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Abstract

:

Replaceable energy dissipation elements can reduce damage to main structures and improve seismic resistance of bridge structures. However, in existing studies, replaceable energy dissipation elements are mainly arranged in the transverse direction of the bridge structure, while little attention is given to the longitudinal direction of the bridge, which also suffers from serious damage under earthquakes. This paper proposes an innovative double-limb-thin-wall (DLTW) bridge pier, which consists of two thin-limb-wall columns in the longitudinal direction of the bridge and replaceable steel connecting beams (RSCBs) between them. Quasistatic tests of the proposed innovative DLTW pier with RSCBs (DLTW-RSCBs), a conventional DLTW pier, and a DLTW pier with RC connecting beams (DLTW-RCCBs) were conducted to investigate the longitudinal seismic performance of the innovative bridge pier. The test results demonstrate that the use of connecting beams (CBs) can improve the lateral bearing capacity and cumulative dissipated energy of the DLTW pier, while the improved amplitudes are more significant for the DLTW-RSCB specimen, about 21.6% and 13.4%, respectively. Moreover, due to the protection of the CBs, the DLTW-RCCBs and DLTW-RSCBs have lower damage and residual drift ratios than the DLTW-NBs before the failure of the CBs. However, the differences between these three piers gradually disappear with the failure of the CBs, and the piers are finally destroyed as a result of the failure modes of buckling and low-cycle fatigue fracture of the longitudinal bars at the column bottom. Moreover, RSCBs can still be rapidly repaired after damage failure of the DLTW-RSCB specimen. Therefore, setting replaceable steel beams between DLTW piers can effectively improve seismic performance and reduce seismic damage and repair costs of DLTW bridge piers under earthquake loading, which are valuable for sustainability during the service stage. The outcomes of this work can serve as a reference for further development of structural forms for the innovated pier.
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1. Introduction


Rigid-frame bridges are a main structural form of long-span bridges crossing valleys and rivers [1,2], and double-limb-thin-wall (DLTW) piers are commonly used in rigid-frame bridges because they can maintain good lateral stiffness while greatly reducing pier weight. The use of DLTW piers in bridge structure can significantly reduce material consumption compared with traditional bridge piers, therefore contributing to environmental sustainability. However, the thin wall can weaken the ductility of the DLTW pier, thus ensuring the necessary seismic performance of the DLTW pier for its engineering application.



To date, several studies have been conducted on the seismic dynamic performance of DLTW piers and double-column or multi-column piers [3,4,5]. To enhance the transverse seismic performance of bent columns, a grade beam retrofit can be added between the columns [6]. Additionally, an RC transverse beam or cap beam can be set between the two columns to ensure the stability of double-column piers. Shear failure of the transverse beam and elastic-plastic failure of the beam-column joints are the main features of local failure, while bond slip [7] and buckling of the longitudinal bars of the columns usually lead to the ultimate failure of a double-column pier [8].



However, previous research studies on seismic performance of DLTW piers and double-column/multi-column piers have mainly been focused on ductile seismic design [4,5,6,7,8,9,10], which cannot consider the post-earthquake recoverable function or assess the seismic resilience of bridge structures. The structural-fuse bridge pier concept has been proposed in recent years to enhance the seismic resilience of bridge structures, where the “fuse” structures between two columns are designed as replaceable energy-dissipation elements to protect the main structure of bridges [11,12,13]. El Bahey et al. [12] first introduced buckling-restrained braces (BRBs) into the seismic design and retrofit of double-column piers, proposed a novel type of bi-steel column pier with a fuse structure of BRBs or shear plates [14,15], and studied the seismic performance of this novel type of bridge pier through experimental study and numerical analysis. This research showed that the new type of double-column pier presented stable hysteretic performance and that BRBs could play a valuable role in the “fuse” structure. Since that time, BRBs have been widely used as the “fuse” structure of double-column piers in the transverse direction [16,17,18,19,20,21]. Other types of shear connection elements, such as coupling beams [22,23], shear beams [24], viscous damper braces (VDB), piston-based selfcentering braces (PBSCs) [25], and dual-replaceable composite link beams (DRCLB) [26], have also been used as “fuse” or energy dissipation elements in the transverse direction of double-column piers. Xia et al. [27,28] proposed a novel railway bridge multi-column pier with a steel truss connection system as replaceable components and, through a shaking table test, verified that the replaceable components can dissipate seismic energy and reasonably protect the main components. Xie et al. [29] conducted shaking table tests of double-column piers with shear beams considering the effects of soil–foundation–structure interactions and indicated that the use of shear beams can mitigate seismic damage and enhance seismic resilience of the double-column piers.



To reduce residual displacement after earthquakes, some scholars have further improved the structure of double-column or multi-column piers. Xia et al. [8] proposed a double-column pier with a steel sleeve (SS) connection or grouted corrugated-metal duct (GCMD) connection, but the seismic performance of such a precast pier is weaker than that of consolidated piers cast in situ under high-intensity ground motions. Many scholars have also applied post tension prestressing tendons to double-column piers [30,31,32,33]. A double-column pier with prestressing tendons shows self-centering capacity and effectively reduces residual displacement, but the seismic energy consumption of the pier without energy-dissipation components is very limited [34], while the setting of energy-dissipation components increases residual displacement and damage of this type of double-column pier [30,35,36]. El Gawady et al. [30] presented placing neoprene isolation in the cap beam–column joints, which significantly reduced initial stiffness and potentially led to smaller seismic force demands, while it increased the seismic displacement demand. Cheng et al. [37,38] investigated the potential benefits of retrofitting RC double-column pier bridges with self-centering energy-dissipation (SCED) braces. The numerical results demonstrated that the SCED brace system improved transverse seismic performance of all example bridges by decreasing peak drifts and eliminating residual displacements during and after seismic events. Dong et al. [21,39,40] proposed the self-centering BRB (SC-BRB) system setting at the diagonal position between the two columns in the transverse direction. The diagonally arranged SC-BRB effectively reduced the residual deformation of the pier and dissipated energy. Xue et al. [41] developed a self-centering slip friction (SCSF) brace to dissipate seismic energy and reduce the residual displacement of RC double-column bridge bents in the transverse direction. The use of sacrificial and replaceable energy-dissipation devices as structural “fuses” [42] has become an important way to enhance the energy-dissipation capacity of double-column or multi-column piers and achieve damage control and functional recovery.



In summary, in existing studies on “fuse” structure bridge piers, the replaceable components are mainly arranged in the transverse direction of bridge structures, improving the transversal seismic resistance of double- or multi-column piers. However, replaceable components are rarely used in the longitudinal direction of bridge structures, as the excessively large spacing between longitudinal piers for most bridges restricts the layout of replaceable components. The longitudinal layouts of DLTW piers are similar to the transverse direction of double-column piers; thus, the commonly used transverse fuse bridge pier concept can be used in the longitudinal direction of the DLTW pier.



This paper proposes an innovative double-limb-thin-wall (DLTW) bridge pier with replaceable steel connecting beams (DLTW-RSCBs) to mitigate longitudinal damage of the DLTW pier and, using quasistatic tests, compares the seismic performance of the proposed novel DLTW-RSCBs, a conventional DLTW pier with no beams (DLTW-NBs) and a DLTW pier with RC connecting beams (DLTW-RCCBs). This research focuses on the longitudinal direction of bridge, and it sets replaceable energy-dissipation segments in the longitudinal direction of DLTW piers to quickly restore function under seismic loads which is valuable for sustainability during the service stage. It provides an innovative DLTW pier to improve longitudinal seismic resistance of continuous rigid-frame bridges.




2. Design Concept and Failure Modes of the Innovative DLTW-RSCBs


The innovative double-limb-thin-wall (DLTW) bridge pier with replaceable steel connecting beams (DLTW-RSCBs) is composed of two thin-limb-wall columns in the longitudinal direction of the bridge structure and replaceable steel connecting beams (RSCBs) between them, as illustrated in Figure 1. The RSCBs in the novel DLTW pier are designed to dissipate seismic energy, protect the main structure (columns), and enhance longitudinal seismic resistance of the rigid-frame bridge.



The schematic diagram and design concept of the DLTW-RSCBs are shown in Figure 2a. In the DLTW-RSCBs, the connecting beams (CBs) are designed to be weaker than the thin-limb-wall columns; thus, they will yield earlier to protect columns. The DLTW-RSCBs are designed to work as follows: (1) In the elastic stage, the main structure (i.e., the limb-wall column) remains elastic at small deformation, while the connecting beams (CBs) may yield in this stage; the piers need not be repaired, as the main structure remains elastic. (2) In the repairable stage, the longitudinal bars yield, and the damage to the limb-wall columns develops with increasing loading displacement but does not exceed the moderate damage states described in [43], i.e., the crack widths at the limb-wall columns do not exceed 2 mm. According to whether the crack widths of the column bottom reach 1 mm, the DLTW pier is divided into slight and moderate damage states [43], corresponding to the rapid repair stage and costly repairable stage, respectively. The RSCBs undergo plastic deformation to dissipate seismic energy but can still be replaced; the main structure has endured moderate damage, and the pier can be costly to repair at this stage. (3) In the non-collapse stage, as the loading displacement further increases, significant spalling of the cover concrete is observed at the bottom of the limb-wall columns, accompanied by failure of the CBs. The repair of the piers becomes very difficult or impossible, but the force transmission path is still integral, and the piers still have bearing or deformation capacity to avoid collapse. (4) In the collapse stage, the thin-limb-wall columns will fail in an extraordinarily extreme circumstance, and then the collapse of the piers is reduced. A detailed description of the failure mechanism of the DLTW-RSCBs is shown in Figure 2b.




3. Experimental Program


3.1. Specimen Design


A continuous rigid-frame bridge with double-limb-thin-wall (DLTW) piers in northern China was selected as the prototype bridge. As this study is mainly focused on the longitudinal mechanical properties of DLTW piers, and due to the limitations of loading equipment, half of the transversal direction of the prototype bridge was selected in the model design, as depicted in Figure 3.



In this study, three 1/6.875 scaled DLTW piers, a conventional DLTW pier with no beams (DLTW-NBs) based on the prototype bridge, a DLTW pier with RC connecting beams (DLTW-RCCBs), and an innovative double-limb-thin-wall (DLTW) bridge pier with replaceable steel connecting beams (DLTW-RSCBs) were designed. The three specimens have the same double-limb-thin-wall columns, while the only difference is the connecting beams, and the detailed design parameters are shown in Table 1. The geometric dimensions and reinforcement details of the specimens are shown in Figure 4, of which Figure 4a depicts the DLTW-NB specimen, while the left side and right side of Figure 4b are half of the DLTW-RCCBs and DLTW-RSCBs specimens, respectively.



The three pier specimens adopted the same double-limb-thin-wall columns, for which detailed descriptions of the reinforcement layouts and reinforcement ratios are listed in Table 2.



To compare the effects of connecting beams (CBs) on the seismic performance of DLTW piers, the RCCB and RSCB were designed to have the same shear strength. The detailed design parameters of the RCCB and RSCB are shown in Table 3.



The design shear capacity (Vcs) of the RCCB was calculated according to Equation (1) [44]:


   V  c s   = 0.45 ×   10   − 3    α 1   α 2   α 3  b  h 0      2 + 0.6 P      f  c u , k        ρ  s v    f  s v   + 0.6  ρ  s v    f  s v        



(1)




where ρsv and fsv (Mpa) are the reinforcement ratio and yield strength of the transverse reinforcement, respectively, and fcu,k (Mpa) is the cubic compressive strength of concrete. B (mm) and h0 (mm) are the width and height of the cross section, respectively, while P (N) is the axial load. A1, α2, and α3 are the parameters. According to the design parameters of the RCCB, the calculated design shear capacity (Vcs) of the RCCB is 145.22 kN.



The RSCBs were composed of rigid segments at both ends and energy-dissipation segments in the middle, of which M12 high-strength bolts were used to connect them at the end plates, as shown in Figure 5. The rigid segments were embedded in and connected rigidly with the limb-wall columns, which is conducive to increasing the deformation of the energy-dissipation segment and replacing the energy-dissipation segments after the earthquake. Double-sided fillet welds were adopted to connect the segments of H-shaped steel.



The RSCB was designed according to the American seismic specification for steel structures (ANSI/AISC 341-10) [45] and the Chinese code for seismic design of buildings (GB 50011-2010) [46]. The shear-span ratio (e/(Mlp/Vlp)) was calculated using Equation (2):


     V  l p   · e    M  l p     =   0.6  f y   A w  · e    f y  W    
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where    V  l p     (N),    M  l p     (N·mm), and e (mm) are the plastic shear capacity, plastic bending capacity, and length of the energy-dissipation segment, respectively, and fy (Mpa), Aw (mm2), and W (mm3) are the yield strength of steel, shear section area, and moment resistance of the steel connecting beam, respectively. The energy-dissipation segments have a shear-span ratio, e/(Mlp/Vlp), equal to 1.2, which is smaller than 1.6 and expected to yield primarily in shear [45].



The plastic shear capacity and plastic bending capacity of the rigid segment were designed in accordance with Equations (3) and (4):


   M  b p   ⩾ Ω  V n  l / 2  



(3)
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where Mbp (N·mm) and Vbp (N) are the plastic shear capacity and plastic bending capacity of the rigid beam segment, respectively; l (mm) is the clear span of the RSCB; and  Ω  is the overstrength factor. According to the recommendation in [47], the overstrength factor is taken as 1.5~1.9 when the shear-span ratio of the energy-dissipation segment is greater than 1.0. The design shear capacity (Vmax) of the RSCB is equal to 146.35 kN according to the calculation method expressed in Equations (5) and (6):


   V  m a x   = Ω  V n   



(5)
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3.2. Material Properties


The reinforcement and concrete of the specimens are the same as the prototype bridge, of which the HRB400 reinforcement and C40 concrete were adopted for columns, while Q235 steel (with a yield strength of 235 MPa) was used for the RSCBs. Three 150 mm standard cubic specimens were poured and cured under the same conditions as the pier specimens. The average values of three measured cubic specimens are defined as the mechanical properties of the concrete material. The measured cubic compressive strength and elastic modulus of the concrete material are 38.1 MPa and 3.31 × 104 MPa, respectively. The mechanical properties of the reinforcements and steel material used in this research are listed in Table 4.




3.3. Test Setup and Loading Protocol


Quasistatic tests were carried out in the laboratory of the Institute of Engineering Mechanics, China Earthquake Administration, and the test setup is illustrated in Figure 6. The pier specimens were fixed to the ground with anchor bolts, and two jacks were installed at two sides of the bearing cap in the loading direction to prevent horizontal sliding of the base. A constant axial load with a typical axial compression ratio of 0.1 [48] was first applied on the top of the cap beam through the vertical actuator. Then, horizontal reversed loading was exerted on the cap beam by a displacement-controlled horizontal actuator, and the loading protocols are shown in Figure 7.



Displacement loading was adopted in this test, for which the loading protocol was determined by referring to the FEMA 461 code [49] and the Chinese specification for seismic testing of buildings (JGJ/T101-2015) [50]. The initial loading displacement was 3 mm, and the increase amplitude of the loading displacement was 3 mm until yielding displacement (i.e., steel yield of longitudinal bars at column bottom). After the yield point, the yield displacement was selected as the increased amplitude of the loading displacement, and three repeated loading times were conducted for each loading displacement to consider the strength degradation. The loading ended with specimen failure, which is defined as the point when the horizontal bearing capacity drops to 85% of the maximum bearing capacity. To facilitate a comparison, the DLTW-RCCBs and DLTW-RSCBs specimens adopted the same loading protocol as the DLTW-NBs specimen.




3.4. Arrangement of the Measurement Points


The strain gauges were arranged on the reinforcements at the plastic hinge region and at the joint with connecting beams of the thin-limb-wall columns to monitor the reinforcement strains of the limb-wall columns. The displacement transducers were arranged at the center of the cap beam to capture the actual horizontal loading displacement. Meanwhile, the horizontal and vertical displacement transducers were arranged at the base top to monitor the horizontal slide and vertical rotation of the base. The displacement transducers were arranged at both sides of the plastic hinge regions of the limb-wall columns to measure the curvature distribution of the columns. The detailed arrangement of the strain gauges and displacement transducers for the limb-wall columns are illustrated in Figure 4.



A series of measurement points were laid out on the connecting beams (CBs) to study the response of the CBs. For RCCBs, the strain gauges were arranged at the reinforcement of the CBs to measure the reinforcement strains of the concrete connecting beam, for which a detailed layout is shown in Figure 4b.



The arrangement of the strain gauges and displacement transducers of the RSCB are shown in Figure 8a. Figure 8b shows the schematic diagram for the internal force calculation of Section A or B. The shearing force of the RSCBs can be derived from the measured strain, as expressed in Equations (7)–(9):


  φ =    ε i  −  ε j     y  i , j      



(7)
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where    ε i    and    ε j    are the bending strains of the Section A or B, i,j = 1,2,3,4,5 (Figure 8); yi,j (mm) is the distance between the two strain gauges; ϕ (mm−1) is the curvature of section A or B;  E  (MPa),  I  (mm4) and,    l  A B     (mm) are the elastic modulus, moment of inertia, and distance between two rigid sections (Sections A and B), respectively; and  M  (N·mm) and  V  (N) are the bending moment and shearing force, respectively.



The rotation of the RSCBs can be derived from the displacement values, as expressed in Equations (10) and (11):
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where θ (rad) and ϕr (rad) are the rotations of the two end plates and the two sections of the two cross displacement transducers of rigid segments, respectively; Δ1 (mm) and Δ2 (mm) are the displacement data measured by the two cross displacement transducers setting on the two rigid segments, respectively; lr (mm) is the horizontal distance between the two cross displacement transducers setting sections on the rigid segments; le (mm) is the horizontal distance between the two end plates of the rigid segments; and hr (mm) is the web height of the rigid segments.



The schematic diagram of the CB rotation solution is shown in Figure 9. Considering the replaceability of the energy-dissipation segments, the residual rotation (ϕr) limit of end plates of the two rigid segments is 0.03 rad calculated using geometric analysis (Figure 9).





4. Test Observation and Failure Modes


4.1. DLTW-NB Specimen


Horizontal cracks were first observed at the bottom of the limb-wall columns at the loading displacement of 3 mm. The longitudinal bars of the columns began to yield when the loading displacement reached 0.61% drift ratio (18 mm), while inclined cracks were observed at the bottom of the thin-limb-wall columns. The crack widths gradually increased with increasing loading displacement. Vertical cracks appeared, and minor spalling of the cover concrete was observed at the bottom of the east limb-wall column when the loading displacement reached 1.4% drift ratio (42 mm). With increasing loading displacement, the spalling of the cover concrete further increased, as shown in Figure 10a,b. The concrete cover completely spalled, and the longitudinal bar was exposed at the bottom of the west limb-wall columns at the third cycle of the 4.9% drift ratio (147 mm), while fracture of the stirrups and buckling of longitudinal bars were observed at the same time, as shown in Figure 10c. Since the lateral bearing capacity of the DLTW-NBs dropped below 85% of the maximum bearing capacity, this structure was considered to be damaged. The damage was concentrated in the plastic hinge area, i.e., the top and bottom of two thin-limb-wall columns.



The DLTW-NBs showed typical flexural failure characteristics, and the distribution of cracks and overall deformation of the piers at failure are shown in Figure 11.




4.2. DLTW-RCCBs and DLTW-RSCBs Specimens


Horizontal cracks were first observed at the bottom of the DLTW-RCCBs and DLTW-RSCBs specimens at the loading displacement of 3 mm. Meanwhile, vertical tensile cracks appeared at the ends of the RCCBs. The cracks in the RCCBs gradually developed to the neutral axis with increasing loading displacement. The longitudinal bars yielded, and diagonal cracks occurred in the RCCBs at 0.48% drift ratio (14.5 mm) (Figure 12a), while the steel material of the RSCBs yielded at 0.52% drift ratio (15.6 mm). At the same time, the limb-wall columns remained elastic; therefore, the RCCBs and RSCBs yielded at first to dissipate the seismic energy and protect the main structure (limb-wall columns). The crossing cracks were observed at the ends of the limb-wall columns for the specimens of DLTW-RCCBs and DLTW-RSCBs at a drift ratio of 1.4% (42 mm), while it occurred at the drift of 0.7% (21 mm) for the DLTW-NBs specimen. Meanwhile, the west limb-wall columns exhibited 0.03 mm tensile cracks in the joint region of the DLTW-RSCBs specimen.



The connecting beams (CBs) of the DLTW-RCCBs and DLTW-RSCBs specimens presented serious damage at 2.1% drift ratio (63 mm). The RCCBs presented distinct sheared failure in which significant spalling of the cover concrete and exposure of longitudinal bars were observed, as shown in Figure 12. The flange plates of the RSCBs exhibited bending deformation, and 0.06 mm tensile cracks emerged in the joint region of the east limb-wall columns. The concrete cover of the limb-wall columns basically remained intact for the DLTW-RCCBs and DLTW-RSCBs specimens at the drift ratio of 2.1%, while it spalled off for the DLTW-NBs specimen at the same drift ratio. The damages to the column bottoms of the DLTW-RCCBs and DLTW-RSCBs specimens are shown in Figure 13. It can be observed from the comparisons that due to the protection of CBs, the damage to the limb-wall columns of the DLTW-RCCBs and DLTW-RSCBs specimens was lower than that of the DLTW-NBs specimen at the same drift ratio.



The junction between the flange and end plates of the steel energy-dissipation segment exhibited cracks at 4.2% drift ratio (126 mm), as shown in Figure 14. The RSCBs gradually failed and lost energy-dissipation capacities with increasing loading displacement, indicating that the damage to the limb-wall columns was rapidly aggravated.



Both piers finally failed at 4.9% drift ratio (147 mm) when the bearing capacity dropped below 85% of the maximum bearing capacity. In this stage, the cover concrete completely spalled off, and the core concrete was crushed in the plastic hinge region. The stirrup presented obvious bending deformation, and buckling of the longitudinal bars was observed, as shown in Figure 15.



The two piers presented typical bending failure, and plastic hinges formed at the top and bottom of the limb-wall columns, accompanied by shear failure of the RCCBs and RSCBs, respectively. The crack distributions and overall view of the damage failure of the DLTW-RCCBs and DLTW-RSCBs are shown in Figure 16.





5. Test Results and Analysis


5.1. Hysteretic Curves


The load-displacement hysteretic curves of the DLTW-NBs, DLTW-RCCBs, and DLTW-RSCBs specimens are shown in Figure 17. It can be observed that the hysteretic curves of all three piers are plump and exhibit minor pinching effects. The use of connecting beams (CBs) can improve the bearing capacity of the piers. Before the failure of the CBs, the strength degradation is slower, and the hysteretic curves are plumper for the DLTW-RCCBs and DLTW-RSCBs specimens than for the DLTW-NBs specimen.




5.2. Skeleton Curves and Ductility


The comparisons of the skeleton curves between the three piers are shown in Figure 18.



Moreover, the key seismic performance indicators, including yield displacement (Δy), maximum bearing capacity (Fm), ultimate displacement (Δu), and displacement ductility (μΔ), were calculated to better compare the seismic performance of the different piers. The yield displacement (Δy) was defined as the point when the yield of longitudinal bars at the column bottom was observed. Moreover, the yield of the longitudinal bars in the RCCB and the steel material in the RSCB were also calculated, which were defined as the yield of the CBs. The ultimate displacement was defined as the point when one of the following occurred: (1) The horizontal bearing capacity drops to 85% of the maximum bearing capacity. Or, (2) buckling and low-cycle fatigue fracture of longitudinal bars of column bottom occur. The displacement ductility (μΔ) was defined as the ratio of the ultimate displacement (Δu) to the yield displacement (Δy) (i.e., μΔ = Δu/Δy). The seismic performance indicators are summarized in Table 5.



It can be observed from Figure 18 and Table 5 that the use of connecting beams (CBs) improved the horizontal bearing capacity of pier specimens, while the bearing capacity of the DLTW-RCCBs and DLTW-RSCBs specimens increased by 3.2% and 21.6% compared to the DLTW-NB specimen, respectively. The RCCBs and RSCBs yielded earlier than the limb-wall columns (i.e., the yield of the pier specimen) to protect the main structure (columns). Due to the protection of the CBs, the yields of the DLTW-RCCBs and DLTW-RSCBs specimens were slightly later than that of the DLTW-NBs specimen. The effects of the RSCBs on the increase in bearing capacity and yield displacement were more significant than those of the RCCBs.



The bearing capacity of the piers with connecting beams (CBs) decreased more slowly before the failure of the CBs. The bearing capacity of the DLTW-RCCBs and DLTW-RSCBs specimens began to decline more rapidly after drift ratio of 2.1% and 4.2%, respectively, when the shear failure of the RCCBs and RSCBs occurred. The ultimate displacements of the DLTW-RCCBs and DLTW-RSCBs specimens were slightly lower than that of the DLTW-NBs. However, the bearing capacities of the DLTW-RCCBs and DLTW-RSCBs specimens were still larger than that of the DLTW-NBs specimen until failure. Therefore, despite slightly lower ultimate displacement and ductility, the DLTW-RCCBs and DLTW-RSCBs specimens can be considered to have comparable deformation capacity. Furthermore, the ductility of all specimens exceeded 6, which means that all specimens had good ductility.




5.3. Hysteretic Performance of the Replaceable Steel Connecting Beam (RSCB)


The deformation of the replaceable steel connecting beam (RSCB) can be measured through the arranged displacement transducers, as described in Section 3.4. Based on the measured displacement data, the rotation and shearing force of the RSCB can be derived according to Equations (7)–(11). The obtained shearing force-rotation curve of the RSCB is shown in Figure 19.



As described in Section 4.2, the energy-dissipation segment of the RSCBs yielded at 0.52% drift ratio, after which the RSCBs entered the plastic to dissipate the seismic energy and protect the main structure. It can be observed from Figure 19 that the hysteretic loops of the RSCB are plump; thus, it has good energy-dissipation capacity. However, gaps exist between the end-plate connections of the energy-dissipation segment and the rigid segment, which are staggered and recovered during cyclic loading and generate the pinching effect of hysteretic curves, as marked in Figure 19. The cumulative energy dissipation of the RSCBs contributes 32.41% of the total energy dissipation of the DLTW-RSCB specimen.




5.4. Cumulative Hysteretic Dissipated Energy


Energy-dissipation capacity is an important seismic performance index of bridge piers. The cumulative hysteretic dissipated energy is the total energy the pier can dissipate during the test until failure. The comparisons of the cumulative hysteretic dissipated energy among the DLTW-NBs, DLTW-RSCBs, and DLTW-RCCBs specimens are shown in Figure 20. The comparisons show that the cumulative hysteretic dissipated energy of the DLTW-NBs specimen was larger than that of the DLTW-RSCBs and DLTW-RCCBs specimens at the same deformation before the drift ratio of 2.1%. This is because the use of connecting beams (CBs) increases the yield displacement and reduces the plastic deformation, thus reducing the energy dissipation of the DLTW-RSCBs and DLTW-RCCBs specimens. The plastic deformation of the connecting beams (CBs) began to increase with loading displacement and contributed to the total energy dissipation, whose contribution became increasingly significant after the drift ratio of 2.1%. The energy dissipation of the DLTW-RSCBs gradually surpassed that of the DLTW-NBs with increasing loading displacement due to the excellent energy-dissipation capacity of the RSCB. Although the deformation capacity of the DLTW-RSCBs was lower than that of the DLTW-NBs, the total energy dissipation of the DLTW-RSCBs was still 13.4% larger than that of the DLTW-NBs at 4.9% drift ratio when the DLTW-NBs failed. On the other hand, the energy dissipation of the DLTW-RCCBs specimen was lower than that of the DLTW-NBs specimen during the whole loading process due to the limited energy dissipation capacity of the RCCBs. Therefore, RSCBs can effectively improve the energy-dissipation capacity of the DLTW pier, which enhances the seismic performance of bridge piers.




5.5. Residual Drift Ratio


The residual displacement can reflect the repairable capacity of bridge piers after earthquakes; therefore, it is an important performance index for evaluating the seismic resilience of bridge piers. The residual drift ratio (Δres±) herein is defined as the average value in the curve of one cycle of two loading directions, as shown in Figure 21a. The comparisons of the residual rift ratios between the three piers are shown in Figure 21b.



It can be observed from the figure that the use of connecting beams (CBs) can reduce the residual drift ratios of DLTW-RCCBs and DLTW-RSCBs specimens at the same total deformation but can improve elastic deformation and reduce plastic deformation of DLTW piers. However, the residual drift ratio of the DLTW-RSCBs specimen gradually increased as the damage to the RSCBs intensified. The residual drift ratio of the DLTW-RSCBs specimen was close to that of the DLTW-NBs specimen at the late loading stage and almost equal to that of the DLTW-NBs specimen after the complete failure of the RSCBs. On the other hand, the DLTW-RCCBs specimen had a lower residual displacement than the DLTW-NBs specimen during the whole loading process, as the RCCBs had not completely failed even at the late loading stage and could still reduce the residual drift ratio of the pier to some extent. Therefore, the use of connecting beams (CBs) can reduce the residual drift ratio and enhance the seismic resilience of DLTW piers, at least at the minor and moderate damage stages when CBs can still work.





6. Discussions


6.1. Comparisons of Damage Development


The comparisons of the damage development between the DLTW-NBs, DLTW-RCCBs and DLTW-RSCBs specimens are shown in Figure 22. The failure process of the piers can be divided into four stages, as described in Section 2. The repairability in the first three stages of the specimens is described as follows:



	(1)

	
Elastic stage. The CBs yielded first, prior to the limb-wall columns, to protect the main structure (columns). As a result, the DLTW-RCCBs and DLTW-RSCBs specimens demonstrated larger elastic deformation than the DLTW-NBs specimen, while the increase in the amplitude of the DLTW-RSCBs specimen was larger. Therefore, the use of CBs improves the seismic resistance of the piers under small earthquakes (i.e., lower damage at the same deformation).




	(2a)

	
Rapidly repairable stage. The crack widths of the limb-wall column bottom increased with increasing loading displacement and reached 1 mm [43] (i.e., entered a moderate damage state) at the drift ratio of 0.7% for the DLTW-NBs specimen. On the other hand, the DLTW-RCCBs and DLTW-RSCBs specimens just exceed the yield point and were still at the slight damage state. The crack widths of the DLTW-NBs specimen reached 2 mm [43], and repair was difficult (serious damage) at 1.4% drift ratio, while the DLTW-RCCBs and DLTW-RSCBs specimens were still in a moderate damage state and could be conveniently repaired.




	(2b)

	
Costly repairable stage. The RCCBs were severely destroyed, and the DLTW-RCCBs specimen entered a serious damage state at the drift ratio of 2.1%. On the other hand, the RSCBs could still be replaced despite the damage deformation when the limb-wall columns began to enter serious damage at 2.04% drift ratio, before which the limb-wall columns could still be repaired with great effort. Therefore, the use of connecting beams (CBs) can reduce the damage of piers before the failure of connecting beams (CBs), and the RSCBs can be replaced more conveniently than the RCCBs after damage failure.




	(3)

	
Non-collapse stage. The RCCBs were severely damaged at the initial stage of serious damage (drift ratio of 2.1%) for the DLTW-RCCBs specimen, while the damage to the RSCBs gradually intensified with increasing loading displacement after the drift ratio of 2.1%. The damage of the limb-wall columns for the DLTW-RCCBs and DLTW-RSCBs specimens gradually increased with the damage development of the connecting beams (CBs). Additionally, their failure modes after the failure of CBs were similar to those of the DLTW-NBs specimens, as these three specimens have the same structure type. The buckling and low-cycle fatigue fracture of the longitudinal bars at the column bottom finally caused the failure of all three bridge piers, i.e., collapse. As the CBs already completely failed, and the failure of columns controls the final damage of the bridge pier, the use of the CBs does not improve the ultimate displacement of DLTW piers.








6.2. Repairability of the Replaceable RSCBs


The residual rotations of the replaceable RSCBs at the end of loading were measured for the DLTW-RSCBs specimen, as listed in Table 6, in which RSCB-1 and RSCB-2 are the lower and upper connecting beams (CBs), respectively. It can be observed from the table that the residual rotations of the rigid segment end plates for both RSCBs were smaller than 0.02 rad, and the rigid sections remained elastic. The damage of the RSCBs was mainly concentrated on the energy-dissipation segments. The minor residual rotations of rigid sections allowed for the reinstallation of the new energy-dissipation segments without additional fabrication, such as welding or post drilling bolt holes.



To evaluate the repairability of the RSCBs, two technicians tried to replace the energy-dissipation segments of the RSCBs after the end of loading, for which replacement times are also listed in Table 6. It can be observed from the table that the energy-dissipation segments of two RSCBs can be replaced in approximately one hour. Therefore, the proposed innovative DLTW-RSCBs can achieve rapid replacement of RSCBs and enhance the seismic resilience of the DLTW pier, thereby avoiding unnecessary construction and resource consumption.





7. Conclusions


An innovative double-limb-thin-wall (DLTW) bridge pier with longitudinal replaceable steel connecting beams (DLTW-RSCBs) is proposed in this paper. Quasistatic tests of the proposed innovative DLTW-RSCBs, a conventional DLTW pier with no beams (DLTW-NBs), and a DLTW pier with RC connecting beams (DLTW-RCCBs) were conducted to investigate the longitudinal seismic performance of the proposed novel DLTW pier. The main conclusions are summarized as follows:




	(1)

	
The use of the connecting beams (CBs) can improve the bearing capacity of the DLTW piers, of which the DLTW-RCCBs and DLTW-RSCBs specimens are 3.2% and 21.6% larger than the DLTW-NBs specimen, respectively. The DLTW piers with CBs have larger yield displacement and elastic deformation than the DLTW-NBs specimen, of which the increased amplitude of the DLTW-RSCBs specimen is larger than that of the DLTW-RCCBs. This is because steel/reinforcement of the CBs yields earlier than limb-wall columns and then dissipates seismic energy and protects the main structure (columns) from plastic damage. The ultimate displacements of the DLTW-RCCBs and DLTW-RSCBs specimens are 14% and 6.8% lower than that of the DLTW-NBs specimen, respectively. The decreased amplitudes of the displacement ductility are larger than the ultimate displacement because of the increase in yield displacement.




	(2)

	
The cumulative dissipated energies of the DLTW-RCCBs and DLTW-RSCBs specimens are lower than that of the DLTW-NBs specimen at the initial loading stage because the use of CBs enhances the yield deformation and reduces the plastic deformation of DLTW piers. However, due to the excellent energy dissipation capacity of RSCBs, the cumulative dissipated energy of the DLTW-RSCBs gradually surpassed that of the DLTW-NBs with increasing loading displacement because the large plastic deformation of the RSCBs can facilitate energy dissipation to the DLTW pier. In contrast, the DLTW-RCCBs specimen has a lower energy dissipation capacity than the DLTW-NBs specimen during the whole loading process due to the poor energy dissipation capacity of RCCBs.




	(3)

	
Due to the protection of the CBs, the damage degrees to the DLTW-RCCBs and DLTW-RSCBs specimens are lower than that of the DLTW-NBs specimen at the same drift ratio before the failure of the CBs. For example, the DLTW-NBs entered moderate damage and serious damage at drift ratios of 0.7% and 1.4%, respectively, while the DLTW-RCCBs and DLTW-RSCBs specimens were still at slight and moderate damage, respectively, at the corresponding drift ratios. Furthermore, the DLTW-RCCBs and DLTW-RSCBs specimens have lower residual drift ratios than the DLTW-RSCBs at slight and moderate damage states and are easier to repair. However, the use of CBs cannot reduce the damage of DLTW piers at the failure stage, as the CBs have already been completely destroyed, and the failure of columns controls the final damage of the DLTW piers. As a result, the residual drift ratio of the DLTW-RSCBs specimen is also close to that of the DLTW-NBs specimen at the failure point.




	(4)

	
The damage of the connecting beams (CBs) for the DLTW-RSCBs specimen is mainly concentrated at the energy dissipation segments and can be replaced approximately 1 h after damage failure. Compared with conventional DLTW-NBs and DLTW-RCCBs, the proposed innovative DLTW-RSCBs demonstrate better seismic performance, such as larger lateral bearing capacity and energy-dissipation capacity, lower residual drift ratio, and seismic damage before severe damage states, as well as better repairability. Therefore, the proposed DLTW-RSCBs can improve the longitudinal seismic resistance of rigid-frame bridges, and they can reduce the repair costs of bridge structures under earthquake loading, which are valuable for the sustainability during their whole service lives.




	(5)

	
Although the use of RSCBs can improve seismic performance and reduce the damage development of DLTW piers to some extent, the main structures (limb-wall columns) of the DLTW piers still unavoidably endure serious damage and are difficult to repair under strong earthquakes. Therefore, further work should be conducted to reduce residual deformation and improve the seismic resilience of DLTW piers under moderate and strong earthquakes. A reasonable combination of rocking and RSCBs in DLTW piers may be a good choice.
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Abbreviations




	DLTW
	Double-Limb-Thin-Wall



	RSCBs
	Replaceable Steel Connecting Beams



	DLTW-RSCBs
	DLTW Pier With RSCBs



	RC
	Reinforced Concrete



	DLTW-RCCBs
	DLTW Pier With RC Connecting Beams



	CBs
	Connecting Beams



	BRBs
	Buckling-Restrained Braces



	VDB
	Viscous Damper Braces



	PBSCs
	Piston-Based Self-Centering Braces



	DRCLB
	Dual-Replaceable Composite Link Beam



	SS
	Steel Sleeve



	GCMD
	Grouted Corrugated-Metal Duct



	SCED
	Self-Centering Energy-Dissipation



	SC-BRB
	Self-Centering BRB



	SCSF
	Self-Centering Slip Friction



	DLTW-NBs
	DLTW Pier With No Beams







Nomenclature




	Vcs
	Deign shear capacity



	ρsv
	Reinforcement ratio of transverse reinforcement



	fsv
	Yield strength of transverse reinforcement



	fcu,k
	Cubic compressive strength of concrete



	B
	Width of the cross section



	h0
	Height of the cross section



	P
	Axial load



	Vlp
	Plastic shear capacity of the energy-dissipation segment



	Mlp
	Plastic bending capacity of the energy-dissipation segment



	e
	Length of the energy-dissipation segment



	fy
	Yield strength of steel



	Aw
	Shear section area of the steel connecting beam



	W
	Moment resistance of the steel connecting beam



	Mbp
	Plastic shear capacity of the rigid beam segment



	Vbp
	Plastic bending capacity of the rigid beam segment



	l
	Clear span of the RSCB



	Ω
	The overstrength factor



	εi
	Bending strains of the Section A or B



	yi,j
	Distance between the two strain gauges



	ϕ
	Curvature of section A or B



	E
	Elastic modulus



	I
	Moment of inertia



	lAB
	Distance between two rigid sections



	M
	Bending moment



	V
	Shearing force



	θ
	Rotations of the two end plates



	ϕr
	Rotations of two sections of the two cross displacement transducers



	Δi
	Displacement data, i = 1,2



	li
	Horizontal distance between the two cross displacement transducers



	hr
	Web height of the rigid segment



	Δy
	Yield displacement



	Fm
	Maximum bearing capacity



	Δu
	Ultimate displacement



	μΔ
	Displacement ductility



	Δres±
	Residual drift ratio
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Figure 1. Schematic diagram of the DLTW-RSCBs. (a) Elevation view. (b) Front view. 
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Figure 2. Design concept and failure mechanism of the DLTW-RSCBs. (a) Design concept. (b) Failure mechanism. 
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Figure 3. Schematic diagram of the DLTW piers. (a) Schematic diagram of the selection. (b) Test specimen. 
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Figure 4. Dimensions and reinforcement details of the specimens (unit: mm). (a) DLTW-NBs. (b) DLTW-RCCBs/DLTW-RSCBs. 
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Figure 5. Dimensions and details of the RSCB (unit: mm). 
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Figure 6. Test setup. 
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Figure 7. Loading protocol. 
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Figure 8. Instrumentation and calculation diagram of the RSCB. (a) Arrangement of strain gauges and displacement transducers of RSCB. (b) Schematic diagram for internal force calculation of Section A or B. 
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Figure 9. Schematic diagram of CB rotation solution. (a) Schematic diagram of CB deformation. (b) Schematic diagram of rotation. 
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Figure 10. Damage observations of the DLTW-NBs specimen at different drift ratios. (a) 2.1% drift ratio. (b) 2.8% drift ratio. (c) 4.9% drift ratio. (Note: E represents East, N represents North, S represents South, and W represents West.) 
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Figure 11. Crack distribution and overall view of damage failure for the DLTW-NBs specimen (drift ratio 4.9%). (a) Distribution of cracks. (b) Overall deformation. 
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Figure 12. Observed damage of the RCCBs at different drift ratios. (a) 0.5% drift ratio. (b) 1.4% drift ratio. (c) 2.1% drift ratio. 
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Figure 13. Observed damage of the column bottom for the DLTW-RCCBs and DLTW-RSCBs specimens. (a) 2.1% drift ratio. (b) 2.8% drift ratio. 
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Figure 14. Observed damage of the RSCBs at the drift ratio of 4.2%. (a) Deformation of the RSCBs. (b) Cracking of upper flange plate. (c) Cracking of lower flange plate. 






Figure 14. Observed damage of the RSCBs at the drift ratio of 4.2%. (a) Deformation of the RSCBs. (b) Cracking of upper flange plate. (c) Cracking of lower flange plate.



[image: Sustainability 15 07486 g014]







[image: Sustainability 15 07486 g015 550] 





Figure 15. Observed damage of the column bottom for the DLTW-RCCBs and DLTW-RSCBs (drift ratio 4.9%). (a) Specimen DLTW-RCCBs. (b) Specimen DLTW-RSCBs. 
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Figure 16. Crack distribution and overall view of damage failure for the DLTW-RCCBs and DLTW-RSCBs specimens (drift ratio 4.9%). (a) Distribution of concrete cracks. (b) Overall view of damage failure. 
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Figure 17. Hysteretic curves. (a) DLTW-NBs. (b) DLTW-RCCBs. (c) DLTW-RSCBs. (Note: Secondary loading of the DLTW-NBs specimen was carried out after 1.4% drift ratio due to the failure of sensors). 
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Figure 18. Skeleton curves of the specimens. 
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Figure 19. Shearing force-rotation curve of the RSCB. 
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Figure 20. Cumulative energy dissipation. 
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Figure 21. Residual drift ratio. (a) Schematic diagram of the residual drift ratio. (b) Residual drift versus drift ratio. 
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Figure 22. Comparisons of damage development between different piers. Note: NBs, RCCBs, and RSCBs represent the DLTW-NBs, DLTW- RCCBs, and DLTW-RSCBs, respectively. 
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Table 1. Design parameters of the specimens.
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	Specimen
	Connection Type of Limb-Wall Ends
	Numbers of CBs
	Limb-Wall Heights (mm)
	Clear Distances Between Two Limb-Walls (mm)





	DLTW-NBs
	consolidation
	0
	3000
	600



	DLTW-RCCBs
	consolidation
	2
	3000
	600



	DLTW-RSCBs
	consolidation
	2
	3000
	600
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Table 2. Reinforcement layouts for each thin-limb-wall column of the pier specimens.
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Longitudinal Reinforcement

	
Stirrup




	
Type

	
Diameter (mm)

	
Reinforcement Ratio (%)

	
Type

	
Diameter (mm)

	
Spacing (mm)

	
Reinforcement Ratio (%)






	
HRB400

	
14

	
1.80

	
HRB400

	
10

	
75/120

	
1.48/0.93
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Table 3. Design parameters of connecting beams.






Table 3. Design parameters of connecting beams.





	
Type of Beam

	
Section Shape

	
Cross Section of Energy-Dissipation Segment

	
Width-to-Thickness

	
Height-to-Thickness

	
Shear Capacity (kN)




	
Height (mm)

	
Width (mm)

	
Length (mm)

	
Thickness (mm)






	
RCCBs

	
Rectangle

	
180

	
110

	
600

	
-

	
-

	
-

	
145.22




	
RSCBs

	
H-shaped

	
120

	
80

	
200

	
5

	
8

	
22

	
146.35








Note: Thickness is the thickness of the flange and web.
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Table 4. Mechanical properties of the steel bars and Q235 steel.
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Type

	
Diameter or Thickness (mm)

	
Yielding Strength (MPa)

	
Ultimate Strength (MPa)

	
Elastic Modulus (GPa)

	
Elongation (%)






	
HRB400

	
16

	
443.5

	
621.3

	
172.8

	
18.68




	
14

	
422.5

	
607.5

	
194.5

	
19.35




	
10

	
475.0

	
680.0

	
244.5

	
14.95




	
Q235

	
5

	
291.0

	
447.1

	
217.7

	
37.25








Note: Elongation of steel bars and Q235 steel is the total elongation under the maximum force.
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Table 5. Characteristic values of the skeleton curve of the specimens.
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Specimen

	
CB Yielding

	
Yield Point

	
Peak Point

	
Failure Point

	
Displacement Ductility μΔ




	
Δ

/mm

	
Drift Ratio/%

	
Δy/mm

	
Drift Ratio/%

	
Fy/kN

	
Δm/mm

	
Drift Ratio/%

	
Fm/kN

	
Δu/mm

	
Drift Ratio/%

	
Fu/kN






	
DLTW-NBs

	
-

	
-

	
18.3

	
0.61

	
215

	
30.5

	
1.02

	
254

	
149.9

	
4.99

	
216

	
8.19




	
DLTW-RCCBs

	
14.5

	
0.48

	
20.8

	
0.69

	
214

	
42.1

	
1.40

	
262

	
129.4

	
4.31

	
223

	
6.22




	
DLTW-RSCBs

	
15.7

	
0.52

	
21.1

	
0.70

	
233

	
62.7

	
2.09

	
309

	
139.5

	
4.65

	
262

	
6.61
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Table 6. Replaceability of RSCBs.






Table 6. Replaceability of RSCBs.





	
Number of RSCB

	
Residual Rotation of Rigid Segment End Plates φre/rad

	
Replacement Time/h




	
Removal

	
Installation






	
RSCB-1

	
0.018

	
0.16

	
0.67




	
RSCB-2

	
0.013

	
0.19








Note: RSCB-1 and RSCB-2 represent the lower and upper RSCBs, respectively.
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