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Abstract

:

Currently, the seismic designs of reinforced concrete (RC) bridges with tall piers are often accomplished following the ductility-based seismic design method. Though the collapses of the RC bridges with tall piers can be avoided, they are likely to experience major damage and loss of functionality when subjected to strong near-fault ground motions. The objectives of this study are to put forward an innovative design concept of a tall-pier system and its application in tall-pier bridges. The concept of the innovative tall-pier system is derived from the principle of earthquake-resilient structures, and is to improve the seismic performances of the tall-pier bridges under strong near-fault ground motions. The proposed tall-pier system has a box section and is composed of four concrete-filled steel tubular (CFST) columns and energy dissipating mild steel plates (EDMSPs). Trial design of a bridge with the new composite tall-pier system is performed based on a typical continuous rigid frame highway bridge with conventional RC box section tall piers. Both static analysis and nonlinear time history analysis of both the bridges with the new composite tall piers and conventional RC tall piers under the near-fault velocity pulse-type ground motions were conducted in Midas Civil2019 and ABAQUS. The results show that: under the design-based earthquake (DBE), the CFST columns and connecting steel beams remain elastic in the bridge with the new composite tall piers, while the damage is found in the replaceable EDMSPs which help dissipate the seismic input energy. The displacement responses of the new bridge are significantly smaller than those of the conventional bridge under DBE. It is concluded that the bridge with the new composite tall piers is seismic resilient under near-fault ground motions.
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1. Introduction


When constructing an expressway or a railway in areas with high mountains and deep valleys, the total length of the route may be shortened by 200 m to 400 m as the height of pier increases 1 m [1]. Therefore, tall-pier bridges are the only design option most times. According to statistics, the number of tall-pier bridges with a pier height over 40 m accounts for more than 40% of the bridges in Western China [2]. However, a worldwide common definition of tall-pier bridge is lacking. AASHTO [3] does not directly provide the definition of the tall-pier bridge, but it regulates that the second-order effect should be considered when the slenderness of the pier is greater than 40. Chinese engineers usually regard the bridge with a pier height no less than 35 m as a tall-pier bridge [4]. This type of highway bridge was investigated in this study. In the middle of the 20th century, some countries, such as Europe and North America, began the construction of tall-pier bridges. In recent years, the construction quantity and technology of tall-pier bridges in China have developed rapidly. Many bridges in China, such as the Labajin bridge, Hezhang bridge, and so on have continuously broken the record of pier height. However, there are still some challenges and obstacles in the construction of tall-pier bridges.



First of all, compared with medium and short piers, the slenderness ratio of tall piers is significantly larger, resulting in instability problems and greater displacement at the top of the piers. To meet the requirements of stability and control the displacement of the piers, double thin-walled or hollow piers are commonly used [5]. These sections can effectively increase the sectional moment of inertia, reduce the slenderness ratio, cut the material consumption of concrete of the tall pier, and improve its stability.



Secondly, the methods such as gliding formwork, climbing formwork or turnover formwork [6] to pour concrete on site, are usually adopted in the construction of traditional RC tall piers. These construction methods generally have problems of long construction periods, high labor and site machinery costs, high altitude operations, and other high-risk factors. Furthermore, the seismic design of tall-pier bridges is more complicated than conventional bridges. The mass distribution, high-order modes and second-order effects play significant roles in the structural seismic response. However, there are few relating research on the seismic performance of tall-pier bridges.



The difference in the spectral components of different ground motions will result in a varying contribution of different mode in the structural responses. Hence, the ductility of tall piers is different when different ground motions are input. Freeman et al. [7] pointed out that the participation factor of higher-order modes in tall piers is too large to be neglected. Otherwise, it would lead to significant errors when performing the displacement-based design. Tubaldi et al. [8] employed the linear-elastic Euler–Bernoulli cantilever beam with a distributed mass and a concentrated mass at the top to simulate the tall pier. The analytical formulation regarding the dynamic behavior and seismic response is proposed, considering the influence of P-Δ effect and high-order modes on the dynamic characteristics and seismic response of the pier. The results showed that the mass participation factor of the first mode decreased significantly with the increase of pier height. Meanwhile, the seismic response was strongly influenced by second-order effects and higher modes contributions related to the distributed pier mass. Li et al. [9,10] found that the high-order modes significantly contributed to the seismic response of a tall-pier bridge. These modes would result in additional plastic hinges midway up the pier under strong ground motions. Mistakenly using the displacement-based seismic design method for tall piers may result in a seriously unsafe condition. Ceravolo et al. [11] focused on the effectiveness of the capacity design procedure in the design of a tall-pier bridge. The investigation showed that the positions of plastic hinges did not match with the common assumption, due to the contributions of the inertial forces of the piers.



Currently, due to the limited investigations and lack of suitable design codes or specifications, the seismic design of tall-pier bridges remains an aimless and casual design. In the Specifications for Seismic Design of Highway Bridges (JTG/T 2231-01-2020) [12], it is required that specified research needs to be conducted if the maximum pier height exceeds 40 m or the effective mass of the first mode of the pier is less than 60%. The AASHTO Guide Specifications for LRFD Seismic Bridge Design [3] and CALTRANS Seismic Design Criteria [13] are only appliable to regular bridges, whereas the tall-pier bridge belongs to the typical irregular bridges. In Eurocode 8 [14], for irregular bridges, the damping ratio of higher modes has a great influence on the calculated response spectrum so that the multi-degree-of-freedom model is usually employed. The difference between the tall pier and medium or short pier is not considered. In the specifications for highway bridges in Japan [15], there are no specified definitions for the tall, medium or short pier.



The above-mentioned research points out that the seismic design of regular bridges is not applicable to tall-pier bridges, which does not meet the definition of the regular bridge. Currently, the design method of regular medium to short pier is still applied in the design of tall-pier bridges, which is aimless and insufficient. During the Great Wenchuan Earthquake, the Miaoziping Bridge and Luzipingpu Bridge and other tall-pier bridges experienced severe damage and loss of function [16]. Compared with the far-fault ground motions, the characteristics of the near-fault ground motions are quite different. The ground motions are characterized by intense pulse, long pulse period and large fault displacement, which lead to the energy accumulation in a short time and thus damage the structures [17]. In the Imperial Valley earthquake (1979), the Northridge earthquake (1994), the Kobe earthquake (1995), and the Chi-Chi earthquake (1999), the damage and collapse of a large number of structures under near-fault ground motions caused the widespread concern among scholars. Anderson and Bertero [18] demonstrated that the relationship between the acceleration pulse duration and the fundamental period of the structure greatly affected the structural seismic performance. The results revealed that the more serious damage would occur when the pulse duration is much larger than the structural period. Somerville et al. [19] analyzed effects of rupture directivity on the amplitude and duration of strong ground motion. It is found that the elastic response spectrum of pulse-type ground motion was larger than that of non-pulse ground motion for periods longer than 0.6 s. Also, many other scholars concluded that near-fault ground motions with pulses greatly affected the seismic performance of the structures with a medium fundamental period. Kalkan and Kunnath [20] analyzed the influence of the dynamic response of a steel frame structure subjected to the near-fault earthquake. The results showed that compared with the far-fault ground motions, the velocity pulse in near-fault ground motions would cause the structure to dissipate considerable input energy in relatively few plastic cycles.



To sum up, structures will experience more serious damage when subjected to near-fault ground motions with pulses. Due to the lack of specialized seismic design concepts and design methods for RC tall-pier bridges, excessive displacement and deformation of the bridge may occur under near-fault ground motions, leading to severe structural damage, which requires costly and time-consuming repair, and even replacement [16,21]. How to improve the seismic performance of the tall-pier bridge under near-fault ground motion has become an urgent problem.



The isolation system and self-centering system are widely investigated [22,23,24,25] and proved to be effective in decreasing the seismic vulnerability and improving the seismic performance of bridges. Although these new tall-pier bridges have better seismic performance and some of them have been used in the engineering practice, the problem of complex construction, and time-cosuming repairment still exists, their seismic design concepts and design methods are not systematic and updated. In 2003, Bruneau et al. [26] put forward the conceptual framework of seismic resilience and aroused wide attention in the field of civil engineering. With the development of seismic technology and the resilient design concept of engineering structure, more and more effort are paid to the research of earthquake-resilient structures. In recent years, the seismic design concept of bridges has developed from earthquake-resistant to earthquake-resilient. Moreover, seismic resilience is the theme of the 16th World Earthquake Engineering (16WCEE, 2017) [27]. Based on the design concept of seismic resilience, considerable methods, such as rocking structure, self-centering structure, replaceable component and so on have been proposed and used in the engineering practice. Roeder and Popov [28] proposed the design concept of “structural fuse” when studying eccentrically braced steel frames. Tang et al. [29] firstly proposed the design concept of the replaceable steel main tower that consists of steel columns and beams when designing the east span of the new San Francisco-Oakland Bay Bridge. McDaniel and Seible [30] further concluded that the steel coupling beam served as a “structural fuse” and yielded while the tower column remained elastic under moderate and strong earthquakes. Since then, more and more experiments and theoretical research were conducted to develop the replaceable components in bridges. Some typical examples include the bi-steel columns with buckling restrained braces (BRB) and the bi-steel columns with steel energy dissipating coupling beams [31,32,33]. Currently, the research of replaceable component structure system in bridge engineering concentrates on multi-column pier with BRB and multi-column pier with steel plate shear link and they are mainly applied in the medium and short pier bridges. Bazaez and Dusicka [34] conducted quasi-static tests for RC bridge bents retrofitted using BRBs. The results demonstrated that the BRBs could be replaced immediately after large plastic deformation. Xiang and Alam [35] proposed a design procedure for bridge bents with BRBs; the authors pointed out that BRBs could reduce the vulnerability of bridge bents at various damage states under both near-fault and far-field motions.



However, the above research focused on short-to-mediate pier columns while few investigations on bridges with tall pier columns have been reported to date. The application of the replaceable component structure in bridge engineering remains an unsolved issue. Due to the “strong beam - weak column” principle in the seismic design of the bridge, pier columns are designed as ductile elements that may be damaged in a strong earthquake [36]. To improve the seismic performance and avoid the time-consuming repairment of the tall-pier bridge, especially under near-fault ground motions, a new type of tall pier, is firstly proposed in this study based on the design concept of seismic resilience. The newly proposed composite tall pier consists of four-limb concrete-filled steel tubular (CFST) columns and energy dissipating mild steel plates (EDMSPs). The vertical axial loads are mainly resisted by the CFST columns due to the sufficient bearing capicity. The EDMSPs serve as both energy-dissipating components and sacrificial components. Meanwhile, the I-shape steel beams are installed with some intervals to connect the four limbs of the CFST column. Figure 1 shows the sketch of the new composite tall pier.




2. Design Concept of New Composite Tall-Pier Bridge


The design concepts of the new composite tall-pier bridge are as follows:




	
Under normal service conditions, the new composite tall pier provides sufficient flexural and torsional stiffness. Meanwhile, the I-shape steel beams are installed along the height of the pier to ensure the overall stability of the structure.



	
Under the service level earthquakes (SLEs), the whole bridge is intentionally designed to remain essentially elastic.



	
Under the design-based earthquakes (DBEs), the EDMSPs are intentionally designed for energy dissipation while CFST columns are designed to remain elastic. The seismic input energy is dissipated by the hysteretic behavior of the EDMSPs, which in return reduces the stiffness of the pier and mitigates the seismic damage. Only slight damage or inelastic states are allowed for I-shape steel beams.








In terms of load-carrying capacity design, the lateral and vertical load transferred from the superstructure are mainly resisted by the four-limb CFST columns under the basic load combination. Under the seismic load combination, both the lateral and vertical loads are mainly resisted by the four-limb CFST columns, while the EDMSPs and the I-shape steel beams participate in resisting part of the lateral load. Compared with the conventional RC tall-pier bridge, the advantages of the new composite tall-pier bridge are readily visible:




	
The new composite tall piers are supposed to perform as well as the conventional RC box section tall piers subject to the static loads. Meanwhile, due to the vertical axial loads are mainly resisted by the CFST columns, the problem of local bulking in conventional steel pier can be avoided.



	
During the earthquakes, the CFST columns are designed to remain elastic with the help of the energy dissipating devices. The EDMSPs yield and dissipate seismic energy and can be replaced quickly. The design concept of seismic resilience for tall-pier bridges can be achieved by proper design.



	
The new composite tall piers have the same characteristic of rapid construction as the CFST lattice columns, such as segmental prefabrication, less volume of concrete, easy hoisting and installation. Compared with the construction of traditional RC tall piers, the construction equipment is simpler, and the construction speed can be significantly improved during the turnover and climbing formwork.








A conventional RC continuous rigid-frame bridge with box section tall piers located in the highway of the mountainous area is taken as the prototype. Then, the ptototype tall piers are replaced by the new composite tall piers. Meanwhile, the other parts of the bridge remain the same as the prototype. Both static and time history analyses of the new and conventional tall-pier bridges are conducted in Midas2019 and ABAQUS for comparing their seismic performances.




3. Design of New Composite Tall-Pier Bridge


3.1. Bridge Prototype


In this study, a tall-pier bridge located at the highway in the mountainous area is used as the prototype bridge as shown in Figure 2. The bridge has two side spans of 57.5 m and a main span of 105 m. The superstructure is a prestressed concrete continuous rigid girder, with a variable box section. C50 concrete with a compressive strength of 50 MPa is used in the girder. The height of the girder at the mid-support is 6.0 m. It reduces to 2.6 m at the mid-span and the end of the side span. The lower edge of the girder is a second-order parabola. The P2, P3 tall piers are RC box section piers with a wall thickness of 0.8 m and a height of 48 m. The P1, P4 piers are RC box section piers with a wall thickness of 0.8 m and a height of 30 m. The piers are constructed with C40 concrete. The width of the tall pier in the transverse direction is 6 m and the longitudinal width is 4.2 m. The GPZ(II)3DX and GPZ(II)3SX (“GPZ(II)” indicates a type of basin rubber bearing, “3” indicates the the bearing capacity is 3000 kN, “SX” and “DX” for single-directional bearing and bi-directional bearing, respectively) bearings are installed between the superstructure and the top of P1 and P4 piers.




3.2. Design Procedure


To investigate the seismic performance of the new composite tall piers, the P2, P3 piers of the prototype bridge are replaced by the new composite tall piers. Meanwhile, the other parts of the bridge remain the same as the prototype. The following principles are followed when designing the new composite tall pier:




	
The axial load-carrying capacity of the new composite tall pier is equivalent to the prototype pier.



	
The height and stiffness in the longitudinal direction of the new composite tall pier are equivalent to the prototype one.








Based on the above design principles, the structural details of the new composite tall pier are determined as follows. The EDMSPs only connect with the CFST columns. Besides, some intervals are left between the steel beams and the EDMSPs to release the buckling deformation while resisting no vertical load. Therefore, the load-carrying capacity of the EDMSPs along the vertical direction can be neglected. The vertical axial loads are mainly resisted by the CFST columns. In terms of the lateral stiffness, the contribution of the EDMSPs is considered. To achieve similar mechanical properties with the prototype pier, and retain the prototype design of the pier cap, the sectional dimension of the new composite tall pier is kept same as the prototype pier (i.e., 6 m × 4.2 m). The four CFST columns are made of Q345 (“Q”indicates yield point, fy = 345 MPa) steel tube and C50 (fck = 50 MPa) concrete. And the EDMSPs between the CFST columns are made of LYP100 (low-yield point steel, fy = 100 MPa) steel plate. The mechanical properties of the LYP100 are shown in Table 1. In addition, the Q345 I-shaped steel beams with a sectional dimension of 400 mm × 146 mm × 16.5 mm are installed every 16 m along the height of the pier. Figure 3 shows the configuration of the new composite tall pier.



According to the equivalent principle in terms of the vertical axial load-carrying capacity, the longitudinal and transverse dimensions of CFST columns, BL and BT, the thicknesses of steel tube t, can be obtained. Note that due to the numerous interrelated parameters, the values of these parameters are not unique. Therefore, a set of parameters is selected empirically. Then the longitudinal and transverse lengths of EDMSPs, WL and WT, the thicknesses of EDMSPs tM, are obtained based on the equivalent stiffness in the longitudinal direction as shown in Equation (1). Finally, the sectional parameters of the new composite tall pier are determined. The design procedure is presented in Figure 4.


   K N  =   3 E I    L 3    =   3 (  E C   I  CL   +  E S   I  SL   +  E M   I  ML   )    L 3     



(1)




where EC, ES, EM are the elastic modulus of the core concrete, steel tube and EDMSP, respectively. ICL, ISL, IML are the longitudinal moment of inertia of the core concrete, steel tube and EDMSP, respectively. L is the length of the composite tall pier. KN is the longitudinal stiffness of the composite tall pier.



It is calculated that the axial compression ratios of the prototype and the new composite tall pier are 0.192 and 0.195, respectively. Hence, the axial compression ratio is considered to be identical for the two types of tall piers. Moreover, the longitudinal flexural stiffnesses of the prototype tall pier and the new composite tall pier are calculated as 27,045 kN/m and 28,483 kN/m, respectively. Therefore, the sectional properties of the new composite tall-pier bridge are similar to the prototype tall-pier bridge.





4. Static Performance Analysis


The static analysis of the new composite tall-pier bridge is implemented in Midas Civil2019. The P-Δ effects are incorporated into the analysis of the construction process.



According to the Technical Specification for Concrete-Filled Rectangular Steel Tubular Structures (CECS 159:2004) in China [37], the bending moments of the principal plane of a rectangular CFST column should meet the requirements of Equations (2) and (3) simultaneously:


   N   N  un     + ( 1 −  α c  )  M   M  un     ≤  1 γ   



(2)






   M   M  un     ≤  1 γ   



(3)




where N represents the design value of the axial compressive force; M is the design value of the bending moment; αc is the working load factor of the concrete; Nun is the designed value of the sectional vertical load-bearing capacity; Mun is the design value of the sectional flexural capacity; γ is the importance coefficient, which is taken as 1.1. At the same time, Equation (4) should also be met to ensure the out-of-plane stability:


   N  ϕ  N  un     +   β M   1.4  M  un     ≤  1 γ   



(4)




where  ϕ  is the compression stability coefficient; β is the equivalent bending moment coefficient.



Table 2 lists the design combination of the forces of the new composite tall pier under the basic load combination. The checking results, also shown in Table 2, indicate that the four-limb CFST columns meet the requirements of the load-carrying capacity and stability. According to the analysis results, the maximum Von Mises stress of the EDMSPs under the basic load combination is 67.6 MPa, which is less than the design yield stress of 100 MPa. Hence, the EDMSPs remain elastic.




5. Seismic Performance Analysis


5.1. Finite Element Model of the Bridges


The finite element models of the prototype bridge and the new composite tall-pier bridge are established in ABAQUS. For the prototype bridge, the superstructure and piers are simulated by the B31 elements(“B”indicates beam element, “3” is for three-dimensional beams, and “1” is for linear interpolation). The girder is assumed to remain elastic with C50 concrete(Ec = 30 GPa, fck = 50 MPa). The reinforcement is defined by the *rebar keyword (i.e., a method to define a integration point with different material fiber in the beam element section). The Kent-Scott-Park model [38] and the USteel01 model (kinematic hardening elastoplastic uniaxial constitutive model) in the PQ-Fiber subroutine developed by the Department of Civil Engineering of Tsinghua University are adopted for the constitutive models of C40(Ec = 30 GPa, fck = 40 MPa) unconfined concrete, and the HRB400 (Es = 210 GPa, fy = 400 MPa, and α = 0.01) reinforcement, as shown in Figure 5, respectively. The basin type bearings are simulated by the link elements. The stiffness is infinite along the fixed direction. In the active direction, the bidirectional elastoplastic model is adopted for the link element.



For the new composite tall-pier bridge, the superstructure and the basin type bearings adopt the same modeling strategy as the prototype bridge. The four-limb CFST columns and the I-shape steel beams are also modeled by the B31 element. The steel tube is simulated in fiber elements and defined by the *rebar keyword. The USteel01 material in the PQ-Fiber subroutine is adopted for the steel tube. Meanwhile, the confinement effect of the core C50 concrete is considered by the constitutive model proposed by Han [39]. The EDMSPs are modeled by the four-node reduced integrated shell elements (i.e., S4R elements). The bi-linear plastic material with the Von Mises yield criterion in ABAQUS is used for the Q345 I-shape steel beam and the LYP100 EDMSPs and the yield points are 345 MPa and 100 MPa, respectively. Both of the elastic modulus are 200 GPa. The steel beams and CFST columns are merged into a whole frame. Then, the connections between the EDMSPs and the frame are modeled using the “tie” command (i.e., a method to attach an element to the adjacent elements) Furthermore, the boundary condition is simplified as the fixed connection at the pier base. Besides, the effects of structural geometric nonlinearities are considered in the analyses.




5.2. Modal Analysis


The modal analyses are firstly conducted using the ‘eigen’ order to determine the natural periods and mode shapes of the bridge to compare the dynamic characteristic of the prototype tall-pier bridge and the new composite tall-pier bridge. The results are summarized in Figure 6 and Table 3. Both of the first modes are the transverse symmetrical bending. The second modal shapes of the two bridges are longitudinal bending. And the third modal shapes are the transverse antisymmetric bending deformations. It indicates that the two bridges have similar dynamic characteristics. The comparative results of the vibration periods of the three modes indicate the participation factor of higher-order modes in tall piers is too large to be neglected. Besides, it can be inferred from the natural periods that the response of the bridge in the transverse and longitudinal direction will be sensitive to the pulse-type near-fault ground motions. Thus, as a preliminary study, the ground motions are mainly applied in the transverse and longitudinal directions in this work.




5.3. Ground Motion Input


Near-fault ground motions are significantly different from the far-fault ground motions due to the effects of the fling-step and forward-directivity [40]. The ground motions are characterized by pulse-type wave shape, small fault distance d (i.e., less than 20 km), large peak ground velocity (PGV) and peak ground acceleration (PGA), and sometimes large permanent ground displacement. Based on the characteristics, near-fault pulse-type ground motion records are selected from the PEER database [41] and presented in Table 4. All the records contain the ground motions in longitudinal, transverse, and vertical directions. In the Eurocode 8 [42], the site is classified as A, B, C and D, according to the value of the average shear wave velocity, vS,30. Besides, the structures in seismic regions should be designed and constructed based on the following requirements: no-collapse requirement under the DBEs and damage limitation requirement under SLEs. The no-collapse requirement means the bridge should retain its structural integrity and a residual load-carrying capacity after the DBEs. Similarly, the occurrence of damage and the associated limitations of use is not allowed in the damage limitation requirement when the structure subjects to SLEs.



Therefore, the largest peak ground accelerations among three directions of the selected ground motions are scaled to 0.1 g and 0.4 g, to consider the PGA of the SLE and DBE, respectively. Besides, the PGAs in the other directions are scaled in proportion. The ground motion records in three directions are input simultaneously.




5.4. Seismic Responses under the SLEs


For the prototype bridge, according to the bending moment-curvature analysis results, the yield curvatures of the main pier in longitudinal and transverse directions are 0.00056 and 0.00039, respectively. Under SLEs, the maximum curvature in the longitudinal direction equaling 0.00024 is observed at the top of the tall piers. The maximum curvature in the transverse direction of the bridge is 0.00002. Both of the curvature values are less than the yield curvatures. Therefore, the RC tall-pier bridge remains elastic when subject to SLEs.



For the new composite tall piers, under the SLEs, the maximum curvature at the top and bottom of the tall piers are 0.00082 and 0.00018, respectively. Both values are less than the yield curvature of 0.00240. Meanwhile, the maximum stress of the steel beams is 75 MPa, which is less than the yield stress of 345 MPa. Besides, the maximum stress of EDMSPs equals 81 MPa and is less than its yield stress. Therefore, the new composite tall-pier bridge is in the elastic state. Table 5 shows the average values of maximum displacements under different seismic actions. The results indicate that the lateral displacements of the new composite tall-pier bridge are close to the prototype bridge under the SLEs. Both the seismic responses of two bridges meet the requirements of damage limitation state when subject to the SLEs. Figure 7 compares the maximum displacement responses of the bridge under the SLEs. Although the maximum displacements of new composite tall-pier bridge are larger than the prototype one under some ground motions considering SLEs, the seismic performances of two bridges are similar. Both the prototype and the new bridges remain elastic without damage.




5.5. Seismic Responses under the DBEs


Under the DBEs, damage is found in the prototype tall piers due to the exceedance of the yield curvature. In this study, the modified Park-Ang index is used to analyze the damage states of the bridge models. The modified Park-Ang index is defined as follow according to Kunnath et al. [43]:


  D =    ϕ m  −  ϕ y     ϕ u  −  ϕ y    + β    E h     ϕ u   M y     



(5)




where Φm, Φu, Φy, My indicate the maximum sectional curvature, the ultimate curvature, the yield curvature, yield flexural capacity of the component, respectively; β is the energy dissipation coefficient. For the component subject to compression and bending simultaneously, the accumulated hysteretic energy Eh can be obtained by integrating the bending moment over the curvature within the plastic hinge zones.



Based on the Park-Ang index, the damage states of the bridge models can be classified as no damage (D < 0.10), slight damage (0.10 ≤ D < 0.25), medium damage (0.25 ≤ D < 0.40), and significant damage (0.40 ≤ D < 1.0). Accordingly, the maximum modified Park-Ang indices and corresponding damage levels of the conventional RC tall-pier bridge under above-mentioned ground motions, are listed in Table 6. The result indicates that both the P2 and P3 tall piers suffer moderate or significant damage under the DBEs.



For the new composite tall-pier bridge, under the DBEs, the maximum curvatures at the top and bottom of the CFST column in the tall piers are 0.00196 and 0.00170, respectively, which are less than the yield curvature of 0.00240. Therefore, the four-limb CFST columns remain elastic. The maximum Mises stress of the steel beams is 263 MPa, which is less than the yield stress of 345 MPa. Thus, the steel beams also remain elastic.



Furthermore, as shown Table 7, the average maximum displacements of the new composite tall-pier bridge is significantly less than the conventional one under the DBEs. The average values of maximum pier-top displacements in the longitudinal and transverse directions are reduced by 37.4% and 28.6%, respectively. And the average values of maximum relative displacement between the superstructure and the side pier is reduced by 21.9%. Figure 8 compares the maximum displacement responses of the bridge under the different ground motions. The results indicate that the lateral displacements of the new composite tall-pier bridge are apparently less than the conventional one under all the selected ground motions considering DBEs, indicating that the new bridge performs much better than the prototype under near-fault ground motions. Meanwhile, it should be noted that the CFST columns of the new bridge remain elastic with sufficient stiffness.



As a typical example, the distributions of the yield EDMSPs under the Loma Prieta earthquake (Saratoga-Aloha Ave station) are presented in Figure 9 and Figure 10.



The red parts and gray parts represent the yield parts and elastic parts of the EDMSPs, respectively. It is evident that the EDMSPs have yielded to a large extent and serve as the energy-dissipating components and sacrificial components. With similar static performances, the new composite tall-pier bridge shows better seismic performance under different strong near-fault ground motions. With the help of the hysteretic energy dissipation of the mild steel components, the displacement at the pier top under near-fault ground motion is greatly reduced. Meanwhile, no damage is found in the four-limb CFST columns of the new tall pier during the ground motion inputs. After the DBEs, the CFST columns remain elastic. The load-carrying capacities of the new composite tall piers do not decrease, which helps maintain the necessary function of the lifelines in the facilities.





6. Conclusions


The performance of the conventional RC hollow section tall-pier bridge is unsatisfactory under strong ground motions, especially near-fault ones. Many scholars have proposed different concept and method to improve the seismic performance. Although some of them can provide a satisfyting seismic responses subjected to moderate, even strong earthquake, there are still some unsolved problem subjected to the strong near-fault ground motions. Due to the lack of specialized seismic design concepts and design methods, the conventional RC tall pier is easy to be damaged, and difficult to repair.



This study proposed the structural design methods and principles of a new type of composite tall pier based on the concept of earthquake-resilient structures. Based on the piers of a typical tall-pier highway bridge, the new composite tall-pier system, which consists of the four-limb CFST columns, EDMSPs and steel beams, is proposed to improve the seismic performance of tall-pier bridges. Both static and time history analyses of the prototype tall-pier bridge and the new composite tall-pier bridge are conducted to compare their seismic performances.



The new composite tall piers can provide a satisfying load-carrying capacity and stability, and perform as well as the conventional RC tall piers under basic load combination. Under the SLEs, the new composite tall piers remain elastic and the lateral displacement is similar with the conventional RC tall piers. Both of the seismic performances of two bridges meet the requirements of the damage limitation as regulated in Eurocode 8. However, the conventional RC tall piers experience major damage and the stiffeness of the pier decrease sharply under near-fault ground motions considering DBEs. Meanwhile, no damage is found in the CFST column and steel beams during the ground motion inputs. For the new composite tall piers, only the EDMSPs yield to a large extent and serve as the energy-dissipating components and sacrificial components. Besides, the maximum lateral displacements of the new composite tall piers are significantly reduced compared to the conventional RC tall piers.



To sum up, the proposed composite tall pier has sufficient resistance and stiffness after the strong near-fault earthquakes. The resilient concept could be achieved by replacing the yield EDMSPs, which are made of the readily available materials, without interruption of service or time-consuming reinforcement maintenance after the strong near-fault earthquakes.



However, future work on the static and pseudo-static test of the proposed tall-pier system is still needed to validate the finite element models. More research is still required to address some potential design challenges, such as the manufacturing details of the connections between the columns and EDMSPs, the configurations of the EDMSPs and so on.
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Figure 1. Design concept of the new composite tall pier. (a) longitudinal view, (b) transverse view, (c) cross section. CFST: column: concrete-filled steel tubular column. 
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Figure 2. Layout of the prototype bridge. 
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Figure 3. Design of the new composite tall pier. (a)cross section, (b) longitudinal view. 
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Figure 4. Flow chart of the design program. 
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Figure 5. Constitutive behaviors. (a) USteel01 model, (b) Kent-Scott-Park concrete model. 






Figure 5. Constitutive behaviors. (a) USteel01 model, (b) Kent-Scott-Park concrete model.



[image: Applsci 10 07377 g005]







[image: Applsci 10 07377 g006a 550][image: Applsci 10 07377 g006b 550] 





Figure 6. Comparison of the vibration modes. 
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Figure 7. Relative displacements at the pier tops under the SLEs. 
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Figure 8. Relative displacements at the pier tops under the DBEs. 
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Figure 9. Distribution of the yield EDMSPs in longitudinal direction. 
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Figure 10. Distribution of the yield EDMSPs in transverse direction. 
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Table 1. Mechanical properties of LYP100 steel.
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	Yield Strength
	Tensile Strength
	Elongation Ratio
	Impact Property





	100 MPa
	239 MPa
	55%
	193 J
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Table 2. Design internal forces and checks of CFST Columns.
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Critical Section

	
Load Type

	
Design Internal Forces

	
Notes




	
Axial Force (kN)

	
Moment (kN·m)






	
Left limb

(top)

	
Maximum axial force

	
15461

	
−3468

	
All the results meet the requirements of Equations (2)–(4)




	
Minimum axial force

	
4368

	
−1753




	
Maximum moment

	
4626

	
−1324




	
Minimum moment

	
15202

	
−3897




	
Left limb

(bottom)

	
Maximum axial force

	
13064

	
924




	
Minimum axial force

	
1967

	
2373




	
Maximum moment

	
6419

	
3392




	
Minimum moment

	
8612

	
−95




	
Right limb

(top)

	
Maximum axial force

	
13265

	
−2820




	
Minimum axial force

	
3181

	
2731




	
Maximum moment

	
5521

	
2853




	
Minimum moment

	
10163

	
−3047




	
Right limb

(bottom)

	
Maximum axial force

	
20660

	
−635




	
Minimum axial force

	
8613

	
2788




	
Maximum moment

	
12887

	
3588




	
Minimum moment

	
15376

	
−1317
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Table 3. Comparison of the vibration modes.
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Mode

	
Period (s)

	
Vibration Mode




	
Prototype Bridge

	
New Bridge






	
1

	
2.191

	
2.072

	
1st-order transverse symmetrical bending




	
2

	
1.676

	
1.635

	
1st-order vertical bending




	
3

	
1.262

	
1.243

	
1st-order transverse antisymmetric bending
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Table 4. Near-fault velocity pulsed ground motion records.
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	Number
	Event
	Station
	d

(km)
	PGA

(g)
	PGV/PGA

(s)
	Site

Type





	Eq1
	Chi Chi Taiwan
	TCU065
	0.6
	0.431
	1.43
	C



	Eq2
	Imperial Valley 06
	El Centro Array #6
	1.4
	0.438
	0.90
	D



	Eq3
	Imperial Valley 06
	El Centro Array #7
	0.6
	0.337
	1.41
	C



	Eq4
	Loma Prieta
	Saratoga-Aloha Ave
	8.5
	0.512
	0.80
	C



	Eq5
	Irpinia Italy 01
	Sturno
	10.8
	0.371
	1.74
	A



	Eq6
	Chi Chi Taiwan
	TCU102
	1.5
	0.297
	3.79
	B



	Eq7
	Duzce Turkey
	Duzce
	6.6
	0.296
	1.34
	C
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Table 5. Comparison of average displacements under the SLEs.
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Position

	
Direction

	
Average Displacement (cm)

	
       δ    P −      δ   N       δ   N       




	
Prototype

Pier(δP)

	
New

Pier (δN)






	
Top of piers

	
Longitudinal

	
7.49

	
7.39

	
1.1%




	
Top of piers

	
Transverse

	
5.46

	
5.12

	
6.7%




	
Relative displacement between superstructure and piers

	
3.73

	
3.49

	
6.9%
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Table 6. Damage indices and corresponding damage states of the piers in the prototype bridge.
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Pier

	
Critical Section

	
Longitudinal

	
Transverse




	
Index

	
Level

	
Index

	
Level






	
P2

	
Bottom

	
0.35

	
Moderate

	
0.29

	
Moderate




	
Medium

	
0.41

	
Significant

	
0.09

	
Slight




	
Top

	
0.18

	
Slight

	
0.00

	
No




	
P3

	
Bottom

	
0.32

	
Moderate

	
0.39

	
Moderate




	
Medium

	
0.35

	
Moderate

	
0.06

	
Slight




	
Top

	
0.16

	
Slight

	
0.10

	
Slight
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Table 7. Comparison of maximum lateral displacements under the DBEs.
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Position

	
Direction

	
Average Displacement(cm)

	
       δ    P  −     δ   N       δ   N       




	
Prototype Pier(δP)

	
New Pier (δN)






	
Top of piers

	
Longitudinal

	
41.43

	
30.15

	
37.4%




	
Top of piers

	
Transverse

	
29.07

	
22.59

	
28.6%




	
Relative displacement between superstructure and piers

	
22.03

	
18.06

	
21.9%
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