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1. Introduction 

 

In a structure under moderate or strong earthquakes, 

many hinges form in the various elements, which cause 

deformations and damage in the structure that sometimes 

lead to collapse. Also, some of the existing structures that 

have been built according to the old codes or without 

appropriate seismic design at the construction time need to 

be retrofitted or repaired (Farzampour and Eatherton 2019, 

Gao et al. 2016, Mirtaheri et al. 2017). Many researchers 

have studied the different methods to decrease repair costs 

after an earthquake event. One of these methods is using 

different kinds of dampers to localize the damage to 

specific parts, which concentrates all the damage in the 

damper while helping the other elements of the structure to 

remain elastic (Azariani et al. 2018, Preciado et al. 2018, 

Zahrai 2015, Zahrai et al. 2015, Zeynali et al. 2018). 

Thus, not only replacing this part is so fast but also the 

repairing cost will decrease efficiency. Although many 

different kinds of dampers have been developed, due to 

large deformation and residual interstory drift, repairing and 

retrofitting the structure is often not affordable. Therefore, 

researchers are experimenting with smart dampers and self-

centering devices to omit permanent deformations. Over the 
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past decade, shape memory alloys (SMAs) have drawn 

considerable attention in the civil engineering field due to 

their unique stress-strain behavior (Alam et al. 2007, 

DesRoches et al. 2004, Elbahy and Youssef 2019, Fang et 

al. 2019, Farmani and Ghassemieh 2016, Pan et al. 2019, 

Silwal et al. 2018, Wang et al. 2019, Xu et al. 2019, Zareie 

et al. 2017, Zheng and Dong 2019). 

In addition to energy dissipation, SMAs have a special 

ability to recover their initial shape. They exhibit two 

different behaviors, the superelastic and shape memory 

effect (Speicher et al. 2011, 2017, Sultana and Youssef 

2016) induced by the phase transformations of SMA. The 

superelastic transformation is stress induced. At a 

temperature above the austenite finish temperature, when an 

external load is applied to an SMA, the martensite phase is 

started: with a small increase in stress, the strain is 

increased significantly. After unloading, because the 

martensite phase is stable at higher stresses and lower 

temperature, the phase transformation happens, and the 

martensite phase is transferred to the austenite phase and 

makes a flag-shape curve. This flag-shape behavior is called 

superelastic behavior. 

The shape memory transformation is temperature 

induced. At a temperature less than the martensite finish 

temperature, if loading and unloading are applied to the 

SMA, a large deformation remains. However, after heating 

the SMA above the austenite finish temperature, all the 

residual deformations are removed, and the material returns 

to its initial shape. This behavior is called the shape 
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Abstract.  This study proposes a new concept of an axial damper using the combination of shape memory alloy (SMA), 

friction devices, and polyurethane springs. Although there are many kinds of dampers to limit the damages, large residual 

deformation may happen and it causes much repairing cost for restoring the structure to the initial position. Also in some of the 

dampers, a special technology for assembling and fabricating is needed. One of the most important advantages of this damper is 

the ability to remove all the residual deformation using SMA plates and simple assembling without any special technology to 

fabricate. In this paper, four different dampers (in presence or omission of friction devices and polyurethane springs) are 

investigated. All four cases are analyzed in ABAQUS platform under cyclic loadings. In addition, the SMA plates are replaced 

by steel ones in four cases, and the results are compared to the SMA dampers. The results show that the axial polyurethane 

friction (APF) damper could decrease the residual deformation effectively. Also, the damper capacity and dissipated energy 

could be improved. The analysis showed that APF damper is a good recentering damper with a large amount of energy 

dissipation and capacity, among others. 
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memory effect (Gao et al. 2016, Mirzaeifar et al. 2011). 

Fig. 1 shows SMA behavior in which EA, EM, Ms, Af, εs, 

εmax refer to Young’s modulus in austenite phase, Young’s 

modulus in the martensite phase, the martensite start stress, 

the austenite finish stress, the maximum superelastic strain, 

and maximum applied strain, respectively. 

Several studies have investigated employing SMAs to 

dampers (Kari et al. 2011, Mirzai et al. 2018, Moradi and 

Alam 2015). The purpose of these devices is to develop a 

design and installation configuration that reduces residual 

deformations after a seismic event (Ozbulut and Hurlebaus 

2011, Zareie et al. 2019a, b). 

In this study, superelastic nickel-titanium (NiTi) SMA is 

employed in a new recentering axial damper equipped with 

friction devices and polyurethane springs. Except for the 

SMA plates and polyurethane springs, which are a kind of 

polymer and work under pressure loads, the other parts of 

the damper are steel plates. Since the assembling and 

constructing of the damper does not need high technology, 

it is cheap to fabricate. In this damper, the SMA plates play 

the role of a self-centering system and eliminate all the 

residual deformations. To understand the behavior of 

 

 

 

 

individual components, the axial damper is studied in the 

absence of friction devices and polyurethane springs. All 

four cases are investigated using ABAQUS, which is a 

powerful finite element software to study micro models. 

Furthermore, the SMA plates are replaced by steel plates in 

all cases to compare the steel to the SMA dampers. 

 

 

2. Model design 
 

The axial polyurethane friction (APF) damper is a 

passive control device equipped with friction devices and 

polyurethane springs. Dog-bone SMA plates are primarily 

employed to achieve a recentering capability. In addition to 

the recentering behavior of SMA, the superelastic effect 

dissipates energy. The friction forces are provided by eight 

bolts at each side of the damper whereby the friction 

between the bolts and holes produces the friction forces, 

which enhance the energy dissipation. Furthermore, the 

polyurethane springs increase the ultimate capacity of the 

damper and increase the recentering ability. The proposed 

damper can be installed in all kinds of bracing systems as 

 

Fig. 1 Ideal stress and strain curves for superelastic SMA material (Seo et al. 2015) 

 

Fig. 2 Proposed recentering axial damper installed at the concentrically braced frame (CBF) 
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Fig. 4 Movement of the axial damper system under cyclic 

displacement loading (Deformation magnification 

factor = 3) 

 

 

well as useing in rehabilitation of the structures. Fig. 2 

shows the APF in different bracing systems. 

Fig. 3 illustrates all components of the APF damper 

proposed in this study. The outer plates (No. 4, 5, 10 and 

11) play the role of the friction devices as well as the cover 

plates. The friction coefficient is considered 0.3. The green 

boxes (No. 2 and 3) are movable, and the dog-bone SMA 

plates (No. 9) are screwed to them using the friction bolts 

(No. 12). The end plates (No. 6 and 7) are fixed to the green 

boxes, and the polyurethane springs are installed on them. 

The damper is connected to the main structure using two 

bars so that one is fixed and the other is the slider handle. 

As can be seen in Fig. 4, the APF damper can operate in 

both tension and pressure loads. 

When loading is applied to the APF damper, the slider 

(No. 1) is moved to the right and left directions. As it moves 

towards the right direction, it pulls Box1 (No. 2). 

Simultaneously, due to the position of the bolts in the 

friction holes (see the 3D model with outer plates), Box 2 

(No. 3) cannot be moved. Therefore, the SMA plates are 

subjected to tensile forces, as well as frictional forces 

produced by the right friction bolts. Also, the right 

 

 

Table 1 ID and definition for all axial damper models 

Model ID Definition 

A-SMA 
Axial SMA damper without polyurethane springs 

and friction devices 

AP-SMA Axial SMA damper including polyurethane springs 

AF-SMA Axial SMA damper including friction devices 

APF-SMA 
Axial SMA damper including polyurethane springs 

and friction devices 

A-Steel 
Axial steel damper without polyurethane springs 

and friction devices 

AP-Steel Axial steel damper including polyurethane springs 

AF-Steel Axial steel damper including friction devices 

APF-Steel 
Axial steel damper including polyurethane springs 

and friction devices 
 

 

 

polyurethane springs are under pressure. Sincethe APF 

damper is a symmetric damper, a similar behavior occurs in 

the other direction. Fig. 4 illustrates the deformed shape of 

the axial recentering damper. 

To investigate the effect of each component of the APF 

damper, eight cases are considered. Table 1 represents the 

ID of each case. To understand the influence of SMA plates 

on the recentering axial damper, the SMA dog-bone plates 

are replaced by steel ones. The “SMA” and “steel” labels of 

the model ID refer to the SMA dog-bone plates and steel 

ones, respectively. 

 
 

3. Response mechanism 
 

In the APF damper, the SMA or steel plates, friction 

devices, and polyurethane springs behave in parallel, and 

the total behavior is under the influence of the individual 
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Fig. 3 3D schematic drawing of the axial damper components 

3D Model with Outer Plate 3D Model without Outer Plate

Components of the Axial Damper
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12 Friction Bolt, A490
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components. Therefore, it is essential to investigate the 

relationship between the components and total behavior. 

Fig. 5 shows the response mechanism of the APF-SMA 

damper based on theoretical observations. Where FSMA,re 

and Ffr,max refer to the SMA recentering force (austenite 

finish force) and maximum friction force, respectively. 

The SMA plate damper is characterized by a flag-shaped 

curve. The friction device is defined by a rectangular stable 

curve. When a load is applied to the slider, the friction bolts 

start to move abruptly. Therefore, the initial stiffness is 

high, and the movement is similar to that of the slipping. 

The behavior of the polyurethane springs can be represented 

by a nonlinear recentering curve that affects the total 

stiffness. 

FSMA, re which refers to the austenite finish force, is an 

important parameter in the design of the other components 

of the damper. According to the thickness of the alloy, this 

parameter changes (DesRoches et al. 2004). Eq. (1) 

presents the force ratio (FR), which is the portion of 

 

 

 

 

Ffr, max divided by FSMA, re. The maximum friction force 

should be close to the FSMA, re to achieve optimum total 

behavior with small residual deformation and maximum 

energy dissipation. The ratios close to 100% are the best 

cases, and by mitigating the FR ratio, the energy dissipation 

is decreased. For the ratios higher than 100%, the 

recentering will decrease, and more permanent deformation 

is expected. In a structure, to achieve the maximum FR, 

which is related to the austenite finish force, and maximum 

friction force, the SMA plates should be designed first, such 

that the length of the SMA plates are defined based on the 

maximum displacement of the slider while the thickness of 

the plates is determined according to the residual drift. After 

finalizing the dimensions of the SMA plates, the maximum 

friction and polyurethane springs force is defined. The 

maximum friction force should be the same as FSMA, re to 

produce the minimum residual deformations in the 

structure. Moreover, the polyurethane springs affect the 

stiffness and maximum capacity of the damper. Thus, the 

 

Fig. 5 Response mechanism of the recentering axial SMA damper (APF-SMA model) 

 

Fig. 6 Response mechanism of the axial steel damper (APF-Steel model) 
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stiffness of the damper should not be more than that of the 

other elements. 
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(1) 

 

The dissipation energy is the summation of the area of 

all the hysteretic loops. Therefore, as can be seen in Fig. 5, 

the dissipation energy of the total behavior has been 

increased significantly in comparison to that of the SMA 

plate damper. Fig. 6 presents the total behavior and 

response mechanism of the APF-Steel damper. The APF-

Steel damper is not equipped with any recentering device 

(the effect of polyurethane springs is negligible). Therefore, 

there is a lot of residual deformation due to the metallic 
 

 

 

 

yielding. In addition, a bigger area is produced, which leads 

to a lot of energy dissipation in the APF-Steel model (see 

the total behavior). 

The total behavior can define by superposition of the 

three forces in parallel at the same displacement as 

presented in Eqs. (2)-(3). 
 

SMA fr poly

st fr poly

F F F F

or F F F F
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(2) 

 

SMA fr poly

st fr polyor

      

      
 

(3) 

 

Where FSMA, FSt, Ffr, and Fpoly refer to the SMA 

plate damper force, steel force, friction force, and 

polyurethane springs force. ΔSMA, Δfr, Δpoly, and Δst 
 

 

 

Fig. 7 Design of the recentering axial damper with the friction devices (all dimensions in mm) 

 

Fig. 8 Finite element models for the axial damper models 
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define SMA displacement, friction displacement, 

polyurethane springs displacement, and steel displacement, 

respectively. The friction devices and polyurethane springs 

should be designed based on the SMA plates and FR ratio. 

In addition, the steel plates have been designed for elastic 

behavior. Fig. 7 shows the details of the damper’s 

components. The finite element model also is simulated 

regarding the designed dimension. 

 

 

4. Finite element analysis (FEA) 
 
As the recentering axial damper is newly proposed in 

this research, it is essential to investigate the behavior and 

response under cyclic loading through refined 3D FE 

analysis. Eight FE models were developed for the different 

cases of the axial recentering damper according to Table 1. 

To predict the real behavior, the components of the damper 

are simulated using the 8-node solid 3D element and 

generated by mesh division to achieve sufficient accuracy 

and quick convergence (Fig 8(a)). Furthermore, the key 

elements such as SMA plates and the bolts were generated 

using finer meshes. Due to the effect of friction forces on 

the bolts and the bearing effect, the bolts are modeled in 

details. To apply the bolt forces, two separate loading time 

steps are used. The first static time step is for applying the 

bolts load, and after completion, the displacement-control 

cyclic loading is applied to the slider at the second static 

time step (Figs. 8(b) and (d)). To prevent rigid body 

movement, the bolts are fixed at the first time step and 

released at the second step. As the damper is symmetric, 

half of the damper is simulated, and the symmetric 

boundary conditions (BCs) are used (Fig. 8(d)). Fig. 8(c) 

also shows the side view of the recentering axial 

damper.The steel material is simulated using the combined 

hardening model, which includes the Bauschinger effect, 

stress relaxation, and ratcheting response. For steel grade 

SS570, the equivalent stress (σ0), Q-infinity (Q∞) and 

hardening parameter (b) are 450 MPa, 500 MPa and 0.12, 

respectively; while for the steel grade SS400 they are 255.9 

MPa, 227.8 MPa and 5.8 where σ0 is the yield stress at zero 

equivalent plastic strain, Q∞ is the maximum variation of 

the size of the yield surface, and b refers to the rate where 

the size of the yield surface varies as the plastic strain  

 

 

 

Fig. 9 Material behavior of the superelastic SMA plates 

increases. The material nonlinearity is taken into account in 

the individual parts. In addition, the geometric nonlinearity 

is considered in the FE model. 

The interaction between the contacting bodies is friction 

with a friction coefficient of 0.3 in the tangency direction 

and hard contact in the normal direction. The material 

properties of all the steel parts, except the slider, is steel 

type SS400 with a yielding stress of 235 MPa, the ultimate 

stress of 400 MPa and an elastic modulus equal to 210 GPa. 

The slider material is SM570, and the yielding stress, 

ultimate stress, and elastic modulus are 450 MPa, 570 MPa 

and 210 GPa, respectively. The steel material is simulated 

using the combined hardening model, which includes the 

Bauschinger effect, stress relaxation, and ratcheting 

response. The material nonlinearity is taken into account in 

the individual parts. In addition, geometric nonlinearity is 

considered in the FE model. 

 

4.1 Verification study 
 

Since the SMA material is not in the ABAQUS library 

by default, the user-defined material (UMAT) model is 

assembled in the ABAQUS library (Auricchio and Sacco 

1997). The SMA properties are according to the uniaxial 

pull-out test performed by (Hu et al. 2018). Fig. 9 shows 

good agreement between the experimental result and the 

simulation. The SMA input properties the elastic modulus, 

martensite start stress, and finish stress are 32 GPa, 450 

MPa, and 620 MPa, respectively. The austenite finish stress 

is also 130 MPa, and the austenite start stress is 350 MPa. 

The Poisson’s ratio is 0.33, the transformation reference 

temperature is 25°C, and transformation strain is 0.06 rad. 

The polyurethane spring is verified in the experimental test, 

which has been performed by Esko-RTS in Korea using the 

spring element and the multilinear material is applied to the 

element. Fig. 10 illustrates the agreement between the 

experiment and simulated model. 

 

4.2 FE analysis results 
 

The loading history used for the cyclic analysis is 

adopted from (Lu et al. 2017). The results are evaluated in 

the S1 to S5 cycles. The S5 cycle refers to the residual 

deformation at the damper. Fig. 11 illustrates the loading 

history. The maximum displacement is considered based on 

 

 

 

Fig. 10 Material behavior of the Polyurethane springs 
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Fig. 11 Cyclic displacement loading history and 

measurement points (Lu et al. 2017) 

 

 

the 12% strain (12.6 mm) at the SMA plates to ensure a 

failure happens. 

The results obtained in the FE analysis are as follows. 

The cyclic displacement-control analysis is applied to the 

slider, and the displacement is obtained from the location of 

the applied load. The results represent approximate 

symmetric hysteresis loops under compression and tension 

loadings. Fig. 12 shows the total behavior of the recentering 

axial SMA damper. 

Fig. 12(a) is the behavior of the S-SMA. The damper 

response is consistent with the SMA flag-shaped behavior, 

and the residual displacement is very small. Fig. 12(b) 

refers to the SP-SMA damper, including the polyurethane 

springs. As can be seen, the ultimate capacity and stiffness 

of the damper has been increased, and there is little residual 

displacement. The effect of friction devices is shown in Fig. 

 

 

12(c). Although friction devices improve the energy 

dissipation by expanding the area of the hysteresis loops, 

they result in the degradation of the recentering ability. Fig. 

12(d) is the combination of all effects. Both the energy 

dissipation and maximum capacity have been improved and 

the maximum capacity is more than in other cases. As can 

be seen, the residual displacement in all cases is negligible 

and the dampers are able to recover to their original 

condition. 

The axial steel damper is shown in Fig. 13. In 

comparison to the axial SMA damper, the ultimate force 

(Fult) in the steel dampers is less than that in all the SMA 

cases. In spite of little residual displacement of the axial 

SMA damper, the residual displacement (Δres) is close to 

the ultimate displacement (Δult) and considerable 

displacement has remained in the damper after unloading. 

Furthermore, the behavior of the axial steel damper is not 

symmetric. This is due tothe residual deformation and leads 

to small energy dissipation in compression. Therefore, 

contrary to the theorical relationships (Fig. 6), the energy 

dissipation has not been improved. 

Figs. 14 and 15 represent the von-Mises stresses of the 

APF-SMA and APF-Steel dampers in the different loading 

cycles, respectively. On the basis of the figures, increasing 

the displacement leads to higher stresses as expected. Also, 

maximum stress occurs in the middle of the dog-bone 

plates. Fig. 14(d) shows the maximum displacement (12.6 

mm), and the failure probably happens before that. The 

von-Mises stresses are up to 650 MPa, and the stress 

concentration occurs in the middle of the SMA plates. The 

other parts of the APF-SMA damper have small stresses. At 

the slider, the stresses are close to 400 MPa, which is in the  
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Fig. 12 Total behavior of the recentering axial SMA damper models 
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elastic range for SM570 steel with yielding stress of 450 

MPa. Fig. 14(e) shows the von-Mises stresses after 

unloading (cycle S5). As can be seen in Fig. 14(e), the 

residual displacement is about 178 MPa and the damper has 

returned to the initial position. Whereas the maximum stress 

of the APF-Steel (Fig. 15(e)) is 400 MPa, which indicates 

permanent stress higher than the yielding stress of the steel 

plates. Therefore, the APF-Steel damper does not recover its 

initial shape. 

 

 

 

 

 

As the stresses concentrate at the dog-bone plates, the 

axial stresses of the SMA and steel plates are compared in 

Figs. 16 and 17. As mentioned before, in both figures, the 

failure happens at the middle of the dog-bone plates. The 

residual axial stress in this case is related to the 12% strain, 

which is more than the maximum superelastic strain (6% to 

7%). Therefore residual axial stress has remained in the 

SMA plates while it is about 400 MPa in the steel plate. In 

addition, the logarithmic axial strain contours are illustrated 

 

Fig. 13 Total behavior of the axial steel damper models 

 

Fig. 14 von-Mises stress contours for the recentering axial SMA damper (APF-SMA model) 
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Fig. 15 von-Mises stress contours for the axial steel damper (APF-Steel model) 

 

Fig. 16 Axial stress contours for the SMA plate damper in the APF-SMA model 

 

Fig. 17 Axial stress contours for the steel plate damper in the APF-Steel model 

 

Fig. 18 Logarithmic axial strain contours for the steel plate damper in the APF-SMA model 
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in Figs. 18 and 19 for the SMA and steel plates, 

respectively. The figures confirm that the failure point is at 

the middle of the plates. Figs. 18(e) and 19(e) show the 

residual strain in the SMA and steel plates. As can be seen, 

there is no residual strain in the SMA plates while the 

residual strain is close to 0.26 rad in the steel plates. 

Figs. 20 and 21 refer to the stress-strain hysteresis of the 

SMA and steel plates used in the axial damper. As expected, 

the SMA curve is flag-shaped with a maximum strain of 

7%. The measurement point is in the cross section at the 

middle of the SMA plates. Furthermore, the results show 

that the obtained flag-shaped curve follows the input 

parameters such as the martensite start point of 450 MPa 

and the martensite finish point of 620 MPa. The austenite 

start and finish stresses are about 350 MPa and 120 MPa, 

respectively. Also, in Fig. 21, the loading and unloading 

slope is the same as the initial slope, which is an inherent 

characteristic of the steel. In addition, the yield stress is 
 

 

 

 

close to 450 MPa and the maximum strain is about 0.25 rad. 

 

 

5. Observations and performance evaluation 
 

To evaluate the effect of each component, it is important 

to compare the results of each component, individually. 

Therefore, the behavior of four recentering axial SMA 

dampers and axial steel dampers are investigated at the 

different cycles in Figs. 22 and 23. As Figs. 22(a) and (b) 

show, in the first cycles, there is no difference between the 

four cases. After several cycles in which the displacement is 

increased, different effects on each component appears. 

Figs. 22(c) and (d) show that the AP and APF are the same 

stiffness and ultimate strength, which is the effect of the 

polyurethane springs. Also, the AF and A have the same 

stiffness and ultimate force. These results indicate that the 

friction devices do not apply much stiffness to the damper. 
 

 

 

 

Fig. 19 Logarithmic axial strain contours for the steel plate damper in the APF-Steel model 

 

Fig. 20 Stress and strain curves measured in the middle of the SMA plate dampers 
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The area of the AF damper is more than that of A in each 

cycle, which shows the energy dissipating effect of the 

friction devices, and similarly, the area of the APF damper 

is more than that of the AP. In all SMA dampers, the 

 

 

 

 

residual displacement is very small due to the recentering 

capability according to the phase transformation of the 

SMA plates. 

 

 

Fig. 21 Stress and strain curves measured in the middle of the steel plate dampers 

 

Fig. 22 Total force and displacement curves for the recentering axial SMA damper models under individual specific cycles 
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On the other hand in Fig. 23, the effect of the friction 

devices and polyurethane springs in the axial steel damper 

is the same as that in the SMA axial damper but in all 

 

 

 

 

cycles, there is some bearing tension due to the permanent 

deformation. Furthermore, as can be seen, the energy 

dissipation is less than that in the SMA axial dampers. 

 

 

 

 

 

 

Fig. 23 Total force and displacement curves for the axial steel damper models under individual specific cycles 

 

Fig. 24 Response mechanism curves for the APF-SMA model components 
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In addition, it is important and necessary to investigate 

whether or not the assembling of the individual components 

is compatible with the total behavior of the APF damper, 

and the simulation is correct. The behavior of each 

component obtained from ABAQUS has been shown in Fig. 

24 for the APF-SMA damper and Fig. 25 for the APF-Steel 

damper. In these figures, FSMA,ult, FSMA,re, Ffr,ult, Fpoly,ult, Fult, 

Fst,y and Fst,ult are defined as the SMA ultimate force, SMA 

recentering force, ultimate friction force, ultimate 

polyurethane springs force, ultimate force, steel yield force 

and steel ultimate force, respectively. Also, ΔSMA,ult, Δfr,ult, 

Δpoly,ult, Δult, Δst,y and Δst,ult refer to the SMA ultimate 

displacement, friction devices ultimate displacement, 

polyurethane springs ultimate displacement, ultimate 

displacement, and steel yield displacement, respectively. 

 As can be seen in Fig. 24(a) and Fig. 24(b), the 

maximum friction force (Ffr, max) is close to the 

recentering force (FSMA, re) based on achieving the 

optimal design of the damper. The desirable case should 

have an equal quantity of the recentering and friction force. 

The behavior of each component shows that ABAQUS 

could simulate each component behavior, perfectly. 

Furthermore, there is a small quantity of the residual 

displacement in the APF-SMA due to the produced 

permanent deformation by the friction devices. In addition, 

the ultimate force of the APF-SMA is larger than that of 

other SMA dampers, which confirms the influence of the 

polyurethane springs. Also, the area of the hysteresis loops 

of the APF-SMA is larger than that of the other dampers, 

which confirms the effect of the friction devices. 

 

 

 

The obtained results of the APF-Steel also show that the 

effect of the polyurethane springs is similar to that of the 

APF-SMA damper but there is a large quantity of residual 

deformation due to the absence of recentering devices in 

this damper. On the other hand, the effect of the friction 

devices is less than that in the APF-SMA damper. 

The details about the specific values of each parameter 

of the axial SMA and steel dampers have been reported in 

Table 2 and Table 3, respectively. The force ratio (FR) is 

defined in Eq. (1) and the recentering ratio (RR) – defined 

as the maximum recentering displacement divided by 

ultimate displacement – is presented in Eq. (4). The total 

energy (TE) can be calculated by the summation of the area 

of the hysteresis loops. Also, the energy ratio (ER), which 

refers to the portion of the friction mechanism, is presented 

in Eq. (5). 

100( )ult res

ult

RR
 




 

(4) 

 

100( )

( )

fr

fr

E
ER

TE E

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As these results show, the maximum capacity of the 

dampers is related to the axial recentering of SMA dampers 

such that the capacity of the APF-SMA damper has been 

increased by 37%. The residual displacement in all axial 

SMA dampers is very small, but there is significant residual 

displacement of about 91.71% in the axial steel dampers, 

and the recentering ratio emphasizes it. In all cases, the 

recentering ratio is less than 10% for the axial steel dampers 

 

Fig. 25 Response mechanism curves for the APF-Steel model components 
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Table 2 Performance-based evaluation for SMA axial 

dampers 

Model ID A-SMA AP-SMA AF-SMA APF-SMA 

Δult* (mm) 7.97 7.86 8.11 8.3 

FSMA,ult (kN) 323.65 315.68 343.28 367.52 

Ffr,ult (kN) 0 0 16.97 42.82 

Fpoly,ult (kN) 0 62.84 0 62.84 

Fult** (kN) 323.65 378.52 360.25 473.18 

Fult*** (kN) 323.65 376.65 371.73 467.16 

ΔSMA,res (mm) 0 0 0 0 

Δfr,res (mm) 0 0 12.58 12.54 

Δpoly,res (mm) 0 0 0 0 

Δres (mm) 0.14 0.14 0.59 0.43 

FR (%) 0 0 61.99 61.78 

RR (%) 98.24 98.22 92.73 94.82 

TE**** 

(kN.mm) 
27457.87 28524.2 50293.88 50502.76 

ER (%) 0 0 40.38 41.98 
 

* Δult = ΔSMA,ult = Δfr,ult = Δpoly,ult or Δult = Δst,ult = Δfr,ult = Δpoly,ult 

**Fult = FSMA,ult + Ffr,ult + Fpoly,ult or Fult = Fst,ult + Ffr,ult + Fpoly,ult 

*** The obtained result from the Analysis 
**** Total cumulative energy 

 

 

while it is more than 94% in all axial SMA dampers and 

shows the significant recentering ability of the axial SMA 

dampers. 

The total dissipation energy shows that the A-Steel and 

AP-Steel dampers dissipate more energy in comparison to 

the A-SMA and AP-SMA dampers, while the dissipation 

energy in the AF-SMA and APF-SMA dampers is more than 

that of the AF-Steel and APF-Steel. This energy dissipation 

in the APF-SMA damper is about 25% more than that of the 

APF-Steel damper (see Figs. 22 and 23). Furthermore, the 

energy ratio (ER) shows that the energy dissipation in the 

axial SMA dampers is about 42%, indicating that the energy 

dissipation of the SMA plates is more than that of the 

friction devices. But this ratio is approximately 73% and 

95% in the AF-Steel and APF-Steel dampers, respectively, 

which indicates the dissipation energy in the steel plates is 

close to that of the friction devices. Therefore, the energy 

dissipation efficiency of the SMA plates is more than that of 

the steel plates in this damper. 

 

 

6. Conclusions 
 

This paper presents a recentering axial damper equipped 

with SMA plates, friction devices, and polyurethane 

springs. This damper can be employed in different kinds of 

bracing systems. To evaluate the effect of each component 

in the damper, the behavior of the damper was analyzed in 

the absence of each component, individually. Also, the 

SMA plates were replaced by steel plates to investigate the 

recentering and energy dissipation capabilities. All eight 

models were simulated on the ABAQUS platform and the 

results compared together. The results are as follows: 

Table 3 Performance-based evaluation for steel axial 

dampers 

Model ID A-Steel AP-Steel AF-Steel APF-Steel 

Δult* (mm) 12.59 12.54 12.58 12.54 

FSMA,ult (kN) 237.08 258.6 257.1 259.84 

Ffr,ult (kN) 0 0 39.55 39.69 

Fpoly,ult (kN) 0 63.31 0 63.31 

Fult** (kN) 237.08 321.91 296.65 362.84 

Fult*** (kN) 237.08 295.07 258.5 318.05 

ΔSMA,res (mm) 9.13 8.79 5.84 5.43 

Δfr,res (mm) 0 0 11.9 12.3 

Δpoly,res (mm) 0 0 0 0 

Δres (mm) 11.8 11.4 11.9 11.5 

FR (%) 0 0 17.83 16.66 

RR (%) 6.27 9.09 5.41 8.29 

TR**** 

(kN.mm) 
30027.21 30814.07 39230.68 38957.64 

ER (%) 0 0 78.23 95.83 
 

* Δult = ΔSMA,ult = Δfr,ult = Δpoly,ult or Δult = Δst,ult = Δfr,ult = Δpoly,ult 

**Fult = FSMA,ult + Ffr,ult + Fpoly,ult or Fult = Fst,ult + Ffr,ult + Fpoly,ult 

*** The obtained result from the Analysis 
**** Total cumulative energy 

 

 

 The obtained results illustrated that the ABAQUS 

simulation is trustworthy and could represent the 

behavior of each component. The SMA plates played 

the role of a damper and recentering device. 

Furthermore, the friction devices worked as a 

friction damper and dissipated much energy. Also, 

the polyurethane springs increased the ultimate 

capacity of the damper. 

 The proposed axial damper is very simple and does 

not need complex technology to produce and 

assemble. Also, this damper is a kind of rapid repair 

system which decreases the repairing costs after an 

earthquake event. 

 The recentering SMA dampers dissipated a 

significant amount of energy such that the total 

dissipation energy in the APF-SMA damper is about 

25% larger than that of the APF-Steel damper. 

 The effect of the SMA plates on dissipating energy 

was more than that of the steel plates at the same 

displacement. 

 The SMA recentering dampers could restore all the 

residual displacements while there is a lot of residual 

displacement upon unloading in axial steel dampers, 

which causes severe structural damages during 

strong earthquakes. 

 The best case was the APF-SMA damper with 

maximum capacity, maximum energy dissipation, 

and very small residual displacement of about 0.43 

mm with a 94% recentering ratio. This demonstrates 

that the combination of all components produces 

better performance. 

 The axial steel dampers could not increase the 

dissipation energy even though the steel plates have 
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a rectangular shaped behavior overall, and the 

recentering ratio in all cases was less than 10%. 

 Further research, including an experimental test, 

would be required to determine the real behavior of 

the proposed damper. 

 For further investigation, the plan is to conduct an 

experimental test related to this damper in the near 

future. 
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