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Abstract

:

In this study, the characteristics of the compression behavior of polyurethane springs that can be used as compression members of seismic devices, such as dampers and seismic isolators, were identified, and the effect of the design variables on the performance points of polyurethane springs was investigated. Compressive stiffness and specimen size were set as the design variables of the polyurethane spring, and the performance indicators were set as maximum force, residual strain, and energy dissipation. A total of 40 specimens with different conditions were fabricated and a cyclic loading test was performed to obtain the force-displacement curve of the polyurethane spring and to check the performance indicator. Significant strength degradation was confirmed after the first cycle by repeated loading, and it was confirmed that compressive stiffness and size demonstrated a linear proportional relationship with maximum force. In addition, the design variables did not make a significant change to the recovered strain, including residual strain, and residual strain of about 1% to 3% occurred. Energy dissipation showed a tendency to decrease by about 60% with strength degradation after the first cycle, and this also demonstrated no relationship with the design variables. Finally, the relationship between the design variables and performance indicators set in this study was reviewed and suggestions are presented for developing a simple design formula for polyurethane springs.
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1. Introduction


In recent years, we have witnessed the widespread use of elastomeric polymers in engineering applications such as base isolators, structural dampers, and vibration control springs [1,2]. Elastomeric polymers feature a high toughness-to-density ratio and can resist large elastic deformations [2,3,4]. The conventional seismic design of structures tends to generate inelastic deformation in the structural member (e.g., beam and column), which results in residual drift and leads to permanent damage. However, in advanced seismic design, buildings are considered based on a low-damage self-centering system with replaceable fuse devices specially designed with the aim to sustain large deformation [5,6,7,8,9,10,11,12]. In this way, some researchers have tried to design structural damper systems using materials with self-centering characteristics, such as applied superelastic shape memory alloys (SMA) [13,14,15,16,17]. Hu et al. [18] applied SMA to a friction damping brace to study recentering capability and energy dissipation, and proposed an optimal design method for a smart self-centering bracing system. However, despite the excellent self-centering performance of SMA, it is thought that it will take a long time to be applied to actual structures as its price is too high and its workability is relatively poor. Therefore, studies on elastomeric polymers, such as polyurethane, that exhibit similar performance while being more economical and workable than SMA are being actively conducted. In this way, elastomeric polymers, such as polyurethane springs, can be used in structural damper systems that offer not only self-centering but also vibration control [19,20].



In the last decade, some researchers have examined the cyclic response of structures equipped with polyurethane elastomers. Polyurethane is a polymer developed by I. G. Farben and O. Bayer in 1937, and refers to a generic term for compounds with a urethane bond (-NHCO-O-) [21]. The urethane bond of polyurethane is generally formed by reacting a reactive isocyanate group (-NCO) with a hydroxyl group (-OH), such as TDI and MDI. In special cases, it can also be synthesized by the reaction of bischloroformates and amines [22,23]. Mirzai et al. [24] evaluated the behavior of axial polyurethane friction dampers by using finite element (FE) analyses and found that polyurethane springs are able to increase damper stiffness and strength. Cui et al. [25] employed polyurethane elastomers in a rocking wall system and performed 14 sets of experimental tests. Their obtained results showed that the used polyurethane elastomers could produce flag-shaped hysteresis with small residual drifts. Szczepański et al. utilized polyurethane foams in wooden house wall panels and evaluated their seismic behavior through experimental tests [26]. The results showed that polyurethane foams could simultaneously achieve a stable increase in the stiffness and damping properties. Peng and Huang [27] investigated a sliding isolation system, in which polyurethane elastomers were used to effectively minimize the response of buildings to seismic excitation. The obtained results demonstrated that the proposed system had an excellent damping energy dissipation capacity. Choi et al. [28] experimentally evaluated the behavior of the smart damper equipped with dual polyurethane rubber springs and then concluded that these smart dampers initially exhibited rigid behavior in the quasi-static tests because of equipped polyurethane springs under precompression.



Migda et al. [29] revealed that polyurethane foam increased the rigidity of buildings, resulting in the mitigation of the inelastic response of the structure subjected to different seismic excitations. Gökçe et al. [20] evaluated the seismic performance of high-voltage post insulators by using the polyurethane bearing system through a shaking table. The test results indicated that polyurethane bearing systems could help to enhance the seismic safety of the post insulators by providing additional stiffness. Choi et al. [30] evaluated the cyclic compressive behavior of polyurethane bearings through experimental tests. Yuan et al. [31] assessed the mechanical properties of new polyurethane elastomers with a high capacity and established a shear model that defined the nonlinear and rate-dependent shear mechanical properties of the new polyurethane.



Compared with the study of reference [30], this study increased the size and compressive stiffness variables and analyzed the effects of these two variables on the behavior of a polyurethane spring. In addition, the maximum force, residual displacement, and energy dissipation were set as indicators of the polyurethane spring’s behavior, and the relationship between each index and the size and compressive stiffness was confirmed through a cyclic loading test. Through this, the main design parameters and considerations for applying the polyurethane spring as a compression member for seismic devices such as damper systems in the future were reviewed.




2. Design of Polyurethane Springs


Polyurethane rubber springs capable of restoring their original shape were used as compression members; they are manufactured in a cylindrical shape and are used in various fields that require restoration force from external loads. Therefore, as shown in Figure 1, the polyurethane rubber spring specimen used in this study was manufactured in a cylindrical shape with a hole in the center. The shore hardness of the polyurethane rubber springs was composed of 95A, which was significantly larger than that of typical rubbers; hence, it could secure a high resistance with a relatively small area [32]. In addition, polyurethane rubber can develop desired properties and performance according to the polymer blending, and its microstructure can be confirmed using a scanning electron microscope (SEM) [33,34,35,36]. The outer diameter (D) varied from 100 mm to 72 mm, according to the experimental conditions, and the inner diameter (Din) was uniformly fixed at 20 mm. The 20 mm central holes were drilled in order to prevent the separation of the specimen from the jig during cyclic loading tests by fastening experimental specimens to separation-preventing pins installed on the jig. In addition, these holes provided spaces into which the separation-preventing pins could be inserted to prevent the release of the polyurethane rubber springs from the device when applied to an earthquake damage reduction device, such as an actual damper or a seismic base isolator. The length of the experimental specimens was designed to decrease by 10 mm from 100 mm to 60 mm, depending on the experimental conditions. Moreover, the compressive stiffness (kc) of the specimen could be adjusted by varying both length and outer diameter. A total of 40m of specimens were produced in this study, and the names of the specimens comprised the variables for each case. Thus, the experimental specimens were named in the order of length (L, mm), outer diameter (D, mm), precompression strain (   ε P   , %), and maximum strain (   ε  m a x    , %). as presented in Figure 1. However, since precompression is not considered in this study, precompression was 0. For example, the specimen 100 mm in length, 92 mm in outer diameter, with 0% precompression strain, and a 390% maximum strain was designed as the 100L-92D-0P-30% model.



The experiments were mainly divided into two types. Because polyurethane springs are affected by the shape factor, the compressive stiffness varies depending on the shape. Therefore, in this study, the size and compressive stiffness of the specimens were set as variables and classified into two types. The Type 1 specimens had the same compressive stiffness, but were designed to feature five different sizes. The Type 2 specimens were designed to possess five different compressive stiffness values, in which the outer diameter of the specimen was fixed to 100 mm and the length decreased from 100 mm to 60 mm in steps of 10 mm, respectively. The actual specimens for each type produced for the experimental tests are presented in Figure 2. Ten specimens were designed for their own compressive stiffness by controlling the shape factor (S). In other words, the Type 1 specimens demonstrated almost similar compressive stiffness values because each case had a different length but similar shape factors. The Type 2 specimens had different compressive stiffness values due to an equal outer diameter but different shape factors for each case. The compressive stiffness (kc) of each specimen was calculated in accordance with Equation (1):


   k c  =    E a  A  L   



(1)




where Ea indicates the apparent elastic modulus of the polyurethane rubber spring, A is the cross-sectional area, and L stands for the length of the specimen. The apparent elastic modulus was calculated using Equation (2), which is a function of the shape factor and elastic modulus (Eo), where the elastic modulus of the polyurethane rubber spring was composed of 68.95 MPa [37].


   E a  =  E o   (  1.2 + 2  S 2   )   



(2)







In the Type 1 specimens, for the purpose of equalizing the compressive stiffness of the individual specimens, the values of L presented in Equation (1) were designated as 100, 90, 80, 70, and 60 mm, respectively, and thereafter A was estimated according to the change in L. Therefore, because the inner diameter was fixed at 20 mm, the outer diameter was adjusted at five different values. The outer diameter and length of the specimens for each type are listed in Table 1, and the shape factor was calculated using Equation (3) as follows:


  S =    loaded   area     force   free   area     



(3)







Here, the loaded area is the cross-sectional area of the specimen directly loaded, whereas the force free area is the area of the side and central inner hole of the specimen. Table 1 shows the compressive stiffness and apparent elastic modulus calculated using Equation (1) as well. The values of kc in the Type 1 specimens ranged from 5.52 kN/mm to 5.96 kN/mm, and the increase rate of kc in the Type 2 specimens was approximately 14.57%. Finally, the value of kc increased as the length decreased.




3. Experimental Program


A jig was designed to conduct the cyclic loading tests by using universal testing machine (UTM) equipment, as shown in Figure 3. The compressive load was measured using a UTM load cell, and the displacement of the polyurethane spring was measured using a linear variable displacement transducer (LVDT). In this study, strain is determined by the compressive displacement for the total length of the specimens. The jig was composed of a square-shaped upper plate and a lower plate, and a shaft was installed at each corner. The plate was designed to move along the shaft and to maintain uniform contact with the top and bottom of the polyurethane rubber spring to generate surface pressure. A separation-preventing pin with a diameter of 20 mm and a height of 25 mm was aligned into the center of the lower plate, which completely fixed the polyurethane rubber spring to the jig and prevented the experimental specimens from dislodging during the cyclic loading tests. As summarized in Table 2, the loading speed (   v L   ) was 0.5 mm/s, three cycles of displacement control cyclic loading tests were performed, and the maximum strain rate ranged from 25% to 40%.



The loading protocol of the cyclic loading test was repeated three times at a loading speed of 0.5 mm/s based on the maximum strain of each case through displacement control. Figure 4 presents a generalization of the loading protocol of the cyclic loading test. The loading and unloading processes were repeated for three cycles up to the maximum strain rate for each case, in which strain compressed to maximum strain and then returning to zero strain was defined as one cycle. The time period (T) was twice the value of the maximum strain multiplied by the loading speed and indicates the experiment time for one cycle of the case. Therefore, because the total experiment time was three cycles, it took up to three times the time period.




4. Experimental Results and Discussion


4.1. Type 1 Specimen Size Control


The Type 1 specimens had equal compressive stiffness but consisted of five different sizes, and there were twenty cases for each maximum strain rate of 25%, 30%, 35%, and 40%. The compressive behavior of the five different size specimens for the 30% maximum strain case is presented in Figure 5. The compression force (F) of the experimental specimens considerably decreased from the second loading after the first loading, and the unloading curve displays behavioral characteristics along a relatively similar path. In addition, residual displacement occurred as the compression force reached zero before the end of each cycle period. After the displacement also reached zero, it could be restored to a certain level. In the next cycle, the compression force increased again at the point where the corresponding displacement was not zero. This phenomenon may be attributed to the delay when polyurethane rubber springs are compressed and restored. Unlike other cases, the width of the curve at which the compression force decreased in the first cycle and the second cycle became very narrow (see Figure 5). This behavior took place because of the repeated experimental tests performed on the same specimen, which shows that when polyurethane rubber springs are subjected to a certain level of compression at least once, the same behavior cannot be obtained subsequently.



In general, strength degradation takes place after the initial compression, and subsequently, the rate of decrease declines and thus induces an equal compression force at the same displacement. Figure 6 presents the difference between the compressive behavior of the first cycle and the subsequent cycle. After the first cycle, the closed curve area of the force versus displacement graph greatly reduced, resulting in a significant decrease in the energy dissipation capacity. However, the area of the closed curve slightly decreased from the second cycle, and there was no significant difference between the loading and unloading paths. By analyzing the compressive hysteresis behavior of the same specimen for each cycle separately, the difference between the first and the subsequent cycles can be observed more clearly. Figure 6 presents the clear difference in strength degradation and energy dissipation capacity between the first and the subsequent cycles. Because the compression behavior of the polyurethane rubber springs under cyclic loading demonstrated a large difference between the first cycle and the subsequent cycles, for the purpose of evaluating the performance of the polyurethane rubber springs, such as the energy dissipation capacity, it was classified into the first compression performance and the subsequent performance. The applied performance points were different depending on the application purpose and environment.



As can be seen in Figure 7, within the same maximum strain, the maximum force (Fmax) tended to increase when the length of the specimen increased. The length conditions of the experimental specimens were designed to feature the same stiffness by adjusting the length and cross-sectional area of the Type 1 specimens, and therefore the change in length can reflect the variables of the specimen sizes. At 25% and 40% maximum strains, specimens with a length of 90 mm demonstrated a greater maximum force than those that were 100 mm in length. On the other hand, at 30% and 35% strains, both the specimen length and maximum force demonstrated an almost perfectly linear relationship. When the singularity for the 25% and 40% strains is considered, the overall trend demonstrates that the specimen length and the maximum force were proportional. This proportionality indicates that regardless of the stiffness of the specimen, the maximum force applied to the specimen can be adjusted according to the size of the specimen. Additionally, the maximum force and size of the specimen exhibited a positive linear relationship under the same stiffness and the size conditions of the designed specimens.



The maximum force and strain of the specimens with the same size and compressive stiffness were linearly proportional. The maximum force increased with the maximum strain (see Figure 8), and as mentioned above, the size of the specimen and the maximum force also increased proportionally. In addition, as can be seen in Table 3, which lists a summary of the results of the linear regression analysis of the relationship between maximum force and maximum strain, the R2 was almost 1, and it can be statistically inferred that the two variables had a linear relationship. Here, slope (a) means the slope of the linear regression equation, and Const. (b) means the y-intercept of the regression equation. Moreover, the slopes of the regression equations for 60L-72D-0P, 70L-77D-0P, and 80L-82D-0P demonstrated close values of 6.6998, 7.2369, and 6.9310, respectively. The slopes for 90L-88D-0P and 100L-92D-0P are 11.683 and 11.592, respectively, which are close. Accordingly, when cases for similar slopes are grouped, and the average slopes of three cases with a relatively small size and a relatively large size are compared, the case with a large size exhibits a gradient about 1.67 times larger. This indicates that even at the same compressive stiffness, the larger the size of the specimen, the higher the compressive force that can be accommodated at the same strain level. It was found that the difference in capacity reacted sensitively to the specimen size.



At the point where strain is not zero in the unloading curve of one cycle, the first strain, known as the unloading strain (   ε  U L    ), occurs, at which point the compressive force becomes zero. In addition, the unloading strain is restored immediately. This restored strain is defined as the recovered strain (   ε  R C    ), and the remaining strain, excluding the immediately restored strain, is defined as the residual strain (   ε  R D    ). The unloading strain, recover strain, and residual strain covered in this study are expressed as the average values for each cycle. Figure 9 presents a schematic drawing of the three strains defined above and the polyurethane rubber spring.



The unloading strain increased or decreased as the size of the specimen changed without any tendency, under other maximum strain conditions (see Figure 10a), except for the 40% maximum strain condition. However, the increase and decrease were small and occurred at a relatively constant level regardless of the change in the specimen size under the same maximum strain condition. The unloading strains of 3.87%, 4.83%, and 4.98% occurred on average under maximum 25%, 30%, 35%, and 40% strain conditions, respectively. Additionally, the size of the specimen remained constant, but when the maximum strain was varied, the unloading strain tended to increase with the maximum strain. Therefore, the unloading strain of the polyurethane rubber spring with the same compressive stiffness was generated at a constant level regardless of the size and in proportion to the maximum force. The residual strain also displayed a similar tendency to the unloading strain, and occurred at a similar level regardless of the specimen size under the same maximum strain conditions (see Figure 10b). The average residual strains were 1.81%, 1.45%, 2.29%, and 2.04% under the maximum strain conditions of 25%, 30%, 35%, and 40%, respectively. By contrast, when the maximum strain was a variable of the same size, the residual strain also increased with the maximum strain only for 100L-92D, and no distinct trend was observed in other specimens. It can be confirmed that the recover strain occurred at a constant level under the same maximum strain condition, irrespective of the change in size (see Figure 10c). The recover strains of 0.99%, 1.61%, 1.79%, and 1.48% took place under each maximum strain condition. Moreover, when the size was fixed and the maximum strain was varied, the recovered strain increased when increasing the maximum strain. In summary, the unloading, residual, and recovered strains were relatively constant, irrespective of the size, under the same compressive stiffness conditions, and were proportional to the maximum strain when the strain varied from 25% to 40%.




4.2. Type 2 Specimen Compressive Stiffness Contorl


In Type 2, a constant outer diameter of 100 mm was maintained, and the lengths of individual specimens were different at 60, 70, 80, 90, and 100 mm, so that the compressive stiffness of each case was designed to feature different values. The compressive behavior of each case demonstrated similar behavior without a significant difference from Type 1, and after the first cycle, compressive behavior stabilized with stress reduction.



The compressive stiffness decreased as the length of the specimen increased (see Figure 11). In other words, the change in the length of the specimen can be regarded as a change in the compressive stiffness of the specimen. Therefore, the relationships between the compressive stiffness and the maximum force were almost similar between the length and the maximum force. Because the cross-sectional area was constant, as the length increased in steps of 10 mm (from 60 mm to 100 mm) each, the compressive stiffness decreased in inverse proportion and the two variables had a negative linear relationship.



The relationships between the length and the maximum force under the same maximum strain condition were also observed between the compressive stiffness and the maximum force, considering the variation in the length of the specimen as a change in the compressive stiffness. As the compressive stiffness of each specimen decreased under the maximum strain conditions of 25%, 30%, 35%, and 40%, a decrease in maximum force was also observed, as presented in Figure 12, and the two variables displayed a relatively linear relationship. The R2 values obtained through the linear regression analysis for the 35% and 40% maximum strain conditions were 0.858 and 0.840, respectively, and the relationships between the two variables were relatively clear. However, the 25% and 30% maximum strain conditions yielded the R2 values of 0.1673 and 0.628, respectively, demonstrating weaker relationships between the two variables than the other strain cases.



The relationships between the maximum force, maximum strain and compressive stiffness of the specimens are depicted in Figure 13. As mentioned above, the maximum force increased as the compressive stiffness decreased, and the maximum force increased proportionally with the maximum strain. The first-order linear regression equations for the maximum strain and maximum force for each specimen are listed in Table 4. For all the specimens, the R2 values are close to 1, and thus the regression equation accurately reflects the measured data. As can be observed in the Type 1 specimens, the relationships between the strain and maximum force of the specimen in a fixed compressive stiffness state exhibited a linear relationship. The relationships between the two variables can be simplified through a first-order linear regression analysis.



The unloading strain slightly increased or decreased as the length of the specimen varied, but the increase and decrease were small and occurred at the same level, respectively (see Figure 14a). Under the conditions of 25%, 30%, 35%, and 40% of the maximum strain, the average unloading strains were 2.54%, 4.13%, 4.18% and 5.42%, respectively. It can be inferred that the stiffness of the specimen did not significantly influence the unloading strain. In addition, when the unloading strain had the same length as the specimen, the specimens with the lengths of 80, 90, and 100 mm displayed a tendency to increase as the maximum strain increased. However, in the relatively short specimens of 60 mm and 70 mm lengths, the maximum strain rate of 30% was greater than the 35% of the unloading strain. Figure 14b presents the variation in the length and strain of the residual strain. Under each maximum strain condition, the average residual strains were 1.51%, 2.48%, 2.54%, and 2.39%, respectively. However, when the maximum strain was changed in the same size of specimen, 60L-100D tended to increase proportionally to the maximum strain, as with the unloading strain. However, from 70L-100D, the longer the length, that is, the smaller the stiffness, the smaller the residual strain that occurred under 40% the maximum strain condition compared with the 35% condition. The recovered strain occurred at a constant level regardless of the stiffness of the specimen under the same maximum strain condition (see Figure 14c), and the average values were 0.83%, 1.62%, 1.29%, and 2.08% at maximum strains of 25%, 30%, 35%, and 40%, respectively. From these results, it can be inferred that when the load was removed, the recovery level and stiffness of the specimen were not significantly correlated.




4.3. Energy Dissipation


Energy dissipation is an essential factor for evaluating the cyclic behavior of seismic devices, such as dampers and seismic isolators [38]. The energy dissipation of the polyurethane spring as a compression member can contribute to the energy dissipation capacity of the seismic device [39,40]. The energy dissipation of a pseudo static test can be defined as the area of the closed curve. Polyurethane rubber springs exhibit significant stress reduction after the first cycle. Here, the energy dissipation also decreased greatly. By calculating the reduction ratio of the energy dissipation defined by Equation (4), the amount reduced after the first cycle was confirmed. Here, E1 means the energy dissipation of the first cycle, and E2 means energy dissipation of the second cycle. Therefore, the reduction ratio means the ratio of the amount of reduction compared to the energy dissipation of the first cycle.


   Reduction   Ratio  =    E 1  −  E 2     E 1      100    ( % )   



(4)







Figure 15 shows the reduction ratio of all the cases, but two cases were excluded as they were measured through retest. Since polyurethane springs experience a significant reduction in energy dissipation from the second loading once they experience a load that exceeds the elastic range, the reused specimens were excluded from the results. As can be observed in Figure 15, the reduction ratio of the energy dissipation demonstrated a slight deviation for all cases, but was concentrated near an average of 61.81%. The reduction rate of the energy dissipation by compressive stiffness and size did not demonstrate a significant trend, which was judged according to the material properties of the polyurethane spring used in this study. However, the average values of the reduction ratios of Type 1 and Type 2 for each maximum strain were 59.38%, 60.79%, 62.88%, and 63.97%, respectively, demonstrating a greater decrease in energy dissipation as the maximum strain increased. The reduction ratio after the second cycle was an average of 10.81%, which decrease to about 1/6 of the reduction rate after the first cycle, and it can be seen that the energy dissipation was slightly decreased but relatively stable.





5. Conclusions


In this study, the compression behavior characteristics of polyurethane springs that can be used as compression members in seismic devices, such as dampers and seismic isolators, were experimentally verified. A cyclic loading test was performed on 40 specimens with different conditions, and size and compressive stiffness were set as the design variables. The maximum force, residual strain, and energy dissipation were used as performance indicators, the relationship with each design variable was identified, and the possibility of using a polyurethane spring as a compression member and considerations were reviewed. The main conclusions are as follows:



The polyurethane springs underwent stress relaxation after the first loading owing to the Mullins effect under cyclic loading conditions, and they were relatively stabilized in the second cycle. Under the same stiffness conditions, the size and maximum force of the specimens were almost proportional, and at 35% and 40% of the maximum strain, the compressive stiffness and maximum force demonstrated a linear relationship.



At the maximum strain of 25% to 40%, the maximum force typically presented a linear relationship with the maximum strain. This trend can be applied by idealizing the linear relationship with the maximum force within a specific strain range and introducing it into the design formula of a polyurethane spring.



The unloading, residual, and recovered strain could not confirm a significant trend according to compressive stiffness and size. However, except for some cases, the unloading strain and residual strain tended to increase in proportion to the maximum strain. Furthermore, they appeared at a similar level irrespective of the two variables. Therefore, it is concluded that it is necessary to study other variables that affect unloading, residual, and recovered strain.



The energy dissipation demonstrated a decrease rate of about 61.81% after the first cycle under cyclic loading conditions. The reduction ratio of the energy dissipation displayed a tendency to be concentrated near the average value, although there was a slight deviation. It is concluded that the two variables set in this study did not significantly affect the reduction of energy dissipation and were determined by the intrinsic properties of the material. In addition, under cyclic loading conditions, the polyurethane spring lost its original performance significantly by reducing its initial energy dissipation ability by more than 60%. Therefore, the energy dissipation of polyurethane springs is not expected to significantly contribute to the energy dissipation capacity of the system.



Finally, as a result of analyzing the effect of the compressive stiffness and size established in this study on the performance index of the polyurethane spring, the relationship with the maximum force could be clearly verified. If additional research is carried out, the possibility of deriving a simple design formula by linearly simplifying the nonlinear compression behavior of polyurethane springs can be confirmed. However, in the case of residual displacement and energy dissipation capacity, significant results were not obtained, so studies for deriving additional design variables should be conducted.
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Figure 1. Design of experimental specimens. (a) Isometic view. (b) Identification (ID) of specimens. 
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Figure 2. Two types of experimental specimens. 
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Figure 3. Dimension of the jig. 
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Figure 4. Loading protocol of the cyclic loading test. 
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Figure 5. Compressive behavior without precompression (Type 1 specimens). (a) 60L-72D-0P-30%; (b) 70L-77D-0P-30%; (c) 80L-82D-0P-30%; (d) 90L-88D-0P-30%; (e) 100L-92D-0P-30%. 
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Figure 6. Force-displacement curve cycle separation. (a) Behavior of 1st cycle; (b) behavior of 2nd and 3rd cycle. 
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Figure 7. Relationship between length and maximum force. (a) Type 1-25%; (b) Type 1-30%; (c) Type 1-35%; (d) Type 1-40%. 
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Figure 8. Relationship between maximum strain and maximum force. 
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Figure 9. Schematic drawing of hysteretic behavior. 
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Figure 10. Behavior of three types of strain corresponding to each maximum strain in Type1. (a) Unloading strain; (b) residual strain; (c) recover strain. 
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Figure 11. Relationships between compressive stiffness and length in Type 2 specimens. 
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Figure 12. Relationships between stiffness, length, and maximum force. (a) Type 2-25%; (b) Type 2-30%; (c) Type 2-35%; (d) Type 2-40%. 
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Figure 13. Relationships between maximum strain and maximum force. 
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Figure 14. Behavior of three types of strain corresponding to each maximum strain in Type 2. (a) Unloading strain; (b) residual strain; (c) recover strain. 
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Figure 15. Energy dissipation reduction ratio of all Types. 
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Table 1. Properties of experimental specimens.
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Type

	
D (mm)

	
Din (mm)

	
L (mm)

	
S

	
Ea (MPa)

	
kc (kN/mm)






	
1

	
92

	
20

	
100

	
0.18

	
87.21

	
5.52




	
88

	
20

	
90

	
0.20

	
88.03

	
5.85




	
82

	
20

	
80

	
0.20

	
88.37

	
5.72




	
77

	
20

	
70

	
0.21

	
89.03

	
5.80




	
72

	
20

	
60

	
0.23

	
89.97

	
5.96




	
2

	
100

	
20

	
100

	
0.21

	
88.57

	
6.87




	
100

	
20

	
90

	
0.23

	
89.94

	
7.75




	
100

	
20

	
80

	
0.26

	
91.86

	
8.90




	
100

	
20

	
70

	
0.29

	
94.65

	
10.48




	
100

	
20

	
60

	
0.34

	
98.95

	
12.79
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Table 2. Experimental conditions.
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	    Maximum   Strain   (  ε  m a x   ,   % )    
	25, 30, 35, 40





	Loading Speed

  (  v L   , mm/s)
	0.5



	Loading Cycle
	3



	Temperature (°C)
	25
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Table 3. Regression between maximum strain and force in Type 1.
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	Specimen
	Slop (a)
	Const. (b)
	      R  2     





	60L-72D-0P
	6.6998
	29.097
	0.9757



	70L-77D-0P
	7.2365
	40.341
	0.9299



	80L-82D-0P
	6.9310
	30.900
	0.9699



	90L-88D-0P
	11.683
	39.163
	0.9731



	100L-92-0P
	11.592
	42.176
	0.8388
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Table 4. Regression between maximum strain and force in Type 2 specimens.
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	Specimen
	Slop (a)
	Const. (b)
	      R  2     





	60L-100D-0P
	22.946
	55.51
	0.9826



	70L-100D-0P
	17.044
	61.312
	0.9906



	80L-100D-0P
	16.709
	57.557
	0.8801



	90L-100D-0P
	14.513
	59.838
	0.9784



	100L-100-0P
	20.757
	36.756
	0.8649
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