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Abstract: 12 

The research reported herein aims at the proposal of an accurate and efficient simplified numerical 13 

modelling approach for circular Concrete-Filled Steel Tubular (CFST) members under flexural loading. 14 

Experimental tests were carried out to characterize the bending behaviour of CFST members under 15 

monotonic and cyclic loading. The observed behaviour was characterized by strength and stiffness 16 

deterioration effects, as a result of the development of local buckling of the steel tube and cracking of 17 

the concrete core. Numerical simulations of these tests were conducted by resorting to existing 18 

modelling approaches, namely through Distributed Plasticity (DP) and Concentrated Plasticity (CP) 19 

models. It was found that existing modelling approaches failed to accurately capture the levels of 20 

strength deterioration and pinching effects observed in the tests. Thus, a novel CP-based simplified 21 

model, designated by matCFSTdet, was implemented in OpenSees. The hysteretic response of the CP 22 

model is based on a novel rotational spring model. An advanced calibration framework was introduced 23 

with targets to calibrate the accuracy of the model. The validation analyses indicate that the model is 24 

able to capture well the deterioration in both strength and stiffness of CFST members under cyclic 25 

flexural loading. Furthermore, the elastic stiffness, ultimate strength and the pinching effects of the 26 

hysteretic loops were also well simulated. The proposed CP model, coupled with the advanced 27 

calibration framework, thus results in a more realistic simulation of the cyclic flexural response of 28 

circular CFST members. 29 
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1. Introduction 31 

In recent years, concrete-filled steel tubes (CFST) have been increasingly used in seismic areas. 32 

The composite effect associated with these members, resulting from the interaction between 33 

the concrete core and the steel tube, can benefit both the member’s capacity and ductility. This 34 

is, in part, a consequence of the confinement stress provided by the encasing tube to the 35 

concrete core. This confinement effect is generally more significant in comparison to 36 

reinforced concrete members, since the concrete section is fully encased by the steel tube. 37 

Furthermore, concrete cracking is delayed which improves the ductility of the concrete material. 38 

Reciprocally, the steel tube is constrained from buckling to the internal side of the cross-section, 39 

which improves the ductility of the tube. All these characteristics are very advantageous in a 40 

seismic context. 41 

To evaluate the seismic performance of a composite structure with CFST members, reliable 42 

numerical modelling techniques are crucial. Two approaches are often adopted for the 43 

simplified modelling of CFST members, namely a Distributed Plasticity (DP) approach and a 44 

Concentrated Plasticity (CP) approach. In the DP approach, the CFST cross-section is 45 

simplified as a fibre section, with material properties assigned separately. Several research 46 

studies have been conducted with the use of fibre-discretized sections to simulate the flexural 47 

response of circular CFSTs under monotonic [1,2] and cyclic loading [3–6]. One drawback of 48 

using this approach is the inability to capture local buckling of the steel tube. A number of 49 

authors neglect this aspect by considering that the physical presence of the concrete core can 50 

reduce the influence of local buckling of the steel tube on the member’s ductility [1,4–6]. 51 

According to [2] , the steel material constitutive law under compression and tension should be 52 

considered separately, with no hardening for the former. On the other hand, other research 53 

studies [7–9], have adopted a critical strain value as the trigger to the occurrence of local 54 

buckling. This parameter was found to be related to the CFST’s cross-section slenderness. For 55 

rectangular CFST members, a number of researchers [10,11] have defined an ineffective area 56 

on the fibre section to represent the local buckling effect. This methodology has yet to be 57 

extended to the modelling of circular CFST members. In comparison to the DP models, CP 58 

models seem to be less widespread across the relevant literature. The authors of [14] and [6] 59 

derived analytical hysteretic rules for rectangular CFST sections and circular CFST sections, 60 

respectively. These formulations were used to characterise nonlinear rotational springs, but no 61 

further studies were carried out to embed the spring model into Finite Element (FE) software 62 

applications. The authors of [15] employed the ModIMKPeakOriented material model [16] that 63 
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is implemented in OpenSees [17], whilst [18] also utilized the ModIMKPeakOriented model 64 

as the rotational spring of CP model for seismic performance assessment of composite frames.  65 

This research paper focuses on the proposal of a simplified model for CFST members with a 66 

Concentrated Plasticity approach. Monotonic and cyclic experimental responses of circular 67 

CFST member under flexural loading are considered to evaluate the accuracy of the existing 68 

DP and CP models for CFST members. A novel rotational spring model, which aims at a more 69 

realistic representation of the hysteretic behaviour of circular CFSTs, is developed through an 70 

advanced model calibration framework. This model is calibrated and validated against the 71 

experimental tests considered herein, showing significant improvements of simulated member 72 

responses in comparison to the existing DP and CP models available in the literature. 73 

2. Experimental tests 74 

To characterize the monotonic and cyclic bending behaviour of circular CFST columns, several 75 

experimental tests were conducted by the authors [19]. Table 1 lists the details associated with 76 

the 16 CFST specimens considered in this experimental campaign. It should be noted that the 77 

tested specimen list contains both Rubberised Concrete CFSTs (RuCFST) and conventional 78 

CFST members. Since the authors [19] showed that the use of rubberized concrete mixtures 79 

has no implications on the monotonic and cyclic flexural responses of the members, the 80 

RuCFST specimens are treated as normal CFST in this research. The following sections 81 

summarize the main experimental findings observed. 82 

2.1 Test observations 83 

Testing was conducted until the maximum displacement of the actuator was reached. The 84 

actuator ranges are between ± 150 mm for tests without constant axial load, and between ± 70 85 

mm for tests with constant axial load. During testing, the specimens No.9, No.11, No.13 and 86 

No.15 were observed to have steel fracture occurred at the local buckling locations. The 87 

influence of cyclic loading on the flexural capacity of CFST member was studied by comparing 88 

the bending response of specimens under monotonic loading (specimen No.1 ~ No.8) and 89 

cyclic loading (specimens No.9 ~ No.16). Generally, in the monotonic and cyclic tests, all 90 

specimens developed local buckling in the plastic hinge region. Since this research aims to 91 

study the cross-sectional behaviour of CFST members, the test results are plotted in form of 92 

bending moment and drift ratio, the latter defined as the ratio between lateral displacement and 93 

the specimen’s test length (1.35m). In Figure 1, each plot compares the monotonic and cyclic 94 

response of two specimens with the same characteristics, namely the same external diameter, 95 
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steel tube thickness, concrete/steel properties and constant axial load. The fracture points of 96 

four specimens, which had steel fracture occurred, are highlighted with red markers. 97 

Analysis of the results shown in Figure 1 allows concluding that, for monotonic lateral loading, 98 

little to no strength degradation was observed in the tests, even for high levels of lateral 99 

deformation, in which local buckling of the steel tube was clearly visible. This indicated that 100 

the CFST specimen exhibited ductile behaviour under monotonic loading, as the concrete core 101 

delayed the occurrence of local buckling and minimized its influence on the response. 102 

Regarding the cyclic behaviour, significant strength deterioration was observed, which was 103 

mainly due to the continuous development of local buckling at the plastic hinge region, which 104 

even led to the fracture of steel tube (specimen No.9, No.11, No.13 and No.15).  Therefore, the 105 

cyclic response of CFST members is generally more sensitive to this phenomenon, in 106 

comparison to monotonic loading. Moreover, some pinching effects were also observed in the 107 

response, suggesting that the opening and closing of the concrete cracks within the concrete 108 

core also influenced the member’s overall response. 109 

2.2 Monotonic and cyclic behaviour 110 

The test results of specimen No.3 (monotonic loading) and No.11 (cyclic loading) are taken as 111 

examples to illustrate the bending response of circular CFST members. Regarding the 112 

monotonic flexural behaviour, as shown in Figure 2, the monotonic curve of circular CFST 113 

member can be separated into three stages. Segment OA in the figure represents the linear 114 

elastic stage of the response. In this stage, whilst concrete cracking could develop under tensile 115 

stresses, due to the low contribution of the concrete tensile strength to the member bending 116 

capacity, the response of CFST member behaviour can be considered linear. Segment AB 117 

represents the transition stage of the CFST, in which the steel tube cross-section is partially 118 

plastic. The BC segment represents the post-yield stage where the entire cross-section behaves 119 

inelastically. The CFST's bending behaviour in this stage involves multiple mechanisms, 120 

namely concrete crushing, concrete confinement effects and steel tube local buckling effects. 121 

Regarding the cyclic behaviour of circular CFSTs, one cycle with drift ratio level around 4%, 122 

cycle p (p1p2p3), and one cycle with drift ratio level around 9%, cycle q (q1q2q3q4q5), are marked 123 

and compared, as shown in Figure 2. The bending capacity of cycle q is significantly lower 124 

than that of cycle p, which further proves the presence of strength degradation. It can be 125 

observed that, for the two cycles, their endpoints (p1 and q1) have lower moment values than 126 

their start points (p3 and q5), which indicates that the strength deterioration is related to the 127 
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accumulated deformation not the absolute deformation. Besides the deterioration on strength, 128 

the unloading stiffness of cycle q is lower than one of cycle p, which evidences that the stiffness 129 

deterioration is also related to the accumulated deformation. Figure 3 shows an idealized 130 

diagram of concrete cracking. Under large deformations, a concrete crack develops at the root 131 

region of CFST member. The unloading curve q1q2 (or q3q4) of Figure 2 results from the 132 

opening of this crack, as shown in Figure 3 (a). Portion q2q3 (or q4q5) of Figure 2, which is 133 

caused by the re-contact of concrete crack, is corresponding to the conditions shown in  Figure 134 

3 (b) and (c). Due to the opening and closing of the concrete crack, a pinching effect in the 135 

hysteretic response is generated. Considering the fact that there is a pinching effect on cycle q 136 

but not on cycle p, it can be concluded that the pinching effect is developing with the increase 137 

of accumulated displacement. It should be highlighted that Figure 3 shows an ideal developed 138 

concrete crack, which is symmetric. In reality, the concrete cracks may not be symmetrically 139 

developed, which entails asymmetric hysteretic loops as shown for specimen No.9. 140 

3. Numerical modelling approaches of CFSTs members under flexure 141 

For the purpose of seismic performance assessment of composite structures, simplified 142 

numerical models for the simulation of CFST members is essential. This stems from the 143 

computational demand associated with conducting many time-history analyses of structures 144 

(e.g. buildings, frames) in a more detailed fashion (e.g. full 3D finite element numerical model). 145 

As briefly discussed in Section 1 of this paper, two alternative simplified modelling approaches 146 

are generally employed in the literature, namely: i) Distributed Plasticity (DP) (Figure 4 left), 147 

and ii) Concentrated Plasticity (CP) (Figure 4 right). In this section, the advantages and 148 

drawbacks of the existing simplified models for CFST members are discussed. A newly 149 

developed lumped-plasticity rotational spring model, which aims to more accurately simulate 150 

the flexural behaviour of circular CFSTs, is detailed.  151 

3.1 Existing simplified CFST models  152 

3.1.1 Distributed plasticity 153 

DP models are commonly adopted in the literature [1,3,6,7,14,20–23] in the context of 154 

monotonic and cyclic flexural response of circular CFST. As shown in Figure 4 (left), these 155 

models employ beam-column elements with a fibre-based discretization of the section along 156 

the member’s length. The modelling techniques associated with this approach are generally 157 

straightforward, since the model is constructed on basis of the cross-section geometry and 158 

uniaxial material properties. However, it lacks the ability to explicitly account for the 159 

interaction effects between parts (e.g. confinement stresses) as well as the development of 160 
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instability at the cross-section level (e.g. local buckling of the steel tube). This indicates that 161 

the DP model may be unsuitable for the predicting the flexural response of CFST member 162 

under cyclic loading, since these effects play a major role in the typical CFST response. To 163 

verify this assumption, specimen No.11 was modelled and analysed with the DP approach. In 164 

this research, a displacement-based beam-column element is adopted. Regarding the concrete 165 

and steel materials, the OpenSees [17] built-in uniaxial material model steel02 and concrete02 166 

were adopted. The experimental and numerical responses of specimen No.11 are compared in 167 

Figure 5. As one may infer from the figure, the DP model fails to simulate strength deterioration. 168 

Moreover, the model cannot capture the concrete confinement effect by default, which will 169 

result in a conservative estimation of CFST's bending capacity.  170 

3.1.2 Concentrated plasticity 171 

The CP model is an alternative modelling approach that can be applied to CFST members. This 172 

model involves the consideration of rotational springs at the locations where plastic hinges are 173 

expected to occur. Thus, the model lumps the behaviour of the plastic hinge region into a 174 

nonlinear rotational spring, whilst the remaining portion of the element is assumed to remain 175 

elastic. As shown in Figure 4 (right), the model consists of one elastic beam-column element 176 

and one nonlinear rotational spring at each of the member’s ends. The cyclic response of the 177 

CP model mainly depends on the hysteretic behaviour of the rotational spring. Therefore, it is 178 

necessary to adopt a suitable spring model to capture the cyclic flexural behaviour of the CFST 179 

member, especially in terms of deterioration and pinching effect. 180 

Several researchers have developed rotational spring models for CFST members. The authors 181 

of [6] developed a hysteretic rule to represent the bending behaviour of circular CFST members. 182 

Similarly to the DP model, the proposed hysteretic rule has no strength deterioration features, 183 

and hence does not provide realistic member responses for circular CFSTs. Alternatively, other 184 

authors [15,19] have employed the modified Ibarra-Medina-Krawinkler deterioration model 185 

with peak-oriented hysteretic response (ModIMKPeakOriented) [16]. This model was 186 

originally proposed for reinforced concrete members, being able to capture strength and 187 

stiffness deterioration effects under cyclic loading. Differently from the DP model, building an 188 

accurate CP model requires reliable calibration data, which can accurately represent the seismic 189 

response of the member. Thus, a reliable calibration framework is required to calibrate the 190 

deterioration parameters to match the base response. 191 
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Figure 6 shows a comparison of moment-drift ratio curves between the test results and the 192 

calibrated CP model (Specimen No.3 and No.11, respectively). The calibration method 193 

described in [18] is used for calibration purposes to obtain the set of parameters of the 194 

ModIMKPeakOriented model. It can be seen that the elastic stiffness and the cyclic backbone 195 

curve of the target data are well simulated by the ModIMKPeakOriented model, which means 196 

that the simplified model should capture the cyclic strength deterioration of the CFST in a 197 

realistic manner. However, regarding each hysteretic cycle, the ModIMKPeakOriented model 198 

always predicts lower energy in comparison to the target data, which results in a conservative 199 

prediction of the dissipated energy. Thus, to directly apply the ModIMKPeakOriented model 200 

should lead to an inaccurate simulation of the cyclic flexural behaviour of CFST member. 201 

3.2 Proposal of a new concentrated plasticity model for CFSTs  202 

As discussed in the previous section, the available simplified numerical models have 203 

shortcomings in what concerns the simulation of strength deterioration effects and the 204 

hysteresis pattern of the behaviour (i.e. pinching effects). Thus, an accurate and efficient model 205 

for CFSTs, which can represent the cyclic behaviour of circular CFST member, is needed. As 206 

mentioned in Section 3.1.2, the CP model’s response mainly depends on the hysteretic rules of 207 

its rotational spring model, which is customizable. Thus, a new rotational spring model, 208 

denoted as matCFSTdet, has been implemented in OpenSees [17]. The model was written C++ 209 

and has been compiled into a Dynamic-link library (DLL) file which can be linked to OpenSees 210 

model during run-time. Figure 7 shows the hysteretic loops of the matCFSTdet model together 211 

with its monotonic backbone curve. It is a Polygonal symmetrical hysteresis model with a tri-212 

linear backbone curve.  213 

3.2.1 Backbone curve 214 

Figure 8 shows the monotonic backbone curve of the matCFSTdet model. To maintain 215 

consistency with the observation given in Section 2.2, the CFST’s monotonic curve is 216 

simplified to a tri-linear shape. The CFST’s elastic behaviour and plastic behaviour are 217 

simulated by the initial segment OA and the bilinear line ABC, respectively. Point A indicates 218 

that the member edge starts to yield whilst point B represents that the section is fully plastic. 219 

As discussed in Section 2.1, all specimens were observed to have little or no strength 220 

degradation occurring under monotonic loading. Thus, line BC of the backbone curve could be 221 

either set as ascending or as descending, which is different from the behaviour of 222 

ModIMKPeakOriented model. As marked in Figure 8, the matCFSTdet model's backbone 223 

curve is defined with 5 backbone parameters, namely the elastic stiffness (K), the yield moment 224 
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(M1), the transition moment (M2), the transition ratio (b1) and the hardening ratio (b2). The 225 

simplification procedures of the backbone curve are detailed in Section 4.1. 226 

3.2.2 Hysteretic rules 227 

When the cross-section is plastic and the load direction reverses, a new loading path will be 228 

created. The loading paths shown in Figure 9 are used to illustrate the matCFSTdet model's 229 

hysteretic rules. When unloading from point P1, a new loading path CP1P2P3P4 is generated. 230 

The unloading stiffness at P1 is rKK, where rK is a parameter to control the unloading stiffness 231 

deterioration under cyclic loading. The value of rK depends on the accumulated rotation of the 232 

cross-section, which is detailed in Section 3.2.3. Point P2 of is adopted as the intersection point 233 

of unloading path and the reverse line. As shown in Figure 9, if P1 is at positive side, P2 will 234 

be on the negative reverse line and vice versa. The absolute value of the reverse line is adopted 235 

as rRM2. The introduction of this reverse line aims to simulate the pinching effect. As discussed 236 

in Section 2.2, the severity of pinching effect relies on the loading history. Thus, the rR 237 

parameter depends on the accumulated rotation, which is detailed in Section 3.2.3. Point P3 is 238 

the corresponding point of P1. Assuming that the coordinate at P1 is (p, Mp), then the 239 

coordinate at P3 will be (−p, −rMMp), where rM is the parameter to control the strength 240 

deterioration under cyclic loading, which is also detailed in Section 3.2.3. 241 

In path CP1P2P3P4, only the unloading segment P1P2 represent the elastic stage of the cross-242 

section. So reversing load direction at any other location will generate a new loading path. For 243 

example, as shown in Figure 9, when unloading from point Q1 will update the loading path 244 

from CP1P2P3P4 to P4P3Q1Q2Q3Q4. The construction rule of points P2 and P3 also applies to 245 

the points Q2 and Q3. 246 

3.2.3 Deterioration and pinching control 247 

According to Section 2.2, not only strength deterioration but also the stiffness deterioration and 248 

pinching effect could significantly influence the hysteric response of circular CFST member. 249 

To simulate these effects, three parameters, namely rM, rK and rR, are introduced to the 250 

matCFSTdet model. The parameter rM, rK and rR control the strength deterioration, the stiffness 251 

deterioration, the pinching effect of the CFST cross-section under cyclic loading, respectively. 252 

Since the damage of the cross-section cumulates with the increase of loading cycle number, 253 

the normalized accumulated rotation (expressed in Equation (1), (2) and (3)) is adopted as the 254 

variable to indicate the CFST's damage level. 255 
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 𝜃′𝑎𝑐𝑐 =
𝜃𝑎𝑐𝑐
𝜃𝑦

 (1) 

 𝜃𝑦 =
𝑀1

𝐾
 (2) 

 𝜃𝑎𝑐𝑐 =∑|𝜃𝑖 − 𝜃𝑖−1|

𝑁

𝑖=2

 (3) 

where: 256 

N is the current increment number;   257 

’acc  is the normalized accumulated rotation of a given increment number N; 258 

acc  is the accumulated rotation of a given increment number N; 259 

y is the yield rotation. 260 

All three parameters (rM, rK and rR) range from 0 to 1. The initial values of rM, rK equal to one, 261 

which means the strength/stiffness deteriorations have not occurred yet. The initial value of rR 262 

is defined as Rini, which represents the shape of the first hysteretic loop. The value of Rini varies 263 

from different CFST cross-sections. With the increase of ’acc, the rM, rK and rR will decrease 264 

to simulate the deterioration. It should be noted that the minimum values of three control 265 

parameters are limited to 10-5 to avoid convergence problems during analysing. For each 266 

parameter, two variables are introduced to control its degradation rate, as expressed in Equation 267 

(4) to (6). Thus, there are 7 parameters, namely Rini, mM, nM, mK, nK, mR and nR, developed to 268 

control the deterioration and pinching effect, which is called control parameters in current 269 

research.  270 

 𝑟𝑀 = 1 − (𝑚𝑀𝜃′𝑎𝑐𝑐)
𝑛𝑀 (4) 

 𝑟𝐾 = 1 − (𝑚𝐾𝜃′𝑎𝑐𝑐)
𝑛𝐾 (5) 

 𝑟𝑅 = (1 − (𝑚𝑅𝜃′𝑎𝑐𝑐)
𝑛𝑅)𝑅𝑖𝑛𝑖 (6) 

where: 271 

mM and nM  are the parameters to control the strength deterioration; 272 

mK and nK are the parameters to control the stiffness deterioration; 273 

mR and nR are the parameters to control the pinching effect. 274 

𝑅𝑖𝑛𝑖    is the initial shape factor 275 

4. Model calibration and verification 276 

To build a concentrated plasticity model of a CFST member using the matCFSTdet model, 12 277 

parameters (5 backbone parameters and 7 control parameters) are required. The calibration of 278 

these parameters relies on two target data (one monotonic data and one cyclic data). To confirm 279 

the accuracy of the model, the target data should represent the flexural response of circular 280 

CFST members precisely. The data could be obtained either from experimental tests or from 281 
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precise Finite Element model analysis which considers confinement effect, strength/stiffness 282 

deterioration and pinching effect. Besides the accurate target data, a proper calibration 283 

framework is also required so that the response of the calibrated matCFSTdet model can have 284 

a good agreement with the target data. In the following subsections, an advanced calibration 285 

framework, which aims to give an accurate and effective calibration to the matCFSTdet model, 286 

is described. The test results are used as target data to calibrate the model. The feasibility of 287 

the calibrated model is verified through a comparison of the results between the test and the 288 

Finite Element analysis. 289 

4.1 Model calibration 290 

The advanced calibration framework comprises two main steps, namely the monotonic 291 

backbone curve simplification and the control parameter calibration. The following two 292 

subsections detail the methods used in these steps, respectively. 293 

4.1.1 Backbone parameters 294 

To obtain the monotonic backbone curve of the matCFSTdet model, the monotonic target data 295 

needs to be simplified as a tri-linear curve. There are two types of monotonic backbone curve 296 

observed from test results. Figure 10 (a) shows the CFST member with a hardening behaviour 297 

at post-yield stage, which is mainly benefited from the concrete confinement effect. This curve 298 

type is referred as type A in the research. For specimens with degradation after the peak load 299 

(specimens No.6 and No.8), their monotonic backbone curve is defined as type B, which is 300 

shown in Figure 10 (b). The strength degradation is mainly due to a combined influence of 301 

axial load, steel tube local buckling effects and concrete crushing. Regarding the two backbone 302 

curve types, the simplification methods are slightly different. As shown in Figure 10 (a) and 303 

(b), three points (point A, point B and point C) which make up the tri-linear backbone curve 304 

are required to address. For both curve types, the last data point of the target data can be adopted 305 

as the point C of backbone. The elastic stiffness of the cross-section could be addressed as the 306 

slop of OA'. The point A' is defined as the point on target curve with a moment equals to 0.4Mmax, 307 

where Mmax is the peak moment of target data. Regarding the acquirement of point B, different 308 

methods are applied to the two curves. For curve type A, point B is defined as the point which 309 

has a tangent slop equals to 0.1K whilst for curve type B, point B is addressed as the peak point 310 

of target curve. Finally, point A of backbone curve can be addressed on the extension line of 311 

OA', in the way that the tri-linear curve has the same area with the target curve. With the tri-312 

linear backbone curved addressed, the 5 backbone parameters (K, M1, M2, b1 and b2) can be 313 

adopted. 314 
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4.1.2 Control parameters 315 

Differently from the backbone parameters, the control parameters (Rini, mM, nM, mK, nK, mR and 316 

nR), which dominate the member’s deterioration and the pinching effect, cannot be addressed 317 

from the target data directly. Thus, an accurate and efficient calibration method is developed 318 

for parameter acquirement purpose. A Genetic Algorithm (GA) [24], a powerful method to 319 

solve optimization problems, is utilized for the calibration of control parameters. The details 320 

of the calibration are described in the following. 321 

Before calibration, the valid interval of each parameter is required. Theoretically, the 7 control 322 

parameters range from zero to infinity. But in order to reduce the calibration time, the parameter 323 

ranges should be narrowed. A preliminary calibration, which is based on trial and error, was 324 

conducted to narrow the parameter ranges, with intervals listed in Table 2. 325 

Figure 11 illustrates the calibration procedures, which are based on the evolution of a 326 

matCFSTdet model group. The details of each calibration procedure are illustrated as follow: 327 

Group Initialization: An initial group, which comprises 100 matCFSTdet models with 328 

randomly generated control parameters, are constructed.  329 

Fitness Evaluation: The response of each model of the group is analysed under the loading 330 

history of target data. Based on the comparison between the target data and analytical results, 331 

the fitness of each model, expressed in Equation (7), can be evaluated. The fitness variable 332 

represents the accuracy of a given matCFSTdet model. A larger fitness value indicates a more 333 

accurate model. 334 

Model Selection: The 100 models are sorted according to the fitness value in descending order. 335 

The top 60 models are selected and randomly paired. 336 

Crossover: For each pair of models, the crossover process is performed to generate a pair of 337 

new matCFSTdet models. Specifically, the crossover is performed by creating two new copies 338 

of the paired models and exchanging the new models’ first k control parameters, where k is a 339 

randomly generated integer from 1 to 6. Under this step, 60 new models are generated. 340 

Mutation: Each parameter of the newly generated models has 10% of probability to be selected 341 

to mutate. The mutation of a parameter is performed by replacing its value by a randomly 342 

generated number (within the defined parameter range). 343 

Fitness Evaluation: The fitness of the new generated matCFSTdet models are evaluated and 344 

sorted in descending order.  345 
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Elimination: The tail 60 matCFSTdet models of the group are eliminated from the group. 346 

The procedures 3rd to 7th build up one evolution of the group. Finally, the group is evolved for 347 

1000 times to achieve an accurate calibration. The matCFSTdet model which has the highest 348 

fitness of the group is adopted as the calibrated model corresponding to the target data. 349 

 𝑓𝑖𝑡𝑛𝑒𝑠𝑠 = √
𝑁

∑ (𝑀𝑖
𝐹𝐸 −𝑀𝑖

𝑡𝑎𝑟𝑔𝑒𝑡
)
2𝑁

𝑖=1

 (7) 

where: 350 

N  is total points number of the cyclic target data; 351 

𝑀𝑖
𝑡𝑎𝑟𝑔𝑒𝑡

 is the moment of the ith point from the cyclic target data; 352 

𝑀𝑖
𝐹𝐸  is the moment of the ith point from the Finite Element (FE) analysis. 353 

4.2 Model validation 354 

To validate the accuracy of the matCFSTdet model and the calibration framework, the tested 355 

specimens detailed in Section 2 were modelled and calibrated. It should be highlighted that the 356 

model is theoretically suitable for the simulation of CFSTs under both symmetric and 357 

asymmetric loading history flexure. However, since a symmetric loading history was 358 

considered during the experimental test, the model validation discussed in this section only 359 

refers to a symmetric loading history. Further studies should be conducted to validate this 360 

model for unsymmetrical loading history scenarios. As the rotation data of the CFST base 361 

cross-section was difficult to measure during the tests, the drift ratio was used to represent the 362 

member rotation. Since 𝜃 ≈ 𝑡𝑎𝑛𝜃 is true when  is lower than 0.1, this assumption is deemed 363 

reasonable. It should also be highlighted that the data points recorded after steel fracture are 364 

not included during calibration as the model could not predict the occurrence of fracture in the 365 

steel tube.  366 

Table 3 lists the 7 calibrated control parameters of each calibrated models together with their 367 

final fitness. Due to i) the limited number of specimens, ii) uncertainties related to the 368 

specimens (e.g., cross-section geometry, material properties, etc.) and to the test results (e.g. 369 

hysteretic loop asymmetry) and iii) randomness in the calibration procedure (e.g. group 370 

initialization, crossover and mutation), no clear relationship was observed between the control 371 

parameters and the characteristics of the specimens. 372 

 373 

 374 
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 375 

 shows the moment versus drift ratio plots comparison between tests and Finite Element 376 

analysis. For specimens with significant asymmetry response (especially specimen No.9), the 377 

hysteretic loops of the calibrated model can only fit one side of the target curve as the model 378 

is proposed with symmetric backbone curve. As discussed in Section 2.2, the asymmetry of the 379 

member response is mainly caused by the asymmetric development of concrete cracking, which 380 

is unpredictable. Thus, the feasibility of the model and calibration framework is mainly 381 

evaluated based on results comparison of the specimens with relatively symmetric response. 382 

Overall, the accuracy of the matCFSTdet model is very good. It can be observed that with the 383 

employment of the matCFSTdet model and the calibration method, the unloading/reloading 384 

curves of the calibrated hysteretic loops are in good agreement with the target curves. For the 385 

cyclic specimens, the strength and stiffness deteriorations are accurately captured and the 386 

pinching effects are well simulated. Thus, it can be concluded that the CP approach with 387 

matCFSTdet model proposed in this work provides a high degree of accuracy for the simulation 388 

of CFST members under both monotonic and cyclic loading. 389 

Table 4 summarizes the ultimate loads and total dissipated energy of the numerical and 390 

experimental results. 𝑀𝑚𝑎𝑥
𝐹𝐸  and 𝑀𝑚𝑖𝑛

𝐹𝐸  are the maximum and minimum bending moments from 391 

the Finite Element (FE) analysis, respectively. 𝑀𝑚𝑎𝑥
𝑡𝑒𝑠𝑡  and 𝑀𝑚𝑖𝑛

𝑡𝑒𝑠𝑡  are the maximum and 392 

minimum bending moments of the test results, respectively. The 𝑊𝐹𝐸  and 𝑊𝑡𝑒𝑠𝑡 parameters 393 

represent the total dissipated energy values from the Finite Element (FE) analysis and the test 394 

results, respectively. The ultimate loads and total dissipated energy values are compared in 395 

terms of 
𝑀𝑚𝑎𝑥
𝐹𝐸

𝑀𝑚𝑎𝑥
𝑡𝑒𝑠𝑡 , 

𝑀𝑚𝑖𝑛
𝐹𝐸

𝑀𝑚𝑖𝑛
𝑡𝑒𝑠𝑡  and 

𝑊𝐹𝐸

𝑊𝑡𝑒𝑠𝑡
. Assuming that a ratio lower than 10% is acceptable, the 396 

numerical ultimate moments are, generally, in good agreement with the experimental values, 397 

except for the 𝑀𝑚𝑖𝑛
𝐹𝐸  values of 3 specimens (No.10, No.13 and No.15). The differences between 398 

the numerical and experimental values of the 3 specimens are mainly due to the asymmetry of 399 

the experimental hysteretic loops, since the model proposed herein is based on a symmetric 400 

backbone curve. It should be noted that, although the proposed model cannot capture the 401 

asymmetry of the hysteretic curves, it can keep a good balance between the  maximum and 402 

minimum moments of the specimen as the average value of 
𝑀𝑚𝑎𝑥
𝐹𝐸

𝑀𝑚𝑎𝑥
𝑡𝑒𝑠𝑡  and 

𝑀𝑚𝑖𝑛
𝐹𝐸

𝑀𝑚𝑖𝑛
𝑡𝑒𝑠𝑡 is 94%. Moreover, 403 

despite the consideration of a symmetric backbone curve, the absolute values of 𝑀𝑚𝑎𝑥
𝐹𝐸  and 404 

𝑀𝑚𝑖𝑛
𝐹𝐸  of each specimen are not equal. This is a result of the strength deterioration, which is 405 
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monotonically increasing during the loading history.  Regarding the total dissipated energy, the 406 

𝑊𝐹𝐸 values are on average 7% lower than the 𝑊𝑡𝑒𝑠𝑡 values. This indicates that the calibrated 407 

models are able to capture the energy dissipation capability of the CFST members, which 408 

further verifies the feasibility of the proposed model. It should be noted that, as the proposed 409 

model is based on CP approach, it cannot consider the axial load-bending moment interaction, 410 

thus, different parameters are required for a CFST section under different axial load levels. 411 

5. Conclusions 412 

This paper focused on the proposal of a novel simplified numerical model for circular CFST 413 

members subjected to cyclic flexural loading. Based on experimental data, the flexural 414 

behaviour of circular CFST member was characterized. The feasibility of existing simplified 415 

modelling approaches was discussed. A novel approach, which represents the cross-section 416 

behaviour of circular CFST member, was developed and used as the nonlinear spring of the CP 417 

model. An accurate and efficient calibration framework has been proposed to find the optimum 418 

set of modelling parameters for the given target data. The accuracy of the calibrated model was 419 

verified through a comparison of the Finite Element results with the data obtained from the 420 

experimental tests. Based on the results obtained, the following conclusions can be extracted: 421 

• Strength degradation, stiffness deterioration and pinching effects are observed from the 422 

hysteretic loops of circular CFST specimens, which are mainly caused by the concrete 423 

damage and steel local buckling under cyclic loading. The symmetry of the loops depends 424 

on the development of the concrete cracks, which is unpredictable.  425 

• The DP model coupled with fibre cross-section fails to simulate the cyclic behaviour of 426 

CFST members, as it lacks the ability to capture the development of local buckling effects. 427 

The CP models from [15] and [18] are also not suitable for simulating the cyclic response 428 

of circular CFST since their hysteretic rules cannot accurately simulate the pinching effects. 429 

• The developed matCFSTdet model, coupled with the proposed calibration method, reveals 430 

to be an efficient option for the simplified numerical simulation of the flexural response of 431 

circular CFST members. Strength deterioration, stiffness deterioration and pinching effects 432 

are well captured by the proposed model. It should be noted, however, that the model cannot 433 

capture the asymmetry of the cyclic response of CFST member as the asymmetry is mainly 434 

caused by unpredictable uncertainties related to the behaviour of CFST members. 435 
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Table 1 Specimens List 

No. Specimen Name D [mm] t [mm] fc [MPa] fy [MPa] P [kN] Load Type 

1 CR-RuC15%-219-3-0%-M 219 2.8 20 309 0 Monotonic 

2 CR-RuC15%-219-3-15%-M 219 2.8 20 309 222 Monotonic 

3 CR-RuC15%-219-5-0%-M 219 4.7 20 393 0 Monotonic 

4 CR-RuC15%-219-5-15%-M 219 4.7 20 393 290 Monotonic 

5 CR-RuC5%-219-5-0%-M 219 4.7 39 393 0 Monotonic 

6 CR-RuC5%-219-5-15%-M 219 4.7 39 393 359 Monotonic 

7 CR-StdC-219-5-0%-M 219 4.7 53 393 0 Monotonic 

8 CR-StdC-219-5-15%-M 219 4.7 53 393 393 Monotonic 

9 CR-RuC15%-219-3-0%-C 219 2.8 20 309 0 Cyclic 

10 CR-RuC15%-219-3-15%-C 219 2.8 20 309 222 Cyclic 

11 CR-RuC15%-219-5-0%-C 219 4.7 20 393 0 Cyclic 

12 CR-RuC15%-219-5-15%-C 219 4.7 20 393 290 Cyclic 

13 CR-RuC5%-219-5-0%-C 219 4.7 39 393 0 Cyclic 

14 CR-RuC5%-219-5-15%-C 219 4.7 39 393 359 Cyclic 

15 CR-StdC-219-5-0%-C 219 4.7 53 393 0 Cyclic 

16 CR-StdC-219-5-15%-C 219 4.7 53 393 393 Cyclic 

where: 

D  is the external diameter; 

t  is the steel tube thickness; 

fc  is concrete cube compressive strength; 

fy  is the steel yield stress; 

P  is the constant axial load level.
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Table 2 Narrowed ranges of the control parameters 

Parameter name Lower limit Upper limit 

Rini 10-2 1 

mM 10-5 10-2 

mK 10-5 10-2 

mR 10-5 10-2 

nM 10-1 2 

nK 10-1 2 

nR 10-1 2 
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Table 3 Calibration results of the 8 specimens under cyclic loading 

No. Specimen Name Rini mM mK mR nM nK nR Fitness 

9 CR-RuC15%-219-3-0%-C 0.460 7.33×10−4 1.39×10−3 2.84×10−3 0.55 0.72 1.22 0.151 

10 CR-RuC15%-219-3-15%-C 0.974 4.45×10−6 7.89×10−4 3.01×10−3 0.50 0.53 0.85 0.201 

11 CR-RuC15%-219-5-0%-C 0.591 1.58×10−3 9.16×10−4 1.55×10−3 1.50 0.51 1.49 0.194 

12 CR-RuC15%-219-5-15%-C 0.514 1.29×10−4 9.53×10−4 2.07×10−4 0.77 1.50 0.79 0.114 

13 CR-RuC5%-219-5-0%-C 0.559 2.02×10−3 1.15×10−3 1.88×10−3 1.50 0.62 1.48 0.173 

14 CR-RuC5%-219-5-15%-C 0.506 9.28×10−5 1.04×10−3 2.77×10−5 0.65 0.50 1.50 0.092 

15 CR-StdC-219-5-0%-C 0.601 1.39×10−3 1.05×10−3 1.22×10−3 1.20 0.61 1.06 0.157 

16 CR-StdC-219-5-15%-C 0.476 8.09×10−4 1.04×10−3 2.25×10−6 1.48 0.50 1.50 0.101 
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Table 4  Ultimate loads and total dissipated energy comparisons between numerical prediction and test results 

No. Specimen Name 
𝑴𝒎𝒂𝒙
𝑭𝑬  

[kNm] 

𝑴𝒎𝒊𝒏
𝑭𝑬  

[kNm] 

𝑾𝑭𝑬 

[kNm] 

𝑴𝒎𝒂𝒙
𝒕𝒆𝒔𝒕  

[kNm] 

𝑴𝒎𝒊𝒏
𝒕𝒆𝒔𝒕  

[kNm] 

𝑾𝒕𝒆𝒔𝒕 

[kNm] 
𝑴𝒎𝒂𝒙
𝑭𝑬

𝑴𝒎𝒂𝒙
𝒕𝒆𝒔𝒕  

𝑴𝒎𝒊𝒏
𝑭𝑬

𝑴𝒎𝒊𝒏
𝒕𝒆𝒔𝒕  

𝑾𝑭𝑬

𝑾𝒕𝒆𝒔𝒕
 

9 CR-RuC15%-219-3-0%-C 59 -50 55 63 -46 55 93% 108% 98% 

10 CR-RuC15%-219-3-15%-C 71 -71 31 74 -90 35 95% 79% 90% 

11 CR-RuC15%-219-5-0%-C 104 -104 158 108 -115 165 97% 90% 96% 

12 CR-RuC15%-219-5-15%-C 131 -130 53 130 -142 63 101% 91% 85% 

13 CR-RuC5%-219-5-0%-C 111 -107 144 114 -121 148 97% 88% 97% 

14 CR-RuC5%-219-5-15%-C 130 -125 52 137 -139 58 95% 90% 88% 

15 CR-StdC-219-5-0%-C 111 -108 141 113 -130 145 98% 83% 97% 

16 CR-StdC-219-5-15%-C 134 -134 53 133 -146 59 100% 92% 89% 

       Average: 94% 93%| 
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Figure 1 Moment-drift ratio plots of the 16 circular CFST specimens
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Figure 2 Flexural behaviour of specimens No.3 (monotonic) and No.11 (cyclic)
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Figure 3 Concrete cracking of circular CFST under large deformation
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Figure 4 Distributed Plasticity (left) and Concentrated Plasticity (right) models 
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Figure 5 Comparison of moment-drift ratio plots between the test results and DP model 

prediction (Specimen No.3 and No.11)
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Figure 6 Comparison of moment-drift ratio plots between the test results and Concentrated 

Plasticity model (with ModIMKPeakOriented) prediction
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Figure 7 Hysteretic loops of the matCFSTdet Model
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Figure 8 Monotonic backbone curve of matCFSTdet Model and its five backbone parameters
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Figure 9 Unloading/reloading rule of the matCFSTdet model
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Figure 10 Monotonic backbone curve simplification (a) for curve type A and (b) for curve type 

B
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Figure 11 Calibration procedures based on Genetic Algorithm
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Figure 12 Comparison of moment-drift ratio plots between test results and Concentrated Plasticity model (with 

matCFSTdet) prediction 

 




