
Seismic Performance of Hybrid SMA/Steel
Reinforced Hollow Section Concrete Bridge Piers
Tadesse Gemeda Wakjira 

The University of British Columbia
M. Shahria Alam  (  shahria.alam@ubc.ca )

The University of British Columbia https://orcid.org/0000-0002-9092-1473
Usama Ebead 

Qatar University

Research Article

Keywords: Bridge, Earthquake Engineering, Shape memory alloy, Residual drift, Self-centering, Sensitivity
analysis

Posted Date: September 1st, 2021

DOI: https://doi.org/10.21203/rs.3.rs-837858/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-837858/v1
mailto:shahria.alam@ubc.ca
https://orcid.org/0000-0002-9092-1473
https://doi.org/10.21203/rs.3.rs-837858/v1
https://creativecommons.org/licenses/by/4.0/


1 
 

Seismic Performance of Hybrid SMA/Steel reinforced Hollow Section 1 

Concrete Bridge Piers  2 
 3 

Tadesse G. Wakjira1, M. Shahria Alam2*, and Usama Ebead3 4 
 5 

1,2Applied Laboratory for Advanced Materials & Structures (ALAMS), School of Engineering, The 6 
University of British Columbia, Kelowna, BC, Canada V1V 1V7 7 
1,3Department of Civil Engineering, College of Engineering, Qatar University, P.O. Box 2713, Doha, 8 
Qatar 9 
* Corresponding author: Tel: (250) 807-9397; E-mail address: shahria.alam@ubc.ca 10 
   11 

Abstract 12 
Concrete bridge piers reinforced with conventional steel bars experience large permanent 13 
(residual) deformation that may lead to uneconomical repair or demotion of bridges due to their 14 
non-functionality post strong seismic event. Thus, sufficiently ductile materials are required to 15 
reinforce concrete bridge piers in the plastic hinge zone in order to limit their permanent damage 16 
and deformation post-earthquake event. Previous studies showed that partial replacement of 17 
conventional steel reinforcement bars with superelastic shape memory alloy (SMA) bars in the 18 
plastic hinge zone of concrete bridge piers has the capacity to limit the residual deformation owing 19 
to the superior self-centering properties of SMA bars. In this study, the efficacy of hybrid 20 
SMA/steel reinforcement for hollow section concrete bridge piers under combined reverse cyclic 21 
and constant axial loading is numerically investigated for the first time. The responses of the piers 22 
were evaluated in terms of different performance indices including hysteretic characteristics, 23 
residual deformation, energy dissipation capacity, and self-centering capacity. A sensitivity 24 
analysis was used to explore the main effects of key design parameters and their interactions on 25 
each performance index at four damage states, namely, complete, extensive, moderate, and slight 26 
damage states. The results of this study demonstrate the effectiveness of hybrid SMA/steel 27 
reinforcement for enhancing the seismic behavior of hollow section concrete bridge piers.  28 
 29 
Keywords: Bridge; Earthquake Engineering; Shape memory alloy; Residual drift; Self-centering; 30 
Sensitivity analysis. 31 
 32 
1. Introduction 33 
Residual (permanent) deformation and its amplitudes play an essential role in the seismic 34 
performance, functionality, and reparability assessment of the civil infrastructure following a 35 
strong earthquake event (Ramirez and Miranda 2012). In many major earthquakes, excessive 36 
residual displacement of piers resulted in an extensive repair or even total demolition of 37 
conventional steel reinforced concrete (RC) bridges due to their loss of functionality. For example, 38 
following the 1995 Kobe earthquake, 88 bridge columns were demolished and replaced simply 39 
because of large permanent deformation (>1.75% drift) although the damage in some of the 40 
columns was moderate and repairable, resulting in a large economic loss (Fujino et al. 2005). 41 
Another example was the 2011 Christchurch earthquake in New Zealand that caused the 42 
demolition of a large number of buildings due to unacceptable damage and residual deformation, 43 
which led to an estimated reconstruction cost of NZ$40 billion (Wood et al. 2016).  44 

The use of superelastic shape memory alloy (SMA) bars in the plastic hinge zone of a structural 45 
member has shown to be an effective intervention technique to control residual deformation due 46 
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to its favorable properties related to its capability to undergo large plastic deformation and recover 47 
its original undeformed shape upon unloading (DesRoches et al. 2004; Palermo et al. 2006; Saiidi 48 
and Wang 2006; Abdulridha et al. 2013; Hosseini et al. 2015, 2019; Tazarv and Saiidi 2015; Wang 49 
and Zhu 2018; Zheng and Dong 2019; Hosseini and Gencturk 2019; Navarro-Gómez and Bonet 50 
2019; Pereiro-Barceló et al. 2019; Xing et al. 2020). Previously, SMA was primarily applied as a 51 
replacement of conventional steel longitudinal reinforcing bars in the plastic hinge zone. Saiidi 52 
and Wang (Saiidi and Wang 2006) explored the potential application of SMA for reinforcing the 53 
plastic hinge area of bridge piers to control residual displacement for the first time (Saiidi and 54 
Wang 2006). Based on the results of the shake table, the authors reported that bridge columns 55 
reinforced with superelastic Nickel-Titanium (NiTi) SMA bars exhibited considerably lower 56 
residual displacement relative to conventional reinforced concrete piers. The piers reinforced with 57 
SMA were capable of recovering nearly all plastic deformation after the excitation. Saiidi et al. 58 
(Saiidi et al. 2009) further studied the performance of SMA reinforced bridge piers based on the 59 
test results of three comparable 1/5-scaled piers under quasi-static cyclic loads. One of the columns 60 
was reinforced with conventional steel bars to act as a reference. The plastic hinge area of the 61 
second and third columns were reinforced with SMA bars with normal concrete in the second 62 
column and engineering cementitious composite (ECC) in the third column. The SMA reinforced 63 
bridge column exhibited substantially lower permanent drift, and the incorporation of ECC in the 64 
plastic hinge zone reduced the damage in the column base (Saiidi et al. 2009). The reduction in 65 
residual displacement for the column reinforced with SMA and conventional concrete was 67%, 66 
while this reduction was increased to 83% in the column incorporating ECC and SMA (Saiidi et 67 
al. 2009). Similarly, based on the experimental results of a four-span bridge model with six piers 68 
under the shake table, Noguez and Saiidi (Noguez and Saiidi 2012) concluded that the use of SMA 69 
and ECC significantly minimized the residual displacement and seismic damage of the piers. The 70 
increased resilience of bridge columns incorporating superelastic SMA and ECC has also been 71 
shown by (Hosseini et al. 2015, 2019; Hosseini and Gencturk 2019). 72 

Despite its superior self-centering capacity, drawbacks particularly related to its cost limits the 73 
wide application of SMA reinforcement in the full section of the plastic hinge zone (Xiang et al. 74 
2020). Furthermore, the flag-shaped hysteresis properties in SMA reinforcement reduce the energy 75 
dissipation capacity of the structures relative to the conventional steel reinforcement (Xiang et al. 76 
2020). As a result, hybrid SMA/steel reinforcement that combines the self-centering capacity of 77 
SMA reinforcement and energy dissipation capacity of conventional steel reinforcement was 78 
proposed as an effective and economical reinforcement in the plastic hinge zone of solid concrete 79 
bridge piers (Mao et al. 2019; Xiang et al. 2020). However, the authors believe further 80 
investigation is required to enrich the literature on the hybrid SMA/steel reinforced RC bridge 81 
piers. Moreover, to the best of the authors’ knowledge, the literature lacks parametric investigation 82 
of the significance of key design parameters and interaction effects on the seismic performance of 83 
hybrid SMA/steel reinforced piers. Therefore, the current study investigates the performance of 84 
hybrid SMA/steel reinforcement for reinforcing the plastic hinge zone of hollow section bridge 85 
piers for the first time. An RC pier with hollow section constitutes a structurally efficient 86 
construction system owing to its high strength-to-mass and stiffness-to-mass ratios and reduction 87 
in the self-weight of the piers and its adverse effect compared to solid RC pier of the same cross-88 
sectional area (Kusumawardaningsih and Hadi 2010; AlAjarmeh et al. 2020).  89 

The first part of this study numerically investigates the seismic performance of hybrid 90 
SMA/steel reinforced hollow bridge piers. Four types of commercially available SMA bars; 91 
namely, Ni55Ti45 (Alam et al. 2008), Ni51Ti49 (Ghassemieh et al. 2012), FeMnAlNi (Omori et al. 92 
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2011), Cu-Al-Mn (Shrestha et al. 2013) are used in the hybrid SMA/steel reinforcement. The cyclic 93 
responses of the piers in terms of different performance indices such as lateral load capacity, 94 
residual displacement, energy dissipation capacity, and self-centering capacity were numerically 95 
investigated. In the second part, sensitivity analysis is conducted to explore the effect of various 96 
key design parameters on each performance index at various damage states. Therefore, the current 97 
paper has two main objectives: (a) investigating the lateral cyclic performance of hybrid SMA/steel 98 
reinforced hollow section bridge piers, and (b) identifying the most significant design factors and 99 
interactions on the seismic performance of such piers.  100 

2. Geometry and Model of Hollow Bridge Pier 101 
The behavior of SMA/steel reinforced RC hollow bridge piers subjected to reversed cyclic and 102 
constant axial loads was investigated. For this purpose, five RC circular hollow bridge pier 103 
specimens were considered in the first part of the study, one bridge pier specimen was reinforced 104 
with steel bars only to act as a reference, while the other pier specimens were reinforced with 105 
different types of commercially available SMA bars in addition to longitudinal steel bars.  106 
 107 

2.1. Geometry of hollow bridge pier 108 
The bridge piers are assumed to be located in Vancouver, BC, Canada with site soil class C (stiff 109 
soil) and are seismically designed as per the Canadian Highway Bridge Design Code (CSA-S6-110 
19) (Canadian Standards Association (2019) CAN/CSA S6-19 2019) to withstand seismic ground 111 
motion with a probability of 2% in 50 years corresponding to a return period of 2475 years. Figures 112 
1a and 1b show the geometry of the piers. Each pier specimen has an outer diameter (𝐷) of 1800 113 
mm and a wall thickness (𝑡) of 250 mm resulting in a wall thickness to outer diameter ratio of 114 
0.139. For 𝑡/𝐷 of 0.1, a single layer of lateral reinforcement is recommended as the provision of 115 
double layers of reinforcement has no significant effect on the confinement of the piers; however, 116 
it may result in congestion of reinforcement bars (Liang and Sritharan 2018). Thus, a single layer 117 
of reinforcement is used for all piers, as shown in Fig. 1b. The moment arm; i.e., the distance 118 
between the top of the foundation and loading point is 9.0 m, corresponding to the aspect ratio 119 
(𝐻/𝑑) of 5, which represents flexural dominated piers (Zhu et al. 2007). The longitudinal 120 
reinforcement consists of 38-30M (diameter of 29.9 mm) steel bars resulting in the longitudinal 121 
reinforcement ratio (𝜌𝑠𝑙), referred to the core concrete net area, of 2.38%, as shown in Fig. 1b, as 122 
shown in Fig. 1b.  123 
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(a) elevation 

  

(b) section geometry and section  

 

(c) sample coupler (hrc-usa.com) 
Fig. 1: Geometry and section details of hybrid SMA/steel reinforced piers.  124 
 125 
The transverse reinforcement involves 15M (diameter of 16.0 mm) steel spirals with a pitch of 50 126 
mm resulting in a volumetric reinforcement ratio (𝜌𝑠𝑡), referred to the core concrete net volume, 127 
of 1.89% (Fig. 1b). The steel bars used for both the longitudinal and transverse reinforcement had 128 
yield strength of 475 MPa. The plastic hinge zone is reinforced with hybrid SMA/steel 129 
reinforcement, in which the connection of SMA bars with steel on both sides is done with the use 130 
of couplers (Fig. 1c) (Mostafa Tazarv M. Saiid Saiidi 2015; Tazarv and Saiidi 2016a; Dahal and 131 
Tazarv 2020). Due to the unavailability of the plastic hinge length (PHL) expression for hybrid 132 
SMA/steel reinforced members, the formulations for conventional RC members based on Priestley 133 
et al. (Priestley et al. 1996) and CSA-S6-19 (Canadian Standards Association (2019) CAN/CSA 134 
S6-19 2019) and that for SMA reinforced members proposed by Billah and Alam (Billah and 135 
Shahria Alam 2016) Eqs. 1–3, respectively, were considered.  The PHL is then taken as the 136 
maximum of the results from the three expressions for PHL (Eqs. 1–3).   137 𝐿𝑝 = 0.08𝐻 + 0.022𝑓𝑦𝑑𝑏 ≤ 0.044𝑓𝑦𝑑𝑏 (1) 𝐿𝑝 = 𝑚𝑎𝑥 { 𝐷𝐻/6450 𝑚𝑚 (2) 
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𝐿𝑝 = [1.05 + 0.25 𝑃𝑓𝑐′𝐴𝑔 + 0.08 𝐻𝐷 + 0.0002𝑓𝑦,𝑆𝑀𝐴 − 0.16𝜌𝑠𝑙 − 0.019𝑓𝑐′ − 0.24𝜌𝑠𝑡] 𝐷 (3) 

where 𝑑𝑏 is the diameter of longitudinal bars, 𝑃 is the axial load, 𝑓𝑐′ is the compressive strength of 138 
concrete, 𝐴𝑔 is the cross-section area of the pier, 𝑓𝑦 is the yield strength of steel reinforcement, and 139 𝜌𝑆𝑀𝐴 and 𝑓𝑦,𝑆𝑀𝐴 are the reinforcement ratio and yield strength of SMA reinforcement, respectively. 140 

Four types of superelastic SMA bars are considered for the hybrid SMA/steel reinforcement. Table 141 
1 presents the mechanical properties of each type of SMA, and the parameters used to define the 142 
superelastic SMA are shown in Fig. 2 based on (Auricchio and Sacco 1997).  143 
 144 

Table 1: Properties of superelastic SMAs used in this study 145 
SMA 
type 

SMA name 𝐸𝑆𝑀𝐴 
(MPa) 

𝑓𝑦,𝑆𝑀𝐴 

(MPa) 

𝑓𝑃1,𝑆𝑀𝐴 

(MPa) 

𝑓𝑇1,𝑆𝑀𝐴 

(MPa) 

𝑓𝑇2,𝑆𝑀𝐴 

(MPa) 

𝜀𝑙,𝑆𝑀𝐴 

(%) 

Type- 1 Ni55Ti45 (Alam et al. 2008) 62500 401 510 370 130 6.00 
Type- 2 Ni51Ti49 (Ghassemieh et al. 2012) 68000 435 535 335 170 8.00 
Type- 3 FeMnAlNi (Omori et al. 2011) 98400 320 442.5 210.8 122 6.13 
Type- 4 Cu-Al-Mn (Shrestha et al. 2013) 28000 210 275 200 150 9.00 𝑓𝑦,𝑆𝑀𝐴: austenite to martensite starting stress; 𝑓𝑃1,𝑆𝑀𝐴: austenite to martensite finishing stress; 𝑓𝑇1,𝑆𝑀𝐴: martensite to 146 

austenite starting stress, 𝑓𝑇2,𝑆𝑀𝐴: martensite to austenite finishing stress; 𝜀𝑙,𝑆𝑀𝐴: maximum residual strain; and 𝐸𝑎,𝑆𝑀𝐴: 147 
modulus of elasticity 148 

 

Fig. 2: One-dimensional stress-strain model for superelastic SMA (Auricchio and Sacco 1997). 149 
 150 
The bridge piers are designed to have comparable flexural capacities, as shown in Fig. 3. Details 151 
of the test matrix included in the first part of the study are provided in Table 2. The bridge pier 152 
specimens are labeled as S-HP-Si: where “S” stands for specimen, “HP” stands for hollow section 153 
pier, the second “S” stands for SMA, and numeral i shows the type of SMA bar, as listed in Table 154 
2. Specimen S-HP-R is a reference pier reinforced with 38 𝜙30 𝑚𝑚 conventional steel bars. The 155 
SMA reinforcement in the hybrid SMA/steel reinforced piers involves, 22 𝜙28 𝑚𝑚 Type-1 SMA, 156 22 𝜙28 𝑚𝑚 Type-2 SMA, 30 𝜙28 𝑚𝑚 Type-3, and 36 𝜙30 𝑚𝑚 Type-4 SMA bars in addition 157 
to 16 𝜙30 𝑚𝑚 of steel bars in the plastic hinge zone of Specimens S-HP-S1, S-HP-S2, S-HP-S3, 158 
S-HP-S4 piers, as listed in Table 2. All piers are reinforced with  38 𝜙30 𝑚𝑚 steel rebar outside 159 
the plastic hinge zone. The piers are subjected to an axial load of 10% of the nominal axial capacity 160 

(𝑓𝑐′𝐴𝑐,𝑛𝑒𝑡) and a displacement controlled cyclically increasing reverse lateral load based on 161 

ACI 374.2R-13 specifications (2013a). As shown in Fig. 4, the cyclic loading involved 162 
subsequently increasing drift levels with repeated cycles (2 cycles) at each drift level.  163 
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Table 2: Test matrix 164 
Specimen ID SMA type in the plastic hinge zone 

 Type SMA reinforcement 

S-HP-R - - 
S-HP-S1 Ni55Ti45 (Alam et al. 2008) 22 𝜙28 𝑚𝑚 
S-HP-S2 Ni51Ti49 (Ghassemieh et al. 2012) 22 𝜙28 𝑚𝑚 
S-HP-S3 FeMnAlNi (Omori et al. 2011) 30 𝜙28 𝑚𝑚 
S-HP-S4 Cu-Al-Mn (Shrestha et al. 2013) 36 𝜙30 𝑚𝑚 

 165 

 166 

 

Fig. 3: Moment–curvature relationship.  167 
 168 

 

Fig. 4: Lateral reverse cyclic displacement history. 169 
 170 

2.2. Finite element modelling of the piers 171 
The numerical model of the hollow section bridge piers is created with the use of OpenSEES 172 
platform (McKenna et al. 2000). Nonlinear beam-column element (Taucer et al. 1991) with fiber 173 
section that considers both geometric nonlinearity and the spread of plasticity along the length and 174 
cross-sectional area of the element is utilized to model the piers in the present study provided its 175 
great efficiency. Figure 5 shows a schematic view of the nonlinear fiber model and the fiber 176 
section details for the RC hollow piers. All pier specimens were longitudinally represented using 177 
five displacement-based nonlinear beam-column elements (Fig. 5). The cross-section of the fiber 178 
element is discretized into steel fibers and concrete fibers. The latter was further discretized as 179 



7 
 

core fibers (confined concrete) and cover fibers (unconfined concrete). Additional SMA fibers are 180 
included in the cross-section of the fiber element within the plastic hinge region of hybrid 181 
SMA/steel reinforced piers (Fig. 5).   182 

The nonlinear constitutive material models are used to incorporate the material inelasticity. 183 
The longitudinal reinforcing steel bars were modelled using the nonlinear steel model of Giuffrè-184 
Menegotto-Pinto (Menegotto and Pinto. 1973) (GMP) along with the isotropic strain hardening 185 
rules of Filippou et al. (Filippou et al. 1983), implemented into OpenSees (McKenna et al. 2000) 186 
as Steel02 uniaxial material model. The SMA reinforcement is modelled using the uniaxial Self-187 
Centering material model (Auricchio and Sacco 1997; Christopoulos et al. 2008).  188 

 

Fig. 5: The fiber-based finite element model of the novel hollow section bridge piers used in this 189 
study. 190 
 191 

Figures 6a–6d show the analytical model for the different types of SMA bars. This model has 192 
been successfully implemented to model SMA when used as reinforcement in concrete structural 193 
elements (e.g. (Alam et al. 2008; Youssef et al. 2008; Billah and Alam 2012; Nahar et al. 2019; 194 
Abraik and Youssef 2021)). It should be noted that the considered SMA material model neglects 195 
residual strain and its accumulation where its contribution to residual drift of column is negligible. 196 
Because the major damages and residual drift experienced by SMA RC elements mainly come 197 
from the damages in concrete, which has been evident from past experiments [40] and extensive 198 
numerical simulations (Alam et al. 2008; Youssef et al. 2008; Billah and Alam 2012, 2016; Nahar 199 
et al. 2019; Abraik and Youssef 2021). The behavior of concrete is modelled using the Kent and 200 
Park (Kent and Park 1971) model which followed the constitutive relationship modified by Yassin 201 
(Yassin 1994), implemented in OpenSees (McKenna et al. 2000) as Concrete02 uniaxial material 202 
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model with linear tension softening. The influence of confinement of the concrete fibers due to 203 
transverse reinforcement was accounted for by modifying the concrete constitutive law of the 204 
confined concrete based on Mander et al. (Mander et al. 1989). For modelling the concrete 205 
behavior, it is required to determine the ultimate concrete strain (𝜀𝑐𝑢) values. The ultimate concrete 206 
compressive strain of concrete in specimens confined with steel spirals only is determined based 207 
on Pauly and Priestley (Paulay and Priestley 1992) model: 208 𝜀𝑐𝑢 = 0.004 + 1.4𝜌𝑠𝑡𝑓𝑦𝑝𝜀𝑠𝑚/𝑓𝑐′ (4) 

where 𝑓𝑦𝑝 is the yield strength of spiral bars and 𝜀𝑠𝑚 is the strain in steel at maximum tensile stress. 209 

 210 

 

Fig. 6: Analytical models of SMA bars: (a) Ni55Ti45 (Alam et al. 2008), (b) Ni51Ti49 (Ghassemieh 211 
et al. 2012), (c) FeMnAlNi (Omori et al. 2011), and (d) Cu-Al-Mn (Shrestha et al. 2013). 212 
 213 

It is important to validate and calibrate the numerical model to achieve realistic results. The 214 
numerical model used in this study is validated against an experimental result of flexural deficient 215 
hollow section conventional RC bridge pier tested by Ranzo and Priestley (Ranzo and Priestley 216 
2001) (Fig. 7a) and SMA reinforced solid RC bridge pier (Fig. 7b). The numerical model predicts 217 
the load versus displacement hysteretic response of the bridge piers with acceptable accuracy 218 
(Figs. 7a and 7b). 219 
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(a)  (b)  

Fig. 7: Comparison of the experimental and numerical lateral load–displacement hysteretic 220 
response of (a) hollow section conventional RC bridge pier (Ranzo and Priestley 2001) and (b) 221 
SMA reinforced solid bridge pier (Tazarv and Saiidi 2016b). 222 

3. Performance of hybrid SMA/steel reinforced piers 223 
In this section, the novel hybrid SMA/steel system is investigated as reinforcement in the plastic 224 
hinge zone of hollow section concrete bridge piers. The performance of the novel bridge piers is 225 
compared with that of the conventional RC pier of comparable flexural capacity. Different seismic 226 
performance indices were used including the lateral load versus drift response, residual 227 
(permanent) drift, energy dissipation capacity, and self-centering capacity as discussed below. 228 

3.1. Lateral load capacity and residual drift 229 
Figures 8a–8e show the hysteretic curves for cyclic lateral load–displacement responses, while 230 
Fig. 9 shows the corresponding envelopes for all piers generated by joining the peak points in the 231 
first cycle of each drift level. As observed in these figures, the novel and reference bridge piers 232 
showed comparable lateral load capacity. However, the novel bridge piers showed better behavior 233 
in terms of the residual drift. The residual drift is a vital performance index for assessing the 234 
seismic performance of bridge piers and their functionality in post-seismic event. It can be 235 
determined as the mean of the residual drift ratio in the positive (push) and negative (pull) 236 
directions at the second hysteretic loop of each load level.  237 

  

(a) S-HP-R (b) S-HP-S1 
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(c) S-HP-S2 (d) S-HP-S3 

 

 

(e) S-HP-S4  
Fig. 8: Hysteretic load versus displacement response. 238 
 239 

 

Fig. 9: The load–displacement envelope curves for the reference and hybrid SMA/steel reinforced 240 
piers.  241 

Figure 10 shows the variation of residual drift ratio at increased loading cycle where the novel 242 
bridge piers exhibited significantly reduced residual displacement/drift relative to the reference 243 
pier. For instance, the residual drift ratio of the reference pier at cycle # 20 is 3.59%, which is 244 
reduced by 93.6%, 96.1%, 95.2%, and 93.1% in Specimens S-HP-S1, S-HP-S2, S-HP-S3, and S-245 
HP-S4, respectively, relative to S-HP-R. This result shows that the hybrid SMA/steel 246 
reinforcement is effective in controlling the permanent deformation of hollow bridge piers; thus, 247 
enhance the seismic resilience of the piers. Generally, all SMA types showed comparable residual 248 
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drift at all drift levels in Specimens S-HP-S1, S-HP-S2, S-HP-S3, and S-HP-S4, as shown in Fig. 249 
10. 250 

 

Fig. 10: Residual drift ratio and displacement versus loading cycle. 251 
 252 

3.2. Energy dissipation and self-centering capacities 253 

The hysteretic energy dissipation (𝐸𝑎) of the piers can be determined as the area under the lateral 254 
load versus displacement curves at each loading cycle, as specified in ASCE 41-13 (2013b). The 255 
cumulative 𝐸𝑎 is computed for each specimen as a sum of the energy dissipated in consecutive 256 
cycles and plotted versus the corresponding drift ratio in Fig. 11 for all specimens. As shown in 257 
this figure, the hybrid SMA/steel reinforced piers exhibited lower 𝐸𝑎 compared to the reference 258 
pier as the hysteretic curves in the novel piers are controlled by the flag-shaped behavior of 259 
superelastic SMA bars. For the novel piers, Specimen S-HP-S3 reinforced with FeMnAlNi SMA 260 
dissipated the highest energy (Fig. 11).  261 

 

Fig. 11: Cumulative energy dissipation capacity at each drift level. 262 
 263 

The efficacy of the novel hybrid SMA/steel reinforcement in improving the seismic 264 
performance of the piers can be demonstrated by the self-centering capacity of the piers, which 265 
can be quantified in terms of the relative self-centering efficiency (RSE) (Sideris et al. 2014): 266 
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𝑅𝑆𝐸 = 1 − 𝑢𝑟𝑒𝑠+ − 𝑢𝑟𝑒𝑠−𝑢𝑝𝑒𝑎𝑘+ − 𝑢𝑝𝑒𝑎𝑘−  (5) 

where 𝑢𝑟𝑒𝑠+  and 𝑢𝑟𝑒𝑠−  are the residual displacements in the positive (push) and negative (pull) 267 

directions, respectively, while 𝑢𝑝𝑒𝑎𝑘+  and 𝑢𝑝𝑒𝑎𝑘−  are the positive peak displacement and the negative 268 

peak displacement, respectively.  269 
Figure 12 compares the self-centering efficiency of the piers during the last loading cycle, the 270 

piers reinforced with hybrid SMA/steel reinforcement exhibited significantly higher self-centering 271 
capacity compared to the reference pier reinforced with conventional steel reinforcement owing to 272 
the excellent self-centering capacity of superelastic SMA bars. The RSE of Specimen S-HP-R 273 
during the last loading cycle was 0.282, as can be seen in Fig. 12. The use of hybrid SMA/steel 274 
reinforcement in the novel piers significantly improved the self-centering capacity of the piers. 275 
The RSE for the novel piers at the last loading cycle ranged between 0.951–0.965 which represents 276 
a 237–242% increase in RSE relative to that for S-HP-R, as shown in Fig. 12.  277 

 278 

 

Fig. 12: Self-centering capacity of the piers. 279 
 280 

It is crucial to identify the important factors and interactions between the factors to fully understand 281 
the seismic behavior of hybrid SMA/steel reinforced hollow bridge piers. Thus, in the following 282 
section, a sensitivity analysis is conducted to explore the significance of the effect of various 283 
parameters on the performance of the novel hollow bridge piers.  284 

4. Sensitivity Analysis 285 

In this section, a commonly used superelastic SMA bars, NiTi-SMA (Type-1 in Table 1), is used 286 
to explore the important parameters and interactions on the performance of the novel hollow bridge 287 
piers reinforced with hybrid SMA/steel reinforcement in the plastic hinge zone. Considering the 288 
uncertainty of material and geometry of the hybrid SMA/steel reinforced hollow piers, seven 289 
potential influencing factors are considered for the sensitivity study. The main factors considered 290 
for the sensitivity analysis include the yield strength of reinforcement steel bars (𝑓𝑦), compressive 291 

strength of concrete (𝑓𝑐′), longitudinal steel (𝜌𝑠𝑙) and SMA (𝜌𝑆𝑀𝐴) reinforcement ratios in the 292 
plastic hinge zone, volumetric ratio of transverse reinforcement (𝜌𝑠𝑡), aspect ratio (𝐻/𝑑), and axial 293 

load level (𝑃/𝑃0). A two-level (2𝑘) factorial DOE was generated with the subscript k being the 294 
number of parameters (Montgomery 2013), and a reverse cyclic pushover analysis was carried out 295 
for each combination of the seven main parameters (a total of 128 hollow pier specimens). 296 
Factorial designs are commonly utilized to study the significance of different parameters 297 
influencing the response variable in multi-variable studies (Montgomery 2013). In this study, the 298 
significance of the main effect and interaction effects on the performance of the piers is assessed 299 
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using factorial DOE combined with the analysis of variance (ANOVA) (Montgomery 2013) at a 300 
two-sided confidence level of 95%, a significance level of 5%. 301 

Table 3 summarizes the main factors along with the levels applied for each factor based on a 302 
literature survey and design codes (Zhu et al. 2007; ACI Committee 318 2011; Wang et al. 2014). 303 
The compressive strength of concrete varied between 27 MP and 48 MPa (Reza et al. 2014; Wang 304 
et al. 2014). The yield strength of steel bars is in a range of 420 MPa to 550 MPa (ACI Committee 305 
318 2011; Wang et al. 2014). The low and high levels for the aspect ratio are considered as 4 and 306 
7, respectively, such that the piers are dominated by flexural failure (Zhu et al. 2007; Parghi and 307 
Alam 2017). The longitudinal steel and SMA reinforcement ratio in the hybrid NSM-SMA/steel 308 
reinforcement of the plastic hinge region varied from 0.7% - 1.5% and 1.0% - 2.5%, respectively. 309 
Outside the plastic hinge zone, the specimens are consistently reinforced with longitudinal steel 310 
bars of 3.5% reinforcement ratio. The 𝜌𝑠𝑡 value ranged between 0.7% and 1.3%. The low and high 311 
levels for the axial load ratio are considered as 3% and 20%, respectively (Wang et al. 2014). 312 

 313 
Table 3: Factors and their levels used in factorial design for Hybrid NSM/SMA reinforced piers 314 

S.N. Main factors 
Lower 

level (-) 
Upper level 

(+) 

1 Concrete compressive strength, 𝑓𝑐′ (MPa) A 27 48 
2 Yield strength of steel, 𝑓𝑦 (MPa) B 420 550 

3 Reinforcement ratio of longitudinal steel bars, 𝜌𝑠𝑙 (%) C 0.70 1.50 
4 Volumetric ratio of transverse reinforcement, 𝜌𝑠𝑡 (%) D 0.70 1.30 
5 Aspect ratio, H/d  E 4 7 
6 Longitudinal SMA reinforcement ratio, 𝜌𝑆𝑀𝐴 (%) F 1 2.5 
7 Axial load ratio, 𝑃/𝑃0 (%) G 3 20 

 315 

4.1. Damage limit states 316 
In this study, displacement demand is used to identify the seismic damage of the hybrid SMA/steel 317 
reinforced hollow bridge piers. Four limit states defined in HAZUS-MH (FEMA 2003); namely, 318 
slight, moderate, extensive, and complete damages are adopted to describe the seismic damage of 319 
the piers. Different damage indices have been proposed in the literature to define the first 320 
occurrence of each damage state. In the first approach, the damage states are defined in terms of 321 
the strain limits in the concrete and steel reinforcement. Different empirical equations have been 322 
proposed to determine these strains at different damage states for conventional RC bridge piers, 323 
which are derived from the experimental results of conventional RC bridge piers (Berry and 324 
Eberhard 2005, 2007; Feng et al. 2015; Goodnight et al. 2016). However, no damage index has 325 
been proposed for the bridge piers reinforced with SMA and/or hybrid SMA/steel reinforcement. 326 
The second approach uses the maximum drift ratio to define the limit states. In this study, the 327 
second approach is used as the damage index corresponding to the displacement drift of 0.7%, 328 
1.5%, 2.5%, and 5% for the slight, moderate, extensive, and complete damage states of hybrid 329 
SMA/steel reinforced bridge piers, respectively. A similar approach has been used in the previous 330 
studies (e.g. (Kim and Shinozuka 2004; Yi et al. 2007; Akbari 2012; Sideris et al. 2014)). In this 331 
paper, the abbreviations DS1, DS2, DS3, and DS4 refer to the slight, moderate, extensive, and 332 
complete damage states, respectively.  333 

Five seismic performance indices; namely, lateral load capacity, initial stiffness, energy 334 
dissipation capacity, residual drift, and self-centering capacity are used to investigate the 335 
performance of the piers. The lateral load–displacement responses were generated for each 336 
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combination of the seven factors to quantify the cyclic response of the hybrid SMA/steel reinforced 337 
hollow bridge piers (a total of 128 specimens). For instance, Fig. 13 shows the lateral load–drift 338 
responses for Specimens S25, S63, and S98 that differ in the 𝜌𝑆𝑀𝐴 and 𝜌𝑠𝑙. As shown in this figure, 339 
Specimen S63 exhibited the highest self-centering capacity. The residual/permanent drift of the 340 
hybrid SMA/steel reinforced pier is observed to be significantly influenced by both SMA and steel 341 
reinforcement ratios (Fig. 13). The residual drift is reduced with an increase in the 𝜌𝑆𝑀𝐴, while it 342 
increased with an increase in the longitudinal steel reinforcement ratio (Fig. 13). In Specimen S63, 343 
the SMA reinforcement ratio is set to its upper level while 𝜌𝑠𝑙 is set to its low level. Consequently, 344 
Specimen S63 exhibited lower residual drift and better self-centering capacity, as can be observed 345 
in Fig. 13. Specimen S98, which is reinforced with a higher longitudinal steel reinforcement ratio 346 
exhibited increased residual drift compared to Specimen S63, as shown in Fig. 13. 347 
 348 

 

Fig. 13: Hysteretic load versus displacement response. 349 
 350 

4.2. Effect of key design parameters  351 
As discussed earlier, the main effects and interaction effects of different factors on the response 352 
parameters are assessed using ANOVA analysis, which allows identifying the most significant 353 
factors (Montgomery 2013). A two-sided confidence interval at 95% confidence level is 354 
considered in the ANOVA analysis. Consequently, the conclusions are made comparing P-value 355 
(the smallest significance level corresponding to the significance of the data) with the significant 356 
level (5% in this study) (Montgomery 2013). Thus, the main and interaction effects with a P-value 357 
of less than 0.05 are significant at 95% confidence. The normal probability plot of standardized 358 
effect is used to determine the degree and direction of the significant effects. In this plot, the 359 
insignificant effects on the response variable fall on a fitted straight line, while the significant 360 
effects fall away from the fitted line at some distance. The distance of the factor from the fitted 361 
line signifies the degree of importance of its effect. The larger the distance between the factor and 362 
the fitted line, the higher its effect on the response variable. Besides, the normal probability plot 363 
shows the direction of the significant effects, in which the response variable increases with the 364 
positive effect, while it decreases with the negative effect. In this plot, the positive and negative 365 
significant effects fall on the right side and left side of the fitted line, respectively.     366 

4.2.1. Lateral load capacity 367 
The ANOVA results for the lateral load capacity (𝑃𝑚𝑎𝑥) is presented in Table 4.  368 
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Table 4: ANOVA results for the lateral load capacity 369 

Damage states DS4 DS3 DS2 DS1 

Main Parameters     

A  𝑓𝑐′  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

B    𝑓𝑦  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

C  𝜌𝑠𝑙 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

D 𝜌𝑠𝑡  0.2942 0.3639 0.4242 0.7321 

E H/d  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

F 𝜌𝑆𝑀𝐴  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

G 𝑃/𝑃0  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Two-way interactions 

AB  0.8068 0.7753 0.7435 0.5161 

AC  0.5299 0.51 0.5065 0.761 

AD  0.0293 0.0292 0.0437 0.1327 

AE  0.0073 0.0024 0.0012 < 0.0001 

AF  0.1901 0.2058 0.3671 0.4811 

AG  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

BC  0.2384 0.2471 0.258 0.8463 

BD  0.4438 0.4415 0.4127 0.464 

BE  0.0497 0.0409 0.0163 < 0.0001 

BF  0.7392 0.8201 0.9823 0.5288 

BG  0.3417 0.4666 0.3954 0.1258 

CD  0.6531 0.562 0.548 0.8097 

CE  0.001 0.0008 0.0001 < 0.0001 

CF  0.6463 0.757 0.4816 0.0961 

CG  0.7955 0.5019 0.4457 0.7154 

DE  0.5212 0.5536 0.5736 0.9674 

DF  0.5933 0.5434 0.596 0.7731 

DG  0.0182 0.0063 0.0062 0.086 

EF  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

EG  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

FG  0.0016 0.0108 0.0518 0.061 

 370 
The results demonstrate that the P-values for the main effects of 𝑓𝑐′, 𝑓𝑦, 𝜌𝑠𝑙, 𝐻/𝑑, 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0 371 

at DS4 are less than 0.05. Consequently, the main effects of these parameters on 𝑃𝑚𝑎𝑥 are 372 
significant at the complete damage state. The transverse reinforcement showed an insignificant 373 
effect on the 𝑃𝑚𝑎𝑥 at damage state DS4, as listed in Table 4. The normal probability plot of lateral 374 
load capacity in Fig. 14a shows the standardized main and interaction influences of the factors 375 
relative to a distribution fit line at DS4. As can be observed in Fig. 14a, the aspect ratio showed a 376 
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negative significant influence on 𝑃𝑚𝑎𝑥 at DS4. Thus, the load capacity decreases with an increase 377 
in the aspect ratio, as expected. Similarly, the interaction of 𝐻/𝑑 with 𝑓𝑐′, 𝑓𝑦, 𝜌𝑠𝑙, 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0 378 

showed negative significant effects on the load capacity at damage state DS4 (Fig. 14a). The main 379 
effects of 𝑓𝑐′, 𝑓𝑦, 𝜌𝑠𝑙, 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0 are positive; thus, the load capacity increases with an increase 380 

in these factors, as shown in Fig. 14a. Similarly, the interaction of 𝑃/𝑃0 with 𝑓𝑐′ and 𝜌𝑠𝑡 showed 381 
positive significant effects.  382 
 383 

  

(a) DS4 (b) DS3 

  

(c) DS2 (d) DS1 
Fig. 14: Normal plot of the standardized effects for load capacity. 384 
 385 

Figure 15a demonstrates the percentage contributions of the main factors and their interactions 386 
on the load capacity at damage state DS4. The color of the bar shows the direction of the effect 387 
(blue: positive effect, red: negative effect), while the height of the bar shows the percentage 388 
contribution of the factor. As can be observed in this figure, aspect ratio showed the highest effect 389 
(63.3% contribution) on 𝑃𝑚𝑎𝑥. The SMA reinforcement in the plastic hinge zone showed the 390 
highest positive significant influence on 𝑃𝑚𝑎𝑥 (Fig. 14a and Fig. 15a). The contribution of 𝑓𝑐′ and 391 𝑓𝑦 were 2.31% and 1.44%, while the contributions of all the interaction effects apart from 𝑓𝑐′× 𝑃/𝑃0 392 

and 𝜌𝑆𝑀𝐴×𝐻/𝑑 interactions were insignificant (less than 1%), as shown in Fig. 15a. The 3D plots in 393 
Figs. 16a and 16b show the effects of the 𝑓𝑐′× 𝑃/𝑃0 and 𝜌𝑆𝑀𝐴×𝐻/𝑑 interactions on the load 394 
capacity by simultaneously varying the two factors in each figure from the lowest to upper values 395 
while keeping the other factors at their average values. 396 
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(a) DS4 (b) DS3 

  

(c) DS2 (d) DS1 
Fig. 15: Percentage contribution of the significant effects on the load capacity. 397 

  

(a) (b) 

Fig. 16: Variation of load capacity with (a) 𝑃/𝑃0 and 𝑓𝑐′ and (b) 𝜌𝑆𝑀𝐴 and 𝐻/𝐷. 398 
 399 

At DS1, DS2, and DS3 damage states, the main effects of 𝑓𝑐′, 𝑓𝑦, 𝜌𝑙, 𝐻/𝑑 , 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0 are 400 

shown to be significant, as listed in Table 4 and Figs. 14b–14d. The aspect ratio showed the 401 
highest negative significant effect, as shown in Figs. 14b–14d. For the extensive damage, the SMA 402 
reinforcement ratio showed the highest positive significant effect (Fig. 14b) as observed for DS4, 403 
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while for the moderate and slight damage states the main effect of 𝜌𝑆𝑀𝐴 is lower than that of axial 404 
load ratio, as shown in Figs. 14c and 14d. This can also be observed in Figs. 15b–15d that show 405 
the contributions of the main effects and interaction effects on 𝑃𝑚𝑎𝑥 at DS3, DS2, and DS1, 406 
respectively. The contribution of 𝐻/𝐷 to the load capacity varied between 61.4–66.1%, as shown 407 
in Figs. 15b–15d. The significance of SMA reinforcement increased with the damage states. At 408 
the slight damage state, the contribution of 𝜌𝑆𝑀𝐴 was only 2.2.%. This value increased to 10.2% 409 
and 12.8% at DS2 and DS3, respectively. The SMA reinforcement ratio showed the highest 410 
positive effect at DS4 and DS3, while 𝑃/𝑃0 showed the highest contribution for the remaining two 411 
damage states (Figs. 15a–15d). Figures 15a–15d also suggest that the effect of longitudinal 412 
reinforcement (𝑓𝑦 and 𝜌𝑙) increases with the damage states. For instance, the contribution of 𝑓𝑦 to 413 

the load capacity was less than 5% at DS1, which increased to 5.77%, 6.34%, and 6.58% at DS2, 414 
DS3, and DS4, respectively. The compressive strength of concrete produced the most prominent 415 
effect at the slight damage state, DS1 compared to its effect at DS2, DS3, and DS4, as can be 416 
observed in Figs. 15a–15d. Prior to cracking, concrete contributes to the load capacity of the piers; 417 
however, its contribution decreases with an increase in the applied load, while the steel and SMA 418 
reinforcement resist most of the applied loads.  419 

Regarding the interaction effects, similar to DS4, 𝑓𝑦× 𝐻/𝑑, 𝑓𝑐′× 𝜌𝑡𝑟, 𝑓𝑐′× 𝐻/𝑑, 𝜌𝑆𝑀𝐴× 𝑃/𝑃0, 420 𝜌𝑙× 𝐻/𝑑, 𝐻/𝑑× 𝑃/𝑃0, and 𝐻/𝑑×𝜌𝑆𝑀𝐴 interactions showed negative influence in their order of 421 
significance at DS2 and DS3, as shown in Figs. 14b and 14c and 15b and 15c. The interaction of 422 
axial load ratio with 𝑓𝑐′ and 𝜌𝑠𝑡 showed a positive significant effect on 𝑃𝑚𝑎𝑥 (Figs. 14b and 14c). 423 
At DS1, the interaction of the aspect ratio with all main factors except 𝜌𝑠𝑡 showed negative 424 
significant effect, while the 𝑓𝑐′× 𝑃/𝑃0 interaction showed positive significant influence on the load 425 
capacity, as can be observed in Fig. 14d. The transverse reinforcement showed an insignificant 426 
effect on 𝑃𝑚𝑎𝑥 at all limit states for flexural dominated bridge piers considered in this study. 427 
Similar observations have been reported for conventional RC bridge piers (e.g. (Parghi and Alam 428 
2016)).  429 

4.2.2. Initial stiffness 430 
The initial stiffness is taken as the effective stiffness corresponding to DS1 (Sideris et al. 2014). It 431 
can be determined as the slope of the line connecting the negative and positive peaks in the 432 
negative (pull) and positive (push) directions, respectively, at DS1 as given in Eq. (6).  433 𝐾 = 𝐹𝑝+ − 𝐹𝑝−𝑢𝑝+ − 𝑢𝑝−  (6) 

where 𝐹𝑝− and 𝐹𝑝+ are the peak load in the negative and positive directions, respectively, and 𝑢𝑝− 434 

and 𝑢𝑝+ are the displacements corresponding to 𝐹𝑝− and 𝐹𝑝+, respectively. 435 

According to the results of ANOVA analysis in Table 5, all factors apart from the volumetric 436 
ratio of transverse reinforcement produce significant main effects on the initial stiffness. Figure 437 
17a shows the normal plot of the standardized effects of the key design parameters on the initial 438 
stiffness at 95% confidence. The aspect ratio has a negative significant effect on the initial 439 
stiffness; thus, an increase in 𝐻/𝐷 ratio decreases the initial stiffness, as shown in Fig. 17a. In 440 
contrast, all other significant main effects showed positive effects on the initial stiffness. 441 
Therefore, the initial stiffness increases with an increase in 𝑓𝑐′, 𝑓𝑦, 𝜌𝑠𝑙, 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0, as shown 442 

in Fig. 17a. Similarly, the 𝑓𝑐′× 𝑃/𝑃0 interaction showed positive significant influence, whereas the 443 
interactions of aspect ratio with 𝑓𝑐′, 𝑓𝑦, 𝜌𝑠𝑙, 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0 reduce the initial stiffness, as observed 444 

in Fig. 17a. 445 
  446 
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Table 5: ANOVA results for the initial stiffness, residual drift, and RSE. 447 

Response 
Initial 

stiffness 
Residual 

drift 
RSE 

Main Parameters    

A  𝑓𝑐′  < 0.0001 0.0128 0.0265 

B    𝑓𝑦  < 0.0001 0.8149 0.3719 

C  𝜌𝑠𝑙 < 0.0001 < 0.0001 < 0.0001 

D 𝜌𝑠𝑡  0.7849 0.0022 < 0.0001 

E H/d  < 0.0001 < 0.0001 0.1108 

F 𝜌𝑆𝑀𝐴  < 0.0001 < 0.0001 < 0.0001 

G 𝑃/𝑃0  < 0.0001 0.4515 0.2679 

Two-way interactions    

AB  0.542 0.8725 0.534 

AC  0.8012 0.3352 0.7889 

AD  0.2121 0.2572 0.2926 

AE  < 0.0001 0.2962 0.8571 

AF  0.5616 0.8366 0.8534 

AG  < 0.0001 0.0104 0.0633 

BC  0.8887 0.5417 0.8402 

BD  0.5432 0.7793 0.5716 

BE  < 0.0001 0.8386 0.2953 

BF  0.6634 0.557 0.4221 

BG  0.2136 0.8991 0.7236 

CD  0.9685 0.1073 0.0136 

CE  < 0.0001 0.3275 0.2787 

CF  0.2107 0.001 0.0002 

CG  0.9331 0.0707 0.0047 

DE  0.9054 0.0192 0.0821 

DF  0.7507 0.0655 0.0136 

DG  0.161 0.0025 < 0.0001 

EF  < 0.0001 0.0461 0.9513 

EG  < 0.0001 0.7461 0.986 

FG  0.1652 0.6911 0.552 

 448 
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(a) initial stiffness (b) residual drift 
Fig. 17: Normal plot of the standardized effects. 449 
 450 

The axial load ratio and yield strength of longitudinal reinforcement showed the highest and 451 
lowest positive significant influences, respectively, as shown in Fig. 17a. This observation can be 452 
clearly observed in Fig. 18a that shows the percentage contributions of the significant main effects 453 
and interaction effects on the initial stiffness. As can be seen in Fig. 18a, aspect ratio showed the 454 
most significant influence on the initial stiffness with a percentage contribution of 79.74%. The 455 
axial load ratio is the second most significant factor, as shown in Fig. 18a. The contributions of 456 
SMA reinforcement, compressive strength of concrete, longitudinal steel reinforcement (𝑓𝑦 and 457 𝜌𝑙) were less than 5% (Fig. 18a). The contributions of the interactions of axial load ratio with 𝑓𝑐′ 458 
and 𝐻/𝐷 were 1.14% and 2.98%, whereas other significant interactions produce less than 1% 459 
contributions each, as observed in Fig. 18a. 460 
 461 

  

(a) initial stiffness (b) residual drift 
Fig. 18: Percentage contribution of the significant effects. 462 
 463 

4.2.3. Residual drift  464 
The residual drift corresponds to the drift when the lateral load becomes zero at a complete damage 465 
state. All main factors with the exceptions of 𝑓𝑦 and axial load ratio exhibited significant effect on 466 

the residual drift, as listed in Table 5. The main effects of the SMA reinforcement ratio and 𝜌𝑠𝑡 467 
were negative; thus, the residual drift significantly decreases with an increase in 𝜌𝑆𝑀𝐴 and 𝜌𝑠𝑡, as 468 
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observed in Fig. 17b. Consequently, the residual drift increases with an increase in 𝑓𝑐′, 𝜌𝑠𝑙, and 469 
aspect ratio, as shown in Fig. 17b. Similarly, the interaction between 𝑓𝑐′ and axial load ratio 470 
significantly increases the residual drift, while the 𝜌𝑆𝑀𝐴× 𝐻/𝐷, 𝜌𝑠𝑡× 𝐻/𝐷, 𝜌𝑠𝑡× 𝑃/𝑃0, 𝜌𝑆𝑀𝐴×𝜌𝑠𝑙 471 
interactions showed negative significant effects on the residual drift in their order of importance, 472 
as shown in Figs. 17b. The SMA reinforcement ratio exhibited the most significant influence 473 
(32.62% contribution) on the residual drift of hybrid SMA/steel reinforced hollow section piers, 474 
as shown in Figs. 17b and 18b. This observation signifies the efficacy of the SMA reinforcement 475 
in controlling the residual drift. The longitudinal steel reinforcement ratio is the second most 476 
important factor (22.44% contribution) that significantly affects the residual drift (Figs. 17b and 477 
18b). However, the main effects of 𝑓𝑐′ and 𝜌𝑠𝑡 on the residual drift are less prominent with less 478 
than 5% contribution, as shown in Fig. 18b. 479 

The interaction of SMA reinforcement and longitudinal steel reinforcement ratio is the most 480 
prominent interaction effect on the residual drift, as observed in Figs. 17b and 18b. As discussed 481 
earlier, the increase in reinforcement ratio of both the longitudinal steel bars and SMA bars 482 
increases the load capacity of the piers at all damage states; however, the former had an adverse 483 
effect in controlling the residual drift, unlike the SMA reinforcement. An increase in the SMA 484 
reinforcement ratio significantly enhances the load capacity of the piers at the same time 485 
minimizing the residual drift. Thus, it has a desirable effect on both the load capacity and 486 
permanent drift. With the complete replacement of the steel reinforcement bars with SMA in the 487 
plastic hinge region, the residual drift can be minimized while achieving the required load capacity, 488 
however, it is associated with high material costs. Thus, an optimum design is required based on 489 
the allowable residual drift and required load capacity to achieve an economical design. Figure 19 490 
shows the contour plot of 𝜌𝑆𝑀𝐴 versus 𝜌𝑠𝑙 to predict the residual drift of the piers. The interaction 491 
between the longitudinal steel reinforcement and SMA reinforcement can also be observed in Fig. 492 
20a. The variation of the residual drift with the other significant interactions can also be observed 493 
in Figs. 20b–20e. 494 
 495 

 

Fig. 19: Contour plot of 𝜌𝑆𝑀𝐴 and 𝜌𝑆𝑙 for predicting the residual drift.  496 
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(a)  (b)  

  

(c)  (d)  

 

 

(e)   
Fig. 20: Variation of residual drift with (a) 𝜌𝑆𝑀𝐴 and 𝜌𝑠𝑙, (b) 𝑓𝑐′ and 𝑃/𝑃0, (c) 𝐻/𝐷 and 𝜌𝑠𝑡, (d) 497 𝑃/𝑃0 and 𝜌𝑠𝑡, and (e) 𝜌𝑆𝑀𝐴 and 𝐻/𝐷. 498 
 499 

4.2.4. Energy dissipation capacity 500 
The ANOVA results for the energy dissipation at different damage states are summarized in Table 501 
6. For the slight and moderate damage states, the ANOVA results demonstrate the significance of 502 
the main effects of all parameters on the energy dissipation. However, the effects of 𝑓𝑦 and 𝜌𝑠𝑡 are 503 

insignificant on the energy dissipation at DS3 and DS4, respectively, as listed in Table 6.  504 
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Table 6: ANOVA results for the energy dissipation 505 

Damage states DS4 DS3 DS2 DS1 

Main Parameters     

A  𝑓𝑐′  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

B    𝑓𝑦  < 0.0001 0.6254 < 0.0001 < 0.0001 

C  𝜌𝑠𝑙 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

D 𝜌𝑠𝑡  0.2621 < 0.0001 0.0014 0.0031 

E H/d  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

F 𝜌𝑆𝑀𝐴  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

G 𝑃/𝑃0  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Two-way interactions 

AB  0.6138 0.7677 0.8873 0.3585 

AC  0.3184 0.0034 0.0085 0.1916 

AD  0.0075 0.0412 0.1222 0.5045 

AE  0.2608 0.0006 0.0629 0.0133 

AF  0.6978 0.0025 0.0116 0.2931 

AG  < 0.0001 < 0.0001 0.1653 < 0.0001 

BC  0.1467 0.0045 < 0.0001 0.0001 

BD  0.3572 0.7657 0.6544 0.3835 

BE  < 0.0001 < 0.0001 0.0108 < 0.0001 

BF  0.0032 0.0122 0.8136 0.0047 

BG  0.9011 0.4793 0.569 0.0036 

CD  0.7993 0.348 0.2151 0.6808 

CE  < 0.0001 < 0.0001 < 0.0001 < 0.0001 

CF  0.0004 < 0.0001 < 0.0001 0.9844 

CG  0.0146 0.9623 0.9511 0.8832 

DE  0.0604 0.2699 0.0303 0.5453 

DF  0.7672 0.5272 0.8172 0.7003 

DG  0.333 < 0.0001 < 0.0001 0.0009 

EF  < 0.0001 < 0.0001 < 0.0001 0.0006 

EG  0.9484 < 0.0001 < 0.0001 0.4916 

FG  0.2796 0.0012 < 0.0001 < 0.0001 

 506 
The degree and direction of the significant effects on the energy dissipation at various damage 507 

states can also be observed in Figs. 21a–21d. As shown in these figures, the aspect ratio produces 508 
the most prominent negative effect on the energy dissipation at all damage states. Moreover, the 509 
longitudinal reinforcement ratio produces the highest positive significant effect on the energy 510 
dissipation at all damage states apart from DS1, as shown in Figs. 21a–21d.  511 
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(a) DS4 (b) DS3 

  

(c) DS2 (d) DS1 
Fig. 21: Normal plot of the standardized effects for energy dissipation. 512 
 513 
Figures 22a–22d further clarifies the contributions of the main and interaction effects on the 514 

energy dissipation at DS4, DS3, DS2, and DS1, respectively. As can be observed in these figures, 515 
the longitudinal steel reinforcement ratio and aspect ratio are the two most prominent factors at 516 
DS2, DS3, and DS4 damage states. The effect of longitudinal reinforcement ratio on the energy 517 
dissipation increased with the damage states. For instance, at DS1 the contribution of 𝜌𝑠𝑙 was only 518 
0.58% which is increased to 14.67%, 36.02%, and 66.29% at DS2, DS3, and DS4, respectively, as 519 
shown in Figs. 22a–22d. At a slight damage state, the yield strength of steel reinforcement bars 520 
showed the highest positive effect (11.63% contribution) on the energy dissipation, as shown in 521 
Figs. 22d and 22d. The percentage contribution of the interaction effects varied from 0.03% to 522 
5.65% (Figs. 22a–22d). At all limit states except DS1, the 𝜌𝑠𝑙× 𝐻/𝑑 interaction showed the highest 523 
significant effect on the energy dissipation, as shown in Figs. 22a–22c. However, at DS1 the 524 𝑓𝑦× 𝐻/𝑑 interaction was most significant, as shown in Fig. 22d. 525 

 526 
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(a) DS4 (b) DS3 

  

(c) DS2 (d) DS1 
Fig. 22: Percentage contribution of the significant effects on the energy dissipation. 527 

 528 

4.2.5. Self-centering efficiency 529 
The ANOVA results in Table 5 for relative self-centering efficiency demonstrate the significant 530 
influences of the 𝑓𝑐′, 𝜌𝑠𝑙, 𝜌𝑠𝑡, and 𝜌𝑆𝑀𝐴 on the self-centering capacity of the novel hollow section 531 
bridge piers. The SMA reinforcement ratio and 𝜌𝑠𝑡 exhibited positive standardized effect on the 532 
RSE. Consequently, the self-centering capacity increases with the increase in 𝜌𝑆𝑀𝐴 and 𝜌𝑠𝑡. 533 
However, the increase in the 𝜌𝑠𝑙 and 𝑓𝑐′ reduce the self-centering capacity of the piers as they have 534 
negative standardized effect on the RSE (Fig. 23a).  535 

The contributions of the significant factors and interactions on the RSE are shown in Fig. 23b. 536 
The self-centering capacity of the hybrid NSM-SMA/steel reinforced hollow section piers is 537 
mostly influenced by the SMA reinforcement (45.61% contribution) confirming the efficacy of 538 
SMA reinforcement in enhancing the self-centering capacity of the piers, as shown in Figs. 23a 539 
and 23b. The longitudinal steel reinforcement ratio is the second most significant factor with 540 
26.26% contribution on the RSE; however, unlike the SMA reinforcement its effect is negative, as 541 
shown in Figs. 23a and 23b. The compressive strength of concrete has the least main significant 542 
influence on the RSE (Figs. 23a and 23b).  543 
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(a)  (b)  
Fig. 23: Normal plot of the standardized effects (a) and percentage contribution (b) for RSE. 544 

 545 
Regarding the interaction effects, the 𝜌𝑠𝑙× 𝜌𝑠𝑡, 𝜌𝑠𝑙× 𝑃/𝑃0, 𝜌𝑠𝑡× 𝑃/𝑃0 interactions significantly 546 

influence the RSE, as shown in Fig. 23a and Table 5. Similarly, the influences of the interactions 547 
of SMA reinforcement ratio with longitudinal steel reinforcement ratio in the plastic hinge zone 548 
and volumetric ratio of transverse reinforcement on the self-centering capacity are significant, as 549 
observed in Fig. 23a and Table 5. The volumetric ratio of transverse reinforcement and its 550 
interaction with other factors contribute up to 23.79%, as shown in Fig. 23b. Among the interaction 551 
effects, the 𝜌𝑠𝑡× 𝑃/𝑃0 and 𝜌𝑆𝑀𝐴× 𝜌𝑠𝑙 interactions showed the most significant influence on the 552 
RSE, as can be seen in Figs. 23a and 23b. The interaction effects can also be clearly observed in 553 
the 3D plots in Figs. 24a–24d. Moreover, Fig. 25 shows the contour plot of 𝜌𝑆𝑀𝐴 versus 𝜌𝑙 for 554 
predicting the RSE.  555 
 556 

  

(a) (b) 
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(c) (d) 

 

 

(e)  
Fig. 24: Variation of residual drift with (a) 𝜌𝑠𝑙 and 𝜌𝑠𝑡, (b) 𝜌𝑆𝑀𝐴 and 𝜌𝑠𝑙, (c)  𝑃/𝑃0 and 𝜌𝑠𝑙, (d) 557 𝜌𝑆𝑀𝐴 and 𝜌𝑠𝑡, and (e) 𝑃/𝑃0 and 𝜌𝑠𝑡. 558 
 559 

 

Fig. 25: Contour plot of 𝜌𝑆𝑀𝐴 and 𝜌𝑠𝑙 for predicting the RSE.  560 
 561 

4.3. Regression equation for the responses 562 
A regression equation is obtained in this section to better understand the effects of the key design 563 
factors and significant interactions on the cyclic performance of hybrid SMA/steel reinforced 564 
hollow section bridge piers. The results of sensitivity analysis in factorial DOE can be used to 565 
obtain the relationship between the input factors and the response variables. Thus, the response of 566 
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hybrid SMA/steel reinforced hollow bridge piers for different levels of each factor can be estimated 567 
the following general equation. 568 𝑅 = 𝑎0 + 𝑎1𝐴 + 𝑎2𝐵 + 𝑎3𝐶 + 𝑎4𝐷 + 𝑎5𝐸 + 𝑎6𝐹 + 𝑎7𝐺 + 𝑎8𝐴𝐷 + 𝑎9𝐴𝐸 + 𝑎10𝐴𝐺+ 𝑎11𝐵𝐸 + 𝑎12𝐶𝐷 + 𝑎13𝐶𝐸 + 𝑎14𝐶𝐹 + 𝑎15𝐶𝐺 + 𝑎16𝐷𝐸 + 𝑎17𝐷𝐹+ 𝑎18𝐷𝐺 + 𝑎19𝐸𝐹 + 𝑎20𝐸𝐺 + 𝑎21𝐹𝐺 

(7) 

where 𝑅 is the response variable for different levels of each factor, 𝑎0 is the intercept, and 𝑎1 569 
through 𝑎21 are the regression coefficients for each significant factor and interaction.  570 

The values of the regression coefficients and the intercept for each response variable are given 571 
in Table 7 based on the results of sensitivity analysis. The response variables include the initial 572 
stiffness, residual drift, relative self-centering efficiency, and lateral load capacity at different limit 573 
states, as listed in Table 7. The regression equation in Eq. (7) can be used for preliminary design; 574 
however, a detailed design procedure is required for the application of the novel bridge piers. Thus, 575 
in future research, a detailed design guideline for the novel hybrid SMA/steel reinforced hollow 576 
section piers considering the significant factors and interactions will be proposed. The applicability 577 
of Eq. (7) is limited to the following ranges of the input parameters: 27 MPa ≤ 𝑓𝑐′ ≤ 48 MPa; 578 420 MPa ≤ 𝑓𝑦 ≤ 550 MPa; 0.70% ≤ 𝜌𝑠𝑙 ≤ 1.50%; 0.70 ≤ 𝜌𝑠𝑡 ≤ 1.30; 4 ≤ 𝐻/𝑑 ≤ 7; 1% ≤579 𝜌𝑆𝑀𝐴 ≤ 2.5%; and 3% ≤ 𝑃/𝑃0 ≤ 20%, as listed in Table 3. 580 
 581 

Table 7: ANOVA results for the energy dissipation 582 

Coefficient Factor Initial stiffness Residual drift RSE 
𝑃𝑚𝑎𝑥 

DS1 DS2 DS3 DS4 𝑎0 - 18.57 1.7000 0.6934 1063.08 1359.98 1400.01 1429.22 𝑎1 A: 𝑓𝑐′  1.820 0.2428 -0.0273 105.52 102.73 100.31 90.60 𝑎2 B: 𝑓𝑦 0.607 0.0000 0.0000 31.92 65.55 67.98 71.49 𝑎3 C: 𝜌𝑠𝑙 1.760 0.6376 -0.1090 102.47 142.07 148.16 152.89 𝑎4 D: 𝜌𝑠𝑡 0.000 -0.3006 0.0551 0.00 0.00 0.00 0.00 𝑎5 E: H/d -11.27 0.5658 0.0000 -425.46 -463.59 -461.13 -474.38 𝑎6 F: 𝜌𝑆𝑀𝐴 1.370 -0.7688 0.1437 77.46 188.82 210.62 221.09 𝑎7 G: 𝑃/𝑃0 3.640 0.0000 0.0000 211.35 198.06 170.76 141.54 𝑎8 AD 0.000 0.0000 0.0000 0.00 -22.88 -26.49 -28.38 𝑎9 AE -1.040 0.0000 0.0000 -37.13 -37.25 -37.28 -35.14 𝑎10 AG 1.350 0.2501 0.0000 77.51 95.03 93.65 103.36 𝑎11 BE -0.516 0.0000 0.0000 -24.34 -27.36 -24.80 -25.51 𝑎12 CD 0.000 0.0000 -0.0304 0.00 0.00 0.00 0.00 𝑎13 CE -1.210 0.0000 0.0000 -52.43 -44.95 -41.62 -43.56 𝑎14 CF 0.000 -0.3234 0.0466 0.00 0.00 0.00 0.00 𝑎15 CG 0.000 0.0000 0.0350 0.00 0.00 0.00 0.00 𝑎16 DE 0.000 -0.2280 0.0000 0.00 0.00 0.00 0.00 𝑎17 DF 0.000 0.0000 -0.0304 0.00 0.00 0.00 0.00 𝑎18 DG 0.000 -0.2970 0.0608 0.00 31.31 33.45 30.83 𝑎19 EF -1.010 -0.1934 0.0000 -44.44 -68.72 -61.08 -63.88 𝑎20 EG -2.180 0.0000 0.0000 -81.82 -71.46 -66.20 -52.96 𝑎21 FG 0.000 0.0000 0.0000 0.00 0.00 -31.12 -41.60 
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5. Conclusions 583 

This paper presented a numerical investigation on the seismic response of novel hollow section 584 
bridge piers reinforced with hybrid superelastic shape memory alloy (SMA) and steel bars under 585 
reverse cyclic and constant axial loading. The performance of the piers in terms of hysteretic 586 
characteristics, energy dissipation capacity, permanent (residual) deformation, and self-centering 587 
capacity was numerically investigated and compared with the conventional reinforced concrete 588 
(RC) pier. The performance of the novel hybrid SMA/steel reinforced hollow bridge piers was first 589 
investigated using four types of commercially available superelastic SMA bars and compared with 590 
the conventional RC pier of the same flexural capacity. The hybrid SMA/steel reinforced piers 591 
developed significantly improved seismic responses in terms of the residual drift and self-centering 592 
capacity. The sensitivity analysis was used to explore the effect of various key design factors and 593 
their interactions on the performance of the hybrid SMA/steel reinforced piers at different damage 594 
states. The following conclusions can be drawn from the results of the current study: 595 

 The hybrid SMA/steel reinforcement was effective in controlling the residual drift and thus 596 
enhance the resilience of hollow bridge piers.  597 

 The hybrid SMA/steel reinforced piers showed a significantly higher self-centering 598 
capacity compared to the reference pier. 599 

 The most significant design parameters associated with the initial stiffness are the axial 600 
load ratio and aspect ratio of the piers. The initial stiffness increases with an increase in 𝑓𝑐′, 601 𝑓𝑦, 𝜌𝑠𝑙, 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0, while it decreases with 𝐻/𝐷 and its interaction with 𝑓𝑐′, 𝑓𝑦, 𝜌𝑠𝑙, 602 𝜌𝑆𝑀𝐴, and 𝑃/𝑃0. 603 

 The SMA reinforcement ratio produced the most prominent positive effect on the lateral 604 
load capacity at DS4 and DS3. However, its effect is reduced for the other two damage 605 
states. Particularly, for the slight damage state, the contribution of 𝜌𝑆𝑀𝐴 is less than 5%. 606 

 The reinforcement ratio of SMA in the plastic hinge zone has the highest significant 607 
influence on the residual drift followed by 𝜌𝑠𝑙. Similarly, the interaction between the 608 
reinforcement ratio of steel bars and SMA was the most significant interaction effect on 609 
the residual drift. The increase in the 𝜌𝑆𝑀𝐴 limits the residual drift, thus, it is effective in 610 
controlling the residual drift and enhance the seismic resilience of the piers. However, the 611 
longitudinal reinforcement had an adverse effect on the residual drift behavior as it 612 
increases the permanent drift.  613 

 The self-centering capacity of the novel bridge piers was mainly influenced by the SMA 614 
reinforcement ratio. Among the interaction effects, the 𝜌𝑆𝑀𝐴×𝜌𝑙 interaction showed the 615 
most prominent influence on the self-centering capacity. 616 

 Finally, a regression equation based on the results of factorial DOE is proposed to predict 617 
the responses of the novel hollow section pier at different levels of the main factors.  618 

The seismic performance of the hybrid SMA/steel reinforced hollow bridge piers is 619 
investigated in this study for the first time. Moreover, the current study identified the most 620 
prominent design parameters on the performance of the novel hollow bridge piers. The results 621 
presented in this study are beneficial for future research on the design of hybrid SMA/steel 622 
reinforced hollow bridge piers. Future study is recommended to accurately define the damage 623 
states and develop detailed performance-based seismic design guidelines for the hybrid SMA/steel 624 
reinforced piers based on a series of experimental and analytical investigations.  625 

 626 
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