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Achieving full equilibrium for the horizontal component force of the backstay in cable-stayed arch bridges is challenging, and the stiffness of the buckle tower has a notable influence on the overall shape of the main arch structure. Increased stiffness in the buckle tower leads to reduced construction complexity. Therefore, this study proposed a method of enhancing the longitudinal thrust stiffness of the buckle tower using the joint effect of approach bridges. A sensitivity analysis was conducted on the approach bridge–composite buckle tower structure to determine the optimal combination method, resulting in the formulation of an analytical expression for the thrust stiffness of this structure. In this study, numerical analysis was performed to explore the composition mechanism of the thrust stiffness influenced by the pier–girder connection, and we discussed the applicability of the joint effect of approach bridges during the cantilever assembly process of arch ribs. The following conclusions were obtained: 1) prior to installing the main girder of the approach bridge, when the steel buckle tower and the junction pier have already been secured, the most effective approach is to form a “T” rigid structure by firmly connecting the main girder of the approach bridge with the composite buckle tower. This configuration provides self-weight deflection and pier–girder rotation restriction effects. 2) The study presents analytical formulas for the completely rigid pier–girder connection of the approach bridge–composite buckle tower structure, partially rigid pier–girder connection, and pre-deviation. Combined with the calculation program, this can guide structural design. 3) When a large downward elevation error of the arch ribs occurs in the middle and later stages, the cable force needed to install new arch segments becomes overly large. Therefore, the joint effect of approach bridges can be utilized to substitute for a portion of the cable force, effectively reducing potential elevation errors that might arise in subsequent arch ribs in the absence of this joint effect.
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1 INTRODUCTION
Cable-stayed suspension is the most common construction method for large-span arch bridges (Liu, 2008; Ding et al., 2023). During the cable-stayed suspension construction of arch bridges, due to installation or manufacturing errors and dynamic changes in the construction process, the horizontal component force of buckle anchor cables faces difficulties in reaching equilibrium, causing the buckle tower to deviate in the longitudinal direction of the bridge (Zhou et al., 2000b; Xu et al., 2016a). Moreover, once the control points of the cable-stayed construction arch rib reach the design elevation, buckle backstay anchoring is no longer tensioned. When there is a deviation in the shape of the arch rib, making subsequent adjustments can become a complicated or even impossible task (Xu et al., 2016b; Chen et al., 2023). Therefore, the buckle tower stiffness significantly impacts the line shape of the main arch ring. Increased stiffness in the buckle tower not only reduces construction complexity but also enhances the construction quality of the main arch. Under the same conditions, the stiffness of the buckle tower should be increased as much as possible to reduce the tower deviation. Currently, owing to the widespread use of the cable-stayed suspension method in building large-span arch bridges, various researchers have undertaken extensive research to manage and optimize the line shape of the cable-stayed construction arch rib.
Zheng et al. (1996) utilized the principle of torque equilibrium to calculate the cable force on the arch rib during the cable-stayed hoisting construction, resulting in promising results when this method was used to compute the hinge joint conditions between arch segments. Subsequently, Zhou et al. (2000a) delved deeper into the torque equilibrium method, introducing the “zero bending moment method.” By utilizing integral calculations, they enhanced the accuracy of determining the cable force on the arch rib. Subsequently, Zhou (2002) introduced the fixed-length buckle cable technique. This approach considered both the elastic elongation of the buckle cable and the deflection due to the self-weight of the arch segment during the hoisting process, thereby aligning the arch rib with the design arch axis. However, this method necessitated the tensioning of the buckle cable all at once, posing challenges for subsequent adjustments if discrepancies arose between the calculated and actual results. Qin (2003; 2008) introduced the stress-free state method, revealing that if the structural system, stress-free state quantities, boundaries, and external loads of the bridge being constructed in segmented main arch rings were maintained, the internal forces and displacements of the completed bridge structure had a unique solution. Interestingly, this was irrespective of the construction sequence. Subsequently, Wang (2013) suggested that the stress-free state method could eliminate the impact of temperature effects and tower deviation on the arch rib’s line shape during hoisting. Hao and Gu (2015) noted that the practice of inserting gaskets between flanges to compensate for bending angles when controlling the hoisting of steel pipe arch ribs using the pre-elevation method would alter the stress-free state quantity of the arch rib. Consequently, error in the line shape and internal forces after closure was inevitable. Studying the causes of errors and their transfer mechanism during the hoisting of steel pipe arch ribs, Hao et al. (2018) utilized the stress-free state method to analyze the construction process of the arch rib and proposed several adjustable error control intervals. Focusing on the error in the hoisting and splicing of the arch rib, Zhang (2001) was the first to introduce the optimization theory into the calculation of cable forces. Combined with the Kalman filter method, he calculated the optimal cable force matrix and the preliminary arch degree during the bridge construction process. Subsequently, Zhang et al. (2004) integrated ANSYS finite element software with the optimization theory to calculate variations in cable forces, thereby addressing the requirement for an accurate adjustment of cable forces during the line shape adjustment process. Xu (2011) used the Bayesian temperature prediction model to discern the pattern of seasonal temperature changes on the installation line shape of the arch rib. He then used the influence matrix and optimization algorithms to adjust the errors caused by the temperature during the splicing process of the arch rib. Hao and Gu (2016) also studied the line shape adjustment issue during the splicing and hoisting processes of the arch rib. Considering the deviation between the real and design line shapes of the arch rib, they proposed a theoretical calculation method for a “feasible optimal solution” based on the influence matrix. Using the stress equilibrium equation considering only the tensile stress, permissible tensile stress of the arch rib, and the influence matrix method, Liu et al. (2022) put forward an initial buckle cable force calculation method based on the stress equilibrium method. This improvement on the original stress equilibrium method resulted in a significant increase in work efficiency. Finally, using the influence matrix and linear programming to determine the initial value of iterative cable forces, Li et al. (2017) observed that appropriate cable forces, installed forward through the golden selection method and iterations, achieved a one-time tension of the cable force for cable-stayed steel pipe concrete arch bridges tailored to the installation shape.
Long (2012) discovered that the key to the integrated construction of cable towers and buckle towers was to control the displacement at the tower top. This approach guaranteed that the cable tower and buckle tower could withstand smaller bending moments. To control this displacement, it is essential to minimize the horizontal forces caused by hoisting arch ribs and tensioning buckle cables. Deng et al. (2020) used the suspension element method to derive the calculation formula for the tower deviation of the cable-stayed system with a push-down cable set. This achieved effective integration and unification of the computations during the cable-stayed construction stage and tower deviation calculation, which is extremely important for accurate control of tower deviation. Deng (2009) used geometric analysis to derive the calculation formula for the influence of buckle tower deviation on the elevation of arch rib segments. This provides a valuable reference for the design of cable-stayed hoisting and the control of segment installation elevation. Mo (2021) studied the impact of main cable slippage on tower deviation in the cable-stayed hoisting system design. He observed that the main cable slippage significantly affected the cable-stayed hoisting system, leading to noticeable changes in top tower displacement and top tower stress.
Regarding the study of line shape control in the construction of cable-stayed arch ribs, adjustments for various errors affecting the accuracy of the arch rib line shape are mainly based on buckle cable force calculations (Gu et al., 2015). However, there remains a dearth of research dedicated to the control of tower deviations by improving the longitudinal thrust stiffness of the buckle tower. Furthermore, there is a notable absence of studies examining the mechanism behind thrust stiffness formation, taking into account factors like self-weight deflection and local deformation effects in approach bridge–composite buckle tower structures. Therefore, this paper uses a large-span deck-type steel pipe concrete arch bridge built through a cable-stayed cantilever assembly as the engineering background. The study then delves into the calculation techniques and investigates the effects of buckle tower stiffness, considering the joint effect of approach bridges.
2 FORMATION MECHANISM OF THE JOINT EFFECT OF APPROACH BRIDGES
The construction of a cable-stayed arch bridge requires the erection of a temporary buckle tower to complete the tensioning of the buckle anchor cable. For the construction of arch bridges with restricted construction sites and larger rise-to-span ratios, a combination of permanent and temporary structures, i.e., a composite cable tower, is generally adopted. This involves erecting a steel buckle tower on juncture piers, allowing both the juncture pier and steel buckle tower to jointly withstand the horizontal thrust caused by the pull cable (Chen et al., 2017). Depending on the dimensions of the juncture pier along the longitudinal direction of the bridge, the steel buckle tower may either pass through the main girder of the approach bridge via a wet joint or not pass through it at all (Figure 1). However, the main paths of force transmission between the components in both cases do not differ.
[image: Figure 1]FIGURE 1 | Schematic diagram of the synergistic effect of the buckle tower and the approach bridge. (A) Passing through the main girder. (B) Without passing through the main girder.
As shown in Figure 2, the steel buckle tower is consolidated to the juncture pier. The increased overall height results in increased flexibility of the entire structure. During construction, significant deflection deformations occur due to differences in horizontal cable forces, which, in turn, cause significant deviations in the buckle tower in the longitudinal direction of the bridge (Yu, 2018).
[image: Figure 2]FIGURE 2 | Schematic diagram of the buckle tower deflection-induced deviation.
This paper aims to enhance the longitudinal thrust stiffness of the composite buckle tower by harnessing the joint effect of approach bridges. The core concept is to facilitate cooperative support among the buckle tower, juncture pier, approach bridge piers, and main girder of the approach bridge, thereby controlling buckle tower deviations.
3 ANALYSIS OF FACTORS INFLUENCING THE BUCKLE TOWER STIFFNESS CONSIDERING THE JOINT EFFECT OF APPROACH BRIDGES
3.1 Finite-element model establishment
The main bridge and approach bridge juncture piers use a “gate”-type hollow thin-walled pier with a variable box cross section. The center distance of the two lateral limbs of the pier is the same width as the main arch rib, 16.0 m, and the material is C50. It is 89.9 m high (91.9 m including the bent cap). The cross-sectional size of a single-limb pier is 5.5 m in the transverse direction of the bridge and 6.5 m in the longitudinal direction, with the internal wall thickness varying from 60 to 80 cm. The steel buckle tower, 31.19 m high, is made of Q345 material and is a truss structure composed of columns, connecting horizontal bars, and diagonal bars. The columns use φ630 × 20 mm steel pipes, and the horizontal and diagonal bars use φ325 × 10 mm and φ273 × 8 mm steel pipes, respectively. All bar members are connected by welding. There are two truss cross braces between the two limbs of the steel buckle tower, and the steel buckle tower is anchored on the top of the juncture pier. The approach bridge piers are set as thin-walled double-limb piers with a height of 90.1 m. The cross-sectional size is 2.5 m × 2.0 m, the thickness is 40 cm, and the material is C35. The two piers are connected by two inter-column tie beams. The material of the main girder of the approach bridge is C50, with each 42.0 m span divided into 9 T girders. The overall effect of the model is illustrated in Figure 3. The model was created using Midas/Civil finite-element software.
[image: Figure 3]FIGURE 3 | Midas/Civil model of the tower and approach bridge.
This study examines the effects of external factors on the thrust stiffness of the composite buckle tower. Therefore, the size of the horizontal cable force difference is determined using only the situation with the composite buckle tower. According to the theory of thrust stiffness, the thrust stiffness of the series structure is only related to the flexural stiffness EI and height h and is independent of the external load of the system. Therefore, horizontal loads can be exclusively applied at the top of the composite buckle tower to represent the horizontal cable force difference.
To keep the deformation of the structure within the range of linear elasticity and make the research more reasonable, the size of the horizontal cable force difference should be set based on relevant specifications.
According to the specification JTG/T 3650, 2020, the tower deviation with the fixed foot is H/400–H/600, where H is the height of the steel buckle tower. Considering that the height of the juncture pier increases the structural flexibility, the horizontal load when the tower deviation is H/400 is taken as the maximum difference in horizontal cable forces. When the height of the steel buckle tower is 31.19 m, H/400 is approximately 7.8 cm.
To ensure uniform stress, the load is applied to both limbs of the steel buckle tower (the tower deviation equals the average horizontal displacement at the top of the two limbs). When the tower deviation is approximately 7.8 cm, the load is 2 × 200 kN = 400 kN. Thus, a horizontal load of 400 kN in the longitudinal direction of the bridge is taken as the horizontal cable force difference, as demonstrated in Supplementary Appendix Figure A1.
3.2 Pier–girder connection mode
To control the variables, our study focuses solely on one approach bridge pier. There are four types of pier–girder connections: hinge joints between the two piers and the main girder of the approach bridge (double-hinged), a fixed connection between the juncture pier and the main girder of the approach bridge (right-fixed), a fixed connection between the approach bridge pier and the main girder of the approach bridge (left-fixed), and a fixed connection between the two piers and the main girder of the approach bridge (double-fixed).
There are three types of loads: self-weight, horizontal cable force difference toward the midspan, and horizontal cable force difference away from the midspan. To clarify the impact of these three loads on tower deviations with different pier–girder connection modes, they should be investigated separately. Both tower deviations and horizontal cable force differences are considered positive when directed toward the midspan. If the model only suffers a horizontal load, it is normal for the bearing to be under tension because the horizontal load will reduce the axial pressure on the bearing caused by self-weight. If both types of loads act simultaneously, the axial resultant force on the bearing is always compressive.
3.3 Under self-weight
The self-weight is applied to the structure, and Supplementary Appendix Table A1 and Supplementary Appendix Figure A1 are obtained.
After analyzing Supplementary Appendix Table A1 and Supplementary Appendix Figure A1, we can observe the following:
In the case of only the composite buckle tower, the structure deviated 0.104 mm away from the midspan under self-weight, indicating that the structure is eccentric in the longitudinal direction. The double-hinged connection also caused a 0.135-mm tower deviation away from the midspan, implying that the combined structure also has a longitudinal eccentricity. However, the tower deviation in both cases was far less than 1 mm, suggesting a relatively weak influence on tower deviations.
In the case of double-fixed and right-fixed connections, the negative bending moment caused by the self-weight of the main girder of the approach bridge at the fixed connection between the juncture pier and the main girder caused the composite buckle tower to bend away from the midspan, resulting in tower deviations of 66.785 mm and 69.295 mm, respectively. Disregarding the influence of shear, the bending moment and deformation caused by self-weight in both cases are delineated in Figure 4.
[image: Figure 4]FIGURE 4 | Deflection modes under self-weight: (A) double-fixed, (B) right-fixed, and (C) left-fixed.
It is evident that [image: image] and that their [image: image] values are the same, and the double-hinged approach bridge pier tends to bend toward the midspan, so [image: image]. Therefore, based on the model data and principles of general mechanics, it can be concluded that the influence of the right-fixed connection on tower deviations due to self-weight is more significant than that of the double-fixed connection.
In the case of the left-fixed connection, the negative bending moment at the fixed connection between the approach bridge pier and the main girder of the approach bridge caused the approach bridge pier to bend toward the midspan, pushing the buckle tower to bend toward the midspan and resulting in a tower deviation of 2.352 mm. The bending moment and deformation are shown in Figure 4:
The mechanical principle analysis is a general trend. Notwithstanding, according to the tower deviation data, the impact of the left-fixed connection on tower deviations under self-weight is weaker compared with the right-fixed connection.
3.4 Under horizontal cable force differences
When the structure is subjected to a horizontal cable force difference, refer to Supplementary Appendix Table A2 and Supplementary Appendix Figure A1.
Note: a) The tower deviation change refers to the absolute value of the difference between the tower deviation without approach bridge piers and other cases. b) The percentage refers to the absolute value of the ratio of the tower deviation change to the tower deviation without approach bridge piers.
Through an examination of the mechanical principles underlying the data in Supplementary Appendix Table A2 and Supplementary Appendix Figure A2, conclusions can be drawn regarding the impact of the horizontal cable force difference at the midspan.
The tower deviation with the double-hinged connection mode decreased by 0.239 mm compared to the case of no approach bridge piers, indicating a weak regulation effect on tower deviations.
The tower deviation with the right-fixed connection mode decreased by 18.407 mm compared to the case of no approach bridge piers, a reduction of 23.781%, indicating a sound regulation effect. This demonstrates that apart from the deflection effect induced by the self-weight in the right-fixed connection, there are other factors that significantly influence tower deviations. The schematic comparison of deflection between the right-fixed connection and the double-hinged connection is plotted in Figure 5.
[image: Figure 5]FIGURE 5 | Different deflection modes under horizontal cable force toward the midspan: (A) double-hinged, (B) right-fixed, and (C) left-fixed.
When the structure is subjected to the horizontal cable force difference toward the midspan, [image: image] is an acute angle and [image: image] is a right angle (under ideal circumstances in the model); thus, [image: image] and [image: image].
The double-hinged connection relies entirely on the approach bridge pier to improve the thrust stiffness, while the right-fixed connection, in addition to the impact of the thrust stiffness of the approach bridge pier itself, also reduces tower deviations by virtue of the geometric relationship between the piers and girders. Therefore, the right-fixed connection has a significant advantage over the double-hinged connection in terms of tower deviation control.
The tower deviation with the left-fixed connection mode decreased by 0.964 mm compared to the case of no approach bridge piers, a reduction of 1.245%, indicating slightly stronger control than the double-hinged connection. Compared to the double-hinged connection, the left-fixed connection reduces tower deviations not only by relying on the thrust stiffness of the approach bridge pier but also by virtue of the geometric relationship between the piers and girders. The schematic comparison of deflection between the double-hinged connection and the left-fixed connection is provided in Figure 5.
When the structure is subjected to the horizontal cable force difference toward the midspan, with the longitudinal girder stiffness being large enough, the elongation of the longitudinal girder is a higher-order trace, and the approach bridge pier is approximately parallel to the juncture pier. Since [image: image] is an obtuse angle and [image: image] is a right angle, then [image: image] and [image: image].
Compared with the right-fixed connection, since the flexibility of the approach bridge pier is much larger than that of the main girder of the approach bridge, the left-fixed connection has a weaker effect on restricting the composite buckle tower from rotating toward the midspan relative to the main girder, and its effect on controlling tower deviations is also relatively diminished.
The tower deviation with the double-fixed connection mode decreased by 19.18 mm compared to the case of no approach bridge piers, a reduction of 24.781%. The double-fixed connection can be regarded as a combination of left-fixed and right-fixed connections, so its control effect is slightly stronger than the right-fixed connection alone. However, the disparity in the control effects between the two is merely 1%, rendering it statistically insignificant.
The tower deviation data under the influence of the horizontal cable force difference away from the midspan is the opposite number of the tower deviation data under the influence of the horizontal cable force difference toward the midspan. Therefore, without considering the self-weight, the approach bridge–composite buckle tower structure has in-plane isotropic mechanical properties.
So far, we have separately studied the tower deviation and mechanical principles of different pier–girder connection modes under self-weight load and horizontal cable force differences. The former reveals that the right-fixed connection has the greatest impact on tower deviations under self-weight, while the latter unveils that the right-fixed connection has the best regulation effect on tower deviations under horizontal cable force differences.
Since the tower deviation caused by these two loads in the right-fixed connection is in opposite directions, the right-fixed pier–girder connection can effectively control the tower deviation induced by the horizontal cable force difference toward the midspan. The control effect mainly stems from the “T”-type rigid frame formed by the main girder of the approach bridge and the composite buckle tower. The deflection effect caused by the self-weight of the main girder of the approach bridge makes the composite buckle tower bend away from the midspan and also restricts the composite buckle tower from rotating toward the midspan relative to the main girder. However, this approach necessitates the prior consolidation of the steel buckle tower and junction pier before the installation of the main girder of the approach bridge.
Based on the source of the impact of the approach bridge on tower deviations, it can be deduced that the first span of the approach bridge has the greatest impact on tower deviations. Therefore, only the first span of the approach bridge is considered. The effects of the approach bridge pier height and component flexural stiffness on the thrust stiffness of the approach bridge–composite buckle tower structure can be discussed after the theoretical formula. By combining computer programs with analytical formulas, a sensitivity analysis of the impact of component properties on the thrust stiffness can be conducted.
4 THRUST STIFFNESS ANALYTICAL EXPRESSION
4.1 Determination of the mechanical calculation model
According to Section 2, the optimal method for connecting the approach bridge to the composite buckle tower is consolidating the juncture pier and the main girder of the approach bridge while hinging the approach bridge pier with the main girder. The mechanical model is shown in Figure 6, with the basic assumptions as follows:
(1) The influence of the longitudinal slope and temperature changes is ignored.
(2) The self-weight of vertical components is ignored.
[image: Figure 6]FIGURE 6 | Mechanical model.
In Figure 6, [image: image] denotes the approach bridge pier height, [image: image] represents the juncture pier height, [image: image] symbolizes the steel buckle tower height, [image: image] stands for the span length of the main girder of the approach bridge, [image: image] signifies the self-weight uniform load of the main girder of the approach bridge, [image: image] represents the equivalent horizontal cable force difference, [image: image] denotes the flexural stiffness of the approach bridge pier, [image: image] signifies the flexural stiffness of the juncture pier, [image: image] symbolizes the flexural stiffness of the steel buckle tower, and [image: image] is the flexural stiffness of the main girder of the approach bridge.
4.2 Solution of the thrust stiffness of the completely rigid pier–girder connection
Figure 6 reveals that the structure is a second hyper-static structure. Assuming that the bearing compression between the piers and girders is the positive direction of the vertical basic unknown force, the structure is simplified, and the basic system is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Basic system.
The basic equation of the force method is obtained from the displacement coordination conditions:
[image: image]
The expression of the basic unknown quantity is obtained by the elimination method:
[image: image]
The displacement coefficients and free terms are obtained from the principle of virtual work and the multiplication method:
[image: image]
[image: image]
First, the parameters are substituted into Equations 3 and 4 to derive the coefficients and free terms, respectively, and then the coefficients and free terms are substituted into Eq. 2 to obtain the basic unknown quantities [image: image] and [image: image].
The tower deviation of the completely rigid connection is obtained using the graph multiplication method:
[image: image]
4.3 Solution of the thrust stiffness of the partially rigid pier–girder connection
According to Section 2, one of the effects of the right fixed pier–girder connection mode in controlling tower deviations is to restrict the rotation of the composite buckle tower relative to the main girder of the approach bridge. However, it is important to note that the materials and boundary conditions used in the finite-element design represent idealized states, which may differ from the actual situation. As illustrated in Figure 8, when the rigid connection is subjected to the deflection effect caused by the self-weight of the main girder of the approach bridge, one side of the rigid device is compressed and the other side is tensioned, causing a relative rotation angle between the piers and girders. Therefore, it is necessary to consider the local force situation at the pier–girder connection and add a correction term for the partially rigid pier–girder connection in the theoretical calculation.
[image: Figure 8]FIGURE 8 | Schematic diagram of the deformation of the rigid connection details.
From an overall perspective, the basic unknown force has been obtained in the last section, i.e., the known force of the approach bridge pier on the main girder of the approach bridge. From a local perspective, the steel buckle tower is fixed on the top of the juncture pier, and the main girder of the approach bridge is fixed with the juncture pier through the anchoring device. Therefore, the deflection effects of the main girder of the approach bridge on the anchoring device and the steel buckle tower on the juncture pier are demonstrated in Figure 9.
[image: Figure 9]FIGURE 9 | Schematic diagram of the local stress on the pier–girder connection.
Figure 9 shows that [image: image] and [image: image] represent the bending moment effects at the top of the juncture pier and the top of the anchoring device, respectively; [image: image] denotes the flexural stiffness of the anchoring device; [image: image] symbolizes the anchoring device height; and [image: image] and [image: image] are constraint reaction forces at the rigid connection between the juncture pier and the ground, respectively. The bearing reaction force is obtained by static equilibrium as follows:
[image: image]
The bearing reaction force is simplified to the top surface of the juncture pier, as presented in Figure 10.
[image: Figure 10]FIGURE 10 | Mechanical model of the anchoring device.
Based on the simplified calculation method of cantilever beam rotation angles, the relative rotation angle between the juncture pier and the main girder of the approach bridge is as follows:
[image: image]
From the completely rigid tower deviation [image: image], considering the tower deviation correction caused by the relative rotation angle between the composite buckle tower and the main girder of the approach bridge, the tower deviation of the partially rigid pier–girder connection is obtained as follows:
[image: image]
The thrust stiffness of the partially rigid pier–girder connection is as follows:
[image: image]
5 THRUST STIFFNESS CONSIDERING THE PIER–GIRDER CONNECTION
The determination of displacement coefficients and free terms serves as the foundation for calculating the thrust stiffness. By observing the free term, it is found that there are two types of load terms in the formula. If [image: image], it cannot be determined whether the calculated thrust stiffness is consistent, so the relationship between the thrust stiffness and two load terms is verified by numerical analysis, and the formula is further corrected.
5.1 Finite-element calculation results of the thrust stiffness under different load conditions
We apply the self-weight load to the approach bridge–composite buckle tower structure and sequentially apply a 0.4 to 1 times horizontal cable force difference, as plotted in Supplementary Appendix Figure A3.
It can be seen that when the approach bridge–composite buckle tower structure bears self-weight, the tower deviation is linearly related to the horizontal cable force difference. The thrust stiffness solution at this time is as follows:
[image: image]
A 0.4 to 1 times horizontal cable force difference toward the midspan is applied to the approach bridge–composite buckle tower structure, as shown in Supplementary Appendix Figure A4.
The thrust stiffness solution is [image: image]. As a result, the tower deviations under three situations—the simultaneous action of the self-weight load and horizontal cable force difference away from the midspan, the simultaneous action of the self-weight load and horizontal cable force difference toward the midspan, and only the action of horizontal cable force difference toward the midspan—are all linearly related to the horizontal cable force difference, and the thrust stiffness values of the three situations are equal.
Therefore, within the range of small deformation, the thrust stiffness of the completely rigid pier–girder connection of the approach bridge–composite buckle tower structure is only related to the bending stiffness EI and height h. The effect of self-weight is to move the “horizontal cable force difference–tower deviation” line down as a whole. Meanwhile, according to the mechanics of materials, the size of the relative rotation angle between the piers and girders is related to the external load, so the effect of the self-weight of the main girder of the approach bridge is to provide pre-deviation and an initial relative rotation angle.
5.2 Correction of the thrust stiffness of the completely rigid pier–girder connection
The thrust stiffness of the completely rigid pier–girder connection remains unaffected by external loads and self-weight. Therefore, we can exclude the self-weight load term, and the horizontal cable force difference can be treated as the horizontal unit load, at which point the free term is as follows:
[image: image]
The basic unknown forces solved at this time are denoted as [image: image] and [image: image], and the tower deviation of the completely rigid connection is as follows:
[image: image]
The thrust stiffness of the completely rigid connection is as follows:
[image: image]
5.3 Correction of the thrust stiffness of the partially rigid pier–girder connection
The size of the relative rotation angle is related to the external load, so the relative rotation angle comprises two parts: one part is the initial relative rotation angle caused by [image: image], and the other part is the relative rotation angle caused by the horizontal cable force difference [image: image].
Within the range of small deformation, the tower deviation caused by the initial relative rotation angle also moves the “horizontal cable force difference–tower deviation” line up and down as a whole and does not affect the slope, so the relative rotation angle caused by the self-weight of the main girder of the approach bridge has no impact on the overall thrust stiffness of the structure, at which point the free term is as follows:
[image: image]
The basic unknown forces at this time are denoted as [image: image] and [image: image], and the tower deviation and relative rotation angle of the completely rigid connection are as follows:
[image: image]
The thrust stiffness of the partially rigid pier–girder connection is as follows:
[image: image]
According to Eq. 15, the thrust stiffness considering local deformation at the rigid connection of the pier and girder is not unique.
5.4 Calculation of pre-deviation
Although the self-weight of the main girder of the approach bridge does not affect the calculation of the thrust stiffness, it has a great impact on tower deviations, so it needs to be solved. The free term at this time is as follows:
[image: image]
The basic unknown forces are represented as [image: image] and [image: image], and the pre-deviation is as follows:
[image: image]
The initial relative rotation angle is as follows:
[image: image]
The total pre-deviation is as follows:
[image: image]
5.5 Program implementation of the calculation method
There are various formulas for the theoretical calculation method of thrust stiffness, and manual calculation is cumbersome and prone to errors, so it is calculated with the help of programs. MATLAB, VB, Python, and other calculation programs can be combined with the theoretical calculation method. The detailed process is as follows:
The heights of the approach bridge pier, juncture pier, and steel buckle tower, and the span length of the main girder of the approach bridge are as follows:
[image: image]
Using the deflection formula of the cantilever girder and finite-element software, the corresponding flexural stiffness values are obtained as follows:
[image: image]
After a series of calculations, the tower deviation of the completely rigid pier–girder connection under the action of the unit tower top horizontal cable force difference is obtained as follows:
[image: image]
The thrust stiffness of the completely rigid connection is obtained as follows:
[image: image]
The detailed calculation process of the thrust stiffness by computer programs is illustrated in Figure 11.
[image: Figure 11]FIGURE 11 | Flow chart of calculating the thrust stiffness using programs.
The thrust stiffness value calculated entirely by Midas/Civil is 6,780 kN/m, which differs from the value calculated by the analytic formula by 11 kN/m, with a deviation percentage of 0.16%, which is satisfactorily consistent.
When the calculation program is used to solve the thrust stiffness, the formula needs to be input only for the first time; the subsequent calculations only need to input the data of step 1 to derive the value of thrust stiffness, achieving a rapid calculation of the thrust stiffness of the approach bridge–composite buckle tower structure. Therefore, the analytic formula can be used to validate the model’s accuracy and perform sensitivity analysis, providing guidance for the design of structural member dimensions, sections, and materials. The other formulas share the same purpose.
5.6 Sensitivity analysis of the thrust stiffness
Section 5.5 used a computer program to achieve a rapid calculation of the theoretical formula of thrust stiffness, and this section will further study the influence rule of changing component properties on the overall thrust stiffness of the structure.
There are a total of eight component property indexes: [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]. When one of these properties changes, the other properties are consistent with those in Section 5.5, as shown in Supplementary Appendix Figure A5, A6.
By comparing Supplementary Appendix Figure A5 with each set of data, taking the first value as a reference to solve the change percentage, the findings can be listed as follows:
(1) The impact of changing the approach bridge pier height [image: image] on the overall thrust stiffness of the structure is negligible.
(2) For every 2.439% increase in the juncture pier height [image: image], the thrust stiffness increases on average by 0.124%; for every 6.250% increase in the span of the main girder of the approach bridge [image: image], the thrust stiffness increases, on average, by 1.897%.
(3) For every 9.091% increase in the steel buckle tower height [image: image], the thrust stiffness decreases, on average, by 2.719%.
Analyzing Supplementary Appendix Figure A6 and similarly calculating the percentage changes, we can find the following:
(1) For every 3.223% increase in the flexural stiffness of the approach bridge pier [image: image], the thrust stiffness decreases, on average, by 7.610 × 10−3%. Therefore, the impact of the flexural stiffness of the approach bridge pier on the overall thrust stiffness of the structure is negligible.
(2) For every 6.250% increase in the flexural stiffness of the juncture pier [image: image], the overall thrust stiffness of the structure increases, on average, by 2.738%. For every 16.667% increase in the flexural stiffness of the steel buckle tower [image: image], the overall thrust stiffness of the structure increases, on average, by 5.324%. For every 7.692% increase in the flexural stiffness of the main girder of the approach bridge [image: image], the overall thrust stiffness of the structure increases, on average, by 1.204%.
In conclusion, the height and flexural stiffness of the approach bridge pier have minimal impacts on the overall thrust stiffness of the structure; hence, the design of the approach bridge pier height and sectional size can be tailored to match the specific on-site conditions. The higher the steel buckle tower, the less advantageous it is for the overall thrust stiffness of the structure. Enhancements in the span length and flexural stiffness of the main girder of the approach bridge, as well as increases in the height and flexural stiffness of the juncture pier, collectively contribute to the improved overall thrust stiffness of the structure.
6 INFLUENCE OF THE JOINT EFFECT OF APPROACH BRIDGES ON THE CANTILEVER ASSEMBLY OF ARCH RIBS
6.1 Establishment of the cantilever assembly model for arch ribs
A particular deck-type steel pipe concrete arch bridge has a calculated span length of 475.0 m and a rise-to-span ratio of 1/5.278, and the arch axis is a catenary line with an arch axis coefficient of m = 2.2. The main arch rib adopts a constant-width and variable-height space truss structure. The radial height of the main chord tube at the arch crown is 7.0 m, and the radial height of the main chord tube at the arch foot is 10.0 m, with the radial height of the arch section varying according to a quadratic parabola. Each single arch rib is composed of two steel pipe concrete chord tubes each at the top and bottom, with an external diameter of 1,400 mm. The transverse center distance of the chord tubes is 2.5 m, and the center distance between the two arch ribs in the transverse bridge direction is uniformly 16.0 m. Lateral braces are set up inside the ribs, and wind braces, flat braces, and “X” braces are set up between the ribs. The main arch rib is divided into 15 sections from the arch foot to the arch crown, plus the joint segment at the arch crown, and there are a total of 62 segments in the entire bridge. The Midas/Civil finite-element analysis model was established, consisting of a total of 3,654 beam elements and 240 tension-only elements, as presented in Figure 12.
[image: Figure 12]FIGURE 12 | Cantilever assembly model for arch ribs using Midas/Civil.
6.2 Derivation of the theoretical relationship between buckle tower deviations and thrust stiffness and the line shape of the arch rib
The basic assumptions are as follows:
(1) When the buckle tower is displaced, the buckle cable length remains unchanged.
(2) The arch rib is a rigid body that does not undergo elastic deformation but only rigid displacement.
(3) The change in the buckle tower height is a higher-order trace compared to tower deviations.
Figure 13 shows the calculation diagram, where the red dashed lines indicate the positions of the buckle cable, buckle tower, and arch segment after displacement.
[image: Figure 13]FIGURE 13 | Schematic diagram of the influence of tower deflections on the line shape of the arch rib.
According to the principle of small deformation and basic assumptions, we can obtain
[image: image]
where [image: image] represents the displacement of the buckle point on the buckle tower, [image: image] denotes the chord length of the arch segment, and [image: image] is the rotation angle of the arch segment.
According to Eq. 24 and the complementary angle theorem of right angles, we know that [image: image]; hence,
[image: image]
where [image: image] and [image: image] denote the change in mileage and elevation of the buckle point on the arch segment caused by the displacement of the buckle point on the buckle tower, respectively; and [image: image] represents the angle between the original arch segment chord length and the horizontal line.
Knowing the relationship between the displacement of the buckle point C and the line shape of the arch rib, while the study of the thrust stiffness is the displacement at the top of the structure, to determine the relationship between the longitudinal thrust stiffness of the buckle tower and the line shape of the arch rib, the deviation of the tower top C′ needs to be distributed to the buckle point C first.
By using the triangular distribution method, we obtain
[image: image]
where [image: image] is the buckle point height on the tower and [image: image] is the buckle tower height.
According to the thrust stiffness theory, [image: image], and by combining Eq. 25, the relationship between the thrust stiffness of the buckle tower and the line shape of the arch rib is as follows:
[image: image]
6.3 Influence of the joint effect of approach bridges on the elevation of the arch rib
As demonstrated in Figure 14, the various stages where the buckle point will change are explored. There are a total of five buckle points on the composite buckle tower, K1–K5. The last arch segments lifted by them are #2, #5, #9, #12, and #15. The remaining buckle cables are equivalent to increasing the stiffness of the arch segments, so the elastic deformation of the middle part of the arch segment is not considered. The change in distance between the arch foot point O and the buckle points K1′–K5' is ignored, focusing only on their elevation changes. At the same time, we maintain the initial tension of the buckle cables, taking into account the influence of the approach bridges, at the same level as the initial tension of the buckle cables in the standard tangent assembly. This approach aims to minimize elevation deviations resulting from the elongation of the buckle cables.
[image: Figure 14]FIGURE 14 | Schematic diagram of the distribution of buckle points on the composite buckle tower and arch rib.
During the installation stage of the juncture pier and steel buckle tower, an approach bridge is incorporated, forming a right fixed joint effect of approach bridges, as plotted in Figure 3.
By comparing it with the elevation changes during the normal tangent assembly of the arch rib, the difference is obtained, as provided in Supplementary Appendix Figure A7.
As can be seen from Supplementary Appendix Figure A7, it is evident that the influence of the joint effect of approach bridges on the elevation of the arch rib becomes more pronounced with increasing distance, which is consistent with the rules described in Equations 25 and 26. The node coordinates of Midas/Civil were extracted, and geometric calculations were performed to obtain the related parameters, as tabulated in Supplementary Appendix Table A3.
Note:
(1) According to Eq. 21, the EI of the steel buckle tower and the juncture pier is different by an order of magnitude. At this time, using the triangular distribution method results in a relatively large error in tower deviations, so we calculate separately for #2, #5, and #9 and #12 and #15 according to the distribution of buckle points.
(2) What is extracted is the deviation at the top of the juncture pier and steel buckle tower under the self-weight load of the approach bridge–composite buckle tower structure.
After calculation, the theoretical elevation change deviation value caused by pre-deviation is obtained. It is compared with the elevation change deviation value obtained from the model, as listed in Supplementary Appendix Table A4:
Note: The second-order deviation is the difference between the elevation change deviation values calculated by the model and the theory.
Supplementary Appendix Table A4 reveals that there is a second-order deviation between the elevation change deviation values obtained by theoretical calculation and model calculation, and the second-order deviation of the later stage is greater. According to the research in Section 2, the influence of the right fixed pier–girder connection mode on tower deviations stems from two aspects: 1) the deflection effect caused by the self-weight of the main girder of approach bridges makes the composite buckle tower deflect away from the midspan; and 2) it restricts the rotation of the composite buckle tower relative to the main girder of approach bridges toward the midspan.
Therefore, the second-order deviation is caused by the effect of constrained rotation, and it can be found that the higher the buckle point elevation and the later the construction stage, the greater the impact of constrained rotation on the tower deviation and arch rib elevation.
6.4 Influence of the joint effect of approach bridges on cable forces
Utilizing the relationship between thrust stiffness and arch rib elevation changes, we have extracted the relevant calculation parameters from the preceding text, as displayed in Supplementary Appendix Table A5.
Upon substituting relevant parameters into Eq. 27, the effects of pre-deviation and constrained rotation on the cable force in the joint effect of approach bridges can be observed in Supplementary Appendix Figure A8. The influences of pre-deviation and constrained rotation on the cable force tend to become more significant in the later stages. During these stages, with greater [image: image] and [image: image], to generate the same arch rib elevation change, a larger horizontal cable force difference is required. Given that changes in elevation typically occur more rapidly in later stages, the overall impact of the joint effect of approach bridges on the cable force in these stages far surpasses its effect in the earlier stages.
Therefore, the joint effect of approach bridges can function as a remedial measure. When the actual construction line of the arch ribs in the middle and later stages deviates significantly downward from the design line, the cable force that is needed to install new arch segments becomes overly large. In such cases, the joint effect of approach bridges can be utilized to generate pre-deviation in the buckle tower and to constrain pier–girder rotation, effectively substituting for a portion of the cable force. This also reduces the potential elevation errors that may arise in subsequent arch ribs compared with the case without approach bridges. Moreover, the function of constrained rotation serves as a manifestation of enhanced thrust stiffness in buckle towers. Therefore, through the application of the thrust stiffness analytical formula for sensitivity analysis, it becomes possible to guide the design of structural member properties, ultimately identifying the most cost-effective approach to enhance thrust stiffness.
7 CONCLUSION AND OUTLOOK
7.1 Conclusion
In summary, this study, centered around the engineering scenario of a large-span, deck-type, steel pipe concrete arch bridge assembled through a cantilever suspension with stay cables, investigates the calculation method and the impact on the buckle tower stiffness, considering the joint effect of approach bridges. The primary conclusions are as follows:
(1) The main girder of the approach bridge and the composite buckle tower are firmly interconnected, creating a robust “T”-type rigid structure. In this configuration, the junction of the pier and girder imposes constraints on the rotation of the composite buckle tower. When subjected to self-weight, the deflection of the main girder causes the composite buckle tower to deflect away from the midspan.
(2) The weight of the approach bridge’s main girder imparts a pre-deviation to the buckle tower, resulting in axial compression between the pier and the girder. This, however, does not impact the thrust resistance stiffness of the tower–girder structure.
(3) The height and flexural stiffness of the approach bridge pier have minimal influence on the overall thrust resistance of the structure. Additionally, a greater height for the steel buckle tower is detrimental to the overall thrust resistance of the structure. However, increasing the length and bending stiffness of the main girder of the approach bridge, as well as raising the height and enhancing the bending stiffness of the junction pier, can effectively enhance the overall thrust resistance of the structure.
(4) In situations where a significant downward elevation error occurs in the middle and later stages of arch rib construction, the tension in the back cables can become excessively high for the installation of a new arch segment. In such cases, the joint effect of the approach bridge can be used to decrease the tension in the back cables, resulting in a smaller elevation error in the subsequent arch ribs when compared to the joint effect without an approach bridge.
7.2 Outlook

(1) The derivation of the thrust stiffness analytical formula does not consider the impact of the longitudinal slope and temperature changes of the main girder; thus, the analytical formula needs further refinement.
(2) The buckle-anchored stay cables and the composite buckle tower form a multiple-time hyper-static structure. However, this paper calculates the equivalent horizontal cable force difference at the tower top, i.e., the horizontal cable force difference ratio relative to the actual position distribution and size, which can generate horizontal loads on the tower top equal to the tower deviation. Therefore, further research is needed to facilitate the intelligent calculation of the impact on each cable.
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