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Abstract: The universal hinge support (UHS) is a new connection system for the tower and pier of
a single-tower cable-stayed bridge (STCSB), which could conform the multi-direction rotation of
the tower and release the bending moment at the bottom of the tower in all directions. However,
UHS is not an ideal hinge in practical projects, and the rotational constraint stiffness (RCS) of UHS
is constantly changed with construction. In order to determine the RCS of UHS in situ, parametric
analysis was performed by establishing a theoretical mechanical model of plane rotation and a
refined solid finite element (FE) model of UHS. The slope of the linear rising segment of the load–
displacement curve obtained from the numerical simulation was considered as the RCS of the UHS.
The relationships between RCS and the vertical force, geometric parameters, and material parameters
were established, and then the calculation formula of RCS was further proposed. To verify the
accuracy of the proposed formula, a case study for a real bridge was conducted in this paper. The
results show that the error of the tower rotation displacement can be reduced by about 90% using the
proposed method compared with the conventional method, which regards the hinge as an ideal one,
and the precision is greatly improved. This study has enormous potential to quickly determinate the
RCS of UHS in practical applications, and plays a great promotion role in enriching the structural
system of cable-stayed bridges.

Keywords: single-tower cable-stayed bridge (STCSB); tower bottom support; universal hinge support
(UHS); rotational constraint stiffness (RCS); numerical simulation

1. Introduction

A cable-stayed bridge is formed by three main structural elements: deck, towers, and
cable-stays. According to the difference in the connection patterns between the tower, main
beam, and pier, the cable-stayed bridge can be divided into four systems: a floating system,
semi-floating system, tower-beam consolidation system, and rigid frame system [1–3]. As
bridge engineers pay more and more attention to bridge aesthetics, many special-shaped
cable-stayed bridges have been designed and built, such as Australia’s Batman Bridge,
Spain’s Alamillo Bridge, China’s Hunan Hongshanmiao Bridge, and so on [4–11]. These
are mostly irrational in mechanics due to their strange appearance, while they are generally
regarded as landmarks of the city because of their special appearance. For these bridges,
the pier and tower become whole through rigid connection. Huge internal forces will be
generated at the root of the tower under loads [12], which need to be resisted by increasing
the size of the cross-section of the tower. However, the increased sizes will lead to an
increased cost for the project.

Engineers have tried to solve the above problem through structural optimization [13].
For the Tianjin Tuanbo New Bridge [14], built in China in 2011, and the Shanghai Wen-
zaobang Bridge [15,16], built in China in 2014, the structural designs were optimized by
changing the structural system, and the one-way hinge support was used to connect the
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bridge tower and pier in the longitudinal direction of the bridge. So, the bridge tower is
allowed to rotate along the longitudinal direction of the bridge, which releases the huge
bending moment at the root of the bridge tower, makes the force in the bridge more reason-
able, and the tower becomes lighter and more shapely. These two cases provide new ideas
to solve the problem of unreasonable force in the STCSB.

However, for a special-shaped cable-stayed bridge with asymmetry in both the trans-
verse and longitudinal directions, the root of the tower will suffer a large bending moment
in both the transverse and longitudinal directions under loads [12]. The one-way hinge
at the tower bottom cannot solve the problem of the bending moments generated in the
transverse direction. Therefore, the Sanya Landscape Bridge innovatively adopts universal
hinge support (UHS) to replace the traditional connection mode between the bridge tower
and pier [17,18]. UHS is composed of a top plate and bottom basin. The huge bending
moment at the root of the tower can be released through the rotation of the top plate, and
this rotation behavior is similar to a gyrostat [19,20]. The mechanical properties of the
bridge structure using UHS are improved, and the structural safeties of the steel bridge
tower and concrete pier are greatly upgraded. In addition, the bridge tower size can
have more design space, which also creates more possibilities in the structural form and
aesthetics. This design is an innovation in the connection between the tower and the pier of
the cable-stayed bridge, and it is also a new connection pattern between different materials,
that is, a steel tower and concrete pier.

In order to simplify the calculation, the boundary conditions are usually idealized
when the bridge structure is designed and calculated. However, in practical applications,
considering the great difficulty when replacing the UHS at the tower bottom during service,
in order to synchronize the service life of the UHS with that of the bridge, rubber or ultra-
high molecular weight polyethylene slide plates are not used between the top plate and
the bottom basin, which eliminates the impact of material aging on the durability of the
UHS [21–24] and makes it meet the requirement of not being replaced within the design
service life. Unfortunately, not using slide plates will lead to greater friction between
the top plate and the bottom basin, which is a non-ignorant factor for in structural safety
calculations. The previous studies demonstrate that the boundary conditions have a great
impact on the structure performance [25,26]. Therefore, UHS cannot be considered as
an ideal hinged boundary condition in structural calculations, and the real boundary
parameters of UHS need to be known.

The friction behaviors in engineering applications are mostly calculated through a
numerical method [27–29]. The structural response can be accurately obtained by estab-
lishing a multi-scale finite element (FE) model [30–35]. Mohammadreza Salehi et al. also
tried to use artificial neural networks to identify structural boundary conditions [36]. In
general, the construction parameters are determined by repeatedly updating the relevant
parameters according to the structural state of the construction process, which generally
need so much time for each iteration of the multi-scale modeling calculation method, that
it is unacceptable for large-scale bridge building construction. In addition, the method
using artificial neural networks could not directly obtain the stiffness parameters of UHS.
To solve these problems, this paper proposed a calculation model to quickly and accurately
determine the rotational constraint stiffness (RCS) of UHS to optimize the structural calcu-
lation procedure, so that engineers could easily obtain the true response of the structure of
UHS using the model.

The proposed calculation model uses the finite element method and theoretical analy-
sis to study the boundary parameters of UHS. At first, a theoretical mechanical model of the
plane rotation of UHS was established to compute the critical torque. Secondly, the refined
FE model of the UHS was built and its effectiveness was verified by the above theoretical
model, and we further established the RCS calculation model of UHS by analyzing the
influence of vertical force, the friction coefficient between the components, and the geome-
try parameters on RCS. This study can provide reference for the design and construction
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of practical projects using UHS, and shows promise for the application of special-shaped
bridge structures.

2. The Plane Rotation Model of UHS

UHS is mainly composed of a bottom basin and top plate. The top plate is connected
to the bridge tower by bolts and shear tenons. The connection between the bottom basin
and the concrete pier is performed by high-strength bolts, and the concrete is then poured
to seal the anchor. The geometric model of the UHS is shown in Figure 1.
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Figure 1. Geometric model of UHS.

Most research on bridge bearings mainly focuses on the vertical plane rotation of the
bearings [37–40], while only few studies have been performed to explore the properties of
the horizontal-plane rotation, as Figure 2 shows.
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Figure 2. The rotation model of the UHS.

The top plate and the bottom basin are in frictional contact under a vertical force F.
When the torque M transmitted by the bridge tower to the UHS increases to the critical
torque MR, the friction behavior between the top plate and the bottom basin has converted
from static friction to dynamic friction. The top plate rotates around the UHS z-axis due
to the rigid connections, and is adopted between the bottom basin and the concrete pier.
During the process of rotation, the critical torque will vary with the variation in the vertical
force F. In addition, the critical torque also depends on the friction coefficient and the size
of the UHS.
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The stress decomposition of UHS is shown in Figure 3, where q0 is the uniform
distributed force at the top plate (that is, the equivalent uniform load of F) and q is the
uniform force transmitted from the top plate to the bottom basin. R0 is the spherical radius
of UHS, R1 is the radius of the vertical projection surface of the arc-contact surface, and R2
is the radius of the arc-contact surface, R2 = R0 × θ × π

180◦ .
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Figure 3. Force transmission diagram: (a) the force transmitted from the tower to the top plate;
(b) the force transferred from the top plate to the bottom basin.

The differential idea is used to solve the critical torque of the UHS. The contact surface
between the top plate and the bottom basin is unfolded, as shown in Figure 4, where ds is
the area of the micro-ring with radius r and ds = 2πrdr.
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Make the following assumptions in the calculation:

(1) The pressure on the contact surface is evenly distributed along the surface.
(2) Both the top plate and the bottom basin are rigid bodies.

According to Figures 3 and 4, the vertical uniform distribution force of the peak point
of the arc surface is qv = q and the vertical uniform distribution force of the lowest point
of the arc surface is qv = q

cosθ . For the convenience of calculation, the vertical uniform
distribution force of any point on the arc surface is approximated as qv =

(
q + q

cosθ

)
/2,

then the uniform distribution force on the surface is as follows:

q = 2qv/
(

1 +
1

cos θ

)
(1)

The pressure of the micro-ring in Figure 4 can be obtained according to Equation (1):

dF = qds = 2πqrdr (2)
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The friction force df on the micro-ring can be obtained according to Coulomb’s friction
formula (f = µ × F) and Equation (2):

d f = µdF = 2πµqrdr (3)

Then, the torque of the friction force on the micro-ring to the center of the arc-contact
surface is as follows:

dM = d f × r = 2πµqr2dr (4)

The torque generated by the total friction force on the arc-contact surface to the center
of the circle can be obtained by integrating Equation (4):

MR =
∫ R2

0
dM =

∫ R2

0
2πµqr2dr =

2
3

πµqR2
3 (5)

Substituting Equation qv = F/
(
πR2

2) into Equation (1):

q =
2F

πR22 /
(

1 +
1

cos θ

)
(6)

Substituting Equation (6) into Equation (5), the critical torque can be obtained:

MR =
2
3

µ
2F

1 + sec θ
R2 (7)

3. RCS Calculation Model of UHS
3.1. Finite Element Model of UHS

1. Material parameters

The top plate and bottom basin of UHS are made of ZG20MnMo low alloy steel with
an elastic modulus of 196 GPa and a Poisson’s ratio of 0.3.

2. Mesh partition

To ensure the calculational accuracy, the FE model of UHS was simplified to reduce
the computational costs, and the simplified model is shown in Figure 5. The element type
of the component of UHS adopts C3D10 in this model.
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Figure 5. Numerical model of UHS.

3. Boundary conditions and loads

The bottom of the bottom basin is completely fixed by being “pinned”, and the upper
surface of the top plate is coupled with the reference point “RP” to constrain its translational
displacement in the x-axis and y-axis directions through “coupling”. In order to ensure
a good convergence of the model, torque loading is replaced by angular displacement
loading, and the angular displacement is loaded by a step of 3◦ (0.05 rad) around the z-axis.
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4. Definition of interaction

The normal behavior between the bottom basin and the top plate adopts the “hard
contact” model, and the tangential behavior adopts the “penalty friction”.

3.2. Parametric Analysis of RCS

This part studies the influence of the vertical force F, central angle θ, radius of curvature
R0, and friction coefficient µ on RCS of the UHS.

3.2.1. Influence of Vertical Force on RCS

1. Critical torque analysis

When the radius of curvature is R0 = 1.5 m, the friction coefficient of contact surface is
µ = 0.15 (for steel and steel) and the central angle is θ = 23.5◦, the vertical force is loaded by
six cases according to 10 MN, 20 MN, 30 MN, 40 MN, 50 MN, and 60 MN for the calculation
of the FE model, and the the load–displacement curve of each case is obtained, as shown
in Figure 6.
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According to the load–displacement curve in Figure 6, when the angle displacement
increases sharply and the torque remains unchanged, the torque at this moment is consid-
ered as the critical torque. The comparison graph between the critical torque calculated
using the FE method and that calculated by Equation (6) is shown in Figure 7. It can be
seen from the figure that the difference between the two methods is within 5%, so the
FE model can be considered correct and it can be employed to perform the RCS analysis
of UHS.
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2. FE-based RCS Analysis

The slope of the linear rising segment of the above load–displacement curves is taken
as the RCS of UHS, as shown in Figure 6. It can be seen from Figure 6a that when the vertical
force is 10 MN, the slope of the linear rising segment takes the value of k = 123.609 kN·m/rad.
Similarly, the RCS parameters under the vertical force of 20 MN, 30 MN, 40 MN, 50 MN,
and 60 MN can be obtained from Figure 6b–f. Furthermore, the relationship between the
RCS and vertical force can be obtained as shown in Figure 8.
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Figure 8. The rotational constraint stiffness of UHS.

Figure 8 shows that the RCS increases almost linearly with the increase in the vertical
force of the bridge tower. Therefore, RCS can be calculated through the interpolation
method according to the vertical force at each construction stage. The related curve of
RCS and the vertical forces is fitted using the least square method in order to obtain the
following expression equation:

KM = 123.609F = α × F (8)

where the unit of RCS KM is kN·m/rad, and the unit of vertical force F is kN. α is a
coefficient with dimensions measured in m/rad.
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3.2.2. Influence of Central Angle on RCS

When the curvature radius R0 = 1.5 m, friction coefficient µ = 0.15, and vertical force
F = 10 MN, the rotational performances of UHS with central angles of 13◦, 16.5◦, 20◦, 23.5◦,
and 27◦ were studied. The UHS responses are shown in Figures 9 and 10.
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Figure 9 shows that the critical torque increases with the increase in the central angle.
According to the above method, RCS can be obtained as shown in Figure 10. It can be
concluded that when the vertical force, radius of curvature, and friction coefficient have
certain values, the RCS increases with the increase in the central angle by a linear trend.

As R2 = R0 × θ × π
180◦ , RCS has a positive proportional relationship with R2. The

related curve of RCS and the radius of the contact surface is fitted using the least square
method in order to obtain the following expression equation:

KM = 2021.6R2 = β × R2 (9)

where the unit of RCS KM is kN·m/rad, and the unit of radius of arc-contact surface is mm.
β is a coefficient with dimensions measured in kN/rad.

3.2.3. Influence of Curvature Radius of Contact Surface on RCS

The influence of the curvature radius of the contact surface on the RCS was studied
with R0 = 1.5 m and R0 = ∞ (the contact surface is plane), under the premise of ensuring
the same radius for the contact surface (R2). The critical torques are shown in Figure 11
with different R2 or R0.
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Figure 11. The critical torque under different R2 or R0.

Figure 11 shows that the difference between the critical torque was less than 5% with
R0 taking a different value. Thus, it can be concluded that R2 and F must be unchanged. At
this point, it can be considered that the rotational performance of UHS is independent of
the radius of curvature.

3.2.4. Influence of Friction Coefficient of Contact Surface on RCS

The rotational performances of UHS were studied with friction coefficients of 0.03,
0.06, 0.09, 0.12, and 0.15. The curvature radius took the value of R0 = 1.5 m, central angle,
and vertical force F = 10 MN. The responses of UHS are shown in Figures 12 and 13.
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Figure 13. Variation curve of RCS with the friction coefficient.

Figure 12 shows that the critical torque increased with the increase in the friction
coefficient. Similarly, the related curve of RCS-µ can be acquired, as shown in Figure 13.
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It can be concluded that RCS increases with the increase in the friction coefficient in
an approximate line when the vertical force, radius of curvature, and central angle are
not changed.

The related curve of RCS and the friction coefficients is fitted using the least square
method to obtain the following expression equation:

KM = 8246074µ = γ × µ (10)

where the unit of RCS KM is kN·m/rad, and γ is a coefficient with dimensions of (kN·m/rad).

3.3. RCS Calculation Model of UHS

In order to establish the calculation model of the RCS under the joint influence of multi-
parameters, according to the influence law of each parameter (R2, µ, F) on the RCS from
Section 3.2, that is, RCS has a linear relationship with the radius of the contact surface, the
friction coefficient of the contact surface, and the vertical force, respectively, the calculation
model of the RCS with multi-parameters were obtained by coupling the three influence
parameters into the initial model (Equations (8)–(10)), as shown in Equations (11)–(13):

KM =
123.609
µ × R2

µ × F × R2 = 1340µ × F × R2 = ξ1 × µ × F × θ × R0 ×
π

180◦ (11)

KM =
2021.6
µ × F

µ × F × 1000R2 = 1347.7µ × F × R2 == ξ2 × µ × F × θ × R0 ×
π

180◦ (12)

KM =
8246074
F × R2

µ × F × R2 = 1340.8µ × F × R2 = ξ3 × µ × F × θ × R0 ×
π

180◦ (13)

It can be seen that the results of the three Equations (11)–(13) are very close to each
other, which verifies that the modeling method of coupling multi-factors after univariate
analysis is advisable. In order to unify the calculation models, take the average value
calculated by Equations (11)–(13) as the calculation model of RCS:

KM = ξ × µ × F × θ × R0 ×
π

180◦ =
ξ1 + ξ2 + ξ3

3
× µ × F × θ × R0 ×

π

180◦ = 1342.8µ × F × θ × R0 ×
π

180◦ (14)

where the unit of RCS KM is kN·m/rad, and the unit of vertical force F is kN. Among them,
ξ is a non-dimensional coefficient.

It should be noted that the radius of the arc-contact surface R2 directly affects the RCS.
Both the central angle θ and curvature radius R0 jointly affect the arc-contact surface radius
R2, which indirectly affects the RCS. That is, when R2 is constant, changing R0 cannot affect
the RCS. Therefore, Equation (14) can be finally written as:

KM = 1342.8µ × F × θ × R2 (15)

where R2 = R0 × θ × π
180◦ .

The friction coefficient µ in the model could be any value, which depends on the
lubrication effect between the top plate and the bottom basin of the UHS. F could be
the vertical force generated by different bridge structures or induced at the different
construction. R2 should be determined according to the geometric parameters of the
contact surface between the top plate and the bottom basin of the UHS used in different
structures. Therefore, this model is applicable to the calculation of the horizontal rotational
stiffness of any structures using UHS.

In practical applications, the geometric parameters R0 and θ can be easily obtained
according to the design data, the friction coefficient µ is provided by the manufacturer,
and the vertical force F can also be easily obtained at each stage according to the structural
calculation. Therefore, the RCS can be easily obtained by Equation (15) in this study.
Engineers input the calculated RCS into the mechanical model as a boundary parameter
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in order to perform the mechanical calculation of the structure construction stage, and
then the mechanical response of the whole structure can be obtained accurately and fast.
This method avoids complicated modeling and calculation work, thus greatly reducing the
calculation cost, contributing to the project by saving time and shortening the construction
period and thus running smoothly.

To verify the accuracy of the proposed method in this paper, we compared the RCS
calculation results of the proposed method with those of the finite element method for
eight different groups of parameters, as shown in Table 1.

Table 1. Comparison between the proposed method and the finite element method.

Number µ R0 (m) θ (◦) F (kN) Formula KM
(kN·m/rad)

FEM KM
(kN·m/rad) Error (%)

1 0.05 1.5 23.5 30,000 1,054,098 1,059,650 0.5
2 0.05 1.5 23.5 50,000 1,756,830 1,728,214 −1.6
3 0.05 1.5 25 30,000 1,423,032 1,416,175 −0.5
4 0.05 1.5 25 50,000 2,371,721 2,336,819 −1.5
5 0.1 1.5 23.5 30,000 2,108,196 2,107,738 0.0
6 0.1 1.5 23.5 50,000 3,513,660 3,422,899 −2.6
7 0.1 1.5 25 30,000 2,846,065 2,825,381 −0.7
8 0.1 1.5 25 50,000 4,743,441 4,653,838 −1.9

Table 1 shows that the maximum error of the calculation results between the proposed
method in this paper and the FE-based method is 2.6%, which can meet the calculational
accuracy of engineering.

4. Calculation Procedure of Mechanical Properties of Cable-Stayed Bridge with UHS

UHS is used to connect the bridge tower and pier when the transverse direction of
the cable-stayed bridge is asymmetric, and the mechanical properties of the cable-stayed
bridge structure can be calculated according to the flow framework shown in Figure 14.
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5. Case Study: An Inclined Single-Tower Cable-Stayed Bridge

An actual bridge project was studied to further verify the correctness of the proposed
calculation formula for RCS in this paper, and to learn the importance of RCS to the
structural response.

5.1. Bridge Overview

The Sanya Landscape Bridge is a special-shaped inclined single-tower cable-stayed
bridge that uses UHS in the support of the bridge tower for the first time. The design idea
of this bridge is a mast with a sightseeing platform (Cloud Ring) as the bridge tower. The
Cloud Ring not presents a trendy and fashionable city image of Sanya in China for citizens
and tourists, but also has the meaning of eternity and being everlasting, which gives a
strong romantic feel to the bridge. The landscape design rendering of the bridge is shown
in Figure 15. The total length of the bridge is 233.4 m (length of steel deck), and the bridge
span is arranged as 99.8 m + 51.0 m + 25.0 m + 27.4 m + 30.2 m.
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The main beam is a double-sided I-shaped steel beam, which presents a “Y” shaped
asymmetric curve widening shape on the plane, and the beam width is 7.2–11.7 m, with
a main beam height of 0.88 m. The bridge tower is a steel inclined single tower with a
trapezoidal section, and has a shuttle shape. Its length is 85 m with an inclination of 60◦.
The viewing platform is set away from the bottom of the tower, 50 m in a vertical direction.

The cable-stayed bridge is equipped with the south rear ground anchor cable (S1~S4),
the north rear ground anchor cable (N1~N4), the front ground anchor cable (Q1~Q4), the
south main beam cable (B1-S~B9-S), the north main beam cable (B1-N~B9-N), and the
rhombic cable (Y1~Y6). The three-dimensional model and details of the components of the
bridge are shown in Figure 16.

Q420 steel is used for the main beam and bridge tower, and Q345 steel is used for the
pier below the main beam. The rear ground anchor cables adopt strands with a tensile
strength not less than 1860 MPa, and the other stayed cables adopt a parallel steel wire
with 1670 MPa tensile strength. The construction process of the bridge is divided into
16 stages, and the specifics are shown in Table 2.



Appl. Sci. 2022, 12, 11221 13 of 19

Appl. Sci. 2022, 12, x FOR PEER REVIEW 13 of 20 
 

The main beam is a double-sided I-shaped steel beam, which presents a “Y” shaped 

asymmetric curve widening shape on the plane, and the beam width is 7.2–11.7 m, with a 

main beam height of 0.88 m. The bridge tower is a steel inclined single tower with a trap-

ezoidal section, and has a shuttle shape. Its length is 85 m with an inclination of 60°. The 

viewing platform is set away from the bottom of the tower, 50 m in a vertical direction. 

The cable-stayed bridge is equipped with the south rear ground anchor cable (S1~S4), 

the north rear ground anchor cable (N1~N4), the front ground anchor cable (Q1~Q4), the 

south main beam cable (B1-S~B9-S), the north main beam cable (B1-N~B9-N), and the 

rhombic cable (Y1~Y6). The three-dimensional model and details of the components of the 

bridge are shown in Figure 16. 

 

Figure 16. Schematic diagram of the Sanya Landscape Bridge (unit: mm). 

Q420 steel is used for the main beam and bridge tower, and Q345 steel is used for the 

pier below the main beam. The rear ground anchor cables adopt strands with a tensile 

strength not less than 1860 MPa, and the other stayed cables adopt a parallel steel wire 

with 1670 MPa tensile strength. The construction process of the bridge is divided into 16 

stages, and the specifics are shown in Table 2. 

Table 2. Construction steps. 

Figure 16. Schematic diagram of the Sanya Landscape Bridge (unit: mm).

Table 2. Construction steps.

Stages Contents of Construction Stage

stage1 Vertical rotation of bridge tower in place
stage2 Tensioning ground anchor cables N1, S1, Q1~Q4
stage3 Tensioning ground anchor cables N2, S2
stage4 Tensioning ground anchor cables N3, S3
stage5 Tensioning ground anchor cables N4, S4
stage6 Tensioning main beam cable B1
stage7 Tensioning main beam cable B9
stage8 Tensioning main beam cable B2
stage9 Tensioning main beam cable B8
stage10 Tensioning main beam cable B3
stage11 Tensioning main beam cable B7
stage12 Tensioning main beam cable B4
stage13 Tensioning main beam cable B6
stage14 Tensioning main beam cable B5
stage15 Second tensioning ground anchor cables Q2, Q3
stage16 Second tensioning ground anchor cables Q1, Q4

5.2. Finite Element Model of the Cable-Stayed Bridge

The finite element software Midas/civil is used to establish the space grillage analysis
model, which lays the foundation for the subsequent analysis of RCS. The beam element is
employed to simulate the bridge tower, main beam, and pier, and the stay cable is simulated
by a truss element and nonlinear cable element. Elastic connection is used between the
bridge tower and pier to the limit translational constraint and release rotational constraint.
The end of the beam adopts fixed constraints. The main beam and the pier are hinged, and
the general connection in the elastic connection is adopted to restrict the translation and
release the rotation. The FE model of the whole bridge is shown in Figure 17.
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5.3. Calculation of RCS at Each Construction Stage

Replace the hinge constraint at the bottom of the tower with a fixed constraint in the
overall analysis model of the bridge, keep the tension of the stayed cable unchanged, and
perform the forward analysis to obtain the reaction force at the bottom of the tower at each
construction stage (these details are shown in Table 3). The direction of the coordinate
axis can be determined by referring to Figure 17. The maximum value of the vertical force
occurs in the final construction stage (stage16) takes a value of 51,157 kN. The maximum
reaction torque at the bottom of the tower occurs in the completion stage of the tensioning
of the main beam cable (stage14), and takes a value of 1384 kN·m.

Table 3. Reaction force of the tower bottom at each construction stage.

Construction Step Vertical Force Fz
/kN

Reaction Torque Mz
/kN·m Construction Step Vertical Force Fz

/kN
Reaction Torque Mz

/kN·m
Stage1 5590 9 Stage9 47,712 1066
Stage2 16,253 5 Stage10 48,504 1202
Stage3 25,270 65 Stage11 49,305 1269
Stage4 32,675 220 Stage12 50,002 1318
Stage5 38,161 526 Stage13 50,335 1337
Stage6 40,701 199 Stage14 51,000 1384
Stage7 44,476 439 Stage15 51,076 645
Stage8 46,034 862 Stage16 51,157 171

In this case, the friction coefficient of UHS was provided by the manufacturer, which
is µ = 0.15. The curvature radius of the contact surface is R0 = 1.5 m and the central angle is
θ = 23.5◦.

The reaction torque under each vertical force (in Table 2) is compared with the critical
torque calculated by Equation (6) for the corresponding vertical force, and the comparison
results are shown in Figure 18. The results show that the torque of the actual construction
stage was less than the critical torque. It can be concluded that UHS is always in the state of
static friction during the whole construction process because of the existence of the friction
between the top plate and the bottom basin. Therefore, UHS cannot be simulated according
to the ideal hinge support, and its actual rotational parameters (RCS) should be calculated
according to Equation (15).
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Figure 18. The critical torque and reaction torque under various conditions.

5.4. Verification of RCS Calculation Model Based on Monitoring Data

The deformation along the longitudinal direction of the viewing platform is used to
reflect the rotational displacement of the bridge tower to more clearly exhibit the rotational
effect of the bridge tower. Reference point 1 (RP1) and reference point 2 (RP2) are set on the
viewing platform, and are employed as the monitoring points for the rotation displacement
of the bridge tower during the construction process, as shown in Figure 19.
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Figure 19. Layout of monitoring points.

Two FE models considering the RCS of the UHS (the rotational restraint stiffness
calculated from Equation (15)) and without considering the RCS of the UHS (the rotational
stiffness is zero) are established, respectively, both of them include the entire construction
process. The influence of the RCS on the attitude of the bridge tower in each construction
stage is analyzed. The same tension is applied to the two models, respectively, and the
bridge tower states at each construction stage are obtained. A comparison of the rotation
angle of the bridge tower in each construction stage of the two models is shown in Figure 20.
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Figure 20. Comparison of the rotation displacement of the bridge tower.

Figure 20 shows that whether the RCS is considered or not will make a significant
difference when designing the bridge tower during construction. The maximum difference
occurs at stage 14, which is reflected by the maximum difference of the displacement at the
monitoring point along the longitudinal direction of the bridge, which is about 265 mm,
and this error is unacceptable for construction. If the inducement of the error caused by
the failure to consider the RCS is not learned for engineers, it may mislead engineers into
thinking about other induction factors, further leading to a wrong decision. Therefore, it is
significant for accurately obtaining the rotational displacement of the tower to take into
account the RCS at each construction stage.

Readjust the tension of the cable according to the calculated RCS, analyze and calculate
the deformation of the bridge tower at each construction stage, and compare it with the
measured value, as shown in Figure 21.
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Figure 21. Comparison between theoretical and measured rotation angle of bridge tower.

Figure 21 shows that the maximum difference between the theoretical rotation angle
and the measured one occurs at stage 8 (tensioning the main beam cable B2), where its
value is 0.04◦. This equates to about 15 mm through the displacement of the monitoring
point along the longitudinal direction, and this error is acceptable in engineering. Analyze
the reasons for the errors, which may be caused by a long measuring distance, systematic
error of the measuring instrument, etc. In addition, compared with the condition that does
not consider RCS, the error of the measured and calculated rotational displacements is
reduced by about 90%. Therefore, the proposed method in this paper is a great approach to
effectively calculate the RCS in practical applications.
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6. Discussion

The proposed model in this study is a fast calculation method for the rotational
constraint stiffness, which greatly reduces the calculation cost and saves time. Although
there are some errors in the calculation results, the precision has been greatly improved
compared with the traditional structure analysis method that does not consider the work
of this paper, and the errors are completely acceptable in engineering. For a transverse
symmetric bridge, the rotation behavior of the UHS in the horizontal plane can be ignored
when the cable force error satisfies the construction accuracy. Therefore, this study mainly
focuses on the transverse asymmetric cable-stayed bridges. In the implementation of the
case in this paper, it was found that the measured displacements in the transverse and
longitudinal directions were almost consistent with the theoretical displacements calculated
according to the ideal hinge support, while the rotation angles of the bridge towers in the
horizontal plane are quite different from it, so the rotational behavior of the UHS in the
horizontal plane is considered as being important in this study. More practical case studies
should be performed to further explore the practicability of the proposed method and to
comprehensively evaluate the mechanical properties of UHS in the future.

7. Conclusions

(1) To improve the efficiency and accuracy of the mechanical analysis procedure of the
cable-stayed bridge with UHS, a calculation method for the rotational constraint stiffness
of UHS is proposed. The rotational constraint stiffness obtained by the proposed method is
used to modify the boundary parameters of the whole calculation model to calculate the
mechanical properties of the whole structure quickly.

(2) The proposed method takes into account the geometry, material parameters, and
the load factors of UHS, so it has a strong applicability for all kinds of cable-stayed bridges
with UHS.

(3) The proposed method was applied to a practical case to verify the effectiveness,
and the results show that the method can greatly reduce the calculation error, shorten the
calculation time, save the calculation cost, and effectively speed up construction, so it is
especially suitable for the whole process of structure analysis.
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Nomenclature

STCSB single-tower cable-stayed bridge
UHS universal hinge support
RCS rotational constraint stiffness
FE finite element
F vertical force transferred from tower to UHS
M reaction torque
MR critical torque
R0 spherical radius of UHS
R1 radius of the vertical projection surface of the arc-contact surface
R2 radius of the arc-contact surface
θ central angle
q0 uniform distributed force at the top plate
q uniform distributed force at the bottom basin
qv vertical component force of q
qt tangential component force of q in the arc surface
f friction force
r radius of the micro-ring
ds area of the micro-ring
µ friction coefficient
k slope of the load-displacement curve
KM rotational constraint stiffness of the UHS
α a coefficient with dimensions (m/rad)
β a coefficient with dimensions (kN/rad)
γ a coefficient with dimensions (kN·m/rad)
ξ a dimensionless coefficient
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