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Abstract 

Major seismic events can result in large residual displacements in conventional monolithic bridge 

columns, causing serviceability problems and expensive repair costs. In contrast, post-tensioned 

segmental columns exhibit excellent self-centering behavior and low residual drifts. However, such 

structures have limited energy dissipation capacity and require heavy mechanical equipment for 

prestressing using conventional tendons. This study proposes a novel self-centering segmental column 

system where prestressing is achieved by exploiting the unique shape memory effect (SME) characteristic 

of iron-based shape memory alloy (Fe-SMA) bars. A 3D finite element (FE) model was developed in 

ABAQUS and validated against the experimental results to evaluate the seismic performance of the 

proposed system. The model incorporated the experimentally validated material behavior of Fe-SMA bars 

under tension-compression reversals using the combined isotropic/kinematic hardening model. The 

validated model was used to conduct a parametric study to investigate the effect of five parameters, 

including total axial load ratio at constant post-tensioning force, relative contributions of post-tensioning 

force and gravity force to total axial load ratio, ratio of energy dissipating (ED) bars to Fe-SMA bars, 

confinement of concrete segments, and configuration of Fe-SMA bars, on the self-centering and energy 

dissipation behavior of the Fe-SMA prestressed segmental columns. The results showed that Fe-SMA bars 

are capable of providing both adequate self-centering and energy dissipation capacity to segmental 

columns owing to their self-prestressing and high ductility. The paper is concluded by evaluating the 

applicability of the existing self-centering criteria to Fe-SMA prestressed columns. 

1 Introduction 

Major seismic events pose a significant threat to the integrity and functionality of civil infrastructure 

such as bridge piers and building columns, necessitating the development of innovative structural systems 

capable of withstanding and recovering from earthquake-induced damage. Traditional reinforced 

concrete (RC) structures often exhibit irreversible deformations and residual displacements after seismic 

loading, resulting in costly repairs and prolonged downtime. The residual displacements refer to the 

permanent displacements that occur in the structure after the earthquake and can have serious 

implications for the structural integrity and operational functionality of structures. They can cause 

misalignment, cracking, and distortion of structural elements, compromising their load-bearing capacity 

and, more importantly, their serviceability. This is even more critical for bridge columns, where immediate 

serviceability after an earthquake is essential for emergency response, evacuation, and rescue. In the 1995 

Kobe earthquake, more than one hundred RC bridge columns had residual drifts greater than 1.75%. 

Although these columns did not collapse, they had to be demolished because of misalignment with the 

superstructure [1]. The JRA (Japan Road Association) [2] classifies residual drift ratios greater than 1% as 

significant and recommends that the residual drift ratio for bridge piers should be maintained below 1% 

to ensure the repairability of bridge structures following a seismic event. Furthermore, several studies 

have proposed self-centering criteria to theoretically evaluate the self-centering ability of RC columns [3–

8]. 

The ability of a column to recover residual drifts and return to its original position after experiencing 

inelastic deformations is called self-centering. This could be achieved by a combination of unbonded post-

tensioning (PT) force and a moment-free connection at the foundation that allows for rocking behavior. 

Segmental columns with a discrete segment design at the foundation and along the column height, as 

well as the post-tensioning force, offer several advantages over conventional monolithic RC columns in 



 

 

providing self-centering behavior after seismic events. The multiple discrete segment design results in 

controlled rocking of the segments under lateral loading without causing irreversible damage. The post-

tensioning enhances the self-centering ability of segmental columns by providing a restoring force to help 

the column return to its original position. Accelerated construction, reduced environmental impact, and 

minimal traffic disruption are other advantages associated with precast segmental columns over 

conventional monolithic RC columns. 

 Numerous studies have been conducted to investigate various factors influencing the seismic 

performance of post-tensioned segmental columns [9–16]. Previous studies [5,17] have shown that the 

use of an unbonded prestressing system typically results in smaller residual drift compared to the bonded 

prestressing system, which results in large residual drifts and also increases the column strength and 

energy dissipation capacity through yielding of the prestressing reinforcement [15,18]. Another factor 

that may affect the seismic performance of precast segmental columns is the configuration of the 

prestressing reinforcement. According to the findings of Roh and Reinhorn [19], placing the tendons on 

each side of the column instead of the center results in an increase in lateral strength and eliminates the 

negative stiffness observed in the hysteretic curve. Nikbakht et al. [20] conducted a study to investigate 

the influence of strand position by comparing different arrangements of post-tensioned strands. The 

results showed that placing the strands closer to the circumference resulted in increased lateral strength, 

greater energy dissipation capacity, and higher residual drifts. However, all strands in this study were 

bonded to the surrounding concrete. Therefore, further research is needed to investigate the effect of the 

configuration of unbonded prestressing reinforcement on the seismic performance of segmental columns. 

The axial load ratio is another factor that plays a crucial role in the seismic performance of precast 

segmental columns. This ratio consists of two components, the prestressing force and the gravity load of 

the superstructure. The presence of a vertical gravity load causes a P-Δ effect when the column is 

deformed. However, this effect is not observed with the prestressing force acting perpendicular to the 

column. To ensure adequate ductility, several studies suggest a threshold of 20% for the total axial load 

ratio [9,21,22]. Additional research is required to investigate the individual contributions of each 

component of the axial load ratio to the seismic performance of segmental columns.  

Despite the excellent self-centering behavior and notable advantages of precast segmental columns, 

the use of these structures is still limited to areas with lower seismic activity due to their low energy 

dissipation capacity. To address this issue, researchers have explored several strategies that incorporate 

internal ED bars [5,11,12,14,15] or external ED devices [10,19,23,24]. In addition, the application of new 

structural materials such as fiber reinforced steel concrete (SFRC) [28,29], engineered cementitious 

composites (ECC) [30,31], hybrid fiber-reinforced concrete (HyFRC) [29], ultra-high-performance fiber-

reinforced concrete (UHPFRC) [30], and steel or FRP jacket [9,10,31] have been considered in the plastic 

hinge region (i.e the bottom segment) of these columns. Ou et al. [32] proposed a precast segmental 

column design using cast-in-place (CIP) construction for the lower portion, which resulted in remarkable 

ductility and energy dissipation [32–35]. The concept of hybrid sliding-rocking (HSR) bridge columns was 

introduced by Sideris [36] and Sideris et al. [13,37]. These HSR columns are precast concrete segmental 

columns that incorporate internal unbonded post-tensioning, rocking joints at the column ends, and 

intermediate sliding (HSR) joints along the column height. The HSR columns incorporate additional energy 

dissipation through the use of low-friction materials that allow friction at the slip joints. Any residual 

sliding that may occur is typically minimal and can be eliminated by hydraulic or mechanical means 

[38,39]. Another limitation in relation to post-tensioning segmental columns with conventional tendons 



 

 

is that the post-tensioning process requires the installation of heavy mechanical equipment, including 

hydraulic jacks, anchor heads, and end anchorages, which is cumbersome. 

A possible solution to overcome the above-mentioned two limitations could be to use iron-based 

shape memory alloys (Fe-SMAs), as a prestressing reinforcement in segmental columns. Fe-SMA belongs 

to a class of smart materials that show unique pre-stressing characteristics upon heating through a 

phenomenon known as shape memory effect [40]. The shape memory effect refers to the unique property 

by which Fe-SMA can recover inelastic deformations upon thermal activation. To activate Fe-SMA bars, 

the bars are first prestrained to a target strain and then unloaded. The prestrained bars are then clamped 

at both ends and heated to a target temperature of 160o C or higher. The clamping prevents bars to 

recover inelastic deformation, resulting in a prestress called recovery stress [41–43]. Fe-SMA bars are easy 

to install and work with, as the thermal activation can be simply done by electrical resistive heating or gas 

flame heating without any need for the installation of heavy mechanical equipment [41,43]. Fe-SMA bars 

are also expected to increase the energy dissipation capacity of segmental columns compared to 

conventional tendons due to their lower yield strength and their ability to contribute to the energy 

dissipation capacity after yielding during cyclic loading owing to their high ductility . These properties 

make Fe-SMAs an attractive alternative for prestressing RC structures, not only for strengthening but also 

for the design of new structures. The application of prestressed Fe-SMA for self-centering of existing 

bridge columns has recently been explored in [44]. The use of Fe-SMA in civil engineering for flexural and 

shear strengthening purposes of beams, slabs, and masonry structures has received considerable 

attention in recent years [40–42], [45–65]. However, the application of Fe-SMA for the design of new 

smart structures, such as Fe-SMA prestressed self-centering segmental columns and walls, has been 

limited thus far. This was mainly because the cyclic behavior of activated Fe-SMA was not well understood. 

Recently, however, the cyclic and fatigue behavior of activated and non-activated Fe-SMA has been 

experimentally investigated [66–69]. This provides a promising opportunity to explore the use of activated 

Fe-SMA bars for novel self-centering applications for segmental columns under extreme loading events 

involving cyclic tension-compression reversals.  

This study proposes a novel self-centering segmental column system, where prestressing is achieved 

by exploiting the unique characteristics of Fe-SMA bars. To evaluate the seismic performance of the 

proposed system, a 3D finite element (FE) model is developed in ABAQUS and validated against the 

experimental results. The model incorporates the material behavior of Fe-SMA bars under tension-

compression reversals using the combined isotropic/kinematic hardening model. The material model is 

calibrated against the experimental behavior of Fe-SMA under cyclic reversals. The validated model is 

used to conduct a parametric study to investigate the effect of various parameters including total axial 

load ratio at constant PT force, relative contributions of PT force and gravity force to total axial load ratio, 

ratio of ED bars to Fe-SMA bars, confinement of concrete segments, and configuration of Fe-SMA bars on 

the self-centering and energy dissipation behavior of the Fe-SMA prestressed segmental columns. The 

paper is concluded by evaluating the applicability of the existing self-centering criteria to Fe-SMA 

prestressed columns. 

2 Finite Element Modelling 

2.1 Proposed Segmental Column System  

The segmental column system proposed in this study utilizes the novel Fe-SMA bars as the prestressing 

reinforcement. The reference column has an aspect ratio of six and consists of four 610 mm diameter 



 

 

precast concrete segments. The base segment has a height of 610 mm and the upper segments are 900 

mm high. The segments are reinforced with 8⌀12.7 evenly spaced steel longitudinal bars which are 

discontinuous at the segment joints. Each segment is confined with 9.5 mm stirrups spaced at 75 mm, 

resulting in a transverse reinforcement ratio (by area) of 0.31%. 14⌀18 unbonded Fe-SMA bars are used 

for prestressing the column. These bars are evenly distributed around the column perimeter, resulting in 

a longitudinal reinforcement ratio of 1.22%. The Fe-SMA bars are bonded in the foundation and top 

loading block and left unbonded along the column height to reduce strain concentration and early loss of 

prestress. The recovery stress of each Fe-SMA bar is 300 MPa, which resulted in a total PT load ratio of 

7.5% in the column. The design axial load ratio due to gravity was 12.5%, resulting in a total axial load 

ratio of 20% on the column, which is typical for bridge columns [9,21,22]. Figure 1 shows the design details 

of the proposed system. 

 

Figure 1 Design details of the proposed system (S1) 

2.2 Material modeling 

2.2.1 Concrete 

Concrete damage plasticity (CDP) is utilized in this study to model the inelastic behavior of concrete. 

Smeared crack model, brittle cracking model, and the concrete damage plasticity (CDP) models are 

available in ABAQUS for modelling the material behavior of concrete [70]. The smeared crack model is 

typically employed when concrete is subjected to monotonic loadings. The brittle cracking model is 

accurate for modeling brittle materials such as brittle rocks or unreinforced concrete since it considers a 

linear elastic behavior in compression. The concrete damaged plasticity (CDP) model is primarily meant 

to offer a general capacity for the analysis of RC structures subjected to monotonic, cyclic and/or dynamic 

loadings [70]. Since the columns considered in this study are RC structures subject to cyclic loadings, the 

concrete damaged plasticity (CDP) model is utilized to model the inelastic behavior of concrete. 



 

 

The concrete damage plasticity (CDP) model is defined based on five plasticity parameters and uniaxial 

material behavior in tension and compression. The behavior of the material under cyclic loading is 

characterized by implementing damage data in tension and compression. The damage data defines the 

stiffness degradation of the material subjected to repeated cycles. Table 1 summarizes the material 

properties of concrete and Table 2 provides the values of plasticity parameters used as input for the 

concrete damage plasticity (CDP) model. 

The stress-strain relationships proposed by Mander et al. [71] are utilized in this study to model the 

compressive behavior of unconfined and confined concrete with spirals and steel jacket. In Mander's 

model, the spacing of the spirals, the jacket thickness, and the resulting confining pressure influence the 

ultimate strength and softening behavior of the concrete after the peak stress. Equation 1 gives the stress-

strain relationship of the Mander model where 𝑓𝑐𝑐
′  is the confined concrete strength obtained from 

equation 2, 𝜀𝑐𝑐  is the corresponding strain, 𝐸𝑐  is the tangent modulus of elasticity, 𝐸𝑠𝑒𝑐  is the secant 

modulus defined as  𝐸𝑠𝑒𝑐 =
𝑓𝑐𝑐

′

𝜀𝑐𝑐
. In equation Error! Reference source not found., 𝑓𝐼

′  is the confining 

pressure resulting from the jacket or spirals, 𝑓𝑐𝑜
,  is the unconfined concrete strength. The Mander model 

sets the value of confined concrete strength (𝑓𝑐𝑐
′ ) equal to the unconfined concrete strength (𝑓𝑐𝑜

, ) to 

simulate the behavior of unconfined concrete. Further details of the Mander model can be found in [71]. 

𝑓𝑐 =
𝑓𝑐𝑐

′ 𝐸𝑐𝜀𝑐/𝜀𝑐𝑐

𝐸𝑠𝑒𝑐 + (𝐸𝑐 − 𝐸𝑠𝑒𝑐)(𝜀𝑐/𝜀𝑐𝑐)𝐸𝑐/(𝐸𝑐−𝐸𝑠𝑒𝑐)
 1 

 

𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ (−1.254 + 2.254√1 +
7.94𝑓𝑙

′

𝑓𝑐𝑜
′ − 2

𝑓𝐼
′

𝑓𝑐𝑜
′

) 2 

 

Figure 2(a) shows the stress-strain curves of unconfined and confined concrete with stirrups and steel 

jacket based on the models described earlier. Figure 2(b) shows the effect of different stirrup spacings on 

the stress-strain curve of concrete, where reduced stirrup spacing improve the softening behavior and 

peak stress significantly.  

 

Figure 2 Stress-strain curves of (a) unconfined and confined concrete (b) confined concrete with 
different spiral spacings 



 

 

In tension, a linear-elastic behavior is assumed for concrete prior to peak tensile strength. The stress-

crack opening method is used in this study to define the post-peak response in tension to avoid 

unnecessary convergence problems. The exponential function proposed by Cornelissen et al. [72] is given 

as input to the CDP model for defining the tensile behavior (equation 3). 

𝜎

𝑓𝑡
= 𝑓(𝜔) −

𝜔

𝜔𝑐
𝑓(𝜔𝑐) 

𝑓(𝜔) = [1 + (
𝑐1𝜔

𝜔𝑐
)

3

] exp (−
𝑐2𝜔

𝜔𝑐
) 

𝜔𝑐 = 5.14
𝐺𝑓

𝑓𝑡
 3 

Where, 𝜔 is the crack-opening displacement, 𝑓(𝜔) is a displacement function, 𝜔𝑐 is the crack-opening 

displacement at which stresses can no longer be transferred, 𝐺𝑓 is the fracture energy of concrete, and 𝑐1 

and 𝑐2 are material constants with values of 3 and 6.93 for normal-density concrete, respectively. The 

fracture energy (𝐺𝑓) is derived from CEB-FIB [73] (equation 4), and the concrete tensile strength according 

to Table 1 is 4.1 MPa. The post-peak tensile behavior of concrete is shown in Figure 3. 

𝐺𝑓 = (0.0469𝑑𝑎 2 − 0.5𝑑𝑎 + 26) (
𝑓𝑐

′

10
)

0.7
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As mentioned earlier, the CDP model incorporates damage data to account for the stiffness 

degradation of the concrete under cyclic loadings. According to [74], the compressive damage parameter 

(𝑑𝑐) is defined as follows: 

𝑑𝑐 = 1 −
𝜎𝑐𝐸𝑐

−1

𝜀𝑐
𝑝𝑙(1/𝑏𝑐 − 1) + 𝜎𝑐𝐸𝑐

−1
 5 

 

Where 𝜀𝑐
𝑝𝑙

 is the plastic compressive strain, 𝜎𝑐 is the compressive stress, 𝐸𝑐 is the elastic modulus, and 

𝑏𝑐 is recommended to be 0.7. The tensile damage parameter (𝑑𝑡) is developed by Pavlovic et al. [75] as 

follows: 

𝑑𝑡 = 1 −
𝜎𝑡

𝜎𝑡0
 6 

Where 𝜎𝑡 is the tensile stress and 𝜎𝑡0 is the concrete tensile strength. 



 

 

 

Figure 3 Tensile behavior of concrete 

Table 1 Material properties of concrete 

Mechanical Property Value 

Compressive strength (MPa) 48.7 
Tensile strength (MPa) 4.1 
Elastic modulus (GPa) 32.8 

Poisson’s ratio 0.2 
 

Table 2 Input parameters of CDP model in ABAQUS 

Parameter Value 

Dilation angle, 𝝍 (°) 40 
Plastic potential eccentricity, 𝒆 0.1 

Stress ratio, 𝝈𝒃𝟎/𝝈𝒄𝟎 1.16 
Shape of the yielding surface, 𝑲𝒄 0.6667 

Viscosity parameter, 𝝁 0.0001 
 

2.2.2 Steel reinforcement 

All steel reinforcement, including longitudinal and transverse bars, ED bars, steel tendons, and steel 

jackets, are defined using the elastic-perfectly plastic stress-strain material model with the isotropic 

plasticity. Mechanical properties of the steel reinforcement used in this study are listed in Table 3. 

Table 3 Material properties of steel reinforcement 

Materials Mechanical Property Value 

Longitudinal,Transverse, and ED Bars Elastic modulus (GPa) 206 
 Yield strength (MPa) 443 

 Poisson’s ratio 0.3 
Steel Jacket Elastic modulus (GPa) 206 

 Yield strength (MPa) 303 
 Poisson’s ratio 0.3 

Activated Fe-SMA Elastic modulus (GPa) 151 



 

 

 Poisson’s ratio 0.25 
Yield strength (MPa) 439 

Ultimate strength (MPa) 800 
Failure strain (%) >30 

Non-Activated Fe-SMA Elastic modulus (avg) (GPa) 195 
Poisson’s ratio 0.25 

Yield strength (MPa) 400 
Ultimate strength (MPa) 800 

Failure strain (%) >30 
 

2.2.3 Iron-based shape memory alloy 

The material behavior of activated and non-activated Fe-SMA under tension-compression reversals 

was modeled using the combined isotropic/kinematic hardening model. The developed model was 

calibrated with the results of experimental cyclic tests conducted by Raza et al. [69]. Moreover, the 

present study conducted another cyclic test as part of the same experimental campaign on a non-

activated Fe-SMA specimen (denoted as SP 1). Geometric details and loading protocols of the 

experimental specimens are summarized in Table 4.  

Table 4 characteristics of Fe-SMA specimens 

Specimen Loading State Protocol 

SP 1 Cyclic Non-activated 
Incremental amplitudes (0.03%, 0.06%, 0.12%, 0.25%, 0.5%, 

1.0%) 
SP 10 
[69] 

Cyclic 
Activated @ 

160 °C 
Incremental amplitudes (0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 

0.7%, 0.8%, 0.9%, 1.0%) 
SP 12 
[69] 

Cyclic Non-activated 
Incremental amplitudes (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.5%, 

4.0%, 4.5%, 5.0%) Specimen L/D = 3 
 

The combined isotropic/kinematic hardening model is based on the theory proposed by Chaboche [76] 

and consists of two kinematic and isotropic components, which refer to the translation and uniform 

expansion of the yield surface in stress space, respectively. The translation of the yield surface in the stress 

space (Bauschinger effect) is defined by the back stress (Equation 7). According to the ABAQUS 

documentation, several backstress components can be included to effectively improve the modeling 

results [70]. Each backstress component is a function of 𝐶𝑘and 𝛾𝑘 where 𝐶𝑘 is the kinematic hardening 

modulus and 𝛾𝑘  is the decreasing rate of 𝐶𝑘  with respect to increasing plastic deformation (𝜀𝑝 ). The 

kinematic hardening of the material is determined by calibrating the values of 𝐶𝑘 and  𝛾𝑘. There are three 

methods to define kinematic hardening in ABAQUS: 1) Direct parameters 2) Stabilized cycle 3) Half cycle. 

𝛼 = Σ𝑘=1
𝑛

𝐶𝑘

𝛾𝑘
(1 − 𝑒−𝛾𝑘𝜀𝑝

) 7 

 

The stabilized cycle method is used in this study to calibrate the kinematic hardening model according 

to the procedure defined in [70]. The data pairs of (𝜎𝑖, 𝜀i
pl

) derived from the stabilized cycle are given to 

ABAQUS as input, and ABAQUS automatically determines the kinematic parameters and reports them in 



 

 

the data file when model definition data are requested [70]. The input data pairs of (𝜎𝑖, 𝜀i
pl

) are obtained 

from the stabilized stress-strain curve by subtracting the elastic strain and shifting the strain axis to 𝜀p
0 as 

described below: 

𝜀i
pl

= 𝜀i −
𝜎i

𝐸
− 𝜀p

0 8 

 

The first data pair is therefore implemented as (𝜎1, 0.0). In Equation 8, 𝜀p
0 represents the minimum 

plastic strain at zero stress as shown in Figure 4. For each data pair, the values of 𝛼𝑖 are obtained from: 

𝛼𝑖 = 𝜎𝑖 −
𝜎1 + 𝜎𝑛

2
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Where 𝜎1 and 𝜎𝑛 are the stress values in the first and last data pair, respectively. With the obtained 

data pairs (𝛼𝑖, 𝜀i
pl

) and using equation 7, ABAQUS determines the kinematic hardening parameters (𝐶𝑘 

and 𝛾𝑘) [70]. It is worth noting that in the combined hardening model, the tensile/compressive unloading 

slope is equal to the Young's modulus (Figure 4), so the Young's modulus defined in ABAQUS must be 

calculated based on the unloading slope where the load direction changes from tension/compression to 

compression/tension. The values of Young's modulus used in this study to model the cyclic behavior of 

activated and non-activated Fe-SMA are summarized in Table 3. According to the elastic modulus values 

in Table 3, the activated and non-activated Fe-SMA have an elastic modulus of 151 and 195 GPa, 

respectively. It should be noted that the reported Young's modulus of the non-activated Fe-SMA in this 

study belongs to SP 1, which was calculated using measurements from the extensometer. The Young's 

modulus from the experimental stress-strain curve of SP 12 was found to be lower and in the range of 75-

85 GPa because its strains were determined from machine displacement data (without any post-

processing) as extensometer was not used in the test of this specimen. Despite the different modulus 

values, the results of the two specimens are compared to show the robustness of this approach in 

capturing the stress-strain behavior of the material, where it is important to have the correct unloading 

slope as an input to the model. 



 

 

 

Figure 4 Stress-strain curve of stabilized cycle for calibration of  kinematic hardening parameters 
(Reprinted from [77]) 

To verify the accuracy of the calibrated material model against experimental data, a unit-cubic model 

was developed and subjected to the same loading protocols as the tested specimens. The unit cubic finite 

element model consists of a single C3D8R element with unit dimensions. The reason for choosing the unit 

cubic model is to reduce the computational cost and to prevent the occurrence of necking and premature 

rupture of the specimen. The unit cubic model is fully constrained on the bottom face to simulate the 

fixed boundary condition, and the applied strain is implemented on the top face as a displacement control 

load according to the loading protocols in Table 4. The lateral degrees of freedom are free to allow the 

Poisson phenomenon in the specimen. In the case of activated Fe-SMA, the prestressing force is applied 

to the entire element through the Predefined Field panel. The static-general analysis type with 

consideration of nonlinear effects of large deformations is used to perform the cyclic analyses. 

Figure 5 compares the results of the combined hardening model with the experimental results of non-

activated Fe-SMA bars. The results indicate that the combined hardening model can reasonably predict 

the cyclic behavior of non-activated Fe-SMA in terms of peak stress and tensile/compressive unloading 

shape of the curve (Figure 5). However, the slight difference that occurs in the tensile/compressive 

unloading part is due to the limitation of the combined hardening model in capturing the pseudoelastic 

behavior of Fe-SMA. Furthermore, local buckling of the specimens is responsible for the discrepancy in 

peak compressive stresses at high strain amplitudes. Comparison of the results of the combined hardening 

model with the experimental results for activated Fe-SMA in Figure 6 shows that the model is able to 

reasonably capture the tensile behavior, but overestimates the compressive stresses. This is because 

unlike non-activated Fe-SMA, the activated Fe-SMA exhibits asymmetric cyclic behavior due to the pre-

straining performed before activation. As a result, it can be seen in the experimental curve shown in Figure 

6 that while the maximum tensile stress is about 550 MPa, the maximum compressive stress is only about 

380 MPa. The discrepancy in the experimental and modelling results is because the combined 

kinematic/isotropic model is only capable of capturing symmetrical cyclic behavior. 



 

 

 

Figure 5 Results of material modeling of non-activated Fe-SMA (a) SP 1 (b) SP 14 

 

Figure 6 Results of material modeling of activated Fe-SMA (SP 10) 

Table 5 Calibrated material model parameters 

Specimens 𝝈|𝟎 𝑪𝟏 𝜸𝟏 𝑪𝟐 𝜸𝟐 
SP 1 – 1% 268.96 132521 29078 33763 268.81 

SP 10 – 1% 340 41704 142 156750 2574 
SP 12 – 4% 301.6 8050.4 20.9 19532 228.6 

 

Despite the limitation of the combined/hardening model in accurately capturing the compressive 

stresses of activated Fe-SMA, the modelling approach is deemed appropriate for modelling the behavior 

of activated Fe-SMA bars in the proposed segmental columns. This is because the Fe-SMA bars used in 

the columns are prestressed and therefore small compressive stresses are expected in the bars under 

cyclic loading. In addition, the bars are unbonded, which means that the majority of the compression will 

be carried by the concrete, resulting in minimal compressive strains in the bars, as shown later in Section 

3.3.5. The material model parameters calibrated for each specimen are summarized in Table 5. The 

proposed parameters are only valid in the strain ranges for which they have been calibrated. Additional 

strain ranges require new experimental data and further calibration. 



 

 

2.3 Column Model description 

Figure 8 shows the finite element model of the proposed segmental column. All concrete components, 

including precast segments, loading block, and foundation, were modeled using eight-node linear 3D brick 

reduced integration elements (C3D8R). All the steel reinforcements, including longitudinal and transverse 

bars, ED bars, as well as Fe-SMA bars, were modeled with two-node linear truss elements (T3D2) that 

provide only axial stiffness.  

2.3.1 Interactions and constraints 

The surface-to-surface contact has been used to define the interaction between the column segments. 

Contact behavior at the joints consists of two components 1) Tangential behavior and 2) Normal behavior. 

The tangential contact behavior between the master and slave surfaces is modeled by tangential friction. 

The coefficient of friction between the segments is assumed to be 0.5 based on the recommendations of 

[78]. The normal contact behavior is modeled by hard contact, which enables the surfaces to separate 

without resistance and to develop compression when the surfaces come into contact.  

ED bars and discontinuous steel reinforcement were fully embedded in the surrounding concrete using 

the "embedded region" constraint in ABAQUS to simulate the interaction between reinforcement and 

concrete. Fe-SMA bars were embedded with a similar constraint only at the foundation and the loading 

block, leaving the remaining length unbonded.  

2.3.2 Loading and boundary conditions 

All degrees of freedom of the column foundation are constrained to simulate the rigid boundary 

condition resulting in a cantilever column configuration. The prestressing force is defined using the 

Predefined Field, Initial Stress option in ABAQUS in the first loading step. The first step allows the model 

to reach equilibrium under the initial prestressing force. The axial load is then applied to the top surface 

of the loading block as a surface pressure load. Finally, the loading block is subjected to a displacement 

controlled cyclic lateral loading according to the loading protocol shown in Figure 7. 



 

 

 

Figure 7 Loading protocol of the applied lateral drift ratio 

 

Figure 8 General view of segmental column prestressed by activated Fe-SMA bars 



 

 

3 Results and Discussion 

3.1 Validation of the Finite Element Model 

The finite element model of the segmental column was validated by comparing against the 

experimental results of Hewes and Priestley [9]. The tested column (JH1) in [9] was a segmental column 

prestressed by a central steel tendon and confined by a 6 mm steel jacket around the bottom segment. 

The tendon was left unbonded in a 140 mm diameter duct across the height of the column. Figure 9 shows 

the design details of JH1. The tendon with an area of 2665 mm2 was post-tensioned to 1009 MPa, resulting 

in an axial load of 2689 KN, corresponding to a PT load ratio of 19.9 %. Truss elements (T3D2) were used 

to model the tendon and were embedded in the surrounding concrete at the ends of the tendon to 

simulate anchorage. Surface-to-surface contact elements with tangential behavior were utilized to 

simulate the contact between the tendon and the duct, assuming a coefficient of friction of zero. The steel 

jacket was modeled using Shell elements (S4R). A similar contact behavior as column joints was employed 

to simulate the contact between the steel jacket and the bottom segment. The gravity load was 890 KN, 

resulting in a gravity load ratio of 6.6%, leading to a total axial load ratio of 26.5%.  The cyclic lateral 

displacement loading was applied to the top loading block up to 3% drift following the loading protocol in 

Figure 7. The results were validated in terms of the global and local behavior of the specimen. The adopted 

mesh size was selected based on a sensitivity analysis to ensure a balance between computational cost 

and output accuracy. The sensitivity analysis was performed with respect to the hysteretic force-

displacement response and damage pattern of the model. A mesh size of 45 mm was used for the steel 

jacket and concrete segments. Mesh sizes of 160 and 90 mm were used for the tendon and discontinuous 

steel reinforcement, respectively. 

 

Figure 9 Design details of the specimen (JH1) used for validation of FE model (Reproduced from [9]) 



 

 

3.1.1 Global behavior 

The hysteretic lateral force-displacement behavior of the specimen was used to validate the global 

behavior of the column predicted by the finite element model. The comparison of the experimental and 

numerical hysteretic curves is shown in Figure 10. The model was able to reasonably predict the 

experimental results in terms of peak forces and stiffness degradation at high drift ratios. The 

experimental and numerical peak lateral force and the corresponding error in the lateral force at each 

drift ratio are presented in Table 6. The results indicate that the error in predicted lateral force in the 

negative direction is slightly larger than in the positive direction. This difference is mainly due to the 

asymmetric experimental hysteretic behavior in the positive and negative loading directions. The 

maximum error in the prediction of lateral force in the positive and negative directions was 10.0 % and 

15.6 %, respectively, which is quite reasonable. 

  

Figure 10 Comparison of experimental and numerical lateral load-displacement hysteretic response 

Table 6 Comparison of experimental and numerical peak lateral forces at each drift ratio 

Drift ratio (%) Experimental (KN) Numerical (KN) Error (%) 

0.6 164.7 181.2 10.0 
-0.6 -156.2 -180.6 15.6 
0.9 186.7 197.7 5.9 
-0.9 -175.6 -199.9 13.8 
1.2 196.9 207.7 5.5 
-1.2 -185.3 -209.6 13.1 
1.6 206.1 213.7 3.7 
-1.6 -194.9 -214.8 10.2 

2 210.4 210.4 0.0 
-2 -199.4 -210.7 5.7 
3 217 202.9 6.5 
-3 -206.3 -203.4 1.4 



 

 

3.1.2 Local behavior 

To validate the local behavior, the damage patterns of the model are compared with the 

experimentally observed damage patterns. Figure 11 compares the distribution of damage patterns in the 

modelled column with the experimental results at 3% drift ratio. The black area in the second segment in 

Figure 11(c) represents concrete elements with strains exceeding the strain at the peak stress of 

unconfined concrete, indicating spalling of the concrete cover in the model. The same damage pattern 

could be observed in the tested column where concrete in segment 2 spalled at 3% drift ratio as shown in 

Figure 11(a). In addition, the experimental results show concrete crushing at the very bottom of the first 

segment as shown in Figure 11(b). This occurred because the steel jacket was placed 25 mm above the 

foundation surface to avoid contact between the jacket and the foundation during the test. The numerical 

model was also successful in capturing this damage as highlighted in Figure 11(c). The validation of the 

experimental results in terms of global and local behavior indicates that the model can reasonably predict 

the cyclic behavior of prestressed segmental columns. In the next section, the validated modelling 

approach is used to study the effect of different design parameters on the cyclic behavior of precast 

segmental columns prestressed with Fe-SMA bars. 

 

Figure 11 Comparison of damage pattern: (a) Spalling of concrete in the second segment (JH1) [9] (b) 
Concrete crushing at the bottom part of segment one (JH1) [9] (c) Compressive axial strains in numerical 

model at 3% drift ratio 

3.2 Mesh sensitivity analysis 

As the main focus of the current study is to investigate the self-centering behavior of segmental 

columns prestressed with Fe-SMA bars, a separate mesh sensitivity analysis was performed on the 

specimens of the parametric study to ensure that the results of residual drifts are not affected by the 

mesh size.  Two specimens, one with and one without ED bars, were used in the sensitivity analysis. The 

reason for choosing the specimen without ED bars is that due to the absence of ED reinforcement, the 

concrete may suffer more severe damages and thus the mesh size can play a more important role in the 

column behavior. Therefore, a wider range of mesh sizes was used in the mesh sensitivity analysis of this 

specimen to account for this concern. Furthermore, the specimen with ED bars was included in the 

sensitivity analysis to examine the effect of mesh size on column behavior in the presence of ED 

reinforcement. 



 

 

Four different mesh sizes for concrete elements (i.e. 45, 40, 35, and 30 mm) were considered for 

specimen consisting of ED bars. For the specimen without ED bars, two different mesh sizes were 

considered for concrete elements (i.e. 45 and 35 mm) and two for ED bars (i.e. 60 and 30 mm). Since the 

Fe-SMA bars in both specimens were unbonded, the mesh size had little impact on the results. Therefore, 

a 280 mm mesh size was used for the Fe-SMA bars in both specimens. The results of the mesh sensitivity 

analysis conducted on concrete elements in both specimens reveal that the mesh size has a minimal 

impact on the overall shape of the force-displacement response in terms of peak forces and 

loading/unloading slopes, however, it does have a significant influence on the residual drifts. The results 

of the mesh sensitivity analysis of concrete elements in terms of residual drifts for specimens with and 

without ED bars are shown in Figure 12(a) and (b), respectively. The residual drifts were obtained from 

the hysteretic curve when the column was unloaded at the zero force point.  

 

Figure 12 Sensitivity of residual drifts to concrete elements mesh size for specimens (a) without ED 
bars (b) Including ED bars 

The results show that the residual drifts in specimens with no ED bars are more sensitive to the mesh 

size. This is because there are no bonded bars in this specimen and therefore all the forces are transferred 

through the concrete. Excessive stress values in concrete members result in element distortion and 

discrepancy in results. On the other hand, a uniform distribution of forces between concrete and ED bars 

in specimen with ED bars provides more robust results. Due to the fact that the applied drift ratio is loaded 

first in the positive direction and then in the negative direction, asymmetric residual drifts are produced 

in both columns. The asymmetry in residual drifts for specimen without ED bars is more prominent, 

especially at larger mesh sizes where element distortion occurs as shown in Figure 12(a). In contrast, the 

presence of ED bars in specimen with ED bars leads to reduced asymmetry in residual drifts as shown in 

Figure 12(b). Consequently, a finer mesh was adopted for specimens without ED bars to ensure the 

reliability of the results in this study. Thus, mesh sizes of 45 and 35 mm were selected for specimens with 

and without ED bars, respectively. It is worth noting that although the results of the mesh sensitivity 

analysis of the specimen without ED bars at a mesh size of 30 mm seem more favorable than 35 mm, the 

computational cost is significantly increased and thus the mesh size of 35 mm was chosen. Furthermore, 

a mesh size of 30 mm was adopted for ED bar elements based on the results. 

 

3.3 Parametric study 

The validated numerical model is used in this section to investigate the effect of different design 

parameters on the behavior of segmental columns prestressed with Fe-SMA bars. The variable parameters 



 

 

considered include the effect of total axial load ratio at a constant PT force on the column's behavior, the 

effect of relative contributions of PT force and gravity force to total axial load ratio, the ratio of ED bars 

to Fe-SMA bars, the confinement of concrete segments, and the configuration of Fe-SMA bars. The 

analysis is conducted on 23 column specimens as summarized in Table 7. 

Table 7 Characteristics of parametric study specimens 

No. 𝑃𝑮(%) 𝑃𝑃𝑇(%) ED/Fe-SMA ratio Confinement 
Fe-SMA 

Configuration 

S1 (Ref) 12.5 7.5 0 𝑆1−4-75 D240 
S2 10 7.5 0 𝑆1−4-75 D240 
S3 15 7.5 0 𝑆1−4-75 D240 
S4 17.5 7.5 0 𝑆1−4-75 D240 
S5 20 7.5 0 𝑆1−4-75 D240 
S6 12.5 7.5 0 𝑆1−4-75 D240 
S7 15 5 0 𝑆1−4-75 D240 
S8 17.5 2.5 0 𝑆1−4-75 D240 
S9 10 7.5 0.18 𝑆1−4-75 D240 

S10 10 7.5 0.45 𝑆1−4-75 D240 
S11 10 7.5 0.7 𝑆1−4-75 D240 
S12 10 7.5 0.85 𝑆1−4-75 D240 
S13 20 7.5 0.18 𝑆1−4-75 D240 
S14 20 7.5 0.45 𝑆1−4-75 D240 
S15 20 7.5 0.7 𝑆1−4-75 D240 
S16 20 7.5 0.85 𝑆1−4-75 D240 
S17 12.5 7.5 0 𝑆1−4-75 D240 
S18 12.5 7.5 0 𝑆1−4-150 D240 
S19 12.5 7.5 0 𝑆1−4-37.5 D240 
S20 12.5 7.5 0 𝑆1-37.5/𝑆2−4-75 D240 
S21 12.5 7.5 0 𝐽1/𝑆2−4-75 D240 
S22 12.5 7.5 0 𝑆1−4-75 D240 
S23 12.5 7.5 0 𝑆1−4-75 D50 

Note: 1- 𝑃𝑮 is gravity load ratio which is defined as 𝑃𝐺 =
𝐹𝑔

(𝑓𝑐
′ 𝐴𝑔)

 where 𝐹𝑔 is the dead load on the column, 𝑓𝑐
′ is the concrete 

strength, and 𝐴𝑔 is the gross section area of the column. 2- 𝑃𝑃𝑇 is prestressing load ratio which is defined as 𝑃𝑃𝑇 =
𝐹𝑃𝑇

(𝑓𝑐
′ 𝐴𝑔)

 where 

𝐹𝑔 is the total prestressing force on the column applied by Fe-SMA bars. 3- The confinement is given in the notation 𝐴𝑏−𝑐 − 𝐷, 

where 𝐴 denotes the confining element (S for spiral and J for jacket), subscripts 𝑏 and 𝑐 denotes the number of segments, and 𝐷 
denotes the spacing of spirals. 4- The configuration of Fe-SMA bars is indicated by D240 and D50, with the number representing 
the distance of each bar from the center of the section. 

The results of the parametric study are mainly discussed in terms of residual drifts, and equivalent 

viscous damping ratio (EVDR), at each drift ratio, as the focus of this study is on the self-centering and 

energy dissipation capacity of Fe-SMA prestressed segmental columns. The force-displacement hysteresis 

of each specimen was processed to obtain this information. The 1.0% residual drift limit proposed by the 

Japan Road Association (JRA) is plotted on the residual drift graphs.Note that the EVDR is used to 

quantitatively express the energy dissipation capacity of the specimens as expressed by Equation 10 [79].  

𝜉𝑒𝑞 =
𝐴ℎ

2𝜋𝑉𝑚Δ𝑚
=

𝐴ℎ

4𝜋𝐴𝑒
 10 



 

 

Where 𝑉𝑚 and Δ𝑚 represent the average peak force and displacement values, and 𝐴ℎ is the energy 

dissipated per cycle, which is obtained from the area enclosed by the hysteretic curve at each cycle, and 

𝐴𝑒 is elastic strain energy of the system with secant stiffness 𝑘𝑒𝑓𝑓 = 𝑉𝑚/Δ𝑚. 

3.3.1 Effect of total axial load ratio at constant PT force  

Five numerical analyses were conducted on specimens S1 to S5 to investigate the effect of total axial 

load ratio on the behavior of prestressed segmental columns with Fe-SMA. The total axial load ratio was 

varied by changing the gravity load ratio from 10% to 20% at a constant PT axial load ratio of 7.5%, as 

shown in Table 7. Figure 13(a) shows that the residual drifts increase by 1.5 and 4 times at drift ratios of 

2 and 6%, respectively, in the positive direction on increasing the axial load ratio by 10%.  Furthermore, 

the EVDR approximately doubles as axial load ratio increases from 10 to 20%, as shown in Figure 13(b). 

This is mainly because the axial force generated by gravity causes the P-Δ phenomenon, which increases 

the moment at the base of the column, further aggravating the damage to the concrete and reducing the 

lateral load capacity. More damage to the concrete means a higher energy dissipation and therefore 

higher residual drifts. In summary, increasing the axial force increases the energy dissipation capacity, 

while significantly reduces the self-centering behavior of the column.  

 

Figure 13 Effect of total axial load ratio at constant PT force on (a) the residual drift (b) the equivalent 
viscous damping ratio of Fe-SMA prestressed segmental columns 

3.3.2 Effect of relative contributions of PT force and gravity force to total axial load ratio 

The effect of the contribution of each component of axial load ratio on the column behavior is 

examined through specimens, S6, S7, and S8. The specimens have a fixed total axial load ratio of 20% 

while the gravity and PT load contributions are varied, as shown in Table 7. Figure 14(a) shows the residual 

drift values of three specimens at each drift ratio. It can be observed that the specimens exhibit similar 

behavior up to 3% drift ratio due to the identical total axial load ratio. However, from 4% drift ratio, the 

residual drift values begin to increase as the P-Δ effect becomes significant for specimens with higher 

gravity load. Specimen S8 with the highest gravity load ratio, over 75% of the total axial load ratio, 

experienced residual drifts greater than 1% and approximately double than that of the other two 

specimens at 6% drift, as shown in Figure 14(a). A similar trend was observed in the EVDR values. As such, 

up to a 3% drift ratio, all specimens exhibited comparable behavior but began to show different behavior 

from 4% drift ratio, as shown in Figure 14(b). The maximum EVDR value for specimen S8 at 6% drift ratio 

was approximately 21%, compared to 15% for S6. In general, it can be concluded that the column with 

the higher contribution of PT load (about 35 to 40% of the total axial load ratio) performs better in terms 

of self-centering. This is because it provides the compressive axial load necessary to clamp the segments 

together without causing the P-Δ effect. 



 

 

 

Figure 14 Effect of relative contributions of PT force and gravity force to total axial load ratio on (a) 
the residual drift (b) the equivalent viscous damping ratio of Fe-SMA prestressed segmental columns 

3.3.3 Effect of ratio of ED bars to Fe-SMA bars 

Segmental columns with only prestressing reinforcements suffer from poor energy dissipation capacity 

despite their excellent self-centering behavior. This section examines the effect of different ED bar ratios 

on the cyclic behavior of segmental columns prestressed with Fe-SMA bars under low and high axial load 

ratios. Eight specimens with different ED/Fe-SMA reinforcement ratios were considered, four specimens 

with 10% gravity load ratio and four specimens with 20% gravity load ratio at a constant PT load ratio of 

7.5%, denoted as S9 to S16, as shown in Table 7. To eliminate the effect of ED bar configuration, the 

number and arrangement of ED bars were kept the same and the ratio was changed by altering the 

diameter of the bars. Eight mild steel bars with sizes of 10, 16, 20, and 22 mm were used to achieve ED 

bar to Fe-SMA ratios of 0.18, 0.45, 0.7, and 0.85, respectively. The bars have a length of 2660 mm and 

start from 700 mm below the footing surface to the center of the third segment. The bars are fully 

constrained in the surrounding concrete as described in Section 2.3. 200 mm of the ED bars are left 

unbonded below the first joint (footing-Seg1) to avoid strain concentration and fracture of bars [5,15,80].  

Figure 15 shows an increase in residual drift as the ratio of ED/Fe-SMA reinforcement increases from 

0.18 to 0.85. This is because the moment induced by the plastic deformation of the ED bars increases 

relative to the self-centering moment caused by the gravity and the PT forces. A higher ratio of ED bars 

results in a larger plastic moment and therefore larger residual displacements. Figure 15(a) and (c) shows 

that the residual drift for specimens with 10% gravity load ratio increased by 3.9 and 2.8 times at drift 

ratios of +4 and +6%, respectively, with the increase in ED/Fe-SMA reinforcement ratio from 0.18 to 0.85. 

For specimens with 20% gravity load ratio, however, the increase is smaller, as shown in Figure 15(b) and 

(d). At drift ratios of +4% and +6%, the residual drifts increased by 2 and 1.3 times, respectively, as the 

ED/Fe-SMA ratio increased from 0.18 to 0.85. The reason for the smaller variation in residual drifts on 

increasing the ED/Fe-SMA ratio in specimens with 20% gravity load ratio is due to the fact that higher axial 

load causes higher axial strains in concrete and ED bars and more loss of prestressing in Fe-SMA bars. Of 

these three factors, excessive concrete damage is more significant and therefore dominantly responsible 

for large residual drifts.  



 

 

 

 

Figure 15 Effect of ED/Fe-SMA reinforcement ratio on the residual drift of Fe-SMA prestressed 
segmental columns with (a)& (c) 10% gravity force ratio (b)&(d) 20% gravity force ratio 

 

The plastic deformation of ED bars and more concrete damage also result in higher energy dissipation 

capacity. Figure 16 shows that with increasing the ED/Fe-SMA from 0.18 to 0.85, the maximum EVDR 

increased from 17 to 29% and from 27 to 35% for specimens with 10 and 20% gravity load ratio, 

respectively. In other words, the EVDR improved by 71% for 10% gravity load ratio and only 29% in the 

case of 20% gravity load ratio for the same reason as described for the residual drifts. The EVDR plots of 

specimens S2 and S5, with the same axial load ratio and no ED bars, are also shown in Figure 16(a) and 

(b). The maximum EVDR for S2 and S5 is 13% and 26%, respectively. Previous experimental studies showed 

that a typical segmental column with only prestressing tendons has a maximum EVDR of around 6% at 5% 

drift which is inadequate, and this value can be enhanced up to a value of 22% ratio by adding ED bars 

[5,81]. In the current study at a similar total axial load ratio, a maximum EVDR of around 10% was observed 

at 5% drift for Fe-SMA prestressed columns without any ED bars, which is about 40% higher than 

conventional segmental columns without ED bars. This means that Fe-SMA bars not only provide self-

centering thorough prestressing in segmental columns but also provide energy dissipation capacity even 

without additional ED devices compared to segmental columns post-tensioned with conventional 

tendons. This is because tendons remain elastic until large drift levels due to their high yield strength and 

make a negligible contribution to energy dissipation, while Fe-SMAs yield at lower drifts and begin to 

contribute to energy dissipation (owing to their high ductility) after losing the prestressing. This implies 

that Fe-SMA prestressed segmental columns would require a minimal amount of ED bars to satisfy the 

energy dissipation requirements as opposed to conventionally prestressed columns. 



 

 

 

 

Figure 16 Effect of ED/Fe-SMA reinforcement ratio on the the equivalent viscous damping ratio of Fe-
SMA prestressed segmental columns with (a)& (c) 10% gravity force ratio (b)&(d) 20% gravity force ratio 

3.3.4 Effect of concrete confinement 

Due to the rocking behavior of precast segmental columns, high axial compressive strains are expected 

at the toes of the base segment. Therefore, several confinement methods have been proposed in previous 

studies to prevent damage at these regions. This study investigates the effectiveness of five confinement 

techniques, including variable spacing of spirals and installation of a 6 mm steel jacket at the base segment 

by conducting analysis on specimens S17 to S21, as shown in Table 7. Three different spiral spacings of 

37.5, 75, and 150 mm were considered to understand the effect of spiral spacing on the confinement of 

the base segment. The results show that by reducing the spiral spacing by 4 times, the residual drifts 

significantly reduces, as shown in Figure 17(a). For instance, the maximum residual drift at a drift ratio of 

+6% decreased from 2.52% to 0.2%, which is well below the self-centering limit. However, smaller residual 

drifts imply less concrete damage and therefore less energy dissipation. This can be clearly seen in Figure 

17(b), where reducing the spiral spacing reduces the maximum EVDR from 17.5% to 11%. The installation 

of the steel jacket further improved the self-centering behavior by reducing the residual drifts to the order 

of 0.1%, as shown in Figure 17(a). As expected, the maximum EVDR was reduced to about 10%, which is 

still at the satisfactory EVDR limit of 10%. In other words, the results of specimens S20 and S21 in Figure 

17(a) show that the steel jacket can provide more effectively concrete confinement than closely spaced 

spirals, although it may be more expensive. By comparing the results of specimens S19 and S20, which 

have identical spiral spacing for the bottom segment and different spacing for the top segments, in Figure 

17(a) and (b), it can be concluded that these two specimens have completely similar behavior, indicating 

that the confinement of the top segments is not as effective as the confinement of the bottom segment. 

Figure 18 compares the hysteresis graphs of specimens S18 and S21. The effect of concrete confinement 

is clearly evident on peak strength, strength loss, and residual drift. To summarize, it is concluded that 



 

 

using a steel jacket or a close arrangement of spirals at the base segment improves the self-centering 

behavior, but affects the energy dissipation capacity of the column.  

 

Figure 17 Effect of concrete confinement on (a) the residual drift (b) the equivalent viscous damping 
ratio of Fe-SMA prestressed segmental columns 

 

Figure 18 Effect of concrete confinement on hysteresis curve of Fe-SMA prestressed segmental 
columns 

3.3.5 Effect of configurations of Fe-SMA bars 

Another factor that could possibly influence the cyclic behavior of concrete segmental columns is the 

arrangement of the prestressing reinforcement in the cross-section. A limited amount of research has 

been conducted in this regard for steel tendons. In the case of Fe-SMA, the arrangement in the section is 

more important because they have a lower yield strength than steel tendons, and placing them away from 

the center can lead to early yielding and loss of prestressing force. To investigate the role of Fe-SMA 

arrangement on the cyclic behavior of the prestressed segmental columns, two models, S22 and S23, with 

central and circumferential arrangement of Fe-SMA bars were considered, as shown in Table 7. Specimen 

S22 contains Fe-SMA bars at a distance of 240 mm from the center as shown in Figure 19(a), while in 

specimen S23 Fe-SMA bars were placed at a distance of 50 mm from the center, as shown in Figure 19(b). 

The results in Figure 20(a) show that the residual drifts of the specimen with the central arrangement of 

Fe-SMA bars is significantly higher than that of the specimen with circumferential arrangement by 1.5 and 

4.3 times at +3% and +6% drift ratios, respectively. In addition, the maximum EVDR also increased from 

15.2% to 21.7% as the arrangement was changed from circumferential to central, as shown in Figure 20(b). 

The higher residual drifts and EVDR values in the specimen with central arrangement of bars is because 



 

 

the concrete at the extreme fibers carries all the stresses/strains itself and undergoes more damage, 

whereas in the specimen with circumferential arrangement, the Fe-SMA bars carry some of the 

stresses/strains and thus causes less damage to the concrete. In addition, the Fe-SMA bars elongate more 

in the case of the circumferential arrangement, which induces higher stress in the bars and thus higher PT 

force. Figure 21 compares the stress level induced in Fe-SMA bars #5 and #8 (refer to Figure 19) in the 

specimens with two bar configurations. Figure 21 confirms that the circumferential arrangement of bars 

results in higher tensile stress values for both central (Fe-SMA #5) and outermost (Fe-SMA #8) bars by 

1.14 and 1.16 times at +6% drift ratio, respectively. When the bar is loaded to drift ratios larger than 2% 

on the push side, the Fe-SMA #8 in the circumferential arrangement (S22) experiences compressive 

stresses while the Fe-SMA #8 in the central arrangement (S23) retains its prestressing force, as shown in 

Figure 21(a).  

 

Figure 19 Arrangement of Fe-SMA bars in (a) specimen S22 (b) specimen S23 

 

Figure 20 Effect of configurations of Fe-SMA bars on (a) the residual drift (b) the equivalent viscous 
damping ratio of Fe-SMA prestressed segmental columns 
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Figure 21 Effect of configurations of Fe-SMA bars on induced stress level of (a) Fe-SMA #8 (b) Fe-SMA 
#5  

As a result of the higher stress levels in the Fe-SMA bars and the larger moment arm in the 

circumferential bar specimen, the peak lateral strength increased by almost 10 KN, as shown in Figure 22 

(a). In addition, the strength degradation, as shown in Figure 22(b), decreased from about 61% to 41% at 

the maximum drift ratio because less damage was induced in the concrete. Figure 23 shows that in both 

configuration of Fe-SMA bars, less total prestressing force remains in the columns when they are unloaded 

to their original position after loading to high drift ratios. This is because activated Fe-SMA bars exposed 

to a strain range limit of 0.4-0.5% lose their total recovery stress [69]. According to Figure 23, specimen 

S22 with circumferential arrangement lost its total prestressing force after loading to +4% drift ratio, while 

specimen S23 lost only 50% of its total prestressing force until 6% drift. In general, it can be concluded 

that the placement of Fe-SMA bars on the circumference significantly improves the self-centering 

behavior and provides an acceptable EVDR value higher than 10%. In addition, the performance of the 

column is enhanced in terms of lateral strength and strength degradation despite the loss of total 

prestressing at a relatively lower drift ratio.  

 

Figure 22 Effect of configurations of Fe-SMA bars on (a) the ultimate lateral strength (b) the strength 
degradation of Fe-SMA prestressed segmental columns  



 

 

 

Figure 23 Effect of configurations of Fe-SMA bars on total prestressing force of Fe-SMA prestressed 
segmental columns 

4 Self-centering criteria for Fe-SMA Prestressed Segmental Columns 

The Commentary of Design Specifications for Highway Bridges (Part V, Section 6.4.6) [2] states that the 

residual drift ratio for bridge piers is required to be less than 1% so that the bridge structures can be 

reparable after a seismic event. A number of re-centering criteria have been proposed that are capable of 

predicting the self-centering capacity of columns, which are explained as follows. 

4.1 Self-centering Criteria by Ou et al. 

Ou et al. [5] proposed a factor 𝜆𝐸𝐷 which represents the contribution of ED bars to the total lateral 

strength of the column, as expressed by Equation 11. It was recommended that the 𝜆𝐸𝐷 should not exceed 

35% to maintain self-centering capability [5].  

𝜆𝐸𝐷 =
𝑉𝑒𝑥𝑝 − 𝑉𝑒𝑥𝑝0

𝑉𝑒𝑥𝑝
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where 𝑉𝑒𝑥𝑝 is the lateral strength of the column including ED bars and 𝑉𝑒𝑥𝑝0 is the lateral strength of 

the column without the ED bars. 

The values of 𝜆𝐸𝐷 are calculated for specimens with ED bars in this study and presented in Table 8. The 

residual drift values of specimen S9 to S16 are summarized in Table 9 to facilitate comparison of the 

different self-centering criteria. By comparing the results of Table 8 and the average residual drift of the 

specimens S9 to S16 in Table 9, it can be concluded that the proposed criterion is overestimating the self-

centering capability of columns specifically at high drift ratios. For example for specimens S13 and S14 at 

6% drift ratio, the self-centering ratio has a value of less than 35%, however, the residual drifts are a lot 

larger than 1%, as shown in Table 9. 

Table 8 Values of re-centering ratio proposed by Ou et al. [5] for Fe-SMA prestressed segmental 
columns 

Drift (%) 

Self-Centering Ratio 𝜆𝐸𝐷 

10% gravity load ratio 20% gravity load ratio 

S9 S10 S11 S12 S13 S14 S15 S16 

3 3.5 19.2 25.7 31.6 -2.2 18.0 23.8 29.4 
4 2.3 19.3 25.8 32.3 -2.8 20.0 26.6 33.0 
5 2.0 20.2 26.3 33.6 -2.6 23.5 31.2 37.8 



 

 

6 7.7 19.8 26.9 34.7 11.4 27.1 36.1 43.7 
 

Table 9 Average values of residual drift for specimen with ED bars 

Drift (%) 

Residual Drift (%) 

10% gravity load ratio 20% gravity load ratio 

S9 S10 S11 S12 S13 S14 S15 S16 

3 0.24 0.41 0.56 0.78 0.34 0.53 0.65 0.83 
4 0.40 0.60 1.02 1.62 0.80 1.07 1.31 1.64 
5 0.60 1.23 2.06 2.70 1.45 2.09 2.72 3.18 
6 1.22 2.58 3.26 3.88 3.41 3.98 4.33 4.71 

 

4.2 Self-centering Criteria by Hieber et al. 

The self-centering criterion, proposed by Hieber et al [82], is based on the ratio of the self-centering 

forces, including gravity load and prestressing force, to the total resisting force of the ED bars when the 

column is at the origin (Equation 12). This is because the critical position for self-centering is when the 

column is close to the vertical position and the stress in the prestressing elements is at a minimum for 

that cycle [83].   

𝜆𝑟𝑐 =
𝑃𝑐𝑜𝑙 + 𝐴𝑝𝑓𝑝0

𝐴𝑠𝑓𝑦
 12 

Where, 𝑃𝑐𝑜𝑙  is axial gravity load, 𝐴𝑝  is the area of prestressing elements, 𝑓𝑝0  is the stress in 

prestressing elements, 𝐴𝑠 is the area of ED bars, and 𝑓𝑦 the yield strength of ED bars.  

According to this criteria, the column is considered self-centering for 𝜆𝑟𝑐 values greater than unity. The 

𝜆𝑟𝑐 values for specimens S9 to S16 are summarized in Table 10. By comparing the results of Table 10 and 

Table 9, It can be concluded that the proposed criterion can reasonably predict the self-centering 

capability of specimens with 10% gravity load ratio. However, it overestimates the self-centering 

capability of specimens with 20% gravity load ratio at high drift ratios. This is because in this criterion, 

higher gravity load ratio results in higher self-centering ratio regardless of its P-Δ effect. Whereas in fact 

the P-Δ effect causes more concrete damage and higher residual drifts at high drift ratios.  

Table 10 Values of re-centering ratio proposed by Hieber et al [82] for Fe-SMA prestressed segmental 
columns 

Drift (%) 

Self-Centering Ratio 𝜆𝑟𝑐 

10% gravity load ratio 20% gravity load ratio 

S9 S10 S11 S12 S13 S14 S15 S16 

3 6.3 2.5 1.7 1.2 11.6 4.6 3.0 2.1 
4 5.1 2.1 1.4 1.0 10.9 4.3 2.8 1.9 
5 4.2 1.7 1.1 0.8 10.3 4.1 2.6 1.8 
6 3.5 1.5 1.0 0.7 9.8 3.8 2.5 1.7 

 



 

 

4.3 Self-centering criteria by Wang et al. 

Wang et al. [6] proposed a self-centering criterion that evaluates the self-centering capacity of the 

column as the ratio of the self-centering moment to the resisting moment induced by the ED bars 

(Equation 13) at a given drift ratio. The moments are taken at the center of the concrete compression 

block. The self-centering moment is expressed by Equation 14, and consists of contributions from gravity 

load and prestressing force. The resisting moment is the sum of the moments induced by each ED bar as 

expressed by Equation 15. Columns with self-centering factor values greater than 1.25 are considered to 

have sufficient self-centering capacity [6]. The values of 𝜆𝑆𝐶  are calculated and presented in Table 11 for 

specimens S9 to S16. 

𝜆𝑆𝐶 =
𝑀𝑆𝐶

𝑀𝐸𝐷
 

 

13 

 

𝑀𝑆𝐶 = 𝐹𝐿 − 𝑀𝐸𝐷 = 𝑃𝐺 (
ℎ

2
− Δ − 𝑑𝐹𝐶) + 𝑃𝑃𝑇 (

ℎ

2
− 𝑑𝐹𝐶) 

14 

𝑀𝐸𝐷 = ∑  

𝑛

𝑖=1

𝐹𝐸𝐷,𝑖(𝑑𝐸𝐷,𝑖 − 𝑑𝐹𝑐) 15 

Where 𝐹𝐿 is the total moment at the section, 𝑃𝐺 is the gravity load, 𝑃𝑃𝑇 is the prestressing force, Δ is 

the applied drift ratio, ℎ  is the height of the column section, 𝑑𝐹𝐶  is the centroid of the concrete 

compression block to the outermost fiber of the compression zone,  𝐹𝐸𝐷,𝑖 is the force of the target ED bar 

at the distance 𝑑𝐸𝐷,𝑖 from the outermost fiber of the compression zone. It is worth noting that 𝑃𝑃𝑇 in 

Equation 14 is the total PT force induced in the elongated Fe-SMA bars at the applied drift ratio.  

By comparing the results of Table 11 and Table 9, it can be concluded that the criterion is accurate in 

predicting the self-centering capacity of specimens. However, it has been observed that the self-centering 

criterion overestimates self-centering capability at high drift ratios. A notable example is specimen S9, 

where, at 6% drift ratio, the self-centering ratio is more than 1.25, while the residual drift is larger than 

1%. It was noted in [6] that self-centering ratios greater than 1.25 do not necessarily lead to residual drifts 

less than 1%. This is because residual drifts are not solely dependent on self-centering ratios, but also on 

the maximum applied drift ratio. The residual drift can only be prevented from exceeding 1% when the 

SC factor is above 1.25, if the maximum drift does not exceed 4% [6]. 

Table 11 Values of re-centering ratio proposed by Wang et al. [6] for Fe-SMA prestressed segmental 
columns 

Drift (%) 

Self-Centering Ratio 𝜆𝑠𝑐 

10% gravity load ratio 20% gravity load ratio 

S9 S10 S11 S12 S13 S14 S15 S16 

3 6.8 2.7 1.7 1.2 7.7 3.0 1.8 1.3 
4 5.5 2.1 1.4 0.9 5.4 2.1 1.3 0.9 
5 4.2 1.7 1.0 0.7 3.2 1.2 0.7 0.5 
6 3.0 1.2 0.7 0.5 1.1 0.4 0.2 0.1 

 



 

 

5 Conclusions 

This study proposed a novel segmental column concept where prestressing is achieved through the 

unique self-prestressing characteristics of Fe-SMA. The seismic behavior of the proposed prestressed 

segmental columns was evaluated by developing a nonlinear finite 3D element model of the column. The 

developed model was validated against the experimental results available from the previous studies. The 

material behavior of activated and non-activated Fe-SMA bars subjected to cyclic tension/compression 

reversals was incorporated in the FE model. The validated FE model of the columns was used to perform 

a comprehensive parametric study wherein the effect of various parameters including total axial load ratio 

at constant PT force, relative contributions of PT force and gravity force to total axial load ratio, ratio of 

ED bars to Fe-SMA bars, confinement of concrete segments, and configuration of Fe-SMA bars on the 

performance of precast segmental columns prestressed with Fe-SMA bars was investigated. Based on the 

results of this study, the following conclusions are drawn: 

1. The combined isotropic/kinematic hardening method using the stabilized cycle approach was 

able to model the stress-strain behavior of activated and non-activated Fe-SMA under cyclic 

tension-compression reversals with reasonable accuracy. The modeling results were in good 

agreement with the experimental results in terms of peak stresses and loading/unloading 

slope.  

2. The prestressed Fe-SMA bars can provide both self-centering and energy dissipation capacity 

to segmental columns compared to conventional tendons, which typically provide only self-

centering capacity and need additional measures for enhancing the energy dissipation 

capacity. Whilst the EVDR is typically in the range of 5-6% for conventional segmental columns, 

the Fe-SMA prestressed segmental columns showed maximum EVDR higher than 10% with no 

additional ED devices. This is because Fe-SMAs yield during loading and contribute to energy 

dissipation due to their high ductility, while tendons remain elastic during loading, and thus 

make a negligible contribution to the energy dissipation. 

3. The amount of gravity and prestressing load on the column is an important parameter affecting 

the residual drift and energy dissipation capacity of Fe-SMA prestressed segmental columns. 

While prestressing load helps in self-centering, the higher gravity load results in P-Δ moment, 

which accelerates the lateral strength degradation and increases the residual drift and energy 

dissipation capacity of the column. Therefore, the gravity and prestressing loads must be 

carefully designed to achieve an adequate self-centering and energy dissipation performance. 

Based on the results, it is concluded that an upper limit of 22.5% for the total axial load ratio 

and a minimum PT force limit of 35 to 40% of the total axial load ratio at a transverse 

reinforcement ratio of 0.31% is required to keep the residual drifts less than 1% and the 

maximum EVDR greater than 10%. 

4. The ratio of ED/Fe-SMA reinforcement significantly affected the residual drift and energy 

dissipation of the columns. With the increase in ED/Fe-SMA reinforcement ratio from 0.18 to 

0.85, the average residual drift increased by 3.9 and 2.8 times at target drift ratios of 4% and 

6%, respectively. Similarly, the EVDR increased by 93% and 71% at target drift ratios of 4% and 

6%, respectively. An ED/Fe-SMA reinforcement ratio of 0.45 resulted in EVDR of greater than 

10% in addition to residual drifts smaller than 1% at a target drift of 4%, and is therefore 

recommended for design.   

5. The circumferential arrangement, as opposed to the central arrangement of Fe-SMA bars in 

the cross-section, significantly improves the self-centering behavior of columns by reducing 



 

 

the concrete damage. In addition, it results in better performance in terms of peak strength 

and strength degradation. However, this arrangement may result in an early loss of total 

prestressing force, despite better self-centering compared to the central arrangement of bars. 
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