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Abstract. In this paper, the contact stress of the spherical hinge is analyzed. By comparing the finite
element model with the calculation results of the related contact theory, it is found that the distribution mode
of the contact stress of the spherical hinge is similar to that of the vertical compressive stress distribution
model of the spherical hinge, while Hertz contact theory is not suitable for analyzing the contact problem of
the spherical hinge. In addition, the existence of unbalanced weight and inadequate contact between the
upper and lower spherical hinges are studied in this paper. The results show that for a 30,000-ton swivel
bridge, when the unbalanced moment is 0.5x10* KN-m~2.0x10* KN-m, the contact stress in the middle
area of the spherical hinge increases, and the contact stress difference between the two sides also
increases gradually, up to 16.97 % of the maximum contact stress. When the non-contact area of the middle
of the spherical hinge is 10 %, 20 % and 40 %, the maximum contact stress and friction force at the edge
of the spherical hinge increase by 9.41 % and 16.16 % respectively compared with the normal situation,
but the total friction torque hardly changes.

Funding: This research was funded by the Liaoning Provincial Department of Transportation Foundation
Projects (202327).

Citation: Nie, F., Zhou, X., Wang, H., Zhang, C. Contact of swivel construction spherical hinge. Magazine
of Civil Engineering. 2025. 18(5). Article no. 13706. DOI: 10.34910/MCE.137.6

1. Introduction

With the rapid development of the transportation industry, the demand for bridge construction in
areas with complex terrain and high traffic volumes has been steadily increasing [1]. In particular, when
bridges are required to span mountainous regions, deep rivers, or existing transportation corridors,
conventional construction methods often face significant limitations. To ensure construction safety and
reduce interference with underlying traffic, the swivel construction method has emerged as an effective
solution [2-6].

The swivel construction method involves rotating the prefabricated bridge superstructure into its
designated position, during which the entire load is transferred through a specialized rotating system. This
method has been successfully applied to various bridge types, including beam bridges [7], rigid frame
bridges [8], arch bridges [9, 10], and cable-stayed bridges [11-15]. However, during the swivel process,
factors such as wind load, unbalanced driving force, and superstructure eccentricity can significantly affect
both the dynamic behavior of the bridge and the performance of the rotating system. Ensuring the stability
of the rotating process and the mechanical reliability of the swivel components is therefore critical.

Among these components, the spherical hinge plays a pivotal role as the central load-bearing and
rotating element. Although the construction technology of the swivel system has become increasingly
mature, theoretical research and design guidelines related to the spherical hinge have lagged behind. The
calculation method currently prescribed by design standards is overly simplified, often neglecting the
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camber-induced stress states and assuming idealized contact conditions. Furthermore, due to the nearly
identical radii of curvature and contact areas of the upper and lower spherical components, the assumptions
underlying Hertz contact theory—such as small contact areas and dissimilar radii—are not satisfied, limiting
its applicability to spherical hinges. These shortcomings have prompted numerous studies focusing on the
contact stress, geometric optimization, and design criteria of spherical hinges [16—19]. For example, Feng
et al. [10] analyzed radial stress distributions and proposed parameter selection guidelines; Quan et al. [6]
introduced design methods for conditions involving unbalanced torque; Zhao [20] examined the mechanical
behavior of steel spherical hinges in asymmetrical swivel systems; and Huang et al. [21] refined the
calculation method for interface friction.

In light of the above, a more accurate understanding of the contact behavior of spherical hinges is
essential for improving design safety and construction reliability. This study investigates the mechanical
characteristics of spherical hinges used in the swivel construction of a cable-stayed bridge at the Xiangyang
North Railway Yard. Through finite element simulations and theoretical analysis, the distribution pattern of
contact stress is compared with classical models, demonstrating that the actual stress distribution more
closely aligns with vertical compression patterns rather than the predictions of Hertz theory. The aim is to
provide an improved theoretical basis and reference for the design and analysis of spherical hinges in
swivel bridge construction.

2. Methods
2.1. Project Profile

The bridge across Xiangyang North Railway Marshalling Station is a control joint project of
Xiangyang Loop speed improvement project. The bridge is a hybrid girder cable-stayed bridge with double
single tower and double cable planes, and the span arrangement is (200 + 294 + 226 + 200) m. Considering
that the bridge spans the passenger line, the swivel construction method is used to reduce the impact on
the railway line. After the construction of T3 and T5 bridge towers to 73 m above the bridge floor, the bridge
began to rotate. The beam length of the swiveling part of T3 bridge tower is 122.75 m, of which the length
of the side span concrete part is 51 m, and the length of the main span steel-concrete composite part is
71.75 m. The beam length of the swiveling part of the T5 bridge tower is 120.75 m, of which the length of
the side span concrete part is 49 m, and the length of the main span steel-concrete composite part is
71.75 m as shown in Fig. 1a. The total weight of the upper swiveling structure is about 30,000 tons. Fig. 1b
shows the elevation of the rotary system. The curvature radius of the spherical hinge is 800 cm, the bearing
radius is 260 cm, and the aperture of the pin is 18 cm.
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(a) Elevation of bridge structure (unit: m)

(b) Elevation of rotary system (unit: cm)

Figure 1. Structure of bridge across Xiangyang North Marshalling Station.
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2.2. Contact Theory

This section will introduce the engineering simplified calculation method and related theory of
spherical hinge contact problem.

2.2.1. Engineering simplified algorithm

The simplified algorithm assumes that the contact surface of the upper and lower spherical hinges is
a plane, and the contact pressure of the spherical hinge interface is [22]:

e
nR? ’

where F is the self-weight load of the superstructure; R is the bearing radius of the spherical hinge.

o=

(1)

2.2.2. The normal distribution force on the boundary of the half-space body

Assuming that the uniform normal load ¢ acts on the circular area of radius a, the Poisson's ratio
of the spherical hinge material is u, and the stress at any point on the spherical hinge structure can be

solved by the superposition method. For the stress at any point on the z -axis, the contact stress formula
of the spherical hinge is [23]:

3 2(1
(5:% (1+2p)+ z T (+M)Zl , (2)
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when ¢, a, p is known, the contact stress of the spherical hinge is only related to z, that is, the above
formula represents the distribution law of the contact stress of the spherical hinge.

2.2.3. Vertical compressive stress distribution model of spherical hinge

For the contact surface of the spherical hinge, the vertical compressive stress distribution mode is

7'2 !
p=po|l=-——1 (3)
a

where 7 is the distance from a point on the contact surface to the contact center; a is the contact radius;
Py is the vertical stress of the contact center as shown in Fig. 2. When the pressure distribution is the

pressure distribution of the Hertzian contact, n is 1/2. When the contact surface produces a uniform normal
displacement, n is —1/2, then the pressure distribution of the spherical hinge contact can be described [25].

[24]:

Figure 2. Vertical compressive stress distribution diagram of spherical hinge contact surface.
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2.3. Hertz Contact Theory

Figure 3. Schematic diagram of Hertz contact model.

Fig. 3 shows a schematic of the Hertzian contact model. In the case of an internal contact between
the two spheres, the maximum contact stress of Hertz contact theory can be expressed as [24]:

1_1
1 R, R
Omax = 3 6F ; 2 R (4)
m Ll VI el 5
E, E,

where F represents the load, R;, R, represents the radius of curvature of the inner and outer circles;
E,, E, represents the elastic modulus of the inner and outer circles; L;, W, represents the Poisson's

ratio of the inner and outer circles. When E; = E,, 1, = U, = 0.3, the maximum contact stress is
simplified as:

FE*(R - R,)’

Omax = 0388 — 7
12

%)

2.4. Numerical Methods for Contact Problems

At present, the finite element method is widely used in highly nonlinear problems and highly nonlinear
contact problems. In this project, the simulation of the contact of the spherical hinge is highly nonlinear
contact problems. Therefore, this study will use the finite element method to analyze the spherical hinge
contact problem. The contact problem is characterized by the dynamic change of the contact surface, which
will lead to the constant change of the constraint conditions in the contact process. Therefore, the
incremental method is often used to deal with the contact problem. The contact constraints of the contact
problem in the bonded or sliding state can be expressed by the following formula [21, 26, 27]:

uy —uy +gy =0
ufl —u? =0(bond ) , (6)
t+AtFTA‘_u [+A[F]<[4‘=O(Slid€)

where uf\lf, uf, are the normal displacement increments of contact 4 and B, respectively; g, is the
distance between contact points; uf’, u? are the tangential displacement increments of contact 4 and

B, respectively. FTA, F]([4 are the tangential and normal forces of the contact body A, respectively. The

virtual work equation of the incremental method contact problem based on Lagrange scheme is [21, 26,
27]:
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where J is the two vertical directions of the contact surface, J = 1,2. The left superscript of the tensor

t + At is the incremental step expressed in time. The first term of the equation is the virtual strain energy,
the second term is the external virtual work generated by the surface force, and the third term is the virtual
work generated by the contact force on the contact surface.

The Lagrange multiplier method is introduced to consider the additional constraints. The variation of
the displacement increment by the corresponding modified functional is as follows [21, 26, 27]:

4.8 t+AL _r tt+At 4.8 t+Atpr s T E+AL
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In the formula, the first term is the virtual strain energy, the second term is the external virtual work
generated by the surface force, and the third term is the virtual work generated by the constrained variable
A (Lagrange multiplier variable).

The whole region is discretized, and the node displacement is used as the basic variable of the shape
function. The final finite element solution equation is as follows [21, 26, 27]:

oK.+ oKy, Ko, [ u J: O, — o F

, (9)
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where K is the linear term of the global stiffness of the contact; K is the nonlinear term; K, is the

interface constraint stiffness; Q; is the equivalent nodal load vector.

The first term of matrix (9) is essentially a discrete form of (8). The second term is the discretization form
of constraint condition (6). It can be seen from equations (6)—(9) that before solving the contact equation, it
is first necessary to determine whether the shortest distance between the two contact points after
discretization meets the contact constraint conditions. By adjusting the coordinates of contacts A and B in
each incremental step, the new contact point position is obtained, and then calculated according to equation
(6). Based on the above theory, the finite element method can simulate the contact problem. The
comparison between the simulation results and the theoretical calculation results will be introduced in the
next section.

3. Results and Discussion
3.1. Contact Model Comparison

In this paper, ABAQUS finite element analysis software is used to analyze the contact of spherical
hinges. Fig. 4 is the schematic diagram of the spherical hinge contact model. The spherical hinge contact
model includes a turntable, an upper spherical hinge, a lower spherical hinge, and a foundation slab. The
turntable circle and the upper spherical hinge, the foundation slab and the lower spherical hinge adopt tie
constraint, while the upper and lower spherical hinges are set as surface to surface constraint, the normal
behavior is set to "hard contact", the tangential behavior is set to friction, and the friction coefficient is 0.024
according to the test. The boundary condition is the solid connection between the foundation slab and the
ground, and the weight of the superstructure acts on the upper turntable in the form of pressure. All
components are finely meshed to ensure a structured grid. All solid components adopt the 3-degree of
freedom 8-node element to ensure solution accuracy.
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Figure 4. Schematic diagram of spherical hinge contact model.

The contact stress cloud diagram of the spherical hinge during the swivel process is shown in the
Fig. 5. The distribution law of the contact stress is gradually increasing from the center of the spherical
hinge to the outside. The center contact stress is almost 0 MPa, and the edge contact stress is 58.64 MPa.
The contact theory introduced in Section 3 is applied to this problem, and a series of theoretical solutions
are listed in the Table 1. The radial distribution of contact stress along the spherical hinge is shown in the
Fig. 6. According to equation (1), the contact stress of the spherical hinge obtained by the simplified
engineering algorithm is 14.21 MPa, which is no change along the path of the spherical hinge. According
to equation (2), the maximum contact stress calculated by the normal distribution force on the boundary of
the half-space body is 11.10 MPa. The calculation results of these two methods are quite different from the
maximum contact stress obtained by simulation. According to the calculation result of equation (3), it can
be seen that the vertical compressive stress distribution model of the spherical hinge is close to the finite
element results in the distribution law. According to equation (4), since the curvature radius of the spherical
hinge is the same, the maximum contact stress of the Hertz contact theory is 0.

CFRESS
+5.864e+01
+5.403e+01
+4.942e+01
+4.481e+01
+4,020e+01
+3,560e+01
+3,09%e+01
+2.638e+01
+2.177e+01
+1.716e+01
+1.255e+01
+7.940e+00
+3.231e+00

Figure 5. Spherical hinge contact stress cloud diagram.

Table 1 Comparison of finite element and theoretical calculation results.

Theory/algorithmic Distance from center of spherical hinge
model 200 600 1000 1400 1800 2200 2580
3.1 14.21 14.21 14.21 14.21 14.21 14.21 14.21
3.2 8.17 8.30 8.57 8.97 9.52 10.23 11.10
3.3 7.13 7.30 7.70 8.43 9.85 11.12 57.39
34 0 0 0 0 0 0 0

Finite element method 4.50 5.11 5.53 7.19 8.96 14.07 58.19
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Figure 6. Comparison of contact stress under different calculation methods.

The calculation results of equation (3) show that the contact stress increases rapidly at the edge of
the spherical hinge, which is close to the finite element results. In the range of 2000 mm from the center of
the spherical hinge, the contact stress calculated by equation (3) is greater than the result of finite element
simulation, but it is very consistent with equation (2). In summary, it can be considered that equation (3) is
suitable for simulating the contact stress of spherical hinges. For the spherical hinge contact model, the
radius of curvature of the inner and outer circles is infinitely close, and the contact stress calculated by
Hertz theory is almost zero, which is inconsistent with the actual situation. Therefore, Hertzian contact
theory is not suitable for analyzing spherical hinge contact.

In practical engineering, the superstructure and substructure of the swiveling system are connected
only through the free contact surface between the upper and lower spherical hinges, and the normal
operation of the spherical hinges is the key to ensure the safety of the swiveling process of the bridge.
Various influencing factors may lead to the destruction or abnormal operation of the spherical hinge, which
in turn leads to the overturning of the bridge during the swivel process. Therefore, this section analyzes the
parameters of two kinds of common problems in rotary construction, namely unbalance weight and
inadequate contact of spherical hinges.

3.2. Influence of unbalanced weight on spherical hinge

In the process of swivel, the bridge is affected by the uncertain factors such as wind load and
temperature action, which will produce additional unbalance torque and cause the risk of overturning. This
section explores the influence of unbalance weight on the spherical hinge, and sets five unbalance
moments, respectively 0, 0.5%x10* KN-m, 1.0x10* KN-m, 1.5x10* KN-m, and 2.0x10* KN-m, which
accounts for 0 %, 1.67 %, 3.33 %, 5.00 %, and 6.67 % of the total weight, when the moment arm is taken
1 m. The five conditions are defined as load case 1, load case 1I, load case III, load case IV, and load

case V.

Fig. 7 is the schematic diagram of the spherical hinge data extraction path. Fig. 8 shows the spatial
displacement curve on the spherical hinge path. With the increase of unbalanced moment, the position
2000 mm away from the center of the spherical hinge becomes the largest part of the vertical displacement
of the whole spherical hinge, and the vertical displacement is —0.843 mm, —0.856 mm, —0.870 mm, —
0.883 mm, respectively. Through the displacement cloud diagram and displacement curve of the spherical
hinge, it can be seen that the existence of unbalanced moment leads to the dislocation between the upper
and lower spherical hinges, and as the unbalanced moment increases, the deviation between the two
spherical hinges increases.



Magazine of Civil Engineering, 18(5), 2025

Unbalance moment

Figure 7. The schematic diagram of the spherical hinge data extraction path.
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Figure 8. the spatial displacement curve on the spherical hinge path.

Fig. 9a is the contact stress distribution curve on the spherical hinge path. Fig. 9b shows the difference
between the contact stress of each point on the path and load case 1 under five load cases. When there
is no unbalanced moment, the contact stress curve is symmetrical about the center of the spherical hinge,
and the maximum contact stress is 58.19 MPa. When there is an unbalanced moment, the maximum
contact stress at the edge of the spherical hinge decreases, but the contact stress within 2000 mm from
the center of the spherical hinge increases. This occurs because when the upper and lower spherical hinges
are misaligned, the edge of the spherical hinge becomes suspended, resulting in a decrease in stress.
Conversely, the middle contact area diminishes, leading to an increase in contact stress. In addition, the
contact stress curve of the spherical hinge with unbalanced moment is no longer symmetrical about the
center of the spherical hinge, and with the increase of unbalanced moment, the contact stress difference
between the two sides of the spherical hinge increases, reaching 1.05 MPa, 3.89 MPa, 5.71 MPa, and
7.56 MPa, which accounts for 2.51 %, 9.11 %, 13.09 %, and 16.97 % of the maximum contact stress.
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Figure 9. Contact stress (a) and contact stress difference (b) of spherical hinge path under

different load case.
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3.3. Influence of Inadequate Contact on Spherical Hinge

Inadequate contact between the spherical hinges will change the contact state, thus affecting the
force of the spherical hinge. This section explores the impact of inadequate contact on spherical hinges by
setting different contact areas for the upper and lower spherical hinges, that is, slightly changing the
curvature of the upper spherical hinges, so that some areas of the upper and lower spherical hinges do not
have contact. As shown in Fig. 10, four contact conditions are set respectively, which are defined as load
cases I, II, III, and IV. Load case I is that the upper and lower spherical hinges have the same curvature
and are in complete contact. Load case II to load case IV is that the middle part of the spherical hinges is
suspended without contact. The uncontacted part accounts for 10 %, 20 %, and 40 % of the total area of
the spherical hinge, respectively.

SI0I0IC)

0% 10% 20% 40%

Proportion of untouched area

Figure 10. Contact diagram of the spherical hinge (Shadows represent untouched parts).

Fig. 11a is the contact stress curve of the spherical hinge path, and Fig. 11b is the contact stress
difference of spherical hinge path. It can be seen that with the decrease of the center contact area, the
maximum contact stress on the edge of the spherical hinge gradually increases. However, due to the
small contact stress in the middle of the spherical hinge, the inadequate contact of this part has little
effect on the overall force of the spherical hinge, so the contact stress distribution of the spherical hinge
is almost unchanged. The maximum edge contact stress of load case 1 to load case IV is 58.64 MPa,
59.94 MPa, 61.90 MPa, and 64.06 MPa, which increases by 2.21 %, 5.56 %, and 9.41 %, respectively,
compared with load case 1. The growth rate of contact stress shows a gradually increasing trend.
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Figure 11. Contact stress (a) and contact stress difference (b) of spherical hinge path under
different contact area.

Fig. 12a is the friction curve of spherical hinge path, and Fig. 12b is the friction force difference of
spherical hinge path. Similar to the contact stress, the distribution of friction force also shows the law of
large edge and gradually decreasing toward the center. The edge friction of spherical hinge under load
case [ to load case IV is 28.46 KN, 30.22 KN, 31.87 KN, and 33.06 KN, which increase by 6.18 %,
11.98 %, and 16.16 %, respectively, compared with load case 1 . The frictional resistance moments
extracted by ABAQUS during the rotation of the spherical hinge are all 5.8x10% KN-m, so the total tractive
force required for the rotation of the spherical hinge will not change.
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4. Conclusion

Based on the swivel construction project of the bridge across Xiangyang North Railway Marshalling

Station, this paper analyzes the swivel system, especially the spherical hinge, and compares the contact
stress of finite element simulation and the results of various spherical hinge contact theory calculations. In
addition, this paper also analyzes the response of the spherical hinge under the action of unbalanced
moment, and the internal force change of the spherical hinge when the upper and lower spherical hinges
are not fully contacted. The conclusions are as follows:

1.

The contact stress distribution of the spherical hinge obtained by the finite element simulation is
similar to the distribution law of the vertical compressive stress distribution model. In the contact
problem of the spherical hinge, the curvature radius of the upper spherical hinge and the lower
spherical hinge is almost the same. The contact stress calculated by the Hertz contact theory is 0, so
the Hertz contact theory cannot be applied to the calculation of the contact of the spherical hinge.

The unbalanced moment will lead to the offset of the upper and lower spherical hinges, and the
contact stress distribution of the spherical hinge is not symmetrical about the center of the spherical
hinge. Under the same conditions, the contact stress of the edge of the spherical hinge without
unbalanced moment is greater, and the contact stress of the middle part of the spherical hinge with
unbalanced moment is greater. For a 30,000 ton rotary bridge, when the unbalanced moment is
0.5x10* KN-m (1.67 %), 1.0x10* KN-m (3.33 %), 1.5x10* KN-m (5.00 %), and 2.0x10* KN-m
(6.67 %), the contact stress difference between the two edges of the spherical hinge reaches
1.05 MPa, 3.89 MPa, 5.71 MPa, and 7.56 MPa, which accounts for 2.51 %, 9.11 %, 13.09 %, and
16.97 % of the maximum contact stress.

The inadequate contact between the upper and lower spherical hinges will lead to the increase of the
maximum contact stress and the maximum friction force at the edge of the spherical hinge. When the
non-contact area of the spherical hinge is 10 %, 20 %, and 40 %, the maximum contact stress of the
spherical hinge edge increases by 2.21 %, 5.56 %, and 9.41 %, and the friction force of the spherical
hinge edge increases by 6.18 %, 11.98 %, and 16.16 %, respectively, while the total frictional moment
hardly changes.
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