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Abstract: The emergence of rocking bridge piers provides the community of civil engineers with a 

broader vision of next-generation seismic-resilient bridge design. This study introduces a new type 

of shape memory alloy (SMA) washer spring-based self-centering rocking (SCR) systems which 

could be an important addition to the existing rocking pier family. The proposed system combines 

the advantage of the existing rocking pier solution with extra benefits such as simplified construction, 

excellent fatigue and corrosion resistance, and extra “locking mechanism” which safely prevents the 

pier from excessive rocking. The working principle of the SCR piers is discussed first, and five tests 

are subsequently carried out on proof-of-concept SCR pier specimens. This is followed by a further 

numerical study examining an extended range of design parameters. The SCR pier shows excellent 

self-centering capability with minimal damage to the pier, which is attributed to the intended gap-

opening deformation mode. Moderate energy dissipation is offered by the SMA washer springs, and 

once they are fully flattened, further drift is provided by the flexural deformation of the pier itself. 

The SMA washers can be used repeatedly with no need for repair/replacement, and the highly flexible 

stack pattern caters to different design objectives and requirements. An effective supplementary 

source of energy dissipation is enabled by installing steel angles at the gap opening interface. The 

experimental and numerical investigations provide a strong proof of feasibility of this innovative 

structural system. 

Keywords: Rocking bridge pier; shape memory alloy (SMA); self-centering; Belleville washer 

springs; cyclic performance; seismic resilience. 
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Major earthquakes in recent decades highlighted the importance of considering post-event 

recoverability in the design of lifeline facilities such as strategic buildings, power facilities, piping 

systems, and bridges. Field investigations made after the 1995 Kobe earthquake reported that more 

than 90 reinforced concrete (RC) bridge piers with residual drifts exceeding 1% were demolished, 

although they did not collapse [1]. The repair/replacement work leads to closure of the bridges and 

hinders the initiation of recovery, resulting in significant economic and societal impacts on the city. 

There is a pressing need for a fundamental shift in the design targets for bridges and other critical 

infrastructures in seismic zones. To this end, many new technologies have been developed for resilient 

engineering systems that are capable of surviving strong earthquakes with negligible residual 

deformation and no critical damage to the main part of the structure [2-3]. 

Self-centering rocking (SCR) bridge piers are one of these promising solutions. In contrast to 

conventional fixed base monolithic bridge piers where plastic deformation is expected to occur locally 

at the base regions, the SCR piers allow gap opening over the rocking interface, a mechanism which 

significantly alleviates the local plasticity demand at the pier base. Vertical unbonded posttensioned 

(PT) tendons are often used in SCR piers to promote reversion to the upright position (i.e., self-

centering capability), and in addition, various types of energy dissipation devices, either internal or 

external, are employed concurrently to avoid excessive drifts. Mander and Cheng [4] launched an 

experimental program on low-damage rocking bridge piers, and this work inspired many follow-up 

investigations. Palermo et al. [5] confirmed the unique behavior of SCR piers in regard to ductility 

and residual drift control through comparisons against traditional monolithic piers. Solberg et al. [6] 

carried out a series of cyclic tests focusing on the behavior of SCR piers under bidirectional 

earthquake excitations. Marriott et al. [7-8] conducted a series of quasi-static and pseudo-dynamic 

tests on SCR piers with replaceable energy dissipation devices. Guerrini et al. [9] proposed a new 

type of PT double-skin concrete-filled SCR piers. The design criteria for the pier members was 

discussed in detail, and tests on two pier units showed no damage at a target drift of 3%. Rahmzadeh 

et al. [10] proposed a new SCR pier system consisting of a tubular steel column, PT tendons, and 
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energy dissipation devices, with focus on the stress concentration and local buckling behavior of the 

tube wall near the rocking interface. It should be noted that the conventional rocking piers may not 

have sufficient redundancy if the prestress of the PT tendons is lost under extreme load conditions. 

This could lead to excessive rocking and also the risk of collision between the girder and the 

abutments [11]. In addition, the energy dissipation devices often need to be replaced after strong 

earthquakes, and this process puts the bridge in danger during aftershocks [12]. The corrosion of the 

PT tendons and energy dissipation devices is also a big problem [13]. Guo et al. [14] examined a 

variety of fiber-reinforced polymer PT tendons and energy dissipaters to cater to the chloride 

environment, and it was confirmed that the composite materials can provide satisfactory self-

centering and energy dissipation capacities.  

The concept of SCR is also widely applied to precast segmental construction, in which case 

more than one gap opening interfaces may be developed over the column height [15]. Prefabricated 

segmental bridge piers can speed up the construction process, and are therefore quite popular in 

congested urban regions [16-17]. A large number of experimental investigations have been conducted 

on this front [18-22], with many follow-up numerical and analytical studies carried out to further 

interpret the load carrying mechanism of the system [23-24]. Furthermore, the use of the self-

centering technology has been extended to high-performance building frames, where self-centering 

beam-to-column connections and rocking columns/walls have attracted significant attention for 

residual drift control [25-36]. 

This paper presents an alternative type of SCR bridge piers which employ novel superelastic 

shape memory alloy (SMA) washer springs as the kernel functional components. SMAs are a unique 

class of metal exhibiting two fundamental properties, namely, superelasticity (SE) and shape-memory 

effect (SME) [37-41]. The former occurs when the material is stressed at its austenite phase, where a 

8-10% strain can be recovered spontaneously upon unloading; the latter is exhibited by the martensite 

form of the SMA, in which case residual strain does remain when the applied stress is removed (just 

like normal steel), but heating the deformed material to the austenite-finish temperature can promote 
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strain recovery. Due to the two special characteristics, SMAs have been successfully commercialized 

in the aerospace, medical, electrical, and oil industries [42]. Compared with the shape-memory effect, 

superelasticity seems to receive more attention for seismic applications due to spontaneous self-

centering, stable hysteretic damping, and free of external power source/electricity supply. In practice, 

superelastic SMAs are often made into various forms such as SMA wires, cables, bars, ring springs, 

helical springs, and washer springs [43-48]. When used in SCR piers, the SMA components can 

provide self-centering capability and energy dissipation due to the flag-shaped stress-strain 

relationship of the material.  

In the following discussions, the basic working principle of the proposed SCR piers is first 

introduced, and their potential advantages over the current PT tendon-based SCR pier solutions are 

discussed. Five proof-of-concept tests on the novel SCR pier are then described, which is followed 

by a numerical study considering an extended range of design parameters. Some design comments 

are also given. 

2. System description  

SMA washer springs (also known as disc springs) are the kernel components that provide self-

centering capability and energy dissipation for the newly proposed SCR pier system. Conventional 

steel washer springs are mechanical components that are capable of sustaining loads with a small 

installation space, as shown in Fig. 1(a). Because of their annular shape, force transmission is 

concentric and thus the washer springs can be more stable and compact compared with other types of 

springs, e.g. helical springs. Importantly, washer springs can be stacked either in parallel or in series 

(or in combination), which makes them flexible in terms of load resistance and available 

deformability. The application of the washer springs can be further extended when they are endowed 

with superelasticity [49]. In fact, a number of investigations have already been initiated to explore the 

potential applications of SMA washer springs in civil engineering, including smart dampers [50] and 

high-performance beam-to-column connections [51].  
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The new SCR pier system consists of a concrete pier (with an extended base), a series of 

strong constraining anchor bars, and the associated SMA washer spring sets, as shown in Fig. 2. The 

vertical constraining anchor bars are inserted permanently into the foundation, while the free parts 

pass through the openings of the pier base. The SMA washer spring sets, which pass through these 

anchor bars, are installed and simply precompressed by tightening the nuts. If a further increase in 

the resistance of the piers against lateral load is desired, unbonded PT tendons running through the 

height of the pier may be additionally used. However, unlike the existing PT-based SCR piers, the 

use of the PT tendons is not compulsory for the present SCR piers as the preloaded SMA washer 

springs can provide sufficient load resistance and self-centering capability.  

As shown in Fig. 2, the pier deforms elastically and exhibit a load-deflection response similar 

to a fixed base pier before “decompression” of the preloaded SMA washer springs. As the lateral load 

increases, the pier starts to uplift with a gap opening mechanism at the rocking interface. During this 

inelastic stage, the SMA washer springs are further compressed until their deformability has been 

fully consumed and then a “locking” mechanism is formed (Fig. 2(d)). This locking mechanism safely 

constraints the pier and prevents it from excessive rocking. A further increase in the lateral load would 

stress the anchor bars, and later on inelastic deformation could occur in the main pier. Under extreme 

cases (e.g., very rare earthquakes), the anchor bars may also undergo inelastic deformation and finally 

fail in fracture or pulling-out from the foundation. This unfavorable failure mode should be prevented 

by making sure that the final failure is always governed by the pier rather than by the anchor bars. 

The SMA washer springs together with the gravity load promote self-centering action which helps 

the pier return to its original upright position, ideally with no damages to the main pier, anchor bars 

and SMA washer springs under design earthquakes. The SMA washer springs also act as a source of 

energy dissipation due to their superelastic behavior.  

Fig. 3 shows more detailed force decomposition diagrams of the pier and takes a closer look 

at the force distribution over the rocking interface. Under an increasing lateral load (and hence an 

increasing overturning moment), the pier experiences “decompression stage” (where the gap is just 
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about to open), “post-decompression stage”, and “locked stage” successively. Assuming that the edge 

of the extended pier base, i.e., point c, serves as the reference turning point, the overturning moment 

of the pier M at the decompression stage (Fig. 3(a)) can be expressed by: 

1 1 2 2 +w pre w w pre w cc De cc G midM F l F l F l F l− − −= + −                                        (1) 

1 2 + 0.5cc De w pre w pre G max c cF F F F E A− − −= + =                                         (2) 

where FG is the axial load applied to the pier; Fw-pre is the preload of the SMA washers; Fcc-De is the 

resultant reaction force from the foundation; lw1, lmid, lw2 and lcc are the lever arms, i.e., the distances 

from the force (or resultant force) to the assumed turning point; εmax is the maximum compression 

strain of concrete at the edge of the pier base; Ec is the elastic modulus of concrete; Ac is area of the 

pier base; and  indicates the sum of the washer spring forces if more than one set of washers are 

used at the considered locations.  

In the post-decompression stage, an idealized linear strain distribution may still be assumed 

for the contact region [52], as shown in Fig. 3(b). The equilibrium of forces can be expressed by [53]: 

( )1 1 1 2 2 2( )   +w pre w w w pre w w cc P cc G midM F F l F F l F l F l− − −= +  + +  −                        (3) 

1 1 2 2( ) ( ) 0.5cc P w pre w w pre w G max c c cF F F F F F E l b− − −= +  + +  + =                         (4) 

where Fw1 and Fw2 are the increments of the force of the SMA ring spring washers; lc is the length 

of the triangular stress block; and bc is the width of the pier base. Finally, at the locked stage, the 

opening of the pier base may cause local concrete crushing near the turning point, so the strain 

distribution of the concrete could be highly nonlinear. For simplicity, the nonlinear strain distribution 

can be simplified as a uniform block, as shown in Fig. 3(c), and the equilibrium of forces can be 

expressed by: 

1 1 1 2 2 2( )  ( )w pre w w w pre w w cc L cc G midM F F l F F l F l F l− − −= +  + +  − +                      (5) 

1 1 2 2( ) ( )cc L w pre w w pre w G p c cp cF F F F F F E l b− − −= +  + +  + =                         (6) 

where Fcc-L is the resultant reaction force near the turning point, lcp is the length of the idealized stress 

block; and εp is the uniform plastic strain of the concrete. 
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Compared with the existing PT-based SCR piers described in the literature, the SMA-based 

ones proposed in this study may have the following extra benefits: 1) PT tendons are not compulsory, 

which simplifies the construction process, reduces the preload applied to the pier, and eliminates the 

risk of loss of self-centering capability due to the possible yielding or stress relaxation of the PT 

tendons; 2) a flexible use of the SMA washer springs enables tunable deformation and lateral load 

resistance; in addition, the presence of the strong constraining anchor bars prevents excessive 

uplifting of the pier; 3) due to the stable hysteretic behavior and good fatigue performance of SMA 

washer springs under repeated load, there is no need to replace or repair these components after 

earthquakes, and thus ensuring immediate function recovery; and 4) in contrast to steel energy 

dissipators and tendons that have corrosion problems, the SMA material has excellent corrosion 

resistance, which encourages the SCR piers to be used in chloride environments. 

In practice, the following design principles for the proposed pier are recommended: 1) no 

uplift occurs under small earthquakes with a return period of 50 years; in other words, the rocking 

pier is expected to behave just like a conventional fixed-base pier before decompression of the SMA 

washers; (2) limited uplifting with a well-controlled lateral drift ratio (e.g., 1.0%) of the rocking pier 

is permitted to protect the bridge from damage when subjected to moderate earthquake events with a 

return period of 475 years; and (3) the bridge is expected to experience a larger lateral drift ratio (e.g., 

2.5%) but with controlled damage under large earthquake events with a return period of 2500 years. 

The SMA washers may be fully flattened under large earthquakes, in which case the bridge would 

rely on the locking mechanism to control the rocking behavior. 

3. Test arrangement  

3.1 Washer spring tests 

Before discussing the SCR piers in detail, the cyclic behavior of individual SMA washer 

springs was examined first. The SMA washer springs used for this study were ordered from SAES 

Smart Materials Corporation (www.memry.com). The governing geometric parameters, i.e., external 

diameter (De), internal diameter (Di), height (l0), thickness (t), and cone angle (), are shown in Fig. 

http://www.memry.com/
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1(a). Each single washer spring can provide a compressive deformation of up to 3 mm. Per 

information from the supplier, the chemical composition of the SMA material was wt.55.87% nickel 

and wt.44.13% titanium. The austenite finish temperature Af was lower than 5 °C, indicating that the 

SMA washer springs exhibit superelasticity at room temperature (the room temperature during the 

tests was around 18~22 °C).  

Fig. 1(a) shows the universal test machine (UTM) and the bespoke testing device used for 

obtaining the washer spring response. The testing device consisted of a loading bar and a base which 

were fixed to the top and bottom wedge hydraulic grips, respectively. The load was applied via the 

loading bar which inserted into the hollowed area of the base. Two testing cases were considered, 

namely, 1) a single SMA washer spring and 2) a set of four SMA washer springs (two in parallel × 

two in series). The tests were conducted quasi-statically under displacement control. For the single 

washer spring test, the specimen was loaded with incremental compressive displacements from 0.5 

mm to 2.5 mm with an interval of 0.5 mm, and two cycles were applied per amplitude. For the washer 

spring set test, the displacement at each amplitude was doubled because of the doubled deformability 

resulting from the considered stack combination.  

Fig. 1(b) shows the typical test results of the SMA washer springs. The single washer spring 

specimen shows flag-shaped hysteresis with negligible residual deformation and moderate energy 

dissipation capacity. The hysteresis loops are quite stable, confirming that the component is suitable 

for repeated use with no need for replacement. “Yielding” of the single washer spring occurs at 

approximately 8.5 kN, which is followed by a forward transformation plateau with a certain hardening 

slope. Upon unloading, a reverse transformation plateau is induced which enables deformation 

recovery. The shape of the hysteretic response of the SMA washer spring set is similar to that of the 

single washer spring, but both the load resistance and deformation are doubled. This reaffirms the 

flexibilities of load and deformation provided by the washer springs with different combinations.  

3.2 SCR pier specimen 
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A proof-of-concept SCR bridge pier was designed for the experimental program. The 

geometric configuration and the reinforcement details are shown in Fig. 4. The entire pier was 

finished by monotonic casting of three parts, i.e., loading head, main pier, and extended pier base, 

using C30 concrete. A heavy concrete foundation block was additionally produced which was firmly 

fixed to the strong floor. A groove (slot) was reserved in the foundation block to accommodate the 

pier base and to guide the rocking response. Two 8 mm-thick steel plate stoppers were installed next 

to the pier base to prevent large slippage before gap opening. A total of 12 Grade HRB400 (measured 

fy = 400.4 MPa) longitudinal rebars with a diameter of 16 mm were uniformly arranged along the 

circumference of the pier. The corresponding longitudinal reinforcement ratio was 3.4%. Transverse 

reinforcement (with diameter of 10 mm) was placed with a space of 75 mm. The clear thickness of 

the cover concrete is 20 mm. A number of PVC tubes were placed at predetermined locations during 

the pouring of the concrete. After hardening of the concrete, the openings were used to accommodate 

the constraining anchor bars as well as a central PT tendon which was used to mimic the gravity load 

applied to the pier. The overall height of the pier, including the loading head and pier base, was 1825 

mm. The average compressive strength of 150×150×150 mm cubic concrete blocks measured at the 

day of testing was 39 MPa. 

The pier specimen has four constraining anchor bars, and each anchor bar was equipped with 

eight SMA washer springs (four pairs stacked in series and each pair consists of two washers stacked 

in parallel, i.e., 2P×4S). As mentioned, each undeformed individual washer spring can provide a 

compressive deformation of 3 mm, among which around 0.3 mm has been consumed during the 

washer spring preloading process. Therefore, the total deformability of a washer spring set was 4 × 

2.7 mm = 10.8 mm, corresponding to an available gap opening angle of approximately 1.7% (0.017 

radians) for the pier. A total of five tests were conducted successively on the same pier specimen. 

This is acceptable as the main body of the pier was designed to remain elastic under the considered 

drift level. The SMA washer springs, which exhibited stable hysteresis under repeated load, were also 

used repeatedly. The main varying parameters for the different tests were discussed in more detail in 
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Section 3.3. A consistent preload of 5 kN, calibrated by a torque wrench, was applied to each SMA 

washer spring set. This preload, together with the “gravity load” applied by the central gravity PT 

tendon, contribute to the lateral load resistance of the pier prior to gap opening. It is worth mentioning 

that although some basic design rules are followed (e.g., the pier is designed to stay elastic prior to 

the locked stage), the selection of the SMA washer configurations was mainly for concept verification 

purposes and does not necessarily lead to an “optimal” performance of the pier.  

3.3 Test setup and instrumentation 

The test setup for the pier specimen is schematically shown in Fig. 5. The pier was placed 

vertically on the grooved foundation block, and the four anchor bars passed through the pier base via 

the reserved openings. The lateral load was applied to the loading head by a double-action electro-

hydraulic servo actuator, and the lever arm, i.e., the distance from the centroid of the loading head to 

the rocking interface, was 1625 mm. The gravity load was simulated by prestressing the central 

gravity PT tendon to a desirable force level monitored by a load cell. 

The arrangement of linear variable differential transformers (LVDTs) for displacement 

measurement is illustrated in Fig. 5. LVDT #1 was used to obtain the horizontal displacement at the 

loading point, noting that the drift angle of the pier was calculated by dividing this reading by the 

lever arm. Two additional pairs of vertical LVDTs (#2 to #5) were adopted to measure the typical 

compression of the SMA washer spring sets. For each pair, one LVDT was placed at the top shim 

plate of the washer spring set and the other one was placed on the adjacent concrete surface just below 

the washer springs. Some additional horizontal LVDTs (#6 to #8) were used to measure the 

displacement at the other locations of the pier. Six strain gauges were mounted on the longitudinal 

reinforcement at critical locations where a large bending moment/stress was expected, as shown in 

Fig. 5. 

3.4 Loading cases and protocols 

To examine the influence of the SMA washer springs on the cyclic behavior of the pier 

specimen under different axial load levels, a total of five loading cases (tests) were carried out. As 
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shown in Table 1, three levels of initial axial (gravity) load, i.e., G = 0 kN, G = 75 kN and G = 140 

kN, were considered. The latter two correspond to nominal axial load ratios (G/Afc) of 3.5% and 6.7%, 

respectively, where A = cross-section area of pier, and fc = nominal compressive strength of concrete. 

One limitation of using the PT tendon to mimic the gravity load is that the axial load would keep 

increasing as the gap opening of the rocking interface developed. A more reasonable consideration 

of the gravity load can be realized via numerical studies, as discussed later in Section 4. Under each 

axial load level, two tests, one with SMA washer springs and the other one without the springs, were 

carried out. The central gravity PT tendon was then removed, and an additional (the fifth) test was 

conducted on the pier specimen in the absence of the axial load. For ease of identification, each 

loading case was assigned with a test code, as given in Table 1. 

The lateral load was applied quasi-statically with displacement control. Given the limited 

deformability of the considered SMA washer spring sets, the maximum lateral displacement at the 

centroid of the loading head was taken as 27.5 mm (i.e., 1625 mm × 1.7%) for the first four tests, 

such that the main body of the pier remained elastic and hence had a good condition for repeated use. 

For the final test, the maximum lateral displacement was slightly extended until the SMA washer 

springs were fully “flattened”, and in addition, a clear increase in the load resistance, indicating the 

occurrence of the “locked” stage, was observed. The lateral displacement was increased incrementally 

with a uniform interval until reaching the maximum predefined drift angle, and for each amplitude, 

three repeated cycles were applied. A shortcoming of the present work is that the final collapse mode 

of the pier was not fully revealed. An obvious damage to the RC pier is expected if the specimen is 

further loaded with larger amplitudes. 

4. Test results and discussions 

4.1 Overview of test phenomena  

The test specimen showed anticipated gap-opening deformation mode, as typically shown in 

Fig. 6. Apart from very small cracks found on the surface of the pier immediately above the pier base, 

as well as minor spalling of the pier base near the turning point, no other visual damage was observed 
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during the entire testing process. The small cracks on the pier surface were fully closed and visually 

undetectable when the pier returned to the upright position. At the maximum considered lateral 

displacement, obvious gap opening was observed at the rocking interface, and the SMA washer 

springs further away from the turning point were visually flattened. These observations are consistent 

with the design intention that the inelastic deformation demand of the pier system is largely provided 

by the SMA washer springs, while the remaining parts are generally damage free.  

4.2 Hysteretic curves 

The lateral load-drift angle hysteretic curves obtained from the five tests are shown in Fig. 7. 

The key mechanical properties, including the initial/post-yield stiffness, yield strength, and energy 

dissipation characteristics, are summarized in Table 1. The initial linear stage of the hysteretic curves 

is related to the elastic deformation of the pier plus other possible sources of displacement such as 

slippage and softening of the turning point prior to gap opening. After decompression, the pier started 

to rock and the hysteretic curve advances into the inelastic stage. For the cases where no SMA washer 

spring was employed, an elastic bilinear response with no energy dissipation is exhibited. It should 

be noted that the drop of the inelastic plateau in test G75 was due to the unexpected slippage of the 

PT tendon anchorage, and this issue was addressed for the subsequent tests. The presence of the 

washer springs clearly increases the lateral load resistance and makes certain contribution to energy 

dissipation, but the initial stiffness is not remarkably influenced. This is not surprising, as the stiffness 

response of the pier before decompression is not directly relevant to the behavior of the SMA washer 

springs. On the other hand, the post-yield stiffness is indeed increased due to the use of the SMA 

washer springs. For test G0W, the lateral load starts to increase quickly when the drift angle exceeds 

1.7%, which is due to the fully consumed deformability of the SMA washer spring sets. When the 

washer springs are fully flattened, further drift angle demand has to be provided by the flexural 

deformation of the pier, which echoes the design principle discussed in Section 2.  

Importantly, the pier specimen exhibits very stable hysteretic curves under the successive 

loading cases, and no evident deterioration in the strength and stiffness responses is observed. In 
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addition, no residual deformation is seen when the lateral load is removed. These clearly indicate that 

the proposed pier system is fully recoverable when subjected to multiple earthquake excitations (e.g., 

main-shock and after-shock sequences) with no need to repair. From an energy dissipation point of 

view, the energy dissipation per cycle (WD) and equivalent viscous damping (EVD) are given in Table 

1. The EVD is a dimensionless energy dissipation index as expressed by: 

4

D

E

W
EVD

W
=                                                                  (7) 

where WE is the energy absorbed by a corresponding linear elastic system. The pier specimen shows 

modest energy dissipation capacity which is offered by the SMA washer springs. An increase in the 

axial load leads to a decreased EVD. The relatively small EVD observed in the pier specimen is 

mainly attributed to the small-size SMA washer springs used in this proof-of-concept study. Some 

other influential factors are later explained in the numerical study. 

4.3 Supplemental test data  

The deformation of the specimen can be further revealed by the LVDT and strain gauge 

readings. The local compressive deformation of the SMA washer spring set is shown in Fig. 8(a). As 

expected, the washer springs further away from the rotation center were significantly compressed at 

large drift angles. It is also confirmed that the compressive deformation was induced in the washer 

springs only after the occurrence of decompression (gap opening). Increasing the axial load postpones 

the inception of gap opening, which is in line with the trend revealed by the lateral load-drift angle 

curves. As a result, at the same drift angle level, the compressive deformation of the washer springs 

is reduced when the axial load is increased. There seems to be an upper limit of the washer spring 

deformation (close to 10 mm) for test G0W, a phenomenon which echoes the locked stage as indicated 

by the sudden increase in the load resistance in the lateral load-drift angle curve.  

The measured lateral displacements at the mid-height of the pier base (LVDT #7) are shown 

in Fig. 8(b). A small movement of the pier base is observed at small drift angles prior to 

decompression, which is due to the minor initial slippage between the pair base and the foundation 
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block. Further slippage was prevented once the pier started to rock or when the pier touched against 

the steel plate stopper. The maximum LVDT reading at the mid-height of the pier base is around 2.5 

mm, which is mainly caused by the inclination of the pier during the rocking process. Figs. 8(c) and 

8(d) show the typical strain gauge readings at the critical locations of the longitudinal reinforcement. 

The maximum measured microstrain is approximately  = 2200 (for test G140W) which is slightly 

larger than y ≈ 2000, suggesting that the reinforcement experienced minor yielding under the 

maximum considered drift angle. For the remaining four tests, the measured microstrain is always 

less than 2000 and therefore the reinforcement stayed elastic. Increasing the initial axial load tends to 

increase the reinforcement strain, which is caused by the larger lateral load sustained by the pier and 

hence larger bending moment induced at the bottom of the pier. The strain gauge reading highlights 

the importance of ensuring sufficient reinforcement ratio for the proposed pier type, because 

unwanted early flexural yielding would occur at the bottom of the pier if the longitudinal 

reinforcement ratio is insufficient. 

5. Numerical study  

Following the experimental study, a numerical investigation was conducted with the 

following purposes: 1) to enable a parametric study which further reveals the influences of extended 

design parameters on the pier behavior; and 2) to propose amended SCR piers which potentially have 

improved hysteretic performance. 

5.1 Modelling strategy and validation  

Commercial finite element (FE) program ABAQUS [54] was employed to simulate the SCR 

piers. An overview of the pier model and the meshing scheme are shown in Fig. 9(a). C3D8R solid 

elements (i.e., 8-node linear brick elements with reduced integration and hourglass control) were used 

to model the main components, including the pier, foundation block, strong constraining anchor bars, 

shim plates and nuts. The reinforcement was modelled using truss elements T3D2 which were 

embedded within the concrete. S4R elements (4-node shell elements with isoparametric reduced-

integration) were used to model the SMA washer spring sets. The contact between the washer springs 
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stacked in parallel was considered by defining a hard contact behavior. For the contact between the 

washer springs stacked in series, a “coupling” command was used such that the springs could move 

in a synchronous way. A hard contact was also defined between the pier base and the foundation 

block, and the friction coefficient was assumed to be 0.4 [55]. The boundary conditions and the 

loading sequences of the model were consistent with the test arrangement. The preload was first 

applied to the SMA washer springs via the “bolt load” command, and then the prestress of the gravity 

PT tendon was exerted using a temperature-decreasing method. The lateral load was finally applied 

according to the predefined loading protocols. The entire analysis was conducted with the static solver. 

For SMA material modelling, a built-in Auricchio’s model was employed which is capable of 

capturing the fundamental superelastic behavior of the washer springs [56]. The key input parameters 

for the SMA material are summarized in Table 2 and are explained in Fig. 1(a). The SMA material 

properties were determined according to the typical values reported in the literature [38, 43]. For the 

steel components, a bilinear kinematic hardening material model with the von Mises yield criterion 

was adopted. A concrete damaged plasticity (CDP) model was employed to consider the nonlinear 

behavior of concrete subjected to cyclic loading. The stress-strain relationship in compression follows 

linear ascending stage, nonlinear ascending stage and post-limit descending stage successively. The 

model also describes an initial linear ascending response in tension, followed by a descending branch 

after attaining the crack strength. The unloading responses in compression and tension are controlled 

by damage variables dc and dt, respectively, which are related to the corresponding inelastic strain. 

More details of the CDP model can be found in the ABAQUS user’s manual [54] as well as other 

literatures [57].  

The behavior of individual SMA washer spring models is first compared with the test results, 

as shown in Fig. 1(b). Good agreements are observed, although the load resistance at large 

deformation is slightly underestimated, which is probably due to an inadequate consideration of the 

complex interaction between these washer springs. Fig. 9(b) shows the typical deformation mode of 

the pier model, where the gap opening response is clearly observed, and the “squeezing” of the SMA 
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washer springs is well captured. The predicted hysteretic response also agrees reasonably well with 

the test result. The discrepancy may be due to the following reasons: 1) the complex nonlinear 

behavior of the concrete pier base at the turning point is not accurately predicted by the present model, 

2) the pier specimen was used repeatedly in the test program, and the resulting damage accumulation 

is not considered in the current numerical model, and 3) other sources of displacement such as initial 

slippage are not taken into account. Regardless of the simplifications considered in the numerical 

model, the essential rocking behavior of the pier at the various stages is adequately captured, and the 

local deformation of the SMA washer springs agrees very well with the test observation.  

5.2 Considered parameters 

A more comprehensive parametric study is carried out following the validation study. The 

considered parameters are summarized in Table 3. Three different axial load ratios ranging from 3.5% 

to 14% are considered, which are believed to cover typical gravity load levels for bridge piers in 

practice. It should be noted that a constant vertical load is applied to the pier in the parametric study 

models, in contrast to the use of the PT tendons for simulating the gravity load in the tests. Moreover, 

three different preloads (zero preload, 5 kN, and 10 kN) are considered for each SMA washer spring 

set. Another important parameter is the stack pattern (combination) of the SMA washer springs. In 

this study, three stack patterns are considered, namely, 2P×4S (reference case), 1P×8S, and 4P×2S. 

Compared with the reference case, 1P×8S leads to halved load resistance but doubled deformability, 

and 4P×2S leads to doubled load resistance but halved deformability. The total number of the washer 

springs for the three cases is unchanged. Finally, given the relatively small EVD observed for the 

SCR piers, especially under large axial load ratios, extra metallic damping components are installed 

at the gap opening interface. For ease of installation and replacement, the feasibility of adopting steel 

angles as an extra source of energy dissipation is preliminarily examined in this study. It should be 

noted that many other damping devices (e.g., friction damper, BRB-typed device, U-shaped damper, 

viscous damper, etc.) can be used to serve a similar purpose. 

5.3 Parametric study results 
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Fig. 10 compares the hysteretic responses of the SCR piers designed with the different 

parameters. The axial load ratio is shown to have a significant influence on the “yield” resistance of 

the pier, as shown in Fig. 10(a). In fact, the observed yield resistance corresponds to the 

decompression resistance of the pier. In other words, the larger the axial load is, the larger the lateral 

load is required to initiate gap opening. The initial stiffness, which is mainly determined by the 

flexibility of the pier itself before decompression, is not evidently affected by the axial load. As the 

total energy dissipation per cycle is mainly contributed by the SMA washer springs, an upward 

movement of the hysteretic loops, with no significant change in the total hysteretic loop area, is 

observed with an increase in the axial load. This change also leads to a deceased EVD (which can be 

seen from Eq. (7)). Another important finding is that under the load ratio of 14%, degradation of the 

hysteretic response is observed with increasing drift angles, which is caused by severe pier damage. 

It is also deduced, although not directly shown in the current model, that significant crushing would 

occur at the turning point under a large axial load ratio. Therefore, the efficiency and attraction of the 

proposed SCR piers may be compromised because of these undesirable phenomena. It is suggested 

in practical design that an upper limit of axial load ratio is defined for the SCR piers. Based on the 

limited experimental and numerical data obtained from this study, 10% seems to be an appropriate 

axial load ratio limit, although further experimental evidence is needed in order to draw a more solid 

conclusion. 

Compared with the axial load ratio, the preload applied to the SMA washer spring sets has a 

less critical influence on the pier response, probably because of the small-size SMA washer springs 

used in the reference model. As shown in Fig. 10(b), the yield resistance (when gap opening just 

happens) slightly increases with an increase in the preload, but the initial stiffness is not influenced, 

which has been explained previously. It is also observed that the locked stage is postponed when a 

smaller preload is applied. On the other hand, the hysteretic behavior of the pier is remarkably 

changed by using the different stack patterns of the SMA washer springs, as shown in Fig. 10(c). 

Although the yield resistance is not affected by the stack pattern because of the same axial load ratio 
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and washer spring preload considered for the three models, the post-yield stiffness increases 

significantly when more SMA washer springs are stacked in parallel (e.g., 4P×2S), and this is 

accompanied by a remarkable increase in the energy dissipation per cycle. For the case of 1P×8S, the 

energy dissipation capability is decreased to almost negligible levels because the inelastic 

deformation of each individual washer spring is not sufficiently mobilized at the considered drift 

angles. As increasing load resistance and deformability are contradictory objectives provided that the 

total number of washer springs are not changed, the locked stage occurs much earlier for the case of 

4P×2S due to the decreased total deformability of each washer spring set. Once the pier is locked, 

damage first occurs at the bottom of the RC pier (plastic hinge region) and then propagates upwards 

with an increase in the drift ratio. Residual deformation is also induced due to the permeant flexural 

deformation of the RC pier. In practice, whether to allow such damage depends on the design intention. 

Finally, the effectiveness of adding extra sources of energy dissipation is shown in Fig. 10(d). 

By simply installing two small Q235 steel angles (dimensions are given in Fig. 4) at the gap opening 

interface, the hysteretic loop is significantly widened, and the energy dissipation per cycle is increased 

by approximately 150%. However, the increase in energy dissipation is realized at the cost of reduced 

self-centering capability, where a static residual drift angle of 0.2% is induced after the final cycle. 

The results warn that a balance needs to be maintained between energy dissipation and self-centering 

capability. If no static residual deformation is permitted, the main design principle is to ensure that 

the available restoring moment is no less than the reverse moment caused by the steel angles. 

Considering the fact that the “actual” residual deformation under dynamic shakedown is often smaller 

than the static residual deformation, i.e., a well-known phenomenon called “probabilistic self-

centering”, the “no static residual deformation” rule may be relaxed. More specific design 

recommendations can be made by system-level dynamic analysis which is, however, beyond the 

scope of this study. 

6. Summary and conclusions 
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A new type of SCR bridge piers equipped with novel SMA washer springs has been discussed 

in this study. The proposed system aims to mitigate the damage to the main body of the pier and to 

eliminate residual deformation after earthquakes. The system can be considered as an alternative 

solution to the existing PT-based rocking piers, but potentially with some extra benefits. The study 

commenced with five tests on a proof-of-concept SCR pier specimen with varying axial load ratios 

and SMA washer spring arrangements. This was followed by a numerical study concerning an 

extended range of parameters. The concept of the proposed SCR bridge pier has proved an initial 

success. According to the experimental and numerical studies, the main comments and conclusions 

are summarized as follows. 

⚫ SMA washer springs are capable of providing stable flag-shaped hysteresis with negligible 

residual deformation and moderate energy dissipation capacity. They could be used repeatedly 

with no need for replacement, highlighting the great potential of such components for seismic 

resilient systems.  

⚫ The proposed SCR pier has a quite straightforward load resisting mechanism. The pier specimen 

showed anticipated gap-opening deformation mode under an increasing lateral load, a behavior 

which effectively mitigate the damage to the pier. Minor crushing of the concrete was observed 

at the turning point, and such behavior is practically unavoidable for any rocking piers unless a 

special treatment on the rocking interface is employed (e.g., rounding the edge or adding 

protective steel shim plates). 

⚫ The initial stiffness of the SCR pier prior to decompression is mainly governed by the flexural 

flexibility of the pier itself. The actual stiffness could also be related to other possible sources of 

displacement/deformation such as slippage and softening of the turning point. The yield resistance 

upon decompression is largely determined by the applied gravity load as well as the preload 

applied to the SMA washer springs. 

⚫ The available rocking rotation of the SCR pier after decompression but before the locked stage 

depends heavily on the deformability of the SMA washer spring sets. Once the washer springs 
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are fully compressed, the pier advances into the locked stage and then behaves similarly to 

conventional fixed base piers. In the present study, a flexible rocking rotation of up to 2% drift 

angle is considered, but no further effort is made towards the optimal design of such flexible 

rotation. This is reserved for future system level analysis. 

⚫ The post-yield inelastic responses of the pier could be readily tuned by considering various stack 

combinations of the SMA washer springs. In particular, increased post-yield stiffness and energy 

dissipation are enabled by introducing more washer springs stacked in parallel, and on the other 

hand, an increase in the available flexible rocking rotation prior to the locked stage could be 

achieved by introducing more washer springs stacked in series. 

⚫ The energy dissipation of the proposed pier is mainly offered by the SMA washer springs and the 

resulting EVD is typically less than 10%, depending on the axial load and the arrangement of the 

SMA washer springs. Adding steel angles at the gap opening interface is found to be an effective 

yet simple solution, and it is believed that many other approaches could work the same way.  
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Fig. 1 SMA washer springs: a) concepts and dimensions, b) cyclic behavior  
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Fig. 2 Working principle of SCR piers with SMA washer springs  
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Fig. 3 Force decomposition diagrams: a) decompression stage, (b) post-decompression stage; (c) locked stage 

 

 

 

 

 

 

 



 

Fig. 4 Design details of pier specimen 
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Fig. 5 Test setup and instrumentation 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 6 Observed deformation mode of test specimens 
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Fig. 7 Lateral load-drift angle hysteretic curves of test specimens 
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Fig. 8 Supplemental test data from LVDTs and strain gauges 
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Fig. 9 Numerical modelling: a) overview of pier model and the meshing scheme, b) predicted pier behavior 
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Fig. 10 Parametric study results 

 



 

Table 1 Loading cases and test results 

Test code 

Initial gravity 

load by PT 

tendon (kN) 

With SMA 

washer 

springs 

“Yield” 

resistance 

(kN) 

Initial 

stiffness 

(kN/mm) 

Post-yield 

stiffness 

(kN/m) 

Energy 

loss per 

cycle* (J)  

Equivalent 

viscous 

damping* 

G75 75 No 20.9 6.20 0.56 Negligible Negligible 

G75W 75 Yes 34.1 4.92 1.11 394.3 4.06% 

G140 140 No 38.5 5.33 0.59 Negligible Negligible 

G140W 140 Yes 54.8 5.37 1.19 376.4 3.05% 

G0W 0 Yes 19.2 4.07 0.60 438.4 7.16% 

Note *: typical value based on the behavior at 1.7% drift angle 

 

 

Table 2 Material properties for simulation of SMA washer springs 

Material properties Values 

Forward transformation start stress σMs 400 MPa 

Forward transformation finish stress σMf 600 MPa 

Reverse transformation start stress σAs 230 MPa 

Reverse transformation finish stress σAf 75 MPa 

Young’s Modulus EA 55 GPa 

Young’s Modulus EM 50 GPa 

Maximum transformation strain εL 5% 

Poisson’s Ratio vA 0.33 

Poisson’s Ratio vM 0.33 

 

 

 

Table 3 Summary of considered parameters 

Parameter Range of parameters 

Axial load ratio 3.5%, 7%, 14% 

Preload of each SMA washer spring group 0, 5kN, 10kN 

Stack pattern of SMA washer spring group 2P×4S, 1P×8S, 4P×2S 

With extra energy dissipation angles No, Yes 

Bold: reference case; “P”: in parallel; “S”: in series 

 




