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Abstract

The common corrosion problem in conventional steel reinforcement induces a significant
deterioration of the bridge pier’s yielding displacement and ductility. Superelastic shape memory
alloy (SE-SMA) possesses a high corrosion resistance and retrievers its original shape upon
load removal. The unique material properties attract the attention for structural design use.
However, the vielding displacements of members reinforced with SE-SMA materials required
an investigation to fully understand the material's effect. In this paper, an extensive parametric
study is performed to estimate the yielding displacement of bridge pier reinforced with SE-SMA
rebars. The parametric study’s size is decided by varying the reinforced concrete (RC) section
characteristics, including axial load ratio, pier diameter, aspect ratio, reinforcement ratio, and
confinement coefficient. Results of this study proposed an approximate formula to estimate the
yielding displacement of SE-SMA bridge piers.
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1 Introduction

The corrosion resistance of conventional reinforcement steel is a major disadvantage,
leading to early deterioration and stiffness degradation in reinforced concrete (RC)
structures. The current focus on resiliency within structures aims to minimize the prob-
ability of damage and economic losses as well as increase the recovery function after
earthquake events [1]. Following this concept, superelastic shape memory alloy (SE-
SMA) attracted attention for its use as reinforcement in RC structures and bridges lo-
cated in seismic and coastal zones due to its high corrosion resistance and superelastic-
ity [2]. Several research efforts have been conducted to investigate the use of SE-SMA
material in structural elements, including SMA braces [3,4], SMA-base isolation [5], and
steel connection [6]. Results of these studies indicated a superior seismic performance
capability compared to conventional steel material.

In concrete structures, the material was used as reinforcement in RC elements, includ-
ing beam-column joints, moment frames [7], and RC shear walls [8, 9]. The results
demonstrated that SE-SMA bars could effectively recover residual displacement com-
pared to the conventional steel bars.

In parallel, numerous experimental and numerical studies have investigated the use
of SE-SMA bars in bridge piers. Saiidi et al. [10] investigated the influence of utilizing
SE-SMA material in bridge pier columns. Results showed that bridge piers reinforced
with SE-SMA material exhibited large drift capacity combined with lower damage than
the steel bridge piers. Billah and Alam [11] compared the SE-SMA bridge pier’s seismic
performance with different novel reinforcement materials. Results prove the superior
seismic performance combined with adequate energy dissipation during the earth-
quake. With the same trend, Billah and Alam [12] developed performance-based dam-
age states of SE-SMA bridge piers considering different SMA materials types. Results
of their study proposed an equation to estimate the residual displacement of the con-
sidered systems. The practical demonstration of these studies was applied to a bridge
in Michigan [13].

Notwithstanding all these advantages, the estimate yielding displacement of such sys-
tem is missing in the literature. This paper aims to examine the approximate formula
to estimate the vielding displacement for the SE-SMA bridge pier. Then, the formula is
adjusted with results obtained from the numerical model to improve its accuracy.

2 Yielding displacement

Although SMA does not have a yielding strain, the term refers to the austenite transfor-
mation point to the martensite phase. However, Figure 1 shows the typical force-dis-
placement relationship of the bridge pier obtained from pushover analysis. The yielding
displacement (Av) is calculated as the secant stiffness through 75 % of the shear capac-
ity (VV), as proposed by Park [14]. The method provided an accurate estimation of the
yielding displacement obtained from the conducted experimental research.
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Figure 1. Yielding displacement calculation.

In conventional concrete bridge piers, the yielding curvature (Q)v) and yielding displace-
ment (AV) are calculated using Egs. (1) and (2), as proposed by Priestley et al. [15]:

@,=225¢/D (1)
D, =0 H/3 (2)

where g,is the yielding strain of steel reinforcement, D is pier diameter, and H is the pier
height.

In this study, the aforementioned equations were examined for SE-SMA bridge piers for
rapid estimation.

3 Parametric study

A parametric study to examine the yielding displacement of 756 SE-SMA bridge piers

are conducted using pushover analysis. These parameters are introduced in the follow-

ing:

- The axial load ratio (P/A f' ) ranges from 0.05 % to 0.35 %, P is the applied axial load, A,
is the cross-section area, and f’c is the concrete compressive strength.

- Diameter (D) ranges from 400 mm to 17000 mm.

- The pier aspect ratio ranges from 6 to 10.

- The concrete confinement factor (K) of 1, 1.5, and 2.
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4 Numerical model of SE-SMA bridge piers

The numerical model is developed in the OpenSEES software platform [16]. The bridge
pier is modeled using displacement beam-column element with fiber section, as shown
in Figure 2. A horizontal shear spring is added to each element using a section aggrega-
tor and is calculated using Eq. (3):

V=0.LEA (3)

Where Vis shear stiffness, E_is the concrete modulus of elasticity, and Ais the cross-
section area.

The plastic hinge length is calculated using the recommendation by Abraik and Youssef
[8], and the P-delta effect is considered in the numerical model. The conventional steel
reinforcement and concrete material are modeled using steel 02 and concrete 02 mate-
rial in the OpenSEES software [16], respectively.

The self-cantering material implemented in OpenSEES [16] is used to simulate the SE-
SMA material located in the plastic hinge of bridge piers. Table 1 lists the input param-
eters used to define the self-cantering material in the OpenSEES software [16].

An experimental result conducted by Moyer and Kowalsky [17] is selected to validate
the selected numerical model. The test specimen was a circular RC cantilever column
with an aspect ratio of 5.33 and was subjected to a 5 % axial load ratio. Longitudinal
reinforcement consisted of 12 No. 6 (19 mm diameter) grad 60 (f =414 MPa), providing
2.07 % longitudinal reinforcement ratio. A mechanical coupler of 120° with three rows
at rebar central angles is assumed to be used to connect the SMA at the plastic hinge
with steel rebar, as shown in Figure 3. The couplers showed excellent performance un-
der repeated tensile stresses. Thus, the slippage at couplers is not considered in the
numerical model.
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Figure 2. Numerical model
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Table 1. SE-SMA input parameters in the numerical model

Parameter Value
K, 36,459 MPa
K, 1724 MPa
F o 380 MPa
B 0.55
Recovery strain (g;) 7 % (mm/mm)
;l: Steel
eyl
Rebar k

Screw with sharp end
SBC J

< SMA -

Rebar Screw with flat end

Figure 3. Mechanical coupler connection details [18]

As shown in Figure 4, the numerical model accurately captures the overall behavior,
including peak shear capacity, ultimate displacement, and residual displacement.
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Figure 4. Numerical validation

5 Examining the approximate equation

In this section, Eq. (2) refers herein as an approximate equation examined under the
aforementioned parameters. The F’//-\gf’c in the practical bridge piers have a range of
0.05 = P/Af' = 0.35. Figure 5.a shows the influence of P/Af' values on the average
yielding displacement (Av) obtained from the approximate equation, which overesti-
mated the yielding displacement of SE-SMA bridge piers by a factor of 4.8 on average.
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Figure 5. Variation of: a) axial load ratio with yielding displacement; b) pier diameter with yielding
displacement; c) aspect ratio with yielding displacement; d) confinement factor K with yielding
displacement

The difference appears to be constant at a higher axial load ratio (i.e., P/AF. = 0.1).
Increasing the axial load ratio can delay SE-SMA bars' yielding on the tension side, ex-
plaining why the SE-SMA material exhibits a constant yielding displacement at higher
axial load ratios.
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Figure 5.b shows the variation of with A with the pier diameter. It is evident that in-
creasing the pier diameter increases the A, Although the approximate equation exhibits
the same trend as the numerical model, the equation overestimates the A by a factor of
5.7 for low pier diameter (i.e., 400 mm) and by a factor of 4.6 for big pier diameter (i.e.,
1000 mm). The source of this increase is related to the increase in pier stiffness.

Figure 5.c compares the approximate and the numerical model results. A slight increase
in the is observed when the pier aspect ratio increases from 6 to 10, while the approxi-
mate equation exhibits a constant value with the pier aspect ratio variations.

The concrete confinement (K) effect on the A, is illustrated in Figure 5.d. It can be ob-
served that both the numerical and the approximate equation exhibit a constant re-
sponse. Itis evident that increasing the confinement effect is having a negligible impact
on yielding displacement of SE-SMA bridge piers. The approximate equation also over-
estimates the yielding displacement by a factor of 4.8.

Eventually, Figure 5(f) plots the variation between the numerical and the approximate
equation results obtained from different vertical SMA ratios. Increasing the vertical SMA
ratio from 1 % to 3 % increases the by a factor of 1.9. The approximate equation provides
a constant value regarding the vertical SMA ratio and the difference factor between
them is between 6.7 for low steel ratio and 3.6 for high steel ratio.

6 Adjusted the approximate equation

Using the parametric results, two equations [i.e., Egs. (4) and (5) refer herein as pro-
posed equations] from statistical analysis are proposed based on axial load ratio and
are expressed as follows:

(0924, )H?
_ SMA ,
Ay =", forP/Af >005 (4)
0.7&c,,, |H?
A :Mfor P/Af <0.05 (5)
y 3D g C

Where ¢, is the yielding of the NiTi SE-SMA material.

Figure 6 compares the results of both equations based on P/Agf'C values. The proposed
equation provides a more accurate estimation for the yielding displacement as com-
pared to the approximate equation. These reduction factors in the proposed equation
are related to the delay of SE-SMA material compared to the conventional steel rein-
forcement. The dispersion between both equations is increased for a higher axial load
ratio, as shown in Figure 6(b).
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Figure 6. Proposed equation variation with: a) axial load ratio 0.05; b) axial load ratio >0.05.

7 Conclusions

This study investigates the accuracy of the approximate formula proposed by Priest-
ley et al. [14] to estimate the vielding displacement of the circle SMA bridge pier. Then
proposed equations are presented based on the performed parametric study. Several
major conclusions obtained from this study are as follows:

Axial load ratio and pier diameter significantly influence the yielding displacement of
SE-SMA bridge piers compared to the influence of aspect ratio and the confinement
coefficient (K). For instance, the value reduces from 70 mm to 34 mm under a high
axial load ratio.

Under different load variations, the SE-SMA material exhibited a constant response
in yielding displacement when the axial load ratio ranges from 0.1 % to 0.35 %.

The proposed equation is based on the variation of axial load ratio in order to mitigate
the difference between the numerical results and the approximate equation.

The work conducted in this paper is based on the assumption that the plastic hinge
length is equal to 20 % of pier height. However, more research is needed to investi-
gate the proposed equation’s accuracy considering different plastic hinge lengths.

Eventually, several assumptions were considered in this study, including no-slippage in
mechanical couplers, which are used to connect the steel reinforcement above the plastic
hinge with SMA rebars in the plastic hinge. Also, shear and shear-flexural interactions are
omitted from this study. Thus, future research is encouraged to address this issue.
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