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Abstract

:

To study the seismic performance of prefabricated single-segment steel jacket piers connected by grouting sleeves, two scaled symmetrical pier models with different anchorage lengths of the longitudinal reinforcement in the grouting sleeves and a comparative symmetrical cast-in-place (CIP) model were designed. OpenSees finite element models were established and shaking table tests were carried out on the three scaled pier models. The seismic response of each pier was compared and analyzed. Results showed the stiffness of the two prefabricated piers was greater than that of the CIP pier, and other seismic responses were less than those of the CIP piers, The dynamic responses of the two prefabricated bridge models were similar and changing the anchorage length of the reinforcement in the grouting sleeve had little effect on the seismic performance of the prefabricated pier. The simulation results were in good agreement with the experimental results. In the parameter analysis, the counterweight of the pier top had the greatest influence on the seismic performance of the prefabricated pier. The anchorage length of the longitudinal reinforcement in the grouting sleeve could be 6–14 times the diameter of the longitudinal reinforcement. Moreover, the seismic performance was found to be optimal when the thickness of the steel jacket was 5–7 mm.
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1. Introduction


In recent years, with the popularization of prefabricated structures, accelerated bridge construction (ABC) technology has been adopted for increasingly more bridges [1,2,3,4]. Compared with traditional cast-in-place (CIP) piers, prefabricated piers have the advantages of reduced traffic congestion [5], a fast construction speed [6], and high construction quality and safety [7,8]. Therefore, the seismic performance of prefabricated piers has become a research hotspot in recent years.



Many scholars have previously carried out seismic tests and research on piers with steel jackets and prefabricated piers connected by grouting sleeves [9,10]. For instance, Deng et al. [11] reinforced the pier with initial damage with a steel jacket and carried out quasi-static tests, followed by using OpenSees to establish the fiber model. The results show that the seismic performance of the steel jacket reinforced pier is improved significantly, and the simulation results agree with the test results. Ding [12] reinforced 23 bridge piers by wrapping carbon fiber, outer concrete, and outer steel jacket, and carried out pseudo-static test. The results show that the steel jacket is the best in improving the bearing capacity and ductility. Fan [13] applied steel jacket to bridge pier and carried out pseudo-static test. The results show that although the energy dissipation effect of steel jackets is slight, the ductility and bearing capacity of bridge piers can be significantly improved. Huang et al. [14,15] used OpenSees finite element software to perform finite element analyses on piers reinforced with steel jackets, and the results showed that the reinforced piers exhibited a significantly increased bearing capacity and effectively reduced displacement and residual deformation of the pier top. Wang et al. [16] used OpenSees to conduct numerical simulation research on prefabricated segmental bridge piers connected with grouting sleeves. The results showed that the overall dynamic response of the prefabricated bridge piers was similar to that of CIP bridge piers. Moreover, the ultimate lateral force was slightly larger than that of the CIP bridge piers, while the displacement and ductility were less than those of the CIP bridge piers. Hewes [17] used steel jackets to constrain plain concrete in the potential plastic hinge area of multi-segment prefabricated piers. Via pseudo-static tests, it was proven that the structure constrained by steel jackets exhibited better integrity and energy dissipation capacity, and the unconstrained section was found to be the weakest area of the entire pier. Bertha et al. [18] Studied the influence of steel jackets on the seismic performance of bridges by inputting 10 seismic waves into the structure through numerical simulation, Results show that the confining effect provided by the steel jackets substantially improves the seismic performance of the bridges piers. Zhang et al. [19] Adopted a composite structure combined steel jacket and prestressed steel hoop to reinforce the damaged column after the concrete column was destroyed by the pseudo-static test. The results showed that the repair method was proved to be effective in restoring the structural behavior of the damaged columns to prevent bridge collapse. Chou et al. [20] conducted a pseudo-static test of two multi-segment steel jacket prefabricated bridge piers with penetrating prestressed reinforcement. The results showed that the flexural bearing capacity and energy dissipation characteristics of the structure were enhanced, and the residual displacement was effectively controlled. Ameli et al. [21] conducted a pseudo-static test on prefabricated bridge piers installed with grouting sleeves in the plastic hinge areas and caps, respectively, and the test results showed that the former was more stable after reinforcement yielding, while the latter had better durability after reinforcement yielding. Guo et al. [22] conducted a shaking table test analysis of piers connected by grouting sleeves under high-intensity earthquake conditions, and the results revealed that the seismic performance of the prefabricated piers connected by grouting sleeves was better than that of CIP piers.



There currently exist few research results on the effects of the anchorage length of the reinforcement in the grouting sleeve and the steel jacket on the seismic performance of prefabricated piers, and previous research has mainly adopted pseudo-static tests as the experimental method. However, pseudo-static tests cannot accurately reflect the dynamic response of a structure under the action of real ground motion [23,24]. In contrast, the seismic wave input to the table surface in the shaking table test can truly restore the dynamic response of the structure under the action of an earthquake, which effectively overcomes the deficiencies of the pseudo-static test.



According to the same set of tests [25], it has been proved that the prefabricated single-segment bridge pier connected with a grouting sleeve has better seismic performance than the CIP bridge pier. In order to better improve the seismic response of single-segment prefabricated pier, steel jackets were installed in the plastic hinge area of the pier bottom bridge. A new type of single-segment prefabricated bridge pier structure that combines a steel jacket and a grouting sleeve is proposed. The grouting sleeve is used to connect single segments, and the potential plastic hinge area at the bottom of the pier is wrapped with a steel jacket. Shaking table tests were carried out to study the effects of different anchorage lengths on the seismic performance of the new structure.




2. Shaking Table Test


2.1. Similarity Relationship


This experiment took a prefabricated bridge pier as the prototype, and the geometric scale ratio was determined as 1:4. The similarity coefficients of the main physical quantities between the model and the prototype according to the uniform similarity law [26] are reported in Table 1.




2.2. Model Fabrication and Measuring Point Arrangement


Three specimens were designed and fabricated, numbered CIP, SJ1, and SJ2 respectively. The three piers were made of the same material, C20 concrete, HRB400 longitudinal reinforcement, HPB300 spiral reinforcement, and Q235 steel jacket. Integral casting was adopted for CIP. SJ1 and SJ2 were prefabricated, the cap and pier were connected by 6 grouting sleeves and high-strength setting grout. The anchorage length of reinforcement in the grouting sleeves is 10 times and 8 times of steel bar diameter respectively [27]. High-strength grouting materials were poured into the grouting sleeves. The steel jacket was using epoxy resin attached to the pier which height of 40 cm. The counterweight at the pier top was 400 kg. The Schematic diagram of the pier is presented in Figure 1.



Three groups of acceleration sensors and displacement sensors are arranged in the X and Y directions of the upper, middle, and lower parts of the pier, and four groups of reinforcement and concrete strain gauges are arranged in the potentially damaged plastic hinge positions of the pier. The layout of measuring points is shown in Figure 2.




2.3. Seismic Wave Selection and Load Condition


According to the site conditions of the prototype and the actual test conditions, three seismic waves, El–Centro, Taft111, and Taft21, were selected. As shown in Figure 3, when PGA is 0.274 g and 0.783 g, the acceleration response spectra of the three seismic waves were in good agreement with the response spectra designed in the specification, which proves the effectiveness of the selected waves.



According to specifications [28,29], under each level of PGA, the ratio of X to Y direction in the first two working conditions is 1:0.85, and that in the third working condition is 1:0.88. The seismic wave duration is compressed to 35.8% of the original wave duration. Loading conditions are shown in Table 2.





3. Seismic Response Analysis and Finite Element Simulation Comparison


3.1. Establishment of OpenSees Finite Element Model


The Concrete 02 material model in OpenSees was adopted for the constitutive relationship of concrete, where fpc is the peak compressive strength of concrete after 28 days of test curing, epsco is the corresponding peak strain, fpcu and epscu are the ultimate compressive strength and ultimate strain, respectively, and lambda is the ratio of the unloading stiffness to the initial elastic modulus of concrete when the ultimate strain is reached. For the core concrete constrained by spiral stirrups, the parameter values were calculated using the Mander model [30] in consideration of the strong confinement effect of the spiral stirrups on the concrete. For the concrete in the unreinforced area, the parameter values were calculated using the Kent-Park model.



The Steel 02 constitutive model in OpenSees was used for both the longitudinal steel bars and the steel jacket, for which the uniaxially isotropically strengthened Giuffre-Menegotto-Pinto constitutive model was adopted [31]; this is a bilinear follow-up strengthening model that can better reflect the Bauschinger effect. In the model, Fy is the yield strength of longitudinal bars, E0 is the modulus of elasticity, and b is the hardening rate of the steel bars, which is considered as 0.01. In addition, the three parameters R0, CR1, and CR2 can fine-tune the constitutive relationship of Steel 02. In the model, R0 was set to 18, CR1 was set to 0.925, and CR2 was set to 0.15. The constitutive model is shown in Figure 4.



The Force-Beam Column element and the rigid beam in OpenSees were used to simulate the mechanical performance of the grouting sleeve, and the anchorage length was achieved by changing the length of the element. The joint between the cap and the pier was simulated by an elastic section and, the top of the grouting sleeve and the bottom of the pier were connected by six zero-length elements. For high-strength grout materials, UniaxialMaterial Elastic was used in the DIR-1,2,6 directions of the zero-length element, and Elastic-No Tension (ENT) material was used in the DIR-3 direction. The measured value of high-strength grouting material was taken.



The steel jacket section is divided into one part in the ring direction and 18 parts in the radial direction. The section without the steel jacket is divided into five parts in the ring direction and 18 parts in the radial direction. Section division is shown in Figure 5.



The nonlinear beam-column element based on the flexibility method was used in the numerical model of the prefabricated piers to simulate the elastic-plastic bending deformation of the piers. A concentrated mass was applied to the top of the numerical model of the piers to simulate the weight of the bridge superstructure, and the damping of the model was Rayleigh damping.



The dynamic time-history analysis of the piers was conducted by inputting different scale factors to achieve the gradual increase of the PGA, and finally using the Recorder command to output the pier response under earthquake conditions.




3.2. Recurrence of Seismic Waves


Taking the three input X-direction seismic waves with a PGA of 0.55 g as an example, Figure 6 presents the comparison between the theoretical and actual values of the three input seismic waves. The error between the theoretical and actual values was found to be small, the wave forms of the acceleration time-history curves were basically the same, and the input seismic waves were well repeated, which proves that the loading process was effective.




3.3. Natural Frequency


At the end of each stage of loading, 0.05 g of the white noise input on the table was swept. After frequency sweeping, a fast Fourier transform (FFT) was performed on the time-history curve of the acceleration of the pier top at each stage of loading to obtain the first-order natural vibration frequency after loading. The first-order natural vibration frequencies of the three piers before loading were respectively 13.86, 13.66, and 9.59 Hz. Table 3 reports the first-order natural vibration frequency and the rate of stiffness decrease under different loading conditions, as well as the calculation results of the OpenSees finite element analysis.



It can be seen from Table 3 that the rates of stiffness decline of the two prefabricated piers were less than that of the CIP pier. Moreover, the natural vibration frequencies of the three piers all decreased with the increase of the PGA. This is because the piers were gradually damaged with the increase of the PGA, resulting in a longer period and a decrease in stiffness. The natural vibration frequency of pier SJ1 was slightly higher than that of pier SJ2, which is because the anchorage length of pier SJ2 was slightly less than that of pier SJ1. The final natural frequency after the test is close to. Until the end of all loading conditions, the natural vibration frequency of the two steel jacket prefabricated piers was still significantly greater than that of the CIP pier. Changing the anchorage length of the reinforcement in the grouting sleeve was found to have little influence on the natural vibration frequency and stiffness. According to the OpenSees finite element simulation results, the natural vibration frequency was determined, and the simulated stiffness values were greater than those in the experiment; this was due to the existence of some subtle defects in the fabrication process of the components as compared to the ideal finite element calculation.




3.4. Acceleration Response


Figure 7 exhibits the peak acceleration of the pier tops in the X-direction with the increase of the PGA increase under different seismic waves, as well as the finite element simulation results. The peak acceleration of the pier tops in the X-direction was found to gradually increase with the increase of the PGA. When the PGA was less than 0.391 g, there was little difference between the peak accelerations of the pier tops of the three piers. When the PGA was greater than 0.391 g, the peak accelerations of the pier tops of piers SJ1 and SJ2 were less than that of pier CIP. When the PGA was greater than 0.391 g, the peak accelerations of the pier tops of piers SJ1 and SJ2 were less than that of pier CIP. When the PGA was less than 0.431 g, the peak acceleration of pier SJ1 was slightly less than that of pier SJ2. When the PGA was greater than 0.431 g, the peak acceleration of pier SJ1 was slightly greater than that of pier SJ2. It can be seen that the overall acceleration response of the two prefabricated piers exhibited little difference, and the peak acceleration of the three piers increased linearly overall. The three piers experienced the maximum peak acceleration under the action of the bidirectional Taft seismic wave, and the minimum acceleration response occurred under the action of the El–Centro wave. The simulation results of piers SJ1 and SJ2 were similar, which verifies the correctness of the finite element model. It can be concluded from the preceding analysis that the acceleration response of the single-segment prefabricated pier with a steel jacket was less than that of the CIP pier under different seismic waves, which is because the transverse constraint of the steel jacket enhanced the transverse stiffness of the prefabricated pier. However, changing the anchorage length of the reinforcement in the grouting sleeve was found to have little effect on the peak acceleration response within a certain range.




3.5. Displacement Response


Figure 8 displays the maximum relative peak displacement values of the three piers in the X-direction and the OpenSees calculation results under the action of different levels of seismic waves. As the PGA gradually increased, the relative peak displacement value of pier SJ2 was only slightly larger than that of pier SJ1, and both exhibited a linear increasing trend. The simulation results of piers SJ1 and SJ2 were also similar. Thus, changing the anchorage length of the reinforcement in the grouting sleeve was found to have little influence on the displacement response of the prefabricated piers within a certain range. Compared with the CIP pier, the relative peak displacement values of the prefabricated piers were significantly lower, which was due to the lateral constraint of the steel jacket; this increased the stiffness of the prefabricated piers, which imposed an obvious restriction on the lateral displacement.



To more clearly express the limiting effect of the steel jacket on pier displacement, the influence rate i of pier displacement is defined as follows:


  i =    (   D 1  −  D 2   )     D 1     



(1)




where D1 is the peak value of the maximum relative displacement of the pier top of CIP pier under a certain working condition, and D2 is the peak value of the maximum relative displacement of the pier tops of piers SJ1 and SJ2 under a certain working condition. Table 4 and Table 5 respectively report the influence rates of piers SJ1 and SJ2 under the action of the three types of seismic waves at PGA values of 0.274, 0.55, and 0.783 g.



It can be seen from Table 4 and Table 5 that the displacement influence rates of the prefabricated SJ1 and SJ2 piers were similar. With the continuous increase of the PGA, the displacement influence rate always remained at about 50%, the ductility of the pier is significantly improved, which proves that the steel jacket exerted a good limiting effect on the lateral displacement.




3.6. Concrete Strain


The concrete measurement points of the three piers were at the same location, and four strain measuring points were arranged at 90° circumferential intervals on the concrete surface of the bottom of each pier. The development laws of the concrete strain of the three scaled piers under different earthquake conditions were recorded. A slight problem with the strain gauge collection was encountered, so the average value of the compressive strain measured by the four strain gauges under different loading conditions was taken as the final result of the concrete strain response. Furthermore, the concrete strains in the OpenSees model were extracted at 90° circumferential intervals and averaged. Figure 9 exhibits the mean values of concrete compressive strain at the bottom of the pier under the action of the three types of seismic waves with the increase of the PGA, as well as the comparison with the finite element simulation results.



It can be seen from Figure 9 that as the PGA increased, the compressive strains of the three piers gradually increased. When the PGA was greater than 0.391 g, the average compressive strain of the CIP pier increased with the decrease of stiffness. In contrast, the prefabricated piers benefitted from the restraint of the steel jacket on the concrete, so the average compressive strain of the piers increased linearly and steadily. The average values of the concrete compressive strain of the prefabricated piers were similar and much smaller than that of the CIP pier. This is because the concrete at the bottom of the two prefabricated piers was under three-way compression under the lateral restraint of the steel jacket, which reduced the average compressive strain of the concrete.




3.7. Reinforcement Strain


With the continuous increase of the PGA, the reinforcement strain gauge loosened, leading to the decline section of some collected data. Therefore, the steel bar strain was considered as the mean value of the strain measured for the six steel bars. Moreover, the mean tensile strain of the six reinforcement fibers extracted from OpenSees was compared with the experimental data. Figure 10 presents the comparison between the mean tensile strain of the longitudinal reinforcement at the bottom of the three piers with the increase of the PGA under different seismic waves and the finite element calculation results. When the PGA was less than 0.55 g, the longitudinal reinforcement tensile strains of the three piers all exhibited the tendency of gradually increasing. Under the same PGA, the mean tensile strains of the two prefabricated piers were less than that of the CIP pier, and that of pier SJ2 was slightly greater than that of pier SJ1; this indicates that the slightly shorter anchorage length of the reinforcement caused the reinforcement strain at the bottom of the upper pier to slightly increase. In the case of different bidirectional Taft seismic wave excitation, the longitudinal reinforcement strain of the pier bottom was greater than that under the same bidirectional seismic wave excitation; this was mainly due to the different degrees of bidirectional bending of the pier. The finite element calculation results exhibited a linear increase, which is consistent with the development trend of the reinforcement strain. The longitudinal strain of the CIP pier under the three seismic excitation modes was greater than that of the prefabricated piers, which proves that the prefabricated bridge pier exhibited good seismic performance.





4. Discussion


Based on the same group of experiments [25], in order to better improve the seismic performance of prefabricated single-segment concrete pier connected with the grouting sleeve, an external steel jacket was installed in the potential plastic hinge area at the bottom of the pier and the shaking table test was conducted on prefabricated pier with the steel jacket. Comparing the test data of the two structures, the pier with steel jacket exhibits higher stiffness, better ductility, smaller acceleration, displacement, and strain response, which proves that the installation of steel jacket can significantly improve the seismic performance of bridge piers. In practical engineering, the prefabricated pier with steel jacket can be more widely used in earthquake-prone areas.




5. Analysis of Various Parameters of the Prefabricated Bridge Piers


In the shaking table test and dynamic time-history response analysis, when the pier top counterweight was 400 kg, the anchorage lengths of the steel bar were respectively 8 times and 10 times the steel bar diameter, and the steel jacket thickness was 2 mm, the seismic performances of the prefabricated bridge piers were obviously superior to that of the CIP pier. Moreover, changing the anchorage length of the steel bar in the grouting sleeve was found to have almost no effect on the seismic performance of the prefabricated bridge piers, which proves that the experimental results were in good agreement with the simulation results obtained from the established finite element model. The influences of various design parameters on the seismic performance of the prefabricated piers were also investigated by using OpenSees.



5.1. Influence of the Pier Top Counterweight on the Prefabricated Piers


Under the action of bidirectional Taft seismic waves, the relationship between the maximum displacement angle of the pier top (the ratio of the difference between the displacement of the pier top and bottom and the pier height) and the pier top counterweight was obtained by gradually increasing the pier top counterweight under a certain PGA, as shown in Figure 11.



Figure 11 reveals that when the PGA was 0.55, 0.65, 0.783, and 0.9 g, the maximum pier top displacement angle was generated when the pier top counterweight was 6000, 5600, 5400, and 5300 kg, respectively. Thus, with the increase of the PGA, the maximum counterweight that the pier top could bear was found to gradually decrease. Furthermore, the maximum lateral force that the prefabricated pier can bear can be equivalent to the product of acceleration and the maximum pier top counterweight, i.e., with the increase of the PGA, the maximum lateral force that the prefabricated pier can bear also increases. The pier top weight was found to have a significant impact on the prefabricated pier, and the ultimate bearing capacity of the prefabricated pier was found to depend on both the PGA and the pier top weight.



Taking the pier top weight of 5300 kg and the PGA of 0.9 g under the action of Taft bidirectional seismic waves as an example, there was no strain value of the concrete in the OpenSees model at this time; this indicates that the concrete had been destroyed and crushed. Figure 12 presents the stress-strain curves of the steel bars at the bottom of the prefabricated pier in the X-direction. The hysteresis loop of the steel bars was found to be relatively full, which indicates that the steel bars could successfully dissipate seismic energy.




5.2. The Influence of the Anchorage Length on the Prefabricated Bridge Piers


As reported in Table 6, in combination with the experimental data obtained from the shaking table test and the finite element simulation results, the maximum X-direction relative peak displacement of the pier top was calculated and compared under the respective anchorage lengths of the grouting sleeve of 6, 8, 10, 12, and 14 mm. The pier was considered to be under the action of Taft bidirectional seismic waves, the PGA was 0.9 g, and the pier top counterweight was 400 kg.



Figure 13 presents the X-direction relative peak displacement of the pier top with the continued increase of its mass under different anchorage lengths.



It can be concluded from Table 6 and Figure 13 that although the peak value of the X-direction relative displacement of the pier top was found to decrease with the increase of the anchorage length at the same pier top mass, the difference between different anchorage lengths was very small, and the change of displacement had almost no influence on the overall structure. Therefore, as long as the grouting is dense and the reinforcement in the sleeve is not pulled out, changing the anchorage length of the grouting sleeve within a certain range will have little influence on the seismic performance of the pier, and the anchorage length can be more than twice the minimum anchorage length stipulated in the current code requirements. Therefore, in the seismic design of prefabricated bridge piers connected with grouting sleeves, the anchorage length of the reinforcement can be varied within a certain range while satisfying the standard design and upper counterweight requirements.




5.3. The Influence of the Thickness of the Steel Jacket


The seismic response of the pier with different steel jacket thicknesses with the pier top counterweight of 400 kg was investigated. The SJ1 bridge pier model was considered, and the relative peak displacement value of the top of the pier in the X-direction under the action of the Taft bidirectional seismic wave was calculated under different steel jacket thicknesses, as exhibited in Figure 14.



As can be seen from Figure 14, the constraint effect on the X-direction displacement of the pier top was the best when the thickness of the steel jacket was 5–7 mm. If the steel jacket is too thin, it cannot play a good role in limiting the lateral displacement; conversely, if the steel jacket is too thick, the rigidity domain of the pier covered with the steel jacket will be too large. At this time, the rigidity of a pier not covered with a steel jacket will be far less than that of a pier covered with a steel jacket, and the vibration of the pier not covered with a steel jacket will be more intense under the action of ground vibration. Furthermore, the steel bar and the steel jacket were converted into concrete according to the equivalent area, and the equivalent stiffness of the cross-section of the steel jacket was obtained. It can be seen from Figure 15 that as the thickness of the steel jacket increased, the stiffness of the cross-section increased exponentially; thus, if the steel jacket is too thin or too thick, it will not produce a good displacement restraint effect. Therefore, for prefabricated single-segment steel jacket piers, the reasonable steel jacket thickness should be controlled within 5–7 mm.





6. Conclusions


To study the seismic performance of prefabricated single-segment steel jacket bridge piers, two prefabricated single-segment steel jacket piers with different anchorage lengths of the reinforcement steel bars in the grouting sleeves were designed, and a comparison was made with a corresponding CIP pier. Shaking table tests and finite element simulations were carried out under different ground motion excitation intensities. The conclusions of this research are as follows.



	(1)

	
The natural frequencies of the two steel jacket prefabricated piers were greater than that of the CIP pier, and the steel jacket prefabricated piers had a higher stiffness than the CIP pier. The acceleration response, displacement response, strain response, and other seismic performance indicators of the two steel jacket prefabricated piers were less than those of the CIP pier; thus, the single-segment steel jacket prefabricated piers has better seismic performance than the CIP pier.




	(2)

	
The dynamic responses of the two prefabricated piers were similar under the same ground motion, indicating that the seismic performance of the prefabricated piers with steel jackets was not affected by changing the anchorage length of the reinforcement in the grouting sleeve. Moreover, the steel jacket has a good effect of increasing stiffness, decreasing strain, and limiting displacement. Therefore, the ductility of the pier is significantly improved. Compared with the same group of tests, the steel jacket prefabricated single-segment bridge pier connected by a grouting sleeve has better seismic performance.




	(3)

	
According to the OpenSees finite element parameter analysis, the pier top counterweight was found to have the greatest influence on the seismic performance of the prefabricated piers. With the increase of the PGA, the pier top counterweight that could be borne by the prefabricated piers was found to gradually decrease, and the maximum lateral resistance increased. Changing the anchorage length of the grouting sleeve within a certain range was found to have little effect on the seismic performance, and the anchorage length can be more than twice the minimum anchorage length specified in the current codes. Moreover, the thickness of the steel jacket should not be too thin or too thick, and the optimal thickness was found to be 5–7 mm.
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Figure 1. Schematic diagram of pier (mm); (a) Reinforcement drawing of assembly pier (mm); (b) Reinforcement drawing of CIP pier (mm). 
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Figure 2. Layout of measuring points. (a) Schematic diagram of measuring point; (b) Test photo. 
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Figure 3. Comparison between the different ground motion acceleration response spectra and code design spectra: (a) under PGA 0.274 g; (b) under PGA 0.783 g. 
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Figure 4. Constitutive model: (a) concrete model; (b) reinforcement and steel jacket model. 
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Figure 5. (a) Schematic diagram of the model; (b) section division. 






Figure 5. (a) Schematic diagram of the model; (b) section division.



[image: Symmetry 13 02312 g005]







[image: Symmetry 13 02312 g006 550] 





Figure 6. Comparison of acceleration time history: (a) El–Centro; (b) Taft21; (c) Taft111. 
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Figure 7. Acceleration time-history curve of pier top in X direction: (a) El–Centro; (b) Taft111; (c) Taft111(X) and Taft21(Y). 
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Figure 8. Peak relative displacement of pier top under different seismic wave: (a) El–Centro; (b) Taft111; (c) Taft111(X) and Taft21(Y). 
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Figure 9. Concrete strain at pier bottom under different seismic wave: (a) El–Centro; (b) Taft111; (c) Taft111(X) and Taft21(Y). 
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Figure 10. Concrete strain at pier bottom under different seismic wave: (a) El–Centro; (b) Taft111; (c) Taft111(X) and Taft21(Y). 
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Figure 11. Maximum X—direction displacement Angle of pier top under different pier top counterweight. 
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Figure 12. Stress–strain relationship of reinforcement under PGA 0.9 G when pier top counterweight is 5300 kg. 
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Figure 13. (a)The X-direction relative peak displacement of pier top under different anchorage lengths when PGA is 0.9 g; (b) Local amplification when top counterweight is 5000 kg; (c) Local amplification when top counterweight is 5300 kg. 
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Figure 14. Relative peak displacement of pier top at different steel jacket thickness. 
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Figure 15. The relation between equivalent stiffness and thickness of steel jacket. 
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Table 1. Similarity coefficient.






Table 1. Similarity coefficient.





	Physical Quantity
	Similarity Relation
	Similarity Coefficient





	Length
	    l r    
	0.25



	Area
	    S r  =  l r 2    
	0.0625



	Elastic modulus
	    E r    
	0.689



	Equivalent density
	    ρ ¯  =  m m  +  m a  +  m  o m   /  l r    3  (  m p  +  m  o p   )   
	1.409



	Acceleration
	    a r  =  E r  /  l r    ρ ¯  r    
	1.957



	Mass
	    m r  =   ρ ¯  r   l r 3    
	0.022



	Time
	    t r  =  l r    (   ρ ¯  r  /  E r  )   0.5     
	0.358



	Velocity
	    v r  =   (  E r  /   ρ ¯  r  )   0.5     
	0.699



	Frequency
	    ω r  =   (  E r  /   ρ ¯  r  )   0.5   /  l r    
	2.798



	Stress
	    σ r  =  E r    
	0.689



	Strain
	    ε r  = 1   
	1
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Table 2. Loading condition table.






Table 2. Loading condition table.





	
Loading Condition

	
Seismic Wave

	
X-Direction (g)

	
Y-Direction (g)

	
Loading Condition

	
Seismic Wave

	
X-Direction (g)

	
Y-Direction (g)






	
1

	
EL-Centro

	
0.137

	
0.116

	
5

	
EL–Centro

	
0.55

	
0.47




	
Taft 111

	
Taft 111




	
Taft111/Taft21

	
0.137

	
0.121

	
Taft111/Taft21

	
0.55

	
0.485




	
2

	
EL–Centro

	
0.274

	
0.233

	
6

	
EL–Centro

	
0.65

	
0.55




	
Taft 111

	
Taft 111




	
Taft111/Taft21

	
0.274

	
0.241

	
Taft111/Taft21

	
0.65

	
0.573




	
3

	
EL–Centro

	
0.391

	
0.332

	
7

	
EL–Centro

	
0.783

	
0.666




	
Taft 111

	
Taft 111




	
Taft111/Taft21

	
0.391

	
0.345

	
Taft111/Taft21

	
0.783

	
0.69




	
4

	
EL–Centro

	
0.431

	
0.366

	
8

	
EL–Centro

	
0.9

	
0.77




	
Taft 111

	
Taft 111




	
Taft111/Taft21

	
0.431

	
0.38

	
Taft111/Taft21

	
0.9

	
0.793
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Table 3. Test natural frequency.






Table 3. Test natural frequency.













	
	SJ1 (HZ)
	SJ2 (HZ)
	CIP (HZ)
	SJ1 Simulation (HZ)
	SJ2 Simulation (HZ)





	Initial frequency
	13.66
	13.86
	9.59
	12.06
	12.05



	0.137 g
	13.41
	12.33
	9.03
	11.89
	11.87



	0.274 g
	12.54
	12.46
	8.81
	11.74
	11.73



	0.391 g
	12.68
	12.5
	8.44
	11.53
	11.51



	0.431 g
	12.42
	12.08
	8.25
	11.47
	11.45



	0.55 g
	11.23
	10.94
	8.18
	11.21
	11.2



	0.65 g
	10.86
	10.76
	7.47
	11.09
	11.08



	0.783 g
	10.84
	10.78
	7.27
	10.78
	10.76



	0.9 g
	10.34
	10.21
	6.89
	10.55
	10.53



	Decrease rate/%
	24.3
	26.33
	28.46
	12.5
	12.47
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Table 4. Displacement influence rate of SJ1 pier.
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EL–Centro

	
Taft111

	
Taft111/Taft21






	
PGA/g

	
0.274

	
0.55

	
0.783

	
0.274

	
0.55

	
0.783

	
0.274

	
0.55

	
0.783




	
i

	
0.50

	
0.47

	
0.46

	
0.60

	
0.54

	
0.57

	
0.49

	
0.56

	
0.53
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Table 5. Displacement influence rate of SJ2 pier.
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EL–Centro

	
Taft111

	
Taft111/Taft21






	
PGA/g

	
0.274

	
0.55

	
0.783

	
0.274

	
0.55

	
0.783

	
0.274

	
0.55

	
0.783




	
i

	
0.65

	
0.46

	
0.44

	
0.60

	
0.52

	
0.57

	
0.51

	
0.54

	
0.48
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Table 6. Relative displacement peaks of pier top under different anchorage lengths when pier top counterweight is 400 kg.
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	Anchorage Length
	6D
	8D
	10D
	12D
	14D





	relative peak displacement
	2.49095
	2.48833
	2.48569
	2.48327
	2.48084
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