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Abstract

The spatial Y-shaped tied arch bridge is a rare form of innovative bridge on arch bridges around the world. It has impor-
tant reference significance for the design and construction of bridge engineering worldwide. This arch bridge is novel in
design and adopts single and double arch ribs combined structure. However, as a novel bridge type, its force situation is
indetermination, so it is very important to study its mechanical properties and parameter sensitivity. In order to study the
mechanical properties of the spatial Y-shaped tied arch bridge and the influence of structural parameters, this paper takes
a spatial Y-shaped tied arch bridge under construction in China as the research object. The finite element software MIDAS
Civil is used to establish the bridge model. The finite element model is used to analyze the static and dynamic performance
of the spatial Y-shaped tied arch bridge under the use stage and the mechanical change trend under the influence of differ-
ent rise-span ratios and double arch bifurcation angles. The results of single arch rib and double arch rib under constant
load and live load are compared under different structural parameters in this paper, and the parameter sensitivity analysis of
statics and dynamics is carried out. These analyses provide the adjustment basis and design reference for the design of the
special-shaped arch bridge in the future.

Keywords Special-shape arch bridge - Mechanical property - Static analysis - Dynamic analysis - Structural parameter
analysis - Parameter Sensitivity
1 Introduction

With the extensive use of steel in bridge engineering, the
construction of steel arch bridges is increasing (Feng et al.,
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bridges, butterfly arch bridges, inclined span arch bridges,
arch tower cable-stayed bridges and so on (Huo & Han,
2014; Kou et al., 2011; Li et al., 2004; Lu et al., 2009; Wang
et al., 2011). These new arch bridge types not only have the
round and dynamic aesthetic characteristics of traditional
arch bridges but also constantly refresh the limits of people's
aesthetic imagination of bridges. For example, the Bacde
Road Bridge (Liu et al., 2014a), the Gateshead Millennium
Bridge (White & Fortune, 2012), and the JK Bridge (Batista
& Ghavami, 2005) are among the masterpieces of these new
special-shaped arch bridges. Although the construction of
special-shaped arch bridges in China started late, there are
still many excellent projects known around the world, such
as the Wuchazi Bridge (Ye, 2020), the Jiulong River Bridge
(Liu et al., 2015), the Shizhi River Bridge (Lu et al., 2021)
and other special-shaped arch bridges. Compared with the
traditional arch bridge, the special-shaped arch bridge has
the advantages of a unique appearance and easy combina-
tion with the environment around the bridge site. The built
special-shaped arch bridge shows that most of the special-
shaped arch bridges have become locally famous scenic
spots. The special-shaped steel arch bridge has become a
new development trend of steel arch bridges.

Although the special-shaped arch bridge has the aes-
thetic characteristics of novel design and unique structure,
it also has the disadvantages of complex structure, difficult
construction, and high maintenance cost. Therefore, the
construction of the special-shaped arch bridge needs to
analyze the static and dynamic mechanics and the sensitiv-
ity of design parameters. In recent years, more and more
researchers focus on the static and dynamic characteristics
of special-shaped arch bridge design. Cheng used ANSYS
to analyze the static and dynamic characteristics of the
Yingzhou Bridge and studied the mechanical behavior of
this bridge in extreme events, which provided a reference
for the design of special-shaped arch bridges with similar
structures in the future (Cheng et al., 2017). Wu estab-
lished a fine three-dimensional finite element model of
a butterfly-shaped arch bridge to analyze the static and
dynamic characteristics and compared it with the numeri-
cal analysis and field tests, and corrected the finite element
model. The updated model thus obtained can be treated as
a baseline finite element model, which is suitable for long-
term monitoring and safety evaluation of the structure (Wu
et al., 2021). Design parameters are the influencing factors
that can adjust or even determine the mechanical proper-
ties of bridges in bridge design, the analysis of structural
parameter sensitivity has always been the focus of struc-
tural design (Cheng et al., 2021; Svendsen et al., 2021;
Wang et al., 2014). The parameter sensitivity analysis
of the special-shaped arch bridge with a new structure is
helpful for scholars to understand the mechanical proper-
ties of the new structure better, and it can also provide

a reference for the design of similar special-shaped arch
bridges in the future. in recent years, many researchers
have begun to analyze the parameter sensitivity of spe-
cial-shaped arch bridges (Banerji and Chikermane, 2012;
Li et al., 2018, 2020; Qin et al., 2022; Shi et al., 2020;
Tubaldi et al., 2019; Zhang et al., 2020). These studies
studied the influence of different parameters on the static
and dynamic characteristics of the bridge and provided a
solid theoretical guarantee for the design and development
of the special-shaped arch bridge.

The half-through tied arch bridge is a kind of bridge
type that combines the advantages of the arch and beam.
It combines the two basic structural forms of arch and
beam and gives full play to the structural performance
and combination of beam and arch. It has the advantages
of reasonable load, beautiful shape, simple structure, and
easy construction. Therefore, its application in landscape
bridges is increasing gradually (Chen & Wang, 2009; He
& Chen, 2014; Ma et al., 2021; Tang et al., 2014; Wu
et al., 2018). In general, the main arch ribs of the half-
through tied arch bridge are mostly bidirectional symmet-
rical, which makes the traditional half-through arch bridge
have high requirements for the selection of bridge site and
less arrangement form of the substructure. In the special
terrain such as intersection terrain and tunnel entrance,
the traditional half-through tied arch bridge has the disad-
vantages of affecting the driving sight and poor landscape
performance (Fan et al., 2022; Li et al., 2018; Nonaka &
Ali, 2001; Wu & Qiu, 2012).

In order to overcome the shortcomings of the tradi-
tional half-through tied arch bridge, the spatial Y-shaped
tied arch bridge is designed in China. As a novel special-
shaped arch bridge, the spatial Y-shaped tied arch bridge
symmetry along bridge direction and adopts single and
double arch ribs combined structure. This bridge can be
flexibly arranged in special terrains such as canyons and
river valleys. It has a good vision in the road crossing sec-
tion and the tunnel portal section and has the advantages
of good economic performance and excellent landscape
performance. However, the spatial Y-shaped tied arch
bridge is a rarely seen innovative practice around the world
(Huang et al, 2022; Zhang, 2021), the unique bridge shape
leads to its complex structure, and its mechanical proper-
ties are different from those of ordinary tied arch bridges.
Its unique spatial Y-shaped arch rib makes the mechanical
properties of this bridge fuzzier.

Therefore, this paper takes a spatial Y-shaped tied arch
bridge under construction as the object to study the static
and dynamic mechanical properties of the spatial Y-shaped
tied arch bridge and their parameter sensitivity, which can
guarantee the construction of the spatial Y-shaped tied arch
bridge and provide a reference for the design and analysis of
similar bridges in the future.
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2 Engineering Example of the Spatial
Y-shaped Tied Arch Bridge

The Jinghe Bridge is an essential node project in the exter-
nal traffic engineering of Dongzhuang Water Conservancy
Hub in Shaanxi Province, and it is an important scenic spot
project in Guanzhong Canyon Tourism Belt. In order to pur-
sue the landscape effect corresponding to the Dongzhuang
Reservoir, the Jinghe Bridge integrates the structural char-
acteristics of the butterfly arch bridge and half-through arch
bridge in design. It not only has a beautiful bridge type and
special shape but also adopts the combination form of sepa-
rated main arch rib and secondary arch rib to form the spatial
special-shaped structure, which further obtains better visual
effect, the 3D model diagram of the spatial Y-shaped tied
arch bridge is shown in Fig. 1.

As a novel large-scale landscape bridge, this bridge is a
half-through spatial Y-shaped steel box arch bridge with a
total length of 284 m. The calculated span of the main beam is
2% 19.5m + 197m(14.5m + 28 X 6m + 14.5m) + 2 x 19.5m
The arch bridge is mainly composed of main arch rib, sec-
ondary arch rib, arch footing, main-secondary arch connect-
ing rib, suspender, main beam, and other components. The
main arch rib is a catenary variable cross-section box arch
with a horizontal projection of Y-shape, which is mainly
composed of single arch rib and double arch rib. The main
arch is an arch without hinge points. The side span and main
span of the main beam are both suspended continuous beam
structures. The clear span of the main span is 220 m, the
arch rise is 62.5 m, and the rise-span ratio is 1/3.52. The
layout of the half-through spatial Y-shaped tied arch bridge
is shown in Fig. 2.

This bridge adopts the second-class highway tech-
nical standard, the design speed is 40 km/h, and the

two-way two-lane is arranged in the transverse direc-
tion of the bridge. The standard cross-section layout is:
sidewalk(2.75 m) + side strip(0.25 m) + motored-vehicle
lane(3.75 m) + side strip(0.25 m) + medial strip(4 m) + side
strip(0.25 m) + motored-vehicle lane(3.75 m) + side
strip(0.25 m) + sidewalk(2.75 m), a total of 18 m, The dia-
gram of the main beam standard cross-section is shown in
Fig. 3.

2.1 Main Arch Rib

The main arch rib is a spatial Y-shaped variable cross-sec-
tion box arch. The catenary arch has the characteristics of
less material and light weight, modern construction technol-
ogy and materials can guarantee its strength and accuracy.
Therefore, modern bridges generally use a catenary as the
most ideal arch axis (Zhang et al., 2019). So in the design of
the spatial Y-shaped tied arch bridge, the facade projection
of the arch axis is catenary, whose equation is:

y =f X (coshkg = 1)/(m = 1) (1)

k=Inm+ Vm?-1) 2)
=X

£€=3 ®)

where, f is the height of the arch axis, that is, the vertical
height from the arch footing to the arch vault; [ is the length
of the arch axis, that is, the horizontal distance from the arch
footing to the arch vault; m is the arch axis coefficient; x and
y are the independent and dependent variables of catenary
equation respectively.

For this bridge, the clear span is 220 m (corresponding
to pile number: K35 +205.000 to K35 +425.000), the clear

Fig. 1 3Dmodel diagram of the spatial Y-shaped tied arch bridge
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(c) The side view of the spatial Y-shaped tied arch bridge

Fig.2 The layout diagram of the spatial Y-shaped tied arch bridge (unit: cm)

arch rise is 62.5 m, the arch axis coefficient m = 1.347, and
the rise-span ratio is 1/3.52. The horizontal projection of
the arch axis is Y-shape. The single arch rib is arranged
on the right side of the Jing River, and the double arch rib
is arranged on the left side of the Jing River. The axis is
bifurcated from K35+ 288.500, and the bifurcation angle
is 12.42°.

The sectional dimension of the single arch rib gradually
changed from 3.5 mX 6.6 m to 3.293 m X 3.558 m from the
arch footing to the arch vault, and the sectional dimension
of the double arch rib gradually changed from 3.5 mx 6.6 m

to 2.023 m % 3.075 m from the arch footing to the arch vault.
The main arch rib is divided into 17 segments along the
bridge direction. The segment numbers are ZS0 to ZS16
respectively, and the maximum weight of a single stage is
130.7t.

2.2 Partial Design of the Main Arch Rib
Wind brace: The whole bridge is provided with two one-line

wind braces between the double arch ribs. Both of the wind
braces adopt the rectangular steel box section, the thickness
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Fig.3 The diagram of the main beam standard cross-section (unit: cm)

is 20 mm, the width is 1.5 m, and the height is equal to the
arch rib height.

Cross beam: A cross beam is set at the intersection of arch
ribs and main beams on both sides of the bridge. The main
beam is supported by bridge bearings. The cross beam of
the single arch rib adopts a variable height rectangular steel
box section, the section size is 4.0 mX (3.5 m~2.5 m). The
cross beam of the double arch rib adopts an equal height rec-
tangular steel box section, the section size is 4.0 m X 3.5 m.

2.3 Secondary Arch Rib and Main-Secondary Arch
Connecting Rib

The secondary arch rib is a spatial three-dimensional struc-
ture, and it is symmetrically arranged on both sides of the
main arch rib by a 5° outward inclination of the connection
around the starting and ending points of its own axis. The
arch axis is catenary, whose equation is Eq. (1). The clear
span of the secondary arch rib is 184.5 m, the clear arch
rise is 43 m, the rise-span ratio is 1/4.29, and the arch axis
coefficient is 1.756.

The secondary arch rib adopts a circular steel tube sec-
tion with a diameter of 1.4 m and a thickness of 24 mm; the
stiffening rib is the plate rib with a thickness of 12 mm; The
thickness of the transverse diaphragm is 12 mm, and the
transverse diaphragm is arranged to correspond to the side

Fig.4 Suspender numbers

Single cable plane double
straight suspenders

@ Springer

web of the main-secondary arch connecting rib. The main
arch rib and the secondary arch rib are connected by the
main-secondary arch connecting rib. The axis of the main-
secondary arch connecting rib is a circular curve, which
changes step by step from the arch footing to the arch vault.
The main-secondary arch connecting rib adopts the box sec-
tion, whose size is 0.7 X 1.0 m, and the thickness is 20 mm.

2.4 Suspender

There are 29 pairs of suspenders in the spatial Y-shaped tied
arch bridge, and the standard spacing between the suspend-
ers is 6 m. The single cable plane double straight suspenders
S1~S10 are set at the single arch rib. The double cable plane
single inclined suspenders S11~S29 are set at the double
arch rib. The suspenders adopt three kinds of epoxy sprayed
steel wire finished rope (PES.E7-55, PES.E7-61, and PES.
E7-73) and supporting anchorage. The suspender number is
shown in Fig. 4.

2.5 Main Beam

The main beam of the bridge is a II-shaped double-box
and double-chamber steel box beam. The main beam
length is 274.7 m and the standard cross-section width
is 18.0 m. The main beam is divided into 36 segments,

Double cable plane single
clined suspenders
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the segment number is LSO ~LS35. The main beam is
divided into three kinds of cross-sectional forms: (a) The
single cable plane double suspender cross-section; (b)

The double cable plan

e single suspender cross-section;

(c) The single arch rib separated cross-section. As shown

in Fig. 5.

3 Establishment and Verification
of the Finite Element Model

The finite element model of the whole bridge of the spatial
Y-shaped tied arch bridge is established by MIDAS Civil.
Because this paper is to analyze the mechanical properties
and the structural parameter sensitivity of the bridge, the
three-dimensional modeling method is used to calculate the
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Fig.5 Three kinds of cross-sectional forms of the main beam (unit:cm)
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bridge at one time without considering the analysis of the
construction stage. The finite element model of the bridge
is established with an X-axis along the bridge and a Y-axis
across the bridge. There are 889 joints and 968 elements
(902 beam elements and 58 truss elements) in the finite ele-
ment model. The main arch rib, secondary arch rib, main
and secondary arch connection rib, and main beam are simu-
lated by the beam element, and the suspenders are simu-
lated by the truss element. The constant load and live load
of the main beam are considered by the equivalent uniform
load. The finite element model of the half-through spatial
Y-shaped tied arch bridge is shown in Fig. 6. The main mate-
rial properties of the model are shown in Table 1.

3.1 Simulation of the Main Arch Rib and Wind Brace

The main arch rib of the bridge is a special-shaped spatial
structure composed of two arch ribs, which are the single
arch rib and the double arch rib respectively. The double
arch rib is symmetrical along the middle line of the sin-
gle arch rib. The main arch rib of the half-through spatial
Y-shaped arch bridge consists of 17 segment types. Because
the main arch rib adopts the structural form without hinge

Fig.6 The finite element model
of the half-through spatial
Y-shaped tied arch bridge

points, the connection between the main arch rib and the
secondary arch rib and the bifurcation of arch ribs are sim-
ply simulated respectively. The connection of the main arch
rib and the secondary arch rib and the bifurcation of arch
ribs are consolidated by rigid connection. This bridge is
equipped with two wind braces, both of which are simu-
lated by a box-shaped equal section beam element. The finite
element model of the main arch rib and the wind brace is
shown in Fig. 7.

3.2 Simulation of the Secondary Arch Rib
and the Main-Secondary Arch Connecting Rib

According to the bridge design data, the secondary arch rib
is a ribbed circular section, the main-secondary arch con-
nection rib is a ribbed box section. In practical engineer-
ing, the axis of the main-secondary arch connection rib of
the special-shaped arch bridge is a circular curve with the
radius of curvature changing step by step with the distance
between the main arch rib and the secondary arch rib. The
main-secondary arch connecting ribs are the non-important
load-bearing components of the spatial Y-shaped tied arch
bridge. In this bridge, they mainly play the role of landscape

Table 1 The main material properties of the model

Material Category Component of the bridge ~ Material properties
Elastic modulus(MPa)  Poisson’s ratio  Density (kN-m™)  Coefficient of
linear expan-
sion(1/°C)
Concrete C50 Bridge piers Arch seats 3.15x 10* 0.2 25 1.0x10°
Steel strand ~ Strand1860 Suspenders 2.05 % 10° 0.3 76.98 12x10°
Steel Q420gDNH  Arch ribs main beam 2.06 x 10° 0.3 76.98 1.2%10°

Arch ribs include the main arch rib, secondary arch rib, main-secondary arch connecting rib, wind brace, and cross beam
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Fig.7 The finite element model
of the main arch rib and the
wind brace

and the connection between the main arch rib and the sec-
ondary arch rib. Therefore, in order to ease the establishment
of the model, the axis of the main-secondary arch rib is sim-
plified from a circular curve to a straight line in the estab-
lishment of the finite element model, and the missing mass
is converted into a uniform load applied to the connection
rib. The finite element model of the secondary arch rib and
the main-secondary arch connection rib is shown in Fig. 8.

3.3 Simulation of the Main Beam

The main beam of the spatial Y-shaped tied arch bridge
is a I1-shaped steel box beam with a horizontal projection
length of 274.7 m. In the construction, it is divided into

Fig.8 The finite element model
of the secondary arch rib and
the main-secondary arch con-
nection rib

Main-secondary
arch connecting
rib

Single arch rib

Secondary arch rib

A\

Double arch rib

36 segments for easy transportation and hoisting, and the
segment numbers are LSO ~LS35 respectively. The cross-
sections of segments from LSO to LS33 are the standard
cross-sections with a bridge width of 18 m. The LS34
and LS35 segments are the widening sections of the view-
ing platform. The bridge width is 36 m in these two seg-
ments. In the design of the bridge, the widening part of
the LS34 and LS35 segments only considers the crowd
load. In order to facilitate the establishment of the finite
element model, the 34 and 35 segments are simplified. The
widening section is simplified into a standard section, and
the widening part is applied to both sides of the L.S34 and
LS35 standard sections in the form of load. The finite ele-
ment model of the main beam is shown in Fig. 9.

Secondary arch rib

Details of the N
double arch rib
section

Main-secondary
arch connecting
rib

Double arch rib
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LS34 and LS35 segments

Fig.9 The finite element model of the main beam

3.4 Boundary Conditions and Load Conditions

According to the design data, the half-through spatial
Y-shaped arch bridge has two bridge bearings at bridge plat-
forms, bridge piers, and cross beams respectively, and the
whole bridge has 12 bridge bearings (the constraint points
1~12 in Fig. 10). The layout diagram of the constraint points
is shown in Fig. 10, and the degree setting of freedom of the
constraint points is shown in Table 2.

In addition to the constraints of bridge bearings, the
simulation methods of other boundary conditions are
as follows: (1) The connections between the suspenders
and the main arch rib or the main beam adopt rigid con-
nections; (2) The supports between the main beam and
the brackets/ cross beams/ bridge piers/ bridge platforms
adopt elastic connections; (3) The connections between the
main-secondary arch connecting rib and the main arch rib

or the secondary arch rib adopt rigid connections; (4) The
displacements and rotation constraints of the main arch rib
(the constraint points 13 ~ 15 in Fig. 10) and the bottom of
the bridge piers are carried out in three directions.

The load conditions of the spatial Y-shaped tied arch
bridge are simulated as follows:

(1) Gravity: The mass of the transverse diaphragm in the
main arch rib, secondary arch rib, and main beam is
converted into the node load input model, and the
weight of other components in the finite element model
is automatically calculated by MIDAS Civil;

(2) The second constant load is 140kN/m;

(3) The vehicle load grade is Highway-I, and the crowd
load is ¢ = 2.5kN /m? according to the General Speci-
fications for Design of Highway Bridges and Culverts
(JTG D60-2015).

(4) Temperature: According to the full bridge heating
25 °C and cooling 25 °C to calculate.

3.5 Verification of the Finite Element Model

Combined with the relevant specifications (JTG, 2015;
JTGT, 2015) of bridge design in China, in order to ensure
that the finite element model can meet the structural design
requirements, the load-carrying capacity and displacement
of the finite element model should be verified, so as to
ensure that the designed bridge can be used in practical
engineering construction and provide reference for practi-
cal engineering construction.

Fig. 10 The layout diagram of WM
the constraint points
+I ‘. 3 S ——eoooodL H7 ‘. ° +11
© o 6 O » o o0 en
%15

Table 2 the degree setting of

; . Degree of 1 2 3 4
freedom of the constraint points

5 6 7 8 9 10 11 12 13 14 15

freedom

X 1 1 0 0
Y 1 1 0 0
Z 1 1 1 1
R, 0 0 0 0
Ry 0 0 0 0
R 0 0 0 0

z

1
1
1
1
1
1

S O O = = O
S o o = = O
S O O = = O
S o o = = O
oS O o = O O
S O O = O O
S o o = O O
S o o = O O
— = e = e e
— s = e e e

X represents the longitudinal direction, Y represents the transverse direction, and Z represents the vertical

direction

1 represents constraint, and 0 represents freedom
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3.5.1 Verification of Load-Carrying Capacity

The verification of load-carrying capacity is mainly to
verify whether the maximum stress of each component
of the designed bridge is less than the allowable stress of
the material. Since the suspender is simulated by the truss
element and the rest of the steel components are simulated
by the beam element, the combined stress of the beam
element and the internal force of the truss element are
checked respectively. According to the working condition:
constant load + live load, the combination stress diagram
of the beam element and the combined stress diagram of
the truss element are shown in Figs. 11, 12.

The suspenders adopt Strand1860, whose yield strength
is 1860 MPa, the maximum combined stress is 628.77 MPa
from Fig. 12; and the rest of the steel components adopt
Q420qDNH, whose yield strength is 420 MPa, the
maximum combined stress is 156.13 MPa from Fig. 11.

Fig. 11 The combination stress
diagram of the beam element
(unit: MPa)

Fig. 12 The combination stress
diagram of the truss element
(unit: MPa)

Therefore, the load-carrying capacity of the established
finite element model accords with the design requirements.

3.5.2 Verification of deformation

In accordance with Article 4.2.3 of Specification for Design
of Highway Steel bridge (JTG, 2015) and Article 6.2.1 of
Specifications for Design of Highway Concrete-filled Steel
Tubular Arch Bridges (JTGT, 2015). the maximum vertical
deformation of the arch rib is not over L/1000 (“L” denotes
the span) and the vertical deformation of the main beam is
not over L/800 under the action of moving load (vehicle
load + crowd load). The vertical displacement of the arch rib
and the vertical displacement of the main beam are shown
in Figs. 13, 14 respectively.

From Fig. 13, it can be seen that the maximum verti-
cal displacement of the arch rib under the moving load is
50.72 mm, the maximum vertical deformation of the arch
rib is not over L/1000 (220 mm), which meets the design
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Fig. 13 The vertical displace-
ment of the arch rib (unit: mm)

Fig. 14 The vertical displace-
ment of the main beam (unit:
mm)

requirement. From Fig. 14, it can be seen that the maximum
vertical displacement of the main beam under the moving
load is 60.09 mm, the maximum vertical deformation of
the main beam is not over L/800 (275 mm), which meets
the design requirement. Therefore, the deformation of the
established finite element model accords with the design
requirements.

In summary, the established finite element model meets
the design requirements, and can provide reference for prac-
tical engineering construction.
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4 Static Mechanical Properties
and Parameter Sensitivity of the Spatial
Y-shaped Tied Arch Bridge

4.1 Static Mechanical Properties of the Main Arch
Rib

The main arch rib is one of the main load-bearing com-
ponents of the spatial Y-shaped tied arch bridge, and its
mechanical properties are very important to the design
of the bridge. In order to study the static mechanical
properties of the main arch rib under the use stage, the
static analysis of the bridge will be carried out accord-
ing to the following four working conditions (Zhu et al.,
2022). Four working conditions are as follows: Work-
ing condition 1 is constant load; working condition 2 is
constant load + live load; working condition 3 is constant
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load + live load + full-bridge heating effect; working con-
dition 4 is constant load + live load + full-bridge cooling
effect. The displacement, bending moment, and axial force
of the main arch rib under four working conditions are
calculated. The results are shown in Fig. 15. Since the
spatial Y-shaped tied arch bridge is symmetrical about the
direction of the bridge, only the calculation results of the
single arch rib and one side double arch rib are listed.
From the calculation results of Fig. 15, it can be seen that:

(1) The deformation of the main arch rib in the use stage
is sinusoidal under four working conditions, the double
arch rib appears downward deflection deformation, and
the single arch rib appears upward deflection defor-
mation trend. The maximum displacement of the arch
rib occurs at the double arch rib. By comparing the
displacement under working condition 1 and working
condition 2, it can be found that the displacement under
live load exceeds 16% of the displacement under con-
stant load, and the double arch rib is more sensitive to
the live load. The temperature has a great influence on
the double arch rib. The cooling full-bridge cooling
effect has the greatest influence on the displacement of
the main arch rib. The maximum displacement under
the full-bridge heating effect is only 89.4 mm, and the
maximum displacement under the full-bridge cooling
effect can reach 268 mm.

(2) The bending moment of the main arch rib is positively
and negatively alternately distributed, and there are
many turning points. The reason for this phenomenon
may be that the main arch rib is affected by the second-
ary arch rib and the main-secondary connection rib,
which leads to the distortion of the bending moment.
In addition, the bending moment of the double arch
rib is more sensitive to the load than that of the sin-
gle arch rib. The maximum bending moment occurs
at the arch footing on both sides under the four work-
ing conditions. The bending moment near the arch rib
bifurcation, 1/4 span and 3/4 span of the main arch rib

60 Single arch rib

809 Single arch rib Double arch rib

Bending moment(MN-m)

Displacement(mm)

-160 4

-200 9« working condition 1 604NV
+ working condition 2
-240 | —+—working condition 3
working condition 4; 80

is small and less affected by the combination of load. It
shows that the load changes at the arch rib bifurcation,
1/4 span, and 3/4 span of the main arch rib are mainly
borne by the axial force.

(3) The axial force of the main arch rib is larger on the
single arch rib and smaller on the double arch rib. In
addition, there is an axial force mutation at the direct
connection between the secondary arch rib and the sin-
gle arch rib or the double arch rib, which match points
on the horizontal coordinates of 20 m and 200 m in
Fig. 15c. According to the comparison between work-
ing condition 1 and working condition 2, it can be
found that the axial force of the main arch rib under
the live load is 9.7% higher than under the constant load
on average. Comparing working condition 2, working
condition 3, and working condition 4, it can be seen
that the single arch footing is less affected by the tem-
perature. Compared with the single arch footing, the
double arch footing is greatly affected by the tempera-
ture. The influence of temperature on the axial force
of the main arch rib increases gradually from the arch
footing to the arch vault, and the temperature load at
7 m from the arch vault has the greatest influence on
the axial force of the main arch rib.

4.2 Static Mechanical Properties of the Suspender

The suspenders of the spatial Y-shaped tied arch bridge are
asymmetric arrangement, it is also important to study its
mechanical properties. The special-shaped arch bridge is a
canyon landscape bridge, which has high requirements for
suspender arrangement. The suspenders of the single arch
rib are arranged as the type of single cable plane double
straight suspenders, and the suspenders of double arch rib
are arranged as the type of double cable plane single inclined
suspenders. Due to the influence of spatial Y-shaped arch
rib, the arrangement of suspenders changes from upper-nar-
row and lower-wide at mid-span to upper-wide and lower-
narrow at the double arch seat. The arrangement diagram of

Double arch rib » =30 4 Double arch rib

Single arch rib

Axial force(MN)

« working condition 1
{ + working condition 2
+ working condition 3
+ working condition 4

+ working condition 1
+ working condition 2 60 ¥
+ working condition 3
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arch rib rib
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(c) Axial force change of the main arch

Fig. 15 Calculation results of the main arch rib under four working conditions
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suspenders is shown in Fig. 16. The suspender force under
different working conditions is shown in Fig. 17.
It can be seen from Fig. 17 that:

(1) Under the constant load, the suspender force in the mid-
dle of the spatial Y-shaped tied arch bridge is relatively
uniform. The force of S1~S10 in the single arch rib is
smaller than that of S11 ~S29 in the double arch rib,
and the larger force appears on both sides of the bridge
span, which is1247.8kN. Under the constant load, The
suspender force value is about 1/3 of the breaking force
value.

(2) Under the live load, the force around 1/4 span and 3/4
span of the main arch rib are relatively average. The
larger force appears on both sides of the bridge span
and S14 ~S17, and the maximum force appears at S15,
which is 229.7kN.

(3) Under the use stage, the suspender force gradually
decreases from both sides of the bridge span to the mid-
dle, which is similar to the suspender force under the

Fig. 16 The arrangement dia-

gram of suspenders Tatis §

-

Y-axis

(a) Diagram of S11 - S22 inclined suspenders
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(a) Maximum suspender force under the

constant load

Fig. 17 The suspender force under different working conditions
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(b) Maximum suspender force under the
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constant load. The larger force appears on both sides

of the bridge span, and the maximum force appears at
S1, which is 1468kN.

4.3 Sensitivity Analysis of Rise-Span Ratio on Static
Mechanical Properties

The rise-span ratio is the ratio of the calculation arch rise
to the calculation span, which is one of the main structural
parameters of arch bridges. The rise-span ratio not only
affects the internal force of arch bridges but also has a great
influence on the selection of bridge construction technol-
ogy and the adaptation of arch bridges to the surrounding
environment. In order to analyze the influence of the rise-
span ratio on the internal force of the spatial Y-shaped arch
bridge under the constant load (gravity + second constant
load) and live load, reference to the Specifications for Design
of Highway Concrete-filled Steel Tubular Arch Bridges
(JTG-T D65-06-2015), five models with rise-span ratios
of 1:4.02, 1:4.52, 1:5.02, 1:5.52, 1:6.02 were established

Zaxis |
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based on the original bridge rise-span ratio of 1:3.52, and the
following assumptions are made: (1) Keep the calculation
span unchanged, only adjusting the calculation arch rise to
make the rise-span ratio in 1:4.02 ~ 1:6.02; (2) Keep the arch
axis equation unchanged, the size of main arch rib section is
unchanged, The load and boundary conditions don’t change.

After calculation, the selected five models can meet the
structural design requirements. The axial force and bending
moment of the main arch rib under different rise-span ratios
under the constant load and the live load are calculated. In
order to facilitate the comparative analysis of the result of

different rise-span ratios, based on the internal force value
under the rise-span ratio of 1:3.52, the internal force values
under other rise-span ratios are unitized to obtain the inter-
nal force change diagram of the main arch rib, as shown in
Figs.18, 19.

It can be seen from Fig. 18 that:

(1) Under the constant load, the axial force of the main arch
rib gradually increases with the decrease of the rise-
span ratio, and the influence of the rise-span ratio on
the axial force of the main arch rib decreases from the
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arch vault to the arch footing. When the rise-span ratio
changes from 1:3.52 to 1:6.02, the maximum increase
of axial force appears at the arch vault and the arch rib
bifurcation. The axial force changes at the arch vault
and the arch rib bifurcation are basically the same.
When the rise-span ratio is 1:6.02, the axial force at
the arch rib bifurcation is 1.6 times larger than that at
the arch rib bifurcation of the original bridge.

(2) Under the constant load, the variation trend of the bend-
ing moment of the main arch rib is different. The bend-
ing moment at the single arch footing and the arch rib
bifurcation decreases with the decrease of the rise-span
ratio. When the rise-span ratio decreases from 1:3.52
to 1:6.02, the bending moment at the single arch foot-
ing decreases by 37.67%, and the bending moment at
the arch rib bifurcation reaches the minimum when the
rise-span ratio is 1:4.02, and then increases with the
decrease of the rise-span ratio. The bending moments
of the other part of the arch rib increase with the
decrease of the rise-span ratio and the bending moment
of the main arch rib which is most affected by the rise-
span ratio under constant load are located at the 1/4
span and the 3/4 span.

It can be seen from Fig. 19 that:

(1) Under live load, the axial force of the main arch rib
gradually increases with the decrease of rise-span ratio,
and the increase of axial force at the arch vault is the
largest, followed by the arch rib bifurcation and the 3/4
span, and the change at the double arch footing is the
smallest.

(2) With the decrease in the rise-span ra(2)tio of the main
arch rib, the variation trend of the bending moment
of each part of the main arch rib under the live load is
opposite to that under the constant load. From the rise-
span ratio of the original bridge to 1:6.02, the bending
moment at the single arch footing is the most affected
by the change of the rise-span ratio under the live load.
With the decrease of the rise-span ratio, the bending
moment at the single arch footing increases by 7.38
times, and the bending moment at the 1/4 span is the
least affected by the change of the rise-span ratio, only
increasing by 1.2 times.

4.4 Sensitivity Analysis of Bifurcation Angle
on Static Mechanical Properties

The main arch rib changes from the single arch rib to the
double arch rib in the middle span, forming a spatial spe-
cial-shaped arch bridge. The angle of the single arch rib
divided into double arch ribs into both sides is called the
bifurcation angle of the double arch rib. The bifurcation

@ Springer

angle is one of the important structural parameters of the
special-shaped arch bridge, which not only directly affects
the linear landscape of the bridge, but also has an impor-
tant impact on the internal force and stability of the arch
rib. In order to analyze the influence of the bifurcation
angle on the internal force of the spatial Y-shaped arch
bridge under the constant load (gravity + second con-
stant load) and live load, based on some similar Y-shaped
bridge experiments (Li et al., 2015a, 2015b, 2016; Yan &
Li, 2017; Yan et al., 2016), five models with bifurcation
angles of 15°, 17°, 19°, 21° and 23° established based on
the original bridge bifurcation angle of 12.42°, and the
following assumptions are made: (1) Keep the calculation
span and the main beam width unchanged, only changing
the bifurcation angle; (2) Keep the arch axis equation, the
main arch section size, and the load and boundary condi-
tions unchanged.

After calculation, the selected five models can meet the
structural design requirements. The axial force and bend-
ing moment of the main arch rib under different bifurcation
angles under the constant load and the live load are calcu-
lated. In order to facilitate the comparative analysis of the
result of different bifurcation angles, based on the internal
force value under the bifurcation angle of 12.42°, the inter-
nal force values under other bifurcation angles are unitized
to obtain the internal force change diagram of the main arch
rib, as shown in Figs. 20, 21.

It can be seen from Fig. 20 that:

(1) Under the constant load, the axial force of the main arch
rib is proportional to the change in bifurcation angle.
The axial force at the arch vault increases the most, and
the angle increases from 12.42° to 23°. The axial force
at the arch vault increases by 23.82%, followed by the
3/4 span. The axial force at the double arch footing
decreases to the minimum at 15°, which is only 92.33%
of the axial force at the original angle. The change of
bifurcation angle has little effect on the axial force at
the single arch footing.

(2) Under the constant load, with the increase of the bifur-
cation angle, the bending moment at the arch vault
and the arch rib bifurcation also gradually increases.
When the bifurcation angle is 23°, the bending moment
increases by 78%. With the increase of the bifurcation
angle from 12.42° to 17°, the bending moment at the
3/4 span gradually decreases to 0, and it is affected by
the bifurcation angle increasingly. When the bifurca-
tion angle increases from 17° to 19°, the tensile zone
and the compression zone at the 3/4 span have changed
compared with the original bifurcation angle. Under the
constant load, the bending moment at the single arch
footing is less affected by the increase of the bifurcation
angle. The bending moment at the double arch footing
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and the bending moment at the 1/4 span decrease with tion angle increases from 12.42° to 23°, and the aver-
the increase of the bifurcation angle. age increase of axial force is only about 3%. However,
the axial force at the double arch footing has a sud-
It can be seen from Fig. 21 that: den change when the bifurcation angle is 15°, which is
reduced to 89% of the axial force at the original bridge.
(1) Under live load, the axial force at the 1/4 span, the (2) With the increase of bifurcation angle, the bending

3/4 span, the arch rib bifurcation, and the arch vault
increases with the increase of the bifurcation angle,
The axial force at the arch vault is most affected by
the change of the bifurcation angle, and the maximum
increase is 26.18%. The axial force at the single arch
footing and the double arch footing are less affected
by the change of the bifurcation angle. The bifurca-

moment of the arch vault, arch rib bifurcation, and
double arch footing under live load decreases gradu-
ally, and the bending moment of double arch footing
decreases by 55.53%. The bending moment at the arch
rib bifurcation is proportional to the bifurcation angle
from 12.42° to 15°, but as the bifurcation angle con-
tinues to increase, the bending moment at the arch rib
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bifurcation is inversely proportional to it. The bend-
ing moment at the 1/4 span and the 3/4 span increases
with the increase of the bifurcation angle. The bending
moment at the 3/4 span is most affected by the change
of the bifurcation angle, and the growth rate is 114.9%
compared with the original bridge.

5 Dynamic Mechanical Properties
and Parameter Sensitivity of the Spatial
Y-shaped Tied Arch Bridge

5.1 Dynamic Characteristics of the Spatial Y-Shaped
Tied Arch Bridge

The dynamic characteristics of the spatial Y-shaped tied arch
bridge are analyzed by using the subspace iteration method
of the characteristic equation in Midas Civil (Gou et al.,
2018; Roeder et al., 2000). In general structural dynamic
analysis, the first several orders of natural frequencies and
vibration modes play a control role, so the first 6 orders of
natural frequencies and vibration modes are selected, and
the results are shown in Table 3.

From Table 3, the following natural vibration characteris-
tics of the spatial Y-shaped tied arch bridge can be obtained:

(1) The spatial Y-shaped tied arch bridge has two forms
of deflection vibration and bending-torsion vibration.
It can be seen from the vibration mode that the spatial
Y-shaped tied arch bridge has good structural integrity
(Min & Santos, 2017).

(2) The basic frequency of this bridge is 0.7749 Hz, and
the corresponding vibration mode is transverse deflec-
tion vibration of arch rib, which belongs to moderate
flexibility structures.

(3) The first order frequency of bending-torsion vibration
of the arch rib is 1.434 Hz, which is 1.85 times the
first order frequency of deflection vibration of the arch

rib. The natural vibration characteristics of the arch
rib are mainly deflection vibration. It shows that the
bending-torsion stability of the spatial Y-shaped tied
arch bridge is higher than that of the deflection stabil-
ity. In the design, more attention should be paid to the
deflection stability of the arch rib.

The arch rib has better torsional stability. The main
reasons are as follows: The three arch ribs constitute
a stable tetrahedral spatial structure. The suspenders
between the arch rib and the main beam are arranged in
space. There are wind braces and cross beams between
the double arch rings to strengthen the transverse con-
nection, so the torsion stiffness of the spatial Y-shaped
tied arch bridge is large.

In the first six-order natural vibration characteris-
tics, the main beam is dominated by vertical deflec-
tion vibration, and only one bending-torsion vibration
occurs in the main beam with a frequency of 1.7322 Hz,
indicating that the main beam has high bending-torsion
stability. Due to the connection effect of suspenders,
the arch rib and the main beam have the characteristics
of synchronous vibration in vertical deflection.

In the case of only the main arch rib, secondary arch
rib, main-secondary arch connecting rib, and wind
brace, the basic frequency is 0.7327 Hz, accounting
for 94.55% of the basic frequency of the whole bridge,
indicating that the main arch rib and the secondary
arch rib contribute greatly to the overall stiffness of the
bridge.

“

®)

(6)

The first six-order vibration mode diagram of the spatial
Y-shaped tied arch bridge is shown in Fig. 22.

5.2 Sensitivity Analysis of Rise-Span Ratio
on Dynamic Mechanical Properties

As the main parameter of arch bridges, the rise-span ratio
will also have an impact on the dynamic characteristics of

Table 3 Calculation results of natural vibration characteristics of the spatial Y-shaped tied arch bridge

Vibra-  Natural frequency/Hz Modal characteristics Vibra-  Natural frequency/Hz Modal characteristics

tion tion

mode mode

1 0.774942 Transverse deflection vibration of the 4 1.433978 Antisymmetric transverse bending-
arch rib torsion vibration of the arch rib

2 0.899334 Vertical deflection vibration of the 5 1.732228 Transverse bending-torsion vibration
arch rib; of the main beam

Vertical deflection vibration of the

main beam

3 1.033654 Vertical deflection vibration of the 6 1.778235 Vertical deflection vibration of the

arch rib;
Antisymmetric vertical deflection
vibration of the main beam

arch rib;xxx Vertical symmetrical
deflection vibration of the main
beam
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Fig.22 The first six-order
vibration mode diagram of
the spatial Y-shaped tied arch
bridge
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(e) The fifth-order vibration mode

the bridge, the study of the rise-span ratio on the dynamic
characteristics of the bridge is also very important. Based
on the parameters and assumptions in Sect. 4.3.

In this section, this paper studies the influence of the rise-
span ratio on the dynamic characteristics mainly by compar-
ing the natural frequencies of the first deflection vibration
and the first bending-torsion vibration of the main arch rib or
the main beam under different rise-span ratios. For the con-
venience of comparative analysis, based on the natural fre-
quency value under the rise-span ratio of 1:3.52, the natural
frequency values under other rise-span ratios are unitized to
obtain the natural frequency change diagram of the bridge,
as shown in Fig. 23.

According to the calculation results and Fig. 23, it can
be seen that:

(1) The first-order natural frequencies of the four vibration
modes of the bridge decrease with the decrease of the
rise-span ratio, the most affected by the decrease of
the rise-span ratio is the bending-torsion vibration of
the arch rib, which decreases by 63%. The main rea-

(f) The sixth-order vibration mode

—m—transverse deflection vibration of the arch rib
@ vertical deflection vibration of the arch rib
—#A—bending-torsion vibration of the main beam

¥ bending-torsion vibration of the arch rib

Frequency ratio
(=}
-
1

0.3 T T
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Fig. 23 Vibration frequency ratio under different rise-span ratios
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son for this phenomenon is that the spatial structure
of the tetrahedral structure composed of the main arch
rib gradually flattens with the decrease of the rise-span
ratio, which reduces the lateral stiffness of the main
arch rib.

(2) The frequency of the bending-torsion vibration of the
main beam is reduced by 48.7% when the rise-span
ratio is 1:3.52 compared with 1:5.52, but it is only
reduced by 3.32% when the rise-span ratio is 1:5.52
to 1:6.02, indicating that when the rise-span ratio is
reduced to 1:5.52, the influence of the change of the
rise-span ratio on the stiffness of the main beam is also
gradually reduced. As the rise-span ratio decreases, the
frequency corresponding to the deflection vibration of
the arch rib decreases by 52.51%.

Through the analysis, it can be concluded that the change
in the rise-span ratio has a great influence on the natural
vibration characteristics of the bridge, and the decrease in
the rise-span ratio leads to the decrease in stiffness of the
arch bridge. The bending-torsion stiffness of the main arch
rib is the most affected by the rise-span ratio, followed by
the bending-torsion stiffness of the main beam, but when
the rise-span ratio is reduced to 1:5.52, the impact on the
stiffness of the main beam is also getting smaller.

5.3 Sensitivity Analysis of Bifurcation Angle
on Dynamic Mechanical Properties

As the main parameter of arch bridges, the bifurcation angle
will also have an impact on the dynamic characteristics of
the bridge, the study of the bifurcation angle on the dynamic
characteristics of the bridge is also very important. Based on
the parameters and assumptions in Sect. 4.4.

In this section, this paper studies the influence of bifurca-
tion angle on the dynamic characteristics mainly by compar-
ing natural frequencies of the first deflection vibration and
the first bending-torsion vibration of the main arch rib or
the main beam under different bifurcation angles. For the
convenience of comparative analysis, based on the natural
frequency value under the bifurcation angle of 12.42°, the
natural frequency values under other bifurcation angles are
unitized to obtain the natural frequency change diagram of
the bridge, as shown in Fig. 24.

According to the calculation results and Fig. 24, it can
be seen that:

(1) The frequency of transverse deflection vibration of the
arch rib is most affected by the increase in bifurcation
angle, when the bifurcation angle increases to 23°, the
transverse deflection vibration frequency of the arch rib
increases by 33.45% compared with that of the original
bifurcation angle of 12.42°. The main reason is that
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with the increase of the bifurcation angle, the tetrahe-
dral structure composed of the main arch rib tends to
be plumper, which increases the structural stiffness.

(2) The frequency of the vertical deflection vibration of
the arch rib, the bending-torsion vibration of the main
beam, and the bending-torsion vibration of the arch rib
are less affected by the bifurcation angle. The three
frequencies decrease slightly with the increase of the
bifurcation angle, and the decrease is only about 1.4%
compared with the original bridge.

Through the analysis, it can be seen that the change of the
bifurcation angle only has a significant effect on the stiff-
ness of the arch rib. When the bifurcation angle is increased,
the transverse deflection stiffness of the arch rib is greatly
improved, but the stiffness of the main beam and the longi-
tudinal and vertical stiffness of the main arch rib are little
affected by the change of the bifurcation angle.

6 Conclusion

A novel spatial Y-shaped tied arch bridge is proposed in
this paper, this paper introduces the bridge engineering and
model building briefly and analyzes the static and dynamic
performance of this bridge under different load combina-
tions and the influence of different structural parameters on
mechanical properties. As a study of a new type of special-
shaped arch bridge, the analysis results have great reference
significance for the design of the special-shaped arch bridge
in the future. The conclusions are summarized as follows:

(1) Under the constant load, live load, and temperature
effect, the arch rib of the bridge are mainly under axial
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compression. The overall change of the axial force is
relatively gentle, which is greatly affected by the live
load and temperature change, about 10.8%. Under each
load combination, the axial force of the single arch rib
is 8.3% larger than that of the double arch rib. The dis-
placement of the double arch rib under the combined
load is increased by at least 37.5% compared with that
of the single arch rib, the main reason is that the hori-
zontal component force produced by the double arch
inclined suspender and the double arch rib is greater
than the that of the single arch rib when the cross-sec-
tional dimensions of the single arch rib and the double
arch rib are similar.

(2) Under the constant load, the suspender force of the
inclined suspender at the double arch footing increases
by 45.3% compared with that at the arch vault of the
bridge. The suspender force of the single arch has obvi-
ous changes, and that of the double arch rib has little
change. Under the live load, there is a large concen-
trated load in the arch vault, which makes the suspender
force decrease from the arch vault to the arch footing.
It can be seen that the variation trend of the straight
suspender force of the single arch rib is similar to that
of the ordinary tied arch bridge. With the change of the
angle of the suspender, the force of the double arch rib
inclined suspender decreases first and then increases
due to the influence of the horizontal component force.

(3) The change of the rise-span ratio has a great influence
on the internal force of the single arch rib, and the axial
force and bending moment increase with the decrease
of the rise-span ratio. The change of the bifurcation
angle has a great influence on the internal force of the
double arch rib. The axial force and bending moment
increase gradually with the increase of the bifurcation
angle. These results can provide a reference for bridge
optimization in the future.

(4) The spatial system stiffness of the spatial Y-shaped arch
tied bridge composed of the single arch rib, double arch
rib, straight suspender, and inclined suspender is rela-
tively large, and it has high bending-torsion stability.
The decrease in the rise-span ratio makes the structural
stiffness of the arch bridge decrease gradually, and the
maximum reduction of the frequency of the arch rib
bending-torsion vibration is 63%. The change of the
bifurcation angle only has a significant effect on the
transverse stiffness of the arch rib of the bridge, and the
torsion stiffness is almost not affected by the change of
the bifurcation angle. In general, the spatial Y-shaped
tied arch bridge has good structural integrity.
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