hardening model). In this parametric study of steel MRFs, a strain 144 

hardening slope of 1.0% of the modulus of elasticity was assumed as recommended in EN 1993-1-5 [36]. 145 

This value has been found to be conservative for some cases [37] but suitable for performing global inelastic 146 

seismic analysis in steel framed structures [28, 38]. Using actual material response characteristics as 147 

obtained from material coupon tests is expected to lead to more reliable predictions of the structural 148 

performance, however the applicability of the results will be strictly restricted to structures employing the 149 

material that was tested. Hence, it was decided to employ a more simplified and slightly conservative 150 
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material response following code recommendations. 151 

(a)  

(b)  

Figure 2 Structure model: a) elevation and plan view of the 3D steel MRF (mm) [34]; b) FE model of 

the plane frame as developed in ABAQUS [26] 

Table 1 lists the geometric, design and dynamic characteristics for the reference building including 152 

gravity loads. The gravity loads are applied as concentrated loads on the external and internal joints of the 153 

frame. The fundamental natural period of the plane frame is 0.83 sec. The lateral story drift profile [i.e., 154 

0.38, 0.50, 0.47, 0.41, 0.31] was found to be almost identical with the drift profile of the reference 3D 155 

building structure [34], as this was obtained under the Ai seismic load distribution [28] and a base shear 156 

coefficient C0 = 0.20. Regarding the cross-sections of the frame members, the columns are cold formed 157 

square hollow sections (SHS) made of steel grade BCR295 (yield stress fy = 295 MPa) and the beams are 158 
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H-shaped sections made of the steel grade SN400B (yield stress fy = 235 MPa). The moment strength ratio 159 

between the total plastic moment of columns (ΣMp,c) and the total plastic moment of beams (ΣMp,b)  160 

(= Σ𝑀𝑀𝑝𝑝,𝑐𝑐 Σ𝑀𝑀𝑝𝑝,𝑏𝑏⁄ ) at the joints of the 1st story (i.e., ground floor) is equal to 1.2. For the parametric study, 161 

two additional plane MRFs with moment ratios equal to 1.6 and 2.0 are designed by changing column 162 

thickness, as shown in Table 1. The fundamental natural period of the frames varies when increasing the 163 

column wall thickness from 0.83 to 0.74 sec. Table 2 reports the employed column and beam cross-sections 164 

at each story of the structure. The corresponding ground floor moment ratio of each steel MRF is presented 165 

as reference value (i.e., 1.2, 1.6 and 2.0). Two axial load ratios (𝑛𝑛 = 𝑁𝑁 𝑁𝑁𝑦𝑦⁄ ; where 𝑁𝑁𝑦𝑦 is the yielding axial 166 

strength of the columns) equal to 0.12 and 0.24 are considered. Preliminary nonlinear static analysis 167 

(pushover analysis) is performed to identify the global plastic mechanism for each frame model, as shown 168 

in Figure 3 and discussed in Table 2 following the Ai load distribution. One can clearly observe the influence 169 

of the moment ratio and axil ration on the global failure mechanism which may involve: (a) all the stories 170 

(ALL), (b) the 1st story to 3rd story (1-3 story) and (c) the 2nd story and 3rd story (2-3 story) of the structure.  171 

For the time-history analysis, four ordinary and unscaled ground motion records are selected from 172 

the PEER Ground Motion Database [39]. Figure 4 compares the response spectrum of each ground motion 173 

with the elastic spectrum. The selected ground motions are the El centro H1, the El centro H2, Takarazuka 174 

and Takatori. It should be noted here that the ground motions are compatible to 1.5 times the Japanese 175 

elastic spectrum [28] for the range of the fundamental natural period T1 from 0.2T1 to 2.0T1. The proposed 176 

set of the ordinary ground motions (unscaled) compatible to 1.5 times the elastic response spectrum is found 177 

to be sufficient to lead all steel MRFs to significant inelastic response. 178 

Table 1 Design and dynamic characteristics of the steel MRFs considered in the parametric study  

Office building [34] 
Height, h [mm] 17,600 
Span, L [mm] 7,000 

Story height, H [mm] 3,500 
Fundamental period, T [sec] 0.83 (0.78, 0.74) 

Σ𝑀𝑀𝑝𝑝,𝑐𝑐 Σ𝑀𝑀𝑝𝑝,𝑏𝑏⁄  1.2 (1.6, 2.0) 
Axial load ratio, n 0.12 / 0.24 

Base shear coefficient 0.55 
Steel grade for columns BCR295 (fy = 295 MPa; fu = 400 MPa) 
Steel grade for beams SN400B (fy = 235 MPa; fu = 400 MPa) 
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Floor gravity loads external / internal columns [kN], n = 0.12  105.5 / 211.0 
Top floor gravity loads external / internal columns [kN], n = 0.12  128.0 / 256.0 

 179 

Table 2 Design and characteristics of the three steel MRFs: Cross-sections of the members, column-to-beam 

moment ratios, axial load ratios and stories involved in the global plastic mechanisms 

MRF Story Column (D/t) Beam Σ𝑀𝑀𝑝𝑝,𝑐𝑐 Σ𝑀𝑀𝑝𝑝,𝑏𝑏⁄  

 
𝑛𝑛 (= 𝑁𝑁 𝑁𝑁𝑦𝑦)⁄  

Stories 
involved in 

plastic 
mechanism  

1 
1st  SHS−400×400×16a (25) H−500×300×11×18b 

1.2c 0.12 / 
0.24 

1-3 / 
2-3 2nd  SHS−400×400×14 (29) H−500×200×10×16 

3rd-5th  SHS−400×400×12 (33) H−500×200×10×16 

2 1st SHS−400×400×19 (21) H−500×300×11×18 1.6 0.12 /  
0.24 

1-3 / 
1-3 2nd-5th SHS−400×400×19 (21) H−500×200×10×16 

3 1st SHS−400×400×25 (16) H−500×300×11×18 2.0 0.12 / 
0.24 

ALL / 
ALL 2nd-5th SHS−400×400×25 (16) H−500×200×10×16 

a400×400×16: width× width ×thickness 180 
b500×300×11×18: height × width × web thickness × flange thickness 181 
ccalculated for the 1st story (ground floor) 182 
 183 

  

Figure 3 Pushover curves and global plastic mechanisms 

 

Figure 4 Comparison of the acceleration spectra of selected ground motions to 1.5 times the Japanese 
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elastic response spectrum [28] 

The selected ground motions are applied (unscaled) three times with a 100 sec gap in between each 184 

application, as shown in Figure 5, thus allowing the free oscillation of the frame between the successive 185 

seismic applications to cease [19, 40]. This analysis procedure can successfully drive the structures to one-186 

sided global failure mechanisms (Figure 3) tracing the gradual transition from the yielding state to the 187 

asymmetrical global instability. The repetition of the seismic motion by three times in this study was found 188 

to be adequate to impose the target cumulative plastic drift (CPD) and target maximum drift (θmax) on the 189 

column members, both necessary quantities for the characterization of the one-sided loading histories as 190 

discussed later. Figure 5 shows the acceleration time-history for the repeated Takatori ground motion, as a 191 

representative example, while Table 3 summarizes all analysis cases considered in the parametric study. 192 

The name of each analysis begins with the indication of the moment ratio at frame joints (e.g., “R12” 193 

corresponds to a Σ𝑀𝑀𝑝𝑝,𝑐𝑐 Σ𝑀𝑀𝑝𝑝,𝑏𝑏⁄  = 1.2), followed by an indication of the axial load ratio in columns (e.g., 194 

letter “N” corresponds to an n = 0.12 while letter “2N” corresponds to an n = 0.24), an ending by an 195 

indication of the applied ground motion (e.g., “H1” indicated the “Imperial Valley @El centro H1”). 196 

 

Figure 5 Three times repeated acceleration time history (Takatori) with 100 sec time gap 

 197 

Table 3. Analysis cases of the parametric strudy 

Analysis 
case Name Σ𝑀𝑀𝑝𝑝,𝑐𝑐 Σ𝑀𝑀𝑝𝑝,𝑏𝑏⁄  𝑛𝑛 Ground motion 

1 R12_N_ H1 1.2 0.12 Imperial Valley @El centro H1 
2 R12_N_ H2 1.2 0.12 Imperial Valley @El centro H2 
3 R12_N_zuka 1.2 0.12 Kobe@Takarazuka 
4 R12_N_tori 1.2 0.12 Kobe@Takatori 
5 R16_N_ H1 1.6 0.12 Imperial Valley @El centro H1 
6 R16_N_ H2 1.6 0.12 Imperial Valley @El centro H2 
7 R16_N_zuka 1.6 0.12 Kobe@Takarazuka 
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8 R16_N_tori 1.6 0.12 Kobe@Takatori 
9 R20_N_ H1 2.0 0.12 Imperial Valley @El centro H1 

10 R20_N_ H2 2.0 0.12 Imperial Valley @El centro H2 
11 R20_N_zuka 2.0 0.12 Kobe@Takarazuka 
12 R20_N_tori 2.0 0.12 Kobe@Takatori 
13 R12_2N_ H1 1.2 0.24 Imperial Valley @El centro H1 
14 R12_2N_ H2 1.2 0.24 Imperial Valley @El centro H2 
15 R12_2N_zuka 1.2 0.24 Kobe@Takarazuka 
16 R12_2N_tori 1.2 0.24 Kobe@Takatori 
17 R16_2N_H1 1.6 0.24 Imperial Valley @El centro H1 
18 R16_2N_H2 1.6 0.24 Imperial Valley @El centro H2 
19 R16_2N_zuka 1.6 0.24 Kobe@Takarazuka 
20 R16_2N_tori 1.6 0.24 Kobe@Takatori 
21 R20_2N_H1 2.0 0.24 Imperial Valley @El centro H1 
22 R20_2N_H2 2.0 0.24 Imperial Valley @El centro H2 
23 R20_2N_zuka 2.0 0.24 Kobe@Takarazuka 
24 R20_2N_tori 2.0 0.24 Kobe@Takatori 

 198 

2.2 Repeated time-history analysis results 199 

Figure 6 presents representative time-history analysis results of steel MRFs (analysis cases 1, 2, 3 200 

and 4, as shown in Table 3) in terms of base shear coefficient - story drift relationship and the associated 201 

drift time-history of the 1st story (ground floor). Among the four ground motions considered, the Takatori 202 

ground motion (analysis case 4) caused the most severe damage, and a significant stepwise growth of the 203 

residual story drift was observed toward one direction. This frame reached a maximum story drift equal to 204 

0.074 rad and a residual story drift equal to 0.029 rad. In the corresponding analysis case that assumes an 205 

axial load ratio of 𝑛𝑛 = 0.24  (analysis case 16), a more intensive on-sided asymmetrical hysteretic 206 

behaviour was observed due to greater axial loads. Figure 7a visually illustrates the stress distribution and 207 

the yielded areas, hence plastic hinge locations (light grey indicates yielding), for analysis case 16 208 

(R12_2N_tori). Time-history results of the associated base shear coefficient and story drift are illustrated 209 

in Figure 7b. According to the preliminary pushover analysis, as shown in Figure 3, this frame was expected 210 

to exhibit a soft story failure mechanism that involves the formation of a plastic mechanism between the 211 

2nd and 3rd story. However, the time-history analysis predicted a different overall failure mechanism that 212 

involves the 1st story and the 3rd story. One can observe in Figure 7b the asymmetric growth of inelastic 213 

sway deformations of the frame in one direction and the corresponding strength degradation once local 214 

buckling of the column members has occurred at the ground level and the 3rd story, respectively. The results 215 
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of this section clearly indicate the effectiveness of the proposed analysis procedure that utilizes repeated 216 

earthquakes to trace the one-sided asymmetrical hysteretic behaviour of steel MRFs. The influence of 217 

critical design parameters of the steel MRFs, such as the joint moment ratio and the column axial load ratio, 218 

are successfully assessed. 219 

(a)  

(b)  

(c)  
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(d)   

Figure 6 Story drift vs base shear relationship along with the drift time-history of the 1st story for: (a) 

R12_N_H1 (analysis case 1); (b) R12_N_H2 (analysis case 2); (c) R12_N_zuka (analysis case 3); and (d) 

R12_N_tori (analysis case 4) 

 220 

(a)  
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(b)  

Figure 7: One-sided seismic behaviour of the analysis case 16 (R12_2N_tori): (a) failure of local 

buckling at the base of the 1st story columns and the top of the 3rd story columns during the second 

repeated ground motion; (b) base shear coefficient – 1st story drift relationship and drift time-history of 

the 1st story. 

 221 

3 Development of the one-sided loading histories 222 

3.1 Cyclic loading histories 223 

Various conventional cyclic loading protocols have been developed so far aiming at imposing a 224 

cumulative cyclic damage to the structural components [2-6, 11, 12]. The total number of loading cycles 225 

and the amplitude of each loading cycle greatly affect the cumulative damage. The SAC loading protocol 226 

developed for steel structures [2, 11, 12] consists of six repeated symmetric cycles of relatively low 227 

amplitude which are imposed before the onset of component yielding, followed by repeated sets of two 228 

loading cycles of gradually increasing amplitude. These sets of repeated cycles are imposed to drive the 229 

component into its inelastic region of response. This loading pattern of equal positive and negative reversals 230 

is repeated until the ultimate failure of the component. Compared to the one-sided asymmetrical response 231 

discussed previously, the current symmetric cyclic loading may impose excessive cumulative damage to 232 

the components for a given maximum deformation, as shown in Figure 8, thus overestimating the strength 233 

and ductility demands that the component will experience during earthquakes. On the basis of the previous 234 

section, steel structures subjected to earthquakes may reach larger deformations in conjunction with smaller 235 
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cumulative damage, thereby exhibiting a higher strength and ductility than the one determined based on a 236 

conventional symmetric cyclic loading protocol. 237 

 238 

3.2 Asymmetrical cyclic loading histories 239 

3.2.1 Current collapse-consistent loading protocols 240 

Krawinkler [12] summarized a few symmetrical and asymmetrical loading protocols including the 241 

SAC loading protocol and the SAC Near-Fault protocol, respectively. The SAC Near-Fault protocol aims 242 

to evaluate the performance of structures subjected to collapse-inducing seismic loads, such as pulse-type 243 

ground motions. The SAC Near-Fault protocol is adopted in this study as an example of asymmetrical 244 

lading histories alongside with a second collapse-consistent protocol [22-24] that accounts for the design 245 

characteristics of a 5-story steel structure (H=18.4m) with a moment ratio equal to 1.6 and steel SHS 246 

columns with width-to-thickness ratio D/t equal to 21.9. Both protocols impose large pulse reversals, as 247 

shown in Figure 9, and simulate collapse of steel structures. 248 

 

Figure 8 Deformation demands imposed by symmetric and one-sided cyclic loading histories 
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Figure 9 Collapse-consistent loading protocols 

As stated in the introduction, the pulse-type loading amplitudes of collapse-consistent protocols 249 

may not be always accurate in simulating the one-side hysteretic behaviour of structures subject to ordinary 250 

ground motions at the level of a design-basis or major earthquake event. In addition, the large amplitudes 251 

of their reversals may dominate the loading history at each damage state producing a response which is 252 

relatively close to the monotonic response of the structure, thus imposing relatively low seismic demands. 253 

This is in accordance with Refs [11, 24] which state that monotonic tests are often adequately to simulate 254 

the inelastic seismic demands at collapse. This study aims to quantify the one-side hysteretic behaviour of 255 

structures that are first subjected to a few symmetrical elastic and inelastic cycles and then to several 256 

asymmetrical inelastic cycles that produce a progressive development of damage predominantly in one 257 

direction. This loading pattern will be more demanding than the current collapse-consistent loading 258 

protocols and less demanding than the codified symmetrical loading protocols. 259 

3.2.1 Developed one-sided loading protocols 260 

The conventional SAC protocol [2] has widely been used to investigate the deformation capacity 261 

and the cyclic deterioration of steel columns. In this study, one-sided cyclic loading histories are developed 262 

on the basis of the conventional SAC protocol with some modifications. Four different types of asymmetric 263 

loading patterns are developed by modifying the parameters of the mean drift, maximum drift, maximum 264 

drift range, and number of loading cycles of conventional SAC protocol. All types of one-sided loading 265 

patterns considered are described below, while the corresponding loading histories are illustrated in Figure 266 
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10, where the  conventional SAC protocol is also shown for comparison. For the examined protocols, the 267 

one-sided hysteretic behaviour is assumed to initiate after reaching a story drift equal to 0.01 rad (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =268 

0.01 rad) that corresponds to the yield rotation of columns. In addition, a 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 = 0.02 rad is examined. In 269 

total 8 loading histories are created simulating different scenarios of one-sided seismic demands. 270 

One-sided cyclic loading-1 271 

This loading history, hereafter referred to as “OD-1”, is generated by modifying the negative 272 

reversals of the conventional SAC protocol after the onset of yield drift 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. Figure 10a shows the OD-1 273 

loading history. The elastic part of this loading history is identical with that of the conventional protocol. 274 

The number of loading cycles and the amplitude of positive cycles are the same as the conventional 275 

protocol. After 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , the negative loading cycles constantly reach a negative value of 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 . Based on 276 

previous shaking table tests [41], a two story and one span three-dimensional steel structure deformed in 277 

one direction after experiencing yielding reaching constantly an opposite story drift of -0.01 rad during the 278 

reversed amplitudes of the oscillation. Although H-sections were used for columns in this test, the primary 279 

failure mode was local buckling. The OD-1 loading history simulates a conservative scenario of one-sided 280 

hysteretic behaviour driven by the positive maximum deformation of the conventional protocol. 281 

One-sided cyclic loading-2 282 

This loading history, hereafter called “OD-2”, is the same as the OD-1, but the positive inelastic 283 

cycles are repeated four times instead of two times at each amplitude to compensate for the elimination of 284 

the negative maximum drifts. Figure 10b shows the OD-2 loading history. When the maximum drift is 285 

imposed, an equivalent input energy with the full conventional SAC protocol will be achieved. 286 

  287 
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 288 

One-sided cyclic loading-3 289 

This loading history, hereafter called “OD-3”, has the same number of cycles and imposes an 290 

identical maximum positive drift per loading cycle as the conventional SAC protocol. The negative 291 

  
OD-1 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) OD-1 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) 

(a) 

  
OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) 

(b) 

  
OD-3 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) OD-3 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) 

(c) 

  
OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) 

(d) 

Figure 10 (a) Developed one-sided cyclic loading histories under the assumption of 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01 and 
𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02 rad 
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reversals have been completely removed and the oscillation takes place about a residual deformation that 292 

gradually increases, as shown in Figure 10c. In OD-3 the selected inclination of the residual deformation is 293 

determined by the mean values of each drift cycle and has been set equal to the 60% of the maximum 294 

positive drift. Compared to OD-1 and OD-2, OD-3 is expected to reduce the demand for energy dissipation. 295 

One-sided cyclic loading-4 296 

This loading history, hereafter called “OD-4”, is similar to OD-3 and is driven by residual 297 

deformations, as shown in Figure 10d. For this loading scenario, the conventional SAC protocol has been 298 

inclined to produce asymmetry in loading cycles and consequently exceeds the maximum drift values of 299 

the symmetrical protocol. The number of loading cycles and the drift range are identical to the ones of the 300 

conventional protocol. The inclination of this protocol is based on the mean drifts which are equal to the 301 

50% of the maximum drifts. Table 4 summarizes the number of loading cycles, the drift amplitudes, and 302 

the yield drift of each loading history.303 
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Table 4 Data of loading protocols: number of loading cycles, drift amplitudes and yield drift of each loading history 304 

Amplitude [rad.] - θinit = 0.01 
OD-1 OD-2 OD-3 OD-4 

cycles negative (-) positive (+) cycles negative (-) positive (+) cycles negative (-) positive (+) cycles negative (-) positive (+) 
6 -0.00375 0.00375 6 -0.00375 0.00375 6 -0.00375 0.00375 6 -0.00375 0.00375 
6 -0.005 0.005 6 -0.005 0.005 6 -0.005 0.005 6 -0.005 0.005 
6 -0.0075 0.0075 6 -0.0075 0.0075 6 -0.0075 0.0075 6 -0.0075 0.0075 
4 -0.01 0.01 4 -0.01 0.01 4 -0.01 0.01 4 -0.01 0.01 
2 -0.01 0.015 4 -0.01 0.015 2 0.0025 0.015 1 -0.01 0.019 
2 -0.01 0.02 4 -0.01 0.02 2 0.005 0.02 1 -0.007 0.027 
2 -0.01 0.03 4 -0.01 0.03 2 0.01 0.03 1 0.001 0.04 
2 -0.01 0.04 4 -0.01 0.04 2 0.015 0.04 1 0.004 0.048 
2 -0.01 0.05 4 -0.01 0.05 2 0.02 0.05 1 0.012 0.066 
2 -0.01 0.06 4 -0.01 0.06 2 0.025 0.06 1 0.01 0.074 
2 -0.01 0.07 4 -0.01 0.07 2 0.03 0.07 1 0.018 0.092 
2 -0.01 0.08 4 -0.01 0.08 2 0.035 0.08 1 0.016 0.1 
2 -0.01 0.09 4 -0.01 0.09 2 0.04 0.09 1 0.024 0.118 
2 -0.01 0.1 4 -0.01 0.1 2 0.045 0.1 1 0.022 0.126 

Amplitude [rad.] - θinit = 0.02 
6 -0.00375 0.00375 6 -0.00375 0.00375 6 -0.00375 0.00375 6 -0.00375 0.00375 
6 -0.005 0.005 6 -0.005 0.005 6 -0.005 0.005 6 -0.005 0.005 
6 -0.0075 0.0075 6 -0.0075 0.0075 6 -0.0075 0.0075 6 -0.0075 0.0075 
4 -0.01 0.01 4 -0.01 0.01 4 -0.01 0.01 4 -0.01 0.01 
2 -0.015 0.015 2 -0.015 0.015 2 -0.015 0.015 2 -0.015 0.015 
2 -0.02 0.02 2 -0.02 0.02 2 -0.02 0.02 2 -0.02 0.02 
2 -0.02 0.03 2 -0.02 0.03 2 0.005 0.03 1 -0.02 0.034 
2 -0.02 0.04 2 -0.02 0.04 2 0.01 0.04 1 -0.022 0.042 
2 -0.02 0.05 2 -0.02 0.05 2 0.015 0.05 1 -0.014 0.06 
2 -0.02 0.06 2 -0.02 0.06 2 0.02 0.06 1 -0.016 0.068 
2 -0.02 0.07 2 -0.02 0.07 2 0.025 0.07 1 -0.008 0.086 
2 -0.02 0.08 2 -0.02 0.08 2 0.03 0.08 1 -0.01 0.094 
2 -0.02 0.09 2 -0.02 0.09 2 0.035 0.09 1 -0.002 0.112 
2 -0.02 0.1 2 -0.02 0.1 2 0.04 0.1 1 -0.004 0.12 

 305 
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3.3 Evaluation indices of the one-sided hysteretic response 306 

To evaluate the one-sided seismic demands imposed by each loading history, the relationship 307 

between the mean drift and the total cumulative plastic drift (CPD) is considered. As shown in Figure 11, 308 

the mean drift is calculated for each damaging cycle as the average value of the maximum and minimum 309 

drifts and is a measure of the degree of one-sided sway deformations of the frame. The CPD is developed 310 

progressively and calculated as: 311 

CPD =  �∆𝜃𝜃𝑝𝑝𝑝𝑝

𝑁𝑁

𝑖𝑖=1

(1) 312 

where 𝑁𝑁 is the number of post-yielding cycles (∆𝜃𝜃 > 0.01 or 0.02) and the ∆𝜃𝜃𝑝𝑝𝑝𝑝 is the plastic drift range. 313 

Associating the CPD with the mean drift one can observe the level of asymmetry of each hysteretic 314 

response. 315 

 

Figure 11 Definition of mean drift 

Figure 12a depicts the relationship between the mean drift and the CPD for critical frame columns 316 

as obtained from the full-scale FE time-history analysis of steel MRFs under the Takatori ground motion, 317 

while Figure 12b depicts the same relationship under the other three ground motions. The columns with an 318 

axial load ratio of n = 0.24 showed a greater propensity to asymmetrical sway response than the one with 319 

an axial load ratio n = 0.12. The values of CPD varied with respect to the moment ratio at joints 320 

(Σ𝑀𝑀𝑝𝑝,𝑐𝑐 Σ𝑀𝑀𝑝𝑝,𝑏𝑏⁄ ) since the overall collapse mechanisms were found to also be affected by this ratio. For the 321 

same mean drift, frames with a moment ratio equal to 2.0 reached CPD values beyond 0.5 rad whereas 322 

frames with ratios equal to 1.2 reached values of CPD around 0.4 rad. Thus, the asymmetry of the one-323 

sided hysteretic behaviour of the frames increases as the moment ratio decreases. The frames with the lower 324 

moment ratio appeared to be more sensitive to the ground motions reversals and the whipping effect was 325 
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pronounced more in these frames. One can observe this effect in the range of 0.05 to 0.15 CPD in Figure 326 

12a. 327 

 328 

In addition to mean drift and CPD, other evaluation indices, such as, the number of loading cycles 329 

(Nt), the imposed maximum drift (θmax), and the maximum drift ranges (Δθmax) are examined. The 330 

conventional SAC protocol typically consists of 30 loading cycles of stepwise increasing amplitude. This 331 

number may increase if a marked strength deterioration has not been observed by the end of the 30 loading 332 

cycles. When the 30 cycles are reached in the conventional protocol, θmax = 0.04 and CPD = 0.49 rad for a 333 

yield rotation equal to 0.01 rad. Therefore, this value of CPD ( = 0.5) is considered in this study as a 334 

threshold to evaluate Nt, θmax and Δθmax for the developed set of the one-sided loading histories. Figure 13a 335 

illustrates Nt when the CPD reaches 0.5 rad. The target value of Nt for the SAC protocol (illustrated as SAC) 336 

is 30. For the developed one-sided loading histories shown in Figure 10, Nt varies from 30 to 42 when CPD 337 

= 0.5 rad. On the contrary, in the SAC Near-Fault protocol (illustrated as SAC N.F.), Nt = 10, when CPD = 338 

0.5 rad, as each cycle imposes a relatively large amplitude compared to the conventional symmetrical 339 

protocols. In principle, the proposed one-sided loading histories require greater Nt to impose a similar CPD 340 

to the one imposed by the conventional SAC protocol as they adopt smaller drift ranges. 341 

  

(a) (b) 

Figure 12 Mean drift - CPD relationship of frame columns as obtained from the full-scale FE time-

history analysis of steel MRFs: (a) under the Takatori ground motion, (b) under the other 3 ground 

motions 
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(a) (b) 

 

(c) 

Figure 13 Key evaluation indices for the loading protocols when CPD = 0.5: (a) Number of cycles, Nt; (b) 

Maximum drift, θmax; (c) Maximum drift range, Δθmax 

The maximum story drift θmax imposed by each protocol when CPD = 0.5 rad is illustrated in Figure 342 

13b. Compared to the conventional SAC protocol, most of the developed one-sided loading histories impose 343 

a larger θmax. The SAC Near-Fault protocol has one peak amplitude, which appears to be the θmax. All other 344 

loading histories gradually reach θmax and exhibit a pronounced one-sided hysteretic behaviour, particularly 345 

in case of OD-3 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) and OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01). The target value of θmax for the conventional SAC 346 

protocol was set 0.04 rad as an average between the 0.03 rad drift limit (i.e., earthquake having a 10% 347 

probability of exceedance in 50 years) and the 0.05 rad drift limit (i.e., earthquake having a 2% probability 348 

of exceedance in 50 years). Those two values were adopted in the SAC program as reference values 349 

associated with each seismic hazard and are plotted in Figure 13b (horizontal red lines). Same θmax 350 

characterizes both the conventional SAC protocol and the OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01, 0.02) loading histories 351 

indicating similar cumulative damage despite the four repeated inelastic cycles of the latter. 352 

The maximum drift range Δθmax imposed by each protocol when CPD = 0.5 rad is illustrated in 353 
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Figure 13c. Most of the one-sided loading histories exhibit a smaller Δθmax compared to the conventional 354 

SAC protocol. More specifically, the OD-1 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01, 0.02), OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01, 0.02), and OD-3 355 

(𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01, 0.02) loading protocols are characterized by smaller drift ranges and larger Nt than the 356 

conventional SAC protocol, while the OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01, 0.02) history is characterized by a similar Δθmax 357 

and Nt as the conventional SAC protocol. This is because the CPD is related to both the plastic drift range 358 

and Nt. For a small plastic drift range, a larger Nt is required to reach the targeted CPD. The target values 359 

of Δθmax for the conventional SAC protocol were found to be 0.05 rad (i.e., earthquake having a 10% 360 

probability of exceedance in 50 years), and 0.08 rad under the ground motions of (i.e., earthquake having 361 

a 2% probability of exceedance in 50 years). These values are also plotted in Figure 13c (horizontal red 362 

lines). 363 

 364 

3.4 Categorization of the one-sided loading histories 365 

In this section the ability of the developed one-sided loading histories (Figure 10) to impose ductility 366 

demands similar to those recoded during the FE time-history analysis of steel MRFs (Section 2), is assessed. 367 

In Figure 14 the mean drift - CPD relationships as developed for each one-sided loading history (i.e., red 368 

and blue lines in Figure 14a and 14b, respectively) are compared to the mean drift - CPD relationships of 369 

critical columns as obtained from the frame analysis (i.e., grey lines in Figure 14a and 14b). This figure 370 

indicates that the developed one-sided loading histories successfully trace the whole range of the one-sided 371 

hysteretic behaviour of the frames. As shown in Figure 14a, the lower bound of the one-sided hysteretic 372 

behaviour can be fairly simulated by employing the OD-1 and the OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01), while as shown in 373 

Figure 14b, the upper bound of the one-sided deformation histories can be fairly simulated by employing 374 

the OD-3 and the OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02). Moreover, by observing Figure 14 it can be seen that the OD-3 and 375 

OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) loading histories produce similar results with the two collapse-consistent protocols 376 

shown in Figure 9. This clearly suggests that OD-3 and OD-4 alone may not be always realistic in 377 

simulating the one-sided hysteretic demands. It should be noted that the rainflow cycle counting method 378 

[9] was adopted to account only for the plastic loading cycles and the associated amplitudes per cycle in 379 



25 
 

the calculation of CPD related to the frame analyses. Krawinkler [9] reported that a primary consideration 380 

should be given to the cycles with relatively large deformation ranges, which will dictate damage 381 

accumulation. An additional consideration should be given to a conservative representation of the plastic 382 

deformation ranges. 383 

   

(a) (b) 

Figure 14 Comparison between the mean drift - CPD relationship for frame columns as obtained from 

the full-scale FE time-history analysis of steel MRFs and the mean drift - CPD relationship as obtained 

from the developed set of the one-sided loading histories for (a) 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖= 0.01 rad, and (b) 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖= 0.02 rad. 

Notice: grey lines refer to time-history analysis results of steel MRFs; red and blue lines to one-sided 

loading protocols; black solid lines to collapse-consistent protocols 

Finally, as it can be seen in Figure 13a, the OD-1 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) imposes a similar number of cycles 384 

with the conventional SAC protocol when CPD = 0.5 rad. Accordingly, as shown in Figure 13b, the OD-1 385 

and the OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) impose a similar maximum drift with the one suggested by the SAC program. 386 

The OD-3 and the OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) loading histories varied from the target values, but the OD-3 and 387 

OD-4 loading histories with 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02 impose a relatively close drift to the target value. In Figure 13c, 388 

the OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) reaches the smallest value for the maximum drift range while the OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =389 

0.02) the largest one. These findings in addition to the fact that these loading histories successfully 390 

simulated the one-sided hysteretic demands on frame columns as shown in Figure 14, including the upper 391 

and lower boundaries of the asymmetrical response, make them more suitable for assessing the hysteretic 392 

performance of components under one-sided cyclic loading. Therefore, among the developed set of one-393 

sided loading histories introduced in Figure 10, the OD-1 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01), OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01), OD-3 394 



26 
 

(𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02), and OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) are employed in the subsequent parametric study on the hysteretic 395 

behaviour of tubular steel columns. 396 

 397 

4 One-sided hysteretic behaviour of steel tubular columns 398 

An experimental investigation is performed in this section on the one-sided asymmetric cyclic 399 

behaviour of square tubular steel columns (SHS columns). On the basis of the test findings, numerical FE 400 

models are validated. Then, a numerical database of the predicted inelastic response of SHS columns made 401 

of both conventional and higher strength steels (involving high Y/T steels) is developed by subjecting column 402 

FE models of various D/t ratios to the previously identified one-sided cyclic loading histories. Emphasis is 403 

given on the evaluation of the inelastic behaviour of the more susceptible to local buckling high Y/T steel 404 

columns taking into consideration the lower hysteretic demands imposed by the one-sided cyclic loading. 405 

Based on the column response database, the current ductility and compactness classification limits for steel 406 

tubular columns are discussed in detail. The parametric study is conducted with the aid of an online 407 

computational platform that synchronizes MATLAB [42] and ABAQUS [26]. 408 

4.1 Experimental behaviour 409 

Experiments are conducted to investigate the one-sided asymmetric cyclic behaviour of square 410 

tubular steel columns and are used for the validation of the column FE models. The test columns are two 411 

cantilevers subjected to symmetrical and asymmetrical cyclic horizontal loads, and constant axial 412 

compression [43]. The cyclic loading histories adopted herein for the test column 1 and test column 2 are 413 

shown in Figure 15a and Figure 15b, respectively. Figure 15c depicts the experimental set-up alongside 414 

with specimen dimensions. Both test columns are fabricated by a cold-formed SHS section made of the 415 

Japanese steel grade SN490B material (assumed equivalent to BCP325) and have a height of 780 mm, 416 

width of 200 mm and thickness of 9 mm. The actual width-to-thickness ratio is 21.9 and the corner curved 417 

region of the tube has a radius of 3.5 times the tube thickness. The vertical distance from the loading point 418 

to the column base is 1,015 mm. At the loading point, a constant axial load equal to 2,284 kN is applied, 419 

which corresponds to an axial load ratio of 0.25.  420 
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(a) (b) 

 

(c) 
Figure 15 Cyclic loading histories of the column rotation (drift) and experimental set-up: (a) symmetrical 421 

SAC protocol, (b) one-sided asymmetrical cyclic loading history, and (c) dimensions of the test column 422 

specimens and overall view of the test set-up [43] 423 

Figure 16a and Figure 16b depict the experimental moment – drift relationship of the column for 424 

the symmetrical and one-sided cyclic loading histories, respectively. By comparing these two flexural 425 

responses one can observe the less strength degradation and the more ductile response of the column under 426 

the one-sided loading history (test column 2). This is related to the delay of local buckling initiation and 427 

cyclic strain hardening behaviour of the material. Figure 16c shows the local buckling of the plastic hinge 428 

region as this has been developed after the completion of the symmetrical cyclic loading in test column 1. 429 

Accordingly, Figure 16d shows the plastic hinge region at 7% and 19% column rotation (drift), respectively, 430 

for the test column 2 which was subjected to the one-sided cyclic loading. The local buckling growth is 431 

found to be significantly less pronounced in test column 2 than that observed when the same column is 432 

subjected to a symmetrical cyclic loading protocol (i.e., SAC protocol). Local buckling initiated at 5% drift 433 
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for the test column 1, while during the second cycle of 7% drift the column lost approximately the 50% of 434 

its maximum flexural strength. On the contrary, a slight local buckling was observed in test column 2 at 435 

8% drift which resulted in a more gradual strength reduction with the increase of the lateral drift. At 19% 436 

drift, test column 2 maintained nearly the 65% of its maximum flexural strength. Fracture was no observed 437 

in both specimens. It is worth noticing that the lateral loading history shown in Figure 15b was generated 438 

by repeating five times the cyclic loading history shown in Figure 9 (i.e., sequential loading). This ensured 439 

a similar reduction of the flexural strength of the columns under symmetrical and asymmetrical loading 440 

(Figs 16a and 16b), while local buckling is fully formed within the plastic hinge zone (Figure 16d).  441 

   

(a) (b) 

(c)    (d)     

Figure 16 (a) Symmetrical moment – drift relationship of the test column 1; (b) one-sided 

asymmetrical moment – drift relationship of the test column 2; (c) picture of the plastic hinge region 

(local buckling) in test column 1 after the completion of the symmetrical loading history; and (d) 

picture of the plastic hinge region (local buckling growth) in test column 2 at the 7% and 19% column 

rotation (drift) of the one-sided cyclic loading history. 
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4.2 Development of the column FE model and experimental validation 443 

A detailed FE model is developed and validated with the experimental results of columns. The 444 

column FE model is developed in ABAQUS [26] using S4R shell elements to discretise the entire member 445 

length. A finer mesh is assigned to the base of the column for a height equal to the column width to capture 446 

the growth of local buckling and the associated strength and stiffness deterioration, as shown in Figure 17a 447 

[25]. Figure 17b shows coupon tensile test results for the flat parts and the corner regions of the tested 448 

columns. The combined isotropic-kinematic hardening model available in ABAQUS material library which 449 

accounts for both the expansion and shift of the yield locus in stress space [44] is adopted herein to capture 450 

both the actual material strain-hardening and the effect of cyclic response. The backstress and the yield 451 

surface can be associated through material parameters calibrated automatically either from cyclic material 452 

test data or from the first half cycle of a unidirectional tensile coupon test (true stress and strain values). In 453 

this study, the half cycle data are used as obtained from coupon test results of the flat and corner region of 454 

the column (Figure 17a); this approach is usually adequate when the simulation involves low cycle loading 455 

histories [26]. The adopted material model in this section shall be considered accurate enough in simulating 456 

the strain hardening of steel and its effect on the one-sided ductility capacity of columns. On the contrary, 457 

the adoption of a more generalized hardening model in Section 2 (i.e., 1% of the modules of elasticity) was 458 

found to be a reasonable approach for introducing the required conservatism in the identification of the 459 

asymmetrical seismic demands at a frame level (i.e., one-sided loading histories).  460 

Figure 17c compares the moment – drift relationship as obtained from the experimental results of 461 

test column 2 and FE analysis. A good agreement is observed between the two hysteretic responses. The 462 

strength deterioration due to local buckling initiation and the one-sided post-buckling response was 463 

successfully captured. A similar accuracy in simulations was observed for the test column 1. 464 
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(a) (b) 

 
(c) 

Figure 17 (a) Material properties of the steel SHS column made of SN490 grade steel plate (assumed 465 

equivalent to BCP325), (b) overview of the FE column model; and (c) comparison between test and FE 466 

analysis results on the moment – drift relationship of column test 2 467 

4.3 Parametric study of columns 468 

Based on the validated FE model described in the previous section, a parametric study is conducted 469 

to investigate the effect of key parameters such as steel grade and cross-section slenderness on the structural 470 

response of steel SHS. The effect of the loading history on the cyclic behaviour of the columns is assessed 471 

by subjecting them to the conventional SAC and the SAC Near-Fault protocols, as well as the OD-1 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =472 

0.01), OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01), OD-3 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02), and OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) one-sided loading histories 473 

previously discussed. Six different material grades with varying Y/T ratios and four different D/t ratios of 474 

square tubular steel sections are considered, resulting in a total of 144 analyses. 475 

4.2.1 Yield-to-tensile strength ratio (Y/T) 476 

High strength steels provide relatively high Y/T ratio. The Y/T of structural steels is a measure of 477 

ductility of steel and greatly influences the inelastic behaviour and margins to plastic collapse of steel 478 
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sections. The various steels adopted in this study include conventional steels, steel with higher yield stress 479 

and steels with high Y/T ratio. The Y/T is considered as the primary characteristic of the material properties 480 

because it defines the level of hardening and the ductility capacity of the material [45]. High Y/T steels 481 

generally exhibit less ductility than conventional steels and are therefore not used in energy dissipative 482 

zones of earthquake resisting structures. The Canadian building design code limits the Y/T ratio up to 0.85 483 

[1], while the American and European codes [5, 38] do not allow the use of steel grades with nominal yield 484 

stress more than 345MPa-380MPa (depends the structural system) for members in which inelastic 485 

behaviour is expected. 486 

Table 5 lists the material properties of the Japanese steel grades investigated in this study, including 487 

high Y/T steels and high strength steels (i.e., yield stress higher than 345MPa). The nominal yield stress and 488 

the ultimate tensile stress as well as those obtained from tensile coupon tests (flat part and corner part of 489 

the tubes) are reported [46-48]. The corresponding stress-strain responses are illustrated in Figure 18. 490 

According to the specifications of structural steel materials available in the Japanese market the upper limit 491 

of Y/T ratio for conventional steels is considered 0.80. Thus, structural steels with a Y/T ratio higher than 492 

0.80 are considered as high Y/T steels in this paper. The FE model discussed in Section 4.2 is adopted in 493 

this parametric study by employing the material test data reported in Table 5 and Figure 18. 494 

Table 5 Steel materials used in parametric study of columns (flat and corner part of the steel tubes) [N/mm2] 495 

Steel materials 
Flat Part Corner Part 

𝜎𝜎𝑦𝑦 𝜎𝜎𝑢𝑢 Y/T 𝜎𝜎𝑦𝑦 𝜎𝜎𝑢𝑢 Y/T 
BCP235 285a (235b) 476 (400) 0.60 442 511 0.86 
BCP325 346 (325) 525 (490) 0.66 487 585 0.83 
BCR295 338 (295) 460 (400) 0.74 468 551 0.85 

UBCR365 443 (365) 539 (490) 0.82 610 635 0.96 
BCHT385 465 (385) 634 (550) 0.73 575 667 0.86 
BCHT400 441 (400) 527 (490) 0.84 534 585 0.92 

a test values; b nominal values 
Conventional steels: BCP235, BCP325, BCR295 
Higher strength steels and steels with high Y/T ratio: UBCR365, BCHT385, BCHT400 

 496 
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(a) (b) 
Figure 18 Stress-strain relationship for various conventional and high Y/T steels consider in this study: 

(a) flat part of the steel tubes; and (b) corner part of the steel tubes 

 497 

4.2.2 Width-to-thickness ratio (D/t)  498 

The local buckling response of steel cross-sections subjected to compression, bending or 499 

interactions thereof, is greatly affected by D/t of its constituent plate elements. It is noted in [49] that D/t 500 

mainly determines whether a tubular column section can reach its plastic moment resistance prior to the 501 

occurrence local buckling. In the Japanese design code, there are four discrete behavioural classes for cross-502 

sections called FA, FB, FC, and FD, corresponding to plastic/Class 1, compact/Class 2, semi-compact/Class 503 

3 and slender/Class 4 sections in European design terminology. Cross-sections are assigned to one of these 504 

classes based on the comparison of the width-to-thickness ratio of their most slender element against 505 

codified slenderness limits. The procedure is conceptually identical to the cross-section classification 506 

procedure specified in European [30] and American [5] design standards with the exception that there is no 507 

distinction between plastic and compact sections in Ref. [31], i.e., all sections reaching their plastic moment 508 

resistance are assumed to possess adequate rotation capacity. Table 6 shows the D/t limits for internal 509 

elements in compression for each section class specified in the Japanese, American and European structural 510 

steel design codes. For completeness, the revised more stringent slenderness limits specified in Ref. [32], 511 

which will replace Ref. [30] are also included. In all design standards the slenderness limits depend on the 512 

yield stress 𝐹𝐹𝑦𝑦 of the element being classified. Table 7 reports the class of the four cross-sections employed 513 
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for the column for each of the six steel materials adopted in the parametric study according to the Japanese 514 

design standards [49]. Brackets are used for combinations of material and section geometries currently not 515 

available in the market, which are however included in this study for research purposes. 516 

 517 

Table 6 Width-to-thickness ratio limits for internal elements in compression according to international 518 

design standards 519 

Design standard Plastic / FA Compact / FB Semi-compact / FC 

AIJ [47] 33�235 𝐹𝐹𝑦𝑦⁄  37�235 𝐹𝐹𝑦𝑦⁄  48�235 𝐹𝐹𝑦𝑦⁄  

EN 1993-1-1: 2014[28] 33�235 𝐹𝐹𝑦𝑦⁄  38�235 𝐹𝐹𝑦𝑦⁄  42�235 𝐹𝐹𝑦𝑦⁄  

prEN 1993-1-1: 2019 
[30] 28�235 𝐹𝐹𝑦𝑦⁄  34�235 𝐹𝐹𝑦𝑦⁄  38�235 𝐹𝐹𝑦𝑦⁄  

AISC: 2016 [29]  - 32.67�235 𝐹𝐹𝑦𝑦⁄  40.84�235 𝐹𝐹𝑦𝑦⁄  

 520 

Table 7 Class of column cross-sections considered in the parametric study according to AIJ [46] 

D/t BCP235 BCP325 BCR295 UBCR365 BCHT380 BCHT400 
31 (□-500/16) FA FB FB FC (FC) (FC) 
26 (□-500/19) FA FA FA FA FA FB 
23 (□-500/22) FA FA FA FA FA FA 
20 (□-500/25) FA FA FA (FA) FA FA 

 521 

4.4 Performance indices 522 

To facilitate the discussion on the obtained results and quantify the effects of the investigated 523 

parameters on the ductility capacity of the simulated columns, two performance indices are defined, namely 524 

the plastic rotation ratio, 𝜇𝜇  (or ductility), and the cumulative plastic rotation ratio, η (or cumulative 525 

ductility). The ductility and the cumulative ductility indices are obtained from the envelope curve and the 526 

cyclic response, respectively, and are defined in the following equations: 527 

𝜇𝜇 = 𝜃𝜃𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,85% 𝜃𝜃𝑦𝑦⁄ (4) 528 

𝜂𝜂 = Σ𝜃𝜃𝑝𝑝 𝜃𝜃𝑦𝑦⁄ (5) 529 
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where 𝜃𝜃𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,85% is defined as the rotation at which the envelope curve of the hysteresis cycles falls below 530 

85% of the maximum value after the peak strength is reached, 𝜃𝜃𝑦𝑦 is the yield rotation defined as the rotation 531 

corresponding to 0.2% plastic rotation and Σ𝜃𝜃𝑝𝑝  is the cumulative plastic rotation corresponding to the 532 

attainment of 𝜃𝜃𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,85%. According to Newell and Uang (2006) [50] who investigated the cyclic behaviour 533 

of steel columns under symmetrical loading histories, a 10% reduction from Mmax was suggested to define 534 

the rotation capacity. In this study, considering that one-sided loading histories strongly affect local 535 

buckling growth in columns (see Figure 16), a 15% reduction (i.e., 85% of the maximum strength) was 536 

adopted to ensure that the local buckling has been fully developed within the plastic zone. 537 

4.5 Analysis results 538 

Figure 19 illustrates representative results of the parametric study under the one-sided loading 539 

histories. Corresponding results of columns subjected to conventional and near-fault protocols are shown 540 

for comparison. The monotonic lateral loading curves (pushover curves) for each column case are plotted 541 

in red colour. The maximum flexural strength (𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚)  and the 85% of the maximum flexural strength 542 

(𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,85%) are marked on the envelop curves. Strength deterioration is caused by local buckling. Fracture 543 

is not simulated in the present study. By comparing the one-sided hysteretic response to the pushover 544 

curves, the level of strength deterioration imposed by each loading history can be assessed and discussed. 545 

The OD-1 and OD -2 loading histories impose severe strength deterioration while the OD-3 and OD-4 lead 546 

to responses closer to the pushover curves. Hence, protocols OD-1 and OD -2 are deemed able to define 547 

the lower bound of the capacity of the one-sided inelastic response, while the OD-3 and OD-4 protocols 548 

are able to define the upper bound of the capacity of the one-sided inelastic response, as conceptually 549 

introduced in Figure 1. 550 
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Figure 19 Column responses to the symmetrical and one-sided cyclic loading (BCP325, D/t=20): (a) 

Conventional SAC protocol, (b) SAC Near-Fault protocol, (c) OD-1 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01), (d) OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

0.01), (e) OD-3 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02), and (f) OD-4 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) 

 551 

Figure 20 shows the impact of the asymmetry in loading history on the ductility demands for 552 

columns. The ductility 𝜇𝜇, as defined in Eq. (4), is plotted against the D/t for columns made of BCP325 553 

(conventional steel) and BCHT400 (high Y/T steel) under the conventional SAC protocol and the developed 554 

one-sided loading histories. The black curves refer to conventional steel column and the red curves refer to 555 

high Y/T steel column. The solid lines refer to the response under the conventional SAC protocol while the 556 
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dashed lines refer to the average response under the four identified one-sided loading histories (OD-1, OD-557 

2, OD-3 and OD-4). The columns with plastic and compact class cross-sections exhibited around a 10% 558 

reduction in ductility when the high Y/T steel was used in place of the conventional steel under the 559 

symmetrical cyclic loading, whereas the columns under the one-sided cyclic loading exhibited a 20% to 560 

70% increase in the attained ductility. Thus, the asymmetry in loading history has a strong influence on the 561 

ductility capacity of columns, while as expected, strain hardening appears to have an influence on the 562 

ductility capacity of columns demonstrating the rationality of this study to explicitly account for the actual 563 

stress-strain relationship in strain hardening model of columns (Section 4.1). Therefore, a new normilized 564 

index is introduced herein that accounts for both the D/t and Y/T as shown in Eq. (6). By using this 565 

normalized index, the influence of the loading histories on the various steel grades can be investigated in 566 

detail. 567 

𝐷𝐷 𝑡𝑡⁄ ∙ (𝑌𝑌/𝑇𝑇) 0.8⁄ (6) 568 

where 0.8 indicates the limit of high Y/T ratio steels according to Japanese construction.  569 

 

Figure 20 Relationship between D/t ratio and plastic ratio μ = 𝜃𝜃𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,85% 𝜃𝜃𝑦𝑦⁄  for BCP325 and BCHT400 

columns under the conventional SAC and the one-sided cyclic loading histories  

 570 

Figure 21 presents the relationship between the normalized D/t and the ductility, 𝜇𝜇. In addition to 571 

the newly suggeted normalization of D/t introduced by Eq. (6), the normalization index 𝐷𝐷 𝑡𝑡� ∙ �𝜎𝜎𝑦𝑦 𝐸𝐸⁄  that 572 

is commonly used in design codes [37, 49] is illustrated. The new normalization index shows a stronger 573 



37 
 

correlation between the D/t and 𝜇𝜇 (Figure 21b). As reference results, in this figure results obtained from the 574 

pushover loading and the conventional SAC protocol are plotted along with their regression curves (red and 575 

black colour, respectively). The columns under pushover loading showed the highest ductility capacity 576 

since the absence of loading cycles eliminated the damage accumulation and the corresponding ductility 577 

reduction present in all cyclic loading protocols. The columns under one-sided loading histories exhibited 578 

a higher ductility than those under the conventional SAC protocol. Table 8 lists the ratio of the average one-579 

sided ductility to the conventional ductility; it ranged from 1.15 to 1.71. Results confirmed the previous 580 

finding that the OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01) and the OD-3 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.02) loading histories define a lower and upper 581 

bound of the inelastic capacity, respectively, with respect to ductility. For the lower bound values, the 582 

cumulation of damage through many repeated drift ranges that include cyclic reversals of negative yield 583 

drifts (−𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) (see Figure 10b) resulted in higher ductility demands. On the contrary, the relatively high 584 

values of maximum drifts and drift ranges combined with many loading cycles with no cyclic reversals of 585 

−𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (see Figure 10c) defined the upper capacity bound. It should be noted that these bounds are crossed 586 

at the range of normalized D/t higher than 1.2 for normalization 𝐷𝐷 𝑡𝑡� ∙ �𝜎𝜎𝑦𝑦 𝐸𝐸⁄  , and higher than 25 for 587 

normalization 𝐷𝐷 𝑡𝑡⁄ ∙ (𝑌𝑌/𝑇𝑇) 0.8⁄  (Figure 21). As a result, the previously defined lower and upper bounds are 588 

reversed for this range of D/T ratios. This change in tendency is related to the characteristics of the one-589 

sided loading protocols. Thin steel sections or sections made of higher Y/T ratios were found to be more 590 

susceptible to local buckling under the OD-3 than the OD-2 because of the existence of higher maximum 591 

drifts in the OD-3 (see Figure 10c). 592 

The evaluation of the column capacity under the one-sided loading history may allow the use of 593 

higher D/t ratios reaching a similar ductility to the one determined by the symmetrical loading history. This 594 

can allow the use of higher strength steels, such as the high Y/T steels or steel with high yield stress, in 595 

column areas prone to non-linearity. It appears that high Y/T steel columns with FA class cross-section 596 

exhibit an increased margin to local buckling initiation and a sufficient ductility afterwards. This study 597 

aimed to quantify the favoured one-sided ductility capacity when limited by local buckling failures. 598 

Whether this holds true for other failure modes (e.g., fracture) is a subject of future work. 599 
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(a) (b) 

Figure 21 Ductility ratios, 𝜇𝜇 against: (a) D/𝑡𝑡 ∙ �𝜎𝜎𝑦𝑦 𝐸𝐸⁄ ; and (b) 𝐷𝐷/𝑡𝑡 ∙ (𝑌𝑌/𝑇𝑇)/0.8 

 600 

Table 8 Average values of μ and η as determined from the results of the one-sided cyclic loading histories 

in relation to the results under the conventional loading protocol 

Ratio (one-sided history /  
SAC protocol) 

SAC / 
SAC 

OD-3 / 
SAC 

SAC N.F. / 
SAC 

OD-1 / 
SAC 

OD-4 / 
SAC 

OD-2 / 
SAC 

𝜇𝜇 = 𝜃𝜃𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,85% 𝜃𝜃𝑦𝑦⁄  1.00 1.15 1.31 1.67 1.71 1.71 
𝜂𝜂 =  Σ𝜃𝜃𝑝𝑝 𝜃𝜃𝑦𝑦⁄  1.00 1.20 1.21 1.22 1.41 1.41 

 601 

Figure 22 illustrates the relationship between the maximum drift and the CPD for each loading 602 

protocol considered in this study. This figure describes the growth of one-sided deformation as controlled 603 

by the loading protocols in terms of maximum drift. The curve for the OD-2 (𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 0.01 ) is almost 604 

identical with that of conventional SAC protocol. This is in accordance with the finding for the upper and 605 

lower bound mentioned above. Thus, the curves shown in Figure 22 closer to the right indicate lower 606 

ductility demands corresponding to the upper capacity bound of the one-sided inelastic response (OD-3), 607 

while the curves closer to the left indicate higher ductility demands corresponding to the lower capacity 608 

bound of the one-sided inelastic response (OD-2). 609 
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Finally, Figure 23 plots the relationship between the normalized D/t and the cumulative ductility, 610 

𝜂𝜂, as defined in Eq. (5). As reference results, in this figure results obtained from the conventional SAC 611 

protocol are presented. The columns subjected to symmetrical cyclic loading exhibited the lowest 𝜂𝜂 for 612 

each value of 𝐷𝐷/𝑡𝑡 ∙ 𝑌𝑌𝑌𝑌/0.8. The columns under the one-sided loading protocols exhibited higher 𝜂𝜂 than 613 

those under the conventional SAC protocol. It is noted that when 𝐷𝐷/𝑡𝑡 ∙ 𝑌𝑌𝑌𝑌/0.8 < 21 (Plastic / FA sections 614 

only), 𝜂𝜂 strongly depends on the type of loading protocol, while it seems there is no significant influence 615 

for normalized values of D/t higher than 21. Table 8 lists the ratio of the average one-sided cumulative 616 

ductility to the conventional cumulative ductility; it ranged from 1.20 to 1.41. 617 

 

 

(a) (b) 

Figure 23 Cumulative ductility ratios, 𝜂𝜂 against: (a) D/𝑡𝑡 ∙ �𝜎𝜎𝑦𝑦 𝐸𝐸⁄ ; and (b) 𝐷𝐷/𝑡𝑡 ∙ (𝑌𝑌/𝑇𝑇)/0.8 

5 Seismic behaviour of frames with high Y/T steel columns 618 

In this section, the seismic performance of a newly designed five-story five-bay steel MRF with 619 

 

Figure 22 Evolution of one-sided deformation in terms of maximum drift 
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tubular steel columns made of conventional steel (BCR295) and high Y/T steel (BCHT400) is investigated. 620 

Full-scale FE nonlinear static (pushover) and dynamic time-history analyses under two hazard levels. The 621 

two hazard levels considered are named as Level 1 and Level 2 earthquakes, respectively, defined by the 622 

design spectrum and the associated maximum ground velocity (PGV), which in turn gives approximate 623 

return periods. The Level 1 corresponds to PGV of 25 cm/sec and return period of 50 years, while the Level 624 

2 correspond to PGV of 50 cm/sec and return period of 500 years, approximately [52, 53]. Table 9 shows 625 

the design characteristics of the conventional steel MRF (Original frame) and the high Y/T steel MRF 626 

(Alternative frame). Using the same ductility demands for the columns of the original frame, a new 627 

normalized D/t can be defined from Figure 21 for the column sections of the alternative frame. The 628 

normalized D/t can increase from 20.9 to 24.2 in order to retain a similar strength capacity (𝑀𝑀𝑝𝑝) having a 629 

reduced section area (A). Accordingly, the bending stiffness (EI) is reduced. The high Y/T steel columns 630 

are classified as plastic/FA sections, while the limit for the normalized D/t ratio for Class 1/FA is equal to 631 

25.3 for BCHT400 steel (𝐹𝐹𝑦𝑦=400 N/mm2). 632 

Table 9. Design characteristics and properties of the conventional steel MRF and high Y/T steel MRFs 

 Original frame  
(Conventional MRF) 

Alternative frame  
(High Y/T MRF) 

Height [mm] 20,500 
Span [mm] 6,400 

Story height [mm] 3,950 
Natural period [sec] 0.94 1.06 

Column material BCR295 BCHT400 
Beam material SN490B SN490B 

Column section at all stories SHS-500×22 SHS-450×19 
Column D/t (Class) 22.7 (FA) 23.7 (FA) 

Column 𝐷𝐷/𝑡𝑡 ∙ 𝑌𝑌𝑌𝑌/0.8 20.9 24.2 
Column 𝑀𝑀𝑝𝑝 [𝑘𝑘𝑘𝑘 ∙ 𝑚𝑚] 1,991 (100%) 1,858 (93%) 
Column 𝐸𝐸𝐸𝐸 [𝑘𝑘𝑘𝑘 ∙ 𝑚𝑚2] 307,500 (100%) 190,010 (62%) 
Column Area [cm2] 404 (100%) 309 (76%) 

Beam sections at 1st and 2nd story H-600×250×12×22 
Beam sections at 3rd, 4th and 5th story H-600×250×12×19 

Floor gravity loads external / internal columns [kN] 198.4 / 396.8 
Top floor gravity loads external / internal columns [kN] 235.2 / 470.4 

 633 

Figure 24 compares the pushover curves of both frames (i.e., base shear coefficient vs. roof drift). 634 

The alternative frame reaches a similar maximum strength (lower by 7%) and exhibits a larger resistance 635 

to the initiation of the post-yielding behaviour than the original frame (10 % higher). For comparison, the 636 
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initiation of the post-yielding behaviour in this figure was determined when the plastic roof drift exceeded 637 

1/500 rad. Both the original and alternative frames did not experience any sudden strength deterioration. 638 

For seismic forces having a higher probability of occurrence than the design seismic action (i.e., frequent 639 

events checked for a base shear coefficient of 0.2), the roof drift in the original and alternative frame was 640 

found to be 1/320 rad and 1/260 rad, respectively. Both values satisfy the Japanese Building Standard 641 

regulations [51] which limit the drifts to 1/200 rad. This drift limitation is similar with the “damage 642 

limitation requirement” in European standards [38]. It appears that the lower flexural stiffness provided by 643 

the high Y/T steel MRF is adequate to restrain the lateral deformation at this performance level despite the 644 

reduction in the cross-section area of the column nearly at 25%. 645 

 646 

Three pulse type ground motions, the JMA_Kobe, the Taft, and the Miyagioki, are selected and 647 

scaled to the Level 1 (PGV: 25 cm/s) and Level 2 (PGV: 50 cm/s) hazard levels. The purpose of Level 1 648 

evaluation is to ensure that a building remains within the elastic range. At Level 2 evaluation, a building is 649 

intended to be repairable even if it reaches the plasticity range when subjected to an earthquake whose 650 

return period is approximately 500 years [52, 53]. The considered story ductility (maximum drift over yield 651 

drift) for Level 2 ground motions should be less than 2. Figure 25 shows the acceleration spectra of the 652 

selected ground motions. The natural periods of both the original and alternative frame design are 0.94 and 653 

1.06 sec, respectively. Figures 26 and Figure 27 show the relationship between the story drift and the base 654 

shear coefficient and the drift time history of the first-story columns for the Level 1 and Level 2 ground 655 

 

Figure 24 Comparison of the pushover curves between the original and alternative steel MRFs 
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motions, respectively.  656 

 

Figure 25 Acceleration spectra of the selected ground motions and natural periods of the steel frame models 

 657 
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(b)-2 (b)-3 

Figure 26 Comparison of the seismic response of the original and alternative steel MRF against Level 1 

ground motions; (a) hysteretic loop in terms of base shear coefficient and maximum story drift, (b) drift time-

history of the 1st story (1: JMA_Kobe, 2: Taft, 3: Miyagioki) 
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(b)-2 (b)-3 

Figure 27 Comparison of the seismic response of the original and alternative steel MRF against Level 2 

ground motions; (a) hysteretic loop in terms of base shear coefficient and maximum story drift, (b) drift 

time-history of the 1ststory (1: JMA_Kobe, 2: Taft, 3: Miyagioki) 

 660 

Table 10 Seismic responses of the original and alternative steel MRF in terms of yield story drift, maximum story 

drift, story ductility and residual story drifts against each ground motion and hazard intensity level 

PGV EQ 

Original MRF  Alternative MRF 
Yielding 

drift 
(𝜃𝜃𝑦𝑦) 

Maximum 
drift 

(𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚) 

Story 
Ductility 

Residual 
drift 

(𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟) 

 Yielding 
drift 
(𝜃𝜃𝑦𝑦) 

Maximum 
drift 

(𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚) 

Story 
Ductility 

Residual 
drift 

(𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟) 

(25cm/s) 
JMA_Kobe 0.0063 0.0082 1.37 -  - 0.0073 <1.00 - 

Taft 0.0063 0.0092 1.44 -  0.0083 0.0087 1.05 - 
Miyagioki 0.0063 0.0120 1.88 -  0.0083 0.0094 1.13 - 

(50cm/s) 
JMA_Kobe 0.0063 0.0158 2.63 0.0037  0.0083 0.0130 1.57 0.0009 

Taft 0.0063 0.0122 1.91 0.0008  0.0083 0.0147 1.77 0.0007 
Miyagioki 0.0063 0.0204 3.19 0.0019  0.0083 0.0162 1.96 0.0026 

 661 

Table 10 lists the yield drifts, the maximum story drifts and the story ductility, as well as the residual 662 

roof story drifts after each earthquake motion and hazard intensity level. As it can be seen in Figure 26, the 663 

alternative frame design has a 30% lower elastic stiffness than the original frame and remained almost 664 

elastic under the Level 1 ground motions. The original frame under the same ground motions yielded and 665 

reached an average story ductility and an average maximum drift equal to 1.56 (max: 1.88) and 1.00% 666 

(max: 1.20%), respectively (Table 10). Figure 27 shows that the columns in both frames were plastified 667 

under the Level 2 ground motions. The alternative frame reached an average story ductility and an average 668 
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maximum drift equal to 1.77 (max: 1.96) and 1.46% (max: 1.62%), respectively. The original frame reached 669 

an average story ductility and an average maximum drift equal to 2.57 (max: 3.19) and 1.61% (max: 2.04%), 670 

respectively. For all the cases, the moment attains to 1.1 of Mp, thereby a similar strength capacity is 671 

provided by the alternative frame design. It appears that the more susceptible to local buckling high Y/T 672 

steel columns can resist the earthquake loads without exhibiting any strength deterioration (i.e., local 673 

buckling).  674 

Overall, under the Level 1 ground motions, the alternative frame exhibited approximately a 10% 675 

smaller story drift than that of the original frame. Under the Level 2 ground motions, the alternative frame 676 

yielded at a 1.25 to 1.38 times higher story drift than the original frame, while the experienced maximum 677 

and residual drifts of the alternative frame appeared to be in some cases 20% and 75% lower than those in 678 

the original design, respectively (Table 10). Therefore, under the same strength requirements for both steel 679 

MRFs, the more flexible design of the high Y/T steel MRF naturally affects the seismic performance of the 680 

frame resulting in a later yielding and smaller story drift ductility demands. This behaviour combined with 681 

the increased margins to local buckling initiation due to the one-sided hysteretic behaviour may lay the 682 

basis for a new design framework that allows the use of higher strength steels on regions of a structure 683 

prone to nonlinearity. Further studies are required to generalize the findings of the present work. 684 

 685 

6 Conclusions 686 

This study investigated the local buckling behaviour of tubular steel columns made of high yield-to-tensile 687 

strength ratio (Y/T) steels subject to one-sided cyclic loading. The one-sided loading histories were first 688 

developed on the basis of a seismic response databank on the asymmetrical hysteretic behaviour of various 689 

steel moment-resisting frames (MRF). This study experimentally proved the favoured one-sided cyclic 690 

ductility capacity of columns as limited by local buckling, and then computationally suggested that high 691 

Y/T steel columns may have an increased capacity margin to local buckling initiation and a sufficient 692 

ductility afterwards (i.e., ductility bonus). Thus, high strength steels may be suitable for energy dissipative 693 

members resulting in reduced material consumption and more economical seismic design of steel structures. 694 
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The main conclusions are as follows: 695 

(1) Based on the seismic responses of the frames under consideration, the one-sided behaviour depends 696 

on the column-to-beam moment ratio at frame joints. The asymmetry of the one-sided hysteretic 697 

behaviour of the frames increases as the moment ratio decreases. The frame with the lower moment 698 

ratio (=1.2) suffered from the whipping effect. The level of residual deformations and the direction 699 

of response is primarily affected by the ground motion, and secondly, by the level of axial load. 700 

(2) Eight types of one-sided loading histories were developed, but four were identified as suitable to 701 

simulate the one-sided asymmetrical hysteretic demands as derived from the gradual progress of local 702 

buckling. These loading histories successfully traced the cumulative damage that was developed in 703 

the columns during the frame time-history analyses and can define an upper and lower bound for the 704 

corresponding one-sided ductility for a wide cross-section slenderness range. 705 

(3) The local buckling growth was found to be significantly less pronounced in the asymmetrically loaded 706 

test column than that observed when the same column was subjected to a symmetrical cyclic loading. 707 

Local buckling initiated at 5% drift for the symmetrically loaded test column, while during the second 708 

cycle of 7% drift the column lost approximately the 50% of its maximum flexural strength. On the 709 

contrary, a slight local buckling was observed in the asymmetrically loaded test column at 8% drift. 710 

At 19% drift, the test column maintained nearly the 65% of its maximum flexural strength. 711 

(4) For evaluating the ductility performance of square tubular steel columns with various Y/T, a new 712 

normalization of the width-to-thickness ratio (D/t) was suggested by using the factor 𝐷𝐷 𝑡𝑡⁄ ∙713 

(𝑌𝑌/𝑇𝑇) 0.8⁄ . This new normalization index reflects the effect of the Y/T ratio improving the overall 714 

distribution of the results. Based on this new index the one-sided ductility capacity of columns and 715 

ductility bonus can be better assessed, and new section classification limits can be explored with 716 

clarity. 717 

(5) To evaluate the effectiveness of each one-sided loading history, the number of cycles, the maximum 718 

drift, and the maximum drift range were examined. High values of maximum drifts combined with 719 
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small maximum drift ranges define a low-ductility demand history driven by large residual 720 

deformations (upper bound). On the contrary, a larger number of repeated cycles in conjunction with 721 

smaller peak drifts but large drift range appear to form a high-ductility demand history (lower bound). 722 

The upper and lower bound scenarios are reversed for high normalized D/T ratios. 723 

(6) The one-sided ductility capacity ratios of the steel columns were found to be on average 1.15 (lower 724 

bound) to 1.71 (upper bound) times the corresponding ratios identified under the symmetrical 725 

conventional protocol. A higher reserve capacity was observed for the columns employing a 726 

plastic/FA section. Similarly, the one-sided cumulative ductility ratios were found to be on average 727 

1.20 to 1.41 times higher than those defined under the conventional protocol. In terms of ductility, 728 

this capacity enhancement was clearly observed for the entire range of values of the normalized D/t 729 

ratio. In terms of cumulative ductility, a minor difference between the one-sided and conventional 730 

response was observed for normalized D/t higher than 21. 731 

(7) Based on the identified column ductility capacities, two five-story five-bay steel MRFs were designed 732 

with plastic/FA columns made of conventional and high Y/T steels, respectively. While both frames 733 

provided a similar lateral strength, the high Y/T steel MRF enjoyed nearly 25% smaller column cross-734 

sectional area. Under the more likely to occur earthquakes, the high Y/T steel MRF behaved 735 

elastically, while the ground floor columns of the conventional steel MRF yielded at the base. Under 736 

rare seismic events the more susceptible to local buckling high Y/T steel columns resisted the 737 

earthquake loads without exhibiting any strength deterioration. The average story drift ductility 738 

demand for the high Y/T steel MRF was less than the threshold of 2.00 (i.e., 1.77), while that for the 739 

conventional steel MRF was 2.57. 740 

(8) The proposed design of steel MRFs using higher strength steels with relatively high Y/T ratio resulted 741 

in later column yielding and smaller story drift ductility demands than the conventional design. This 742 

behaviour combined with the increased resistance of steel tubular columns to local buckling due to 743 

the favoured one-sided hysteretic behaviour of steel MRFs, may lay the basis for the development of 744 

a seismic-resilient design framework where critical members can remain elastic under frequent 745 
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earthquake events and exhibit low damage under rare events. This would overcome current limitation 746 

in using higher strength steels that inherently provide a high Y/T on regions of a structure prone to 747 

nonlinearity. 748 
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