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Abstract

In this paper, the stress analysis of the most critical beam—arch joint of Yuehu Bridge is conducted, despite the variation in
the specific structure of each tied arch bridge. To achieve this, two specimens with different scale ratios were designed. The
smaller specimen was used to consider the effect of bridge deck and loading to failure. The experimental results indicate that
both specimens did not exhibit significant deformation under the design load, and the measuring point’s stress was located
in the elastic section. This implies that the original bridge structure design is rational. However, the arch rib steel plate of
the 1/8 scale specimen buckled when subjected to 1.8 times the design load. To validate the experimental results, a finite
element model that considers the elastoplastic behavior of the material was established and compared with the experimental
results. The comparison shows that the finite element model can predict the mechanical behavior of the structure effectively,
thus confirming the rationality of the structure design. Additionally, the study also analyzed the buckling problem of tied
arch bridges, which is another critical issue. The in-plane and out-of-plane buckling of fixed and hinged parabolic arches
under uniform axial compression were investigated. The results demonstrate that the boundary conditions, rise-span ratio,
and bridge deck width significantly affect the buckling performance. Overall, this study provides essential insights into the
stress and buckling behavior of tied arch bridges, which can guide the design and construction of such structures in the future.

Keywords Beam-arch joint - Arch - Mechanical behavior - Finite element method - Experiment

1 Introduction

Arch bridges are widely used and continually updated due
to their advantages in reliability, economics, and aesthetics
[1, 2]. In recent years, there has been an increasing trend of
using arch bridges in urban bridge construction, such as the
Lupu Bridge [3], the Xinguang Bridge [4], and the Harbour
Bridge in Sydney [5].The arch—beam bridge is a structure
that connects the two ends of the arch with the longitudinal
girders of the bridge deck. It is prestressed with an inward
horizontal pressure to the arch rib, which proactively bal-
ances the thrust. Externally, the bridge is supported under

< Wei Zhang
Zhangwei621 @gmail.com

College of Civil Engineering, Fuzhou University,
Fuzhou 350118, China
2 Fuzhou University ZhiCheng College, Fuzhou 350001, China

College of Civil Engineering, Fujian University
of Technology, Fuzhou 350118, China

the same conditions as a girder bridge, with the bearings
producing only vertical reaction forces and no horizontal
thrust [6]. Internally, most of the internal forces generated by
the load in the arch and girder are transformed into the forces
of the self-balancing system formed between them. Specifi-
cally, the bridge bending moment is transformed into the
arch under compression and the main girder under tension,
while the shear force is mainly borne by the vertical compo-
nent of the axial arch force (Fig. 1). Overall, the arch—-beam
bridge’s unique design provides a balance between form and
function, making it a popular choice in bridge construction.
As such, it is important to continue studying and improving
the design and construction of arch bridges to ensure their
continued reliability and efficiency.

It is evident that the stress situation at the foot of the arch is
complex under the given force conditions. From a construction
perspective, the foot of the arch is a critical component that con-
nects the arch rib, the main beam, and the crossbeam. Its con-
struction form is intricate and complex. In terms of force, the
foot of the arch is a critical location for bearing the axial force
of the arch ribs, the bending moment of the main beam, and
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Fig. 1 Structure style of tied arch bridges

the reaction force of the support. Conventional design meth-
ods cannot accurately calculate the stresses at this location. In
recent years, several studies have investigated the mechanical
behavior of arch—beam bridges. These studies aim to provide a
better understanding of the complex stress situation at the foot
of the arch and to develop improved design methods to ensure
the safety and reliability of such structures. Overall, the inves-
tigations into the mechanical behavior of arch—beam bridges
are essential for advancing the design and construction of these
structures. The findings of these studies can guide the devel-
opment of new and improved design methods that accurately
account for the stresses and forces at critical locations, such as
the foot of the arch, to ensure the safety and reliability of these
structures. In the field of bridge engineering, several studies
have investigated the stability and behavior of different arch
bridge structures using numerical and experimental methods.
For instance, Feng et al. [7] utilized numerical and experimental
methods to explore the stability of the steel box arch segment
of the Lupu Bridge in Shanghai, China. The primary objective
of the scaled test was to investigate the mechanism and stability
of the plates. Additionally, local stability analysis was carried
out, which was found to be crucial for obtaining reliable results.
Similarly, Zhang et al. [8] studied the behavior of a concrete-
filled steel tube (CFST) tied arch bridge based on the Maocaojie
Bridge in Hunan Province, China. They designed a 1/20-scaled
specimen to ensure construction safety and compared the
simulated results with the field-measured data to verify their
reliability. Moreover, Liu et al. [9] conducted a study on the
stability of tied arch bridges using the Bac De Roda Bridge in
Barcelona as a reference. They designed five scaled specimens
with different arch rib structures to investigate stability. The test
results revealed that the use of stabilizing arches can increase
the stability and ultimate capacity of tied arch bridges. These
studies demonstrate the importance of using both experimental
and numerical methods to investigate the stability and behavior
of arch bridges. They also highlight the significance of scal-
ing down specimens to ensure safety and reliability in testing.
The findings of such studies can provide valuable insights for
improving the design and construction of arch bridges.

Since arch bridges are pressure-dominated structures,
buckling problems under pressure may lead to overall struc-
tural instability. Therefore, buckling analysis is one of the
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essential processes when performing design calculations for
steel bridges. With the development of finite element technol-
ogy, the FE model method has become a standard method for
buckling analysis. Poutré et al. [10] studied the elastic—plastic
out-of-plane buckling response of I-section arches by series
of experimental tests. Totally, 15 specimens were tested under
measuring the geometric imperfections. It was observed that
all arches’ failed reasons were elastic—plastic out-of-plane
buckling. Wei et al. [11] proposed a nonlinearity finite element
program to investigate the characteristics of parabolic fixed
steel tubular arches under critical loads. The proposed program
can involve the geometric and material dual nonlinearity. Com-
paring the various experimental test results shows that remark-
able capability of proposed program to predict the in-plane
critical load of parabolic fixed steel arch. Guo et al. [12], Lu
et al. [13], and Huang et al. [14] performed the experimental
analysis to study the elastic—plastic buckling of steel arches.
Of course, the fatigue problem is also one of the important
research directions of tied arch bridge. For example, Profes-
sor D’Amato et al. [15-17] have conducted in-depth research
on this aspect. However, due to the purpose of the test and the
limit of the length of the paper, this paper does not carry out
relevant fatigue performance research.

In the present work, two beam—arch joint specimens were
performed, and their mechanical behavior was studied by
experimental and numerical investigations. The framework of
this paper is as follows. In Sect. 2, the experimental program
of the beam—arch joint is introduced. Section 3 examines the
strain and stress of the measurement points on the beam—arch
joint analytically and experimentally. Section 4 analyzes the
buckling strength of the Yuehu Bridge. Section 5 gives the
conclusions lastly (Fig. 2).

2 Experimental program

2.1 Specimen design

It is essential to perform extensive research to investigate
arch bridges’ mechanical and dynamical behavior and

develop the bridge’s associated safety and serviceability—
Yuehu Bridge, which is in Yingtang city of Jiangxi province
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in China. The bridge’s total length is 245 m, the main arch
span is 185 m, and the rise-to-span is 1/4. The bridge was
constructed using a girder followed by an arch construction
scheme. The main girders were erected in the same way
as conventional steel girder bridges, and the arch ribs were
welded in sections with brackets erected on top of them after
the main girders had been erected. To increase the integrity
of the beam-—arch joint, the section of the arch rib near the
arch foot is subsumed in the erection of the main girder. To
increase the stiffness of the end of the arch rib, a double
box section is used near the foot of the arch, while a single
box section is used at the remaining locations. The beams
and arches are completely rigidly connected at the foot of
the arch, where the arch ribs, main beams, and crossbeams
intersect in a complex stress state, and there is no relevant
design code as a reference. Therefore, an experimental test
is necessary further to understand the mechanical behavior
of the beam—arch joint.

Two specimens of the beam—arch joint were designed,
which were named W-1 and W-2, respectively. Table 1
shows the two specimens’ model scale, length, width, height,
and weight. The scope of the specimen is intercepted accord-
ing to the original segmental construction scheme of Yuehu
Bridge. The area size of the beam—arch joint is exactly the
same as that of the W-1 specimen, while the W-2 specimen
is intercepted according to the zero point of the transverse
bending moment, the transverse interception section is only
axial force and shear force. At the same time, the extension
of the arch rib section of the W-2 specimen is to analyze the
stress of the single box transfer multi-box.

To investigate the difference between the W-1 and W-2
specimens, the interception ranges of the two specimens are
compared, as shown in Fig. 3. To clarify the force transfer
process between single and multiple boxes, the W-2 speci-
men has an extension of arch rib on the front view; because
of the whole section on transverse direction, the specimen
W-1 has two extension sections on plan view.

The model scale of W-1 and W-2 specimens were 1:8
and 1:5, respectively. Table 2 lists the similarity ratios of
the specimens to the real bridge. Since the similarity ratio of
stresses is 1, the stresses of the model are the same as those
of the real bridge. Table 3 shows the mechanical properties
of steel; the model and prototype are both Q345gD steel.

The specimens were fabricated procedures as flowing:

Step 1: Welding construction platform according to the
radian of the bottom plate, as presented in Fig. 4a.

Table 1 Details of specimens

No. Model scale Length (m) Width (m) Height (m) Weight (t)

W-1 1/8 2.2 5.1 1.4 2.8
W-2 1/5 35 33 23 7.8
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Step 2: Processing parts and placing them in categories,
as presented in Fig. 4b, c.

Step 3: Welding the component from the bottom to the
top and arranging its internal strain gauges during the pro-
cess, as presented in Fig. 4d, e.

Step 4: Encapsulate the top plate and welding the parts
for hoisting, as presented in Fig. 4f.

2.2 Loading device

The entire load, except for the load associated with the
bridge counterweight, was applied by hydraulic jacks, and
the forces’ values were monitored by load cells. Figure 5
presents sketches of the loading device of specimens. The
axial force and bending moment acting on the arch rib were
applied by a 6000-kN jack named 1#jack. The axial and
shear forces on the boundary section of the beam were
applied using two 1000 kN jacks named 2#jack and 3#jack,
respectively. The shear forces on the cross-bridge direction
were applied using 300 kN jacks named 4#jack and 5#jack.

2.3 Test scheme

Measuring the strains under the worst-case loads is the test’s
primary purpose. Therefore, there are 192 strain measuring
points on the two specimens.

The measuring points for the beam—arch joint were
divided into two parts: the arch and the beam. There were
five test sections on the arch labeled from I to V. In addi-
tion, the test sections on the beam were labeled A to E, as
shown in Fig. 6. In the figure, the strains arrangement on
each test section was illustrated, there were 12 test points
on the A-E test sections, and there were 4 test points on the
I-V' sections.

2.4 Loading cases

Three loading cases were studied for different testing pur-
poses in order to further explore the static performance of
the beam—arch joint, as outlined in Table 4. The three load-
ing cases were described in detail as follows:

Case 1: The objective of this case was to investigate
the strength of the beam—arch joint by testing the critical
parameter stresses of the W-1 specimen with the live load
arrangement in the negative bending moment influence
line of the bridge.

Case 2: The purpose of this case was to further investi-
gate the static behavior of the bridge and test its limit load-
carrying capacity. This is because the beam—arch joint is a
vital force transmission component of the arch bridge. In
this case, overloads with 1.8 times the load of Case 1 were
applied to the W-1 specimen.
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Table 2 Similar ratios of the specimen to the prototype

Parameter Similar ratios Similar ratios
Geometrical dimension 1:5 1:8
Concentrated load 1:25 1:64

Moment 1:125 1:512
Density 1:1 1:1

Young’s modulus 1:1 1:1

Stress 1:1 1:1

Strain 1:1 1:1

Table 3 Mechanical properties of Q345 steel

Young’s modulus
(MPa)

Yield strength (MPa) Tensile strength (MPa)

2.02x 10° 469 579

(d) W-2 specimen

Case 3: The aim of this case was to estimate the force
performance of the junction of the arch rib box on the
W-2 specimen, with the worst-case load of axial force of
the arch rib.

The test was carried out in three steps in total by linear
loading. According to the arch bridge analysis under the
worst-case load, the Values of the applied loads are deter-
mined. The load magnitude of the specific steps is shown
in Fig. 7.

3 Test result and discussion
3.1 Failure mode
Figure 8 illustrates the deformation of the W-1 specimen

under final failure conditions. During the initial load-
ing stage, no phenomena occurred on the specimen. The
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Fig.4 Specimens manufactured
process

deformation of the arch rib appeared at 1.5 times the design
load. With the gradual loading of the load up to 1.8 times the
design load, the deformation range increased, the expansion
height increased, and failure phenomena appeared on other
surfaces of the arch rib. Under the failure load, the buckling
position’s length, width, and height were 750 mm, 400 mm,
and 36 mm, respectively. It can be observed that when the
specimen was damaged, there was no obvious deformation
except for the arch rib. The final failure was a local buckling
failure.

The analysis of the damage mode shows that there are
two main reasons for this damaging phenomenon: (1) the
downward eccentric design bending moment caused the
axial force to be applied off-center; (2) at the 1:8 scale
reduction, the spacing between the internal cross-partitions
of the complex beam—arch consolidation joint was drasti-
cally reduced, leaving less space for welding construction
inside. As a result, the webs and top plates at the bulge of
the arch ribs were not welded during the processing of the
specimen.

@ Springer

3.2 Load-strain curves

One of the critical objectives of the test was to analyze the
mechanical behavior of the beam—arch joint under the lim-
ited state load of the load-carrying capacity. The load—strain
curves for Sections C, D, and III (IIT") of W-1 and W-2 are
presented in Figs. 9 and 10. It can be observed from these
figures that the load—strain at the measured points is almost
linear before reaching 100% load ratio, indicating that the
material is still in the linear elastic phase. As the load con-
tinues to increase up to 180% load ratio, the strain of the arch
rib measuring point undergoes a mutation, which is caused
by local buckling of the steel plate, as shown in Fig. 9c.

3.3 Finite element analysis

The three-dimensional (3D) shell elements S4R of ABAQUS
were used for modeling, with each element having five
degrees of freedom (DOF) at each node: three translational
and two rotational. Figure 11 shows the finite element model
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Table 4 Load cases

Case number Load description Specimen
Strength of the beam—arch joint W-1
Performance of the junction of the arch rib  'W-1
3 Limit load-carrying capacity W-2
1676 3549 4293
3y 5 1y
< 219
160N\ 342\ L™ f V/ &
l l 414 l
7 7 ”
821 1739 1514 219
(a) Case 1 (b) Case 2 (c) Case 3

Fig. 7 Load applied on difference cases (unit: kN)

of the specimen, which was established using 210,474 shell
elements and 202,844 nodes, after carefully studying mesh
convergence and determining an appropriate mesh density.

The purpose of this test was to verify the stress conditions
of the beam—arch joint under design loads. The stress results
during the worst loading case are shown in Fig. 12, with the
maximum compressive stress being 181 MPa and the ulti-
mate tensile stress being 96 MPa. Therefore, the maximum
stresses are less than the yield strength (345 MPa), indicat-
ing that the beam—arch joint can meet the requirements and
is sufficiently safe.

3.4 Comparative study of model test and FEA result

Figure 13 shows the results of the experiments compared
with the finite element analysis under the worst-case load-
ing. The experimental results are similar to the simulation
results from the aspects of stress and the curve shape, and
the difference between experimental and simulated results
is mostly within 20%.

From Fig. 13, it can be observed that the maximum tensile
and compressive stresses for a 100% load ratio are 63 MPa

Fig. 8 Failure mode of W-1
specimen

@ Springer

and 194 MPa, respectively. This satisfies the requirement
that the allowable stress and yield strength of Q345gD must
be less than 305 MPa and 345 MPa, respectively, as per GB
50017-2017 [18]. Therefore, the design of the beam—arch
joint is safe and reliable. Under the 180% load ratio, the
first principal stress of section IV of the arch changes from
compression to tensile due to the steel bulging. However,
the axial stresses of the other test sections are less than the
yield strength.

Figure 14 shows the maximum principal stress curve of
the W-2 specimen. It is evident that the measured stresses of
the tested model are very close to those of FEA results. The
axial stress variation law of the beam on the W-2 specimen
is similar to that on the W-1 specimen since the measure-
ment points of the two components are arranged in the same
position. However, the two specimens were studied for dif-
ferent purposes, resulting in different axial strain distribu-
tion patterns for the arch due to other measurement point
arrangements.

3.5 Analysis of the force transmission mechanism

The primary research objective of the W-2 member was to
analyze the law of force transfer between single and multi-
ple boxes. Figure 15 illustrates the structure of the chamber
change, while Fig. 16 shows the detailed distribution of prin-
cipal stresses on the transition section of the box girder. It
can be observed from the figure that the stress concentration
phenomenon of the axial stress of the arch rib at the change
of the box chamber is mainly due to the change in stiffness
at this location.

The main beam is a critical structure for transferring the
internal force of the arch to the bearing. Figure 17 illustrates
the stress distribution of the axial stress of the main beam
in the 100% load proportional state for the W-1 and W-2
members. It can be observed from the figure that, due to the
influence of the axial force of the arch ribs, there are signifi-
cant gradients in the axial direction of the C and D sections
in the vertical main beam direction.

Front view

36m1?||
1

Plan view
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Fig.9 Principal strain—load
curve on W-1 specimen

Fig. 10 Principal strain—load
curve on W-2 specimen
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Fig. 11 Three-dimensional FE model
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Fig. 13 The maximum principal
stress curve on the W-1 speci-
men

Fig. 14 The maximum principal
stress curve on the W-2 speci-
men
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The first principal stress (MPa)

The first principal stress (MPa)

150

4 Bucking analysis and optimal design

The beam—arch joint test failed due to the local buckling of
the steel plate, highlighting the importance of addressing
buckling problems in steel structure bridges. Therefore, to
further study the buckling problem of tied arch bridges, the
following will be analyzed in detail from two aspects: in-
plane buckling and out-of-plane buckling.

4.1 Out-plane buckling analysis

Yuehu Bridge is a single-arch rib bridge, making buckling
analysis an essential aspect of the bridge design process.
The primary objective of this section is to investigate the
stability of the arch rib, which serves as the main compres-
sion member of the arch bridge. Stability analysis involves
addressing the eigenvalue problem and the structural mem-
bers’ large deformation problem, which are linear buckling
and nonlinear buckling, respectively. The impact of critical
parameters, such as the rise-to-span ratio and the angle of
the arch footing, on the bridge structure's buckling will be
studied. Linear buckling will then be considered for com-
parison with nonlinear buckling.

Only the dead load discussed is considered in the buckling
analysis since the initial load, such as the prestressed hanger,
is not magnified on the scale. Table 5 lists the buckling mode
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shapes and the stability safety factors, which represent the
fundamental frequencies and the instability mode, respec-
tively. Since the design code for beam—arch bridges does
not specify a stability safety factor, the relevant code for
urban pedestrian overcrossing is used in engineering design.
The lowest stability safety factors, which are larger than the
requirement stipulated in CJJ 69-1995 [19], can be found in
Table 5. Additionally, the first unstable mode is out-plane
buckling, indicating that the out-plane stiffness of the arch
bridge is less than the in-plane stiffness.

To clarify the difference between the nonlinear and linear
models, three kinds of nonlinear models were used to inves-
tigate the buckling analysis of the arch bridge. These models
include Model-1 (considering the geometric nonlinearity),
Model II (considering the material nonlinearity), and Model
III (considering both geometric and material nonlinearity).

There are three materials have been used, which are steel,
steel wires, and concrete, respectively. The mechanical prop-
erties of materials are listed in Table 6.

Table 7 lists the stability safety factors of the three kinds
of models. The stability safety factor values of nonlinear
buckling models are notably less than those of the linear
buckling analyses. Compared to the elastic linear model,
the safety factor increments in the three models are — 23%,
— 37%, and — 52%, respectively. However, even though
Model III considers both nonlinearities, its safety factor
is still larger than the smallest value required for a cable-
stayed bridge (1.0) simultaneously. Therefore, the out-of-
plane stiffness and stability of the arch bridge can meet the
requirement.

For further analysis, the stiffness of the out-plane, the
width-to-span ratio, and the rise-to-span ratio are consid-
ered. In Fig. 18, f, L, and B are the height of the arch, span
length, and bridge width, respectively.

The effect of the width-to-span ratios on the stability
safety factor is illustrated in Fig. 19. It can be observed
that the stability safety factors significantly decrease as the
width-to-span ratio increases. This is because the width-to-
span ratio (B/L) reduces the arch bridge’s rigidity. Therefore,
the bridge width can only be increased if the bridge’s stiff-
ness is improved.

Another critical parameter in the design process of arch
bridges is the rise-to-span ratio, which has a direct impact on
the arch structure's static and dynamic characteristics. Fig-
ure 20 demonstrates that the stability safety factor is optimal
as the rise-to-span ratio increases from 2.0 to 3.0.

Fig. 17 Principal stress distribu-
tion on beam
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Table 5 Stability safety factors Order
and buckling mode shapes of

Safety factor A

Buckling mode shapes

the beam-arch bridge 1

4.63

5.71

5.80

6.93

] ’ ' ‘ Front view
AT

o e ’,‘ T T Plan view

Front view

_ Plan view

Front view

Plan view

Front view

Plan view

Table 6 Mechanical properties of materials

Materials Young’s modulus E Poisson’s Yield stress ¢
ratio v
Steel 210 GPa 0.3 345 MPa
Steel wires 210 GPa 0.3 1860 MPa,
Concrete 35 GPa 0.2 50 MPa
Table 7 Safety factors of different models
Model Safety factor A Increments
Elastic linear 4.63 -
Geometric nonlinear 3.56 -23%
Inelastic nonlinear 2.94 -37%
Both nonlinearities 2.21 -52%

Fig. 18 Key parameters of the
arch bridge

@ Springer

4.2 In-plane buckling analysis

Pin-ended and fixed arches at two ends are considered in this
paper, as shown in Fig. 21, in which f; L, S, and g denote the
height of the arch, span, and length, and the uniformly distrib-
uted load, respectively.

The arch sections of the structures are doubly symmetric
welded box sections. The value of the rise-to-span ratio f/L in
this study is from 0.1 to 0.4. The in-plane slenderness of the
arch 4, is expressed as follows [20]:

0.5S/i,, the pin - ended arches

A= . ) 1)
0.35S/i,, arch fixed at two ends

where u =the effective length factor; and i, =radius of gyra-
tion of the cross-section.

——————
-
————
_____
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Fig. 19 Effect of the width-to-span ratio (B/L) on the safety factor
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Fig. 20 Effect of the rise-to-span ratio (f/L) on the safety factor

The process of solving dynamic structural characteristics
by finite element method is as follows.

Firstly, the in-plane buckling analysis was performed, and
the buckling mode was extracted. Secondly, the initial geo-
metric deformations were added to the prototype structure.
Thirdly, the elastic—plastic deformation of the arch rib and
ultimate strength values of the corresponding were tracked
using the Newton—Raphson iterative method.

The strength of arches should be reduced under uniform
compression, which is expressed as follow:

® =N,/N,, )

where N, =the ultimate axial buckling strength; N, =the
squash load of the cross-section.

Geometric and material nonlinearities were taken into
account in the analysis, and the stress—strain relationship of
the material was bilinear, with the material yield strength
being 1/50 E, according to the code [21].

As shown in Fig. 22, initial imperfections have a signifi-
cant impact on arches with different structures. The size of the
box section is A X b X t=6000 mm X 6000 mm X 24 mm, and
the rise-to-span ratio f/L is 0.25. According to the first-order

q
IR EEEEEEEEEEEREEEER

S
f 3 .
(a) Pin-ended arches
q
IR EEEEEEEEEEER
S
fe 3 |

(b) Arch fixed at two ends

Fig.21 Arches under uniformly distributed load

in-plane buckling mode analysis, the selected geometric
imperfections are $/4000, $/2000, S/1000, S/500, and $/250,
respectively.

The magnitude of the buckling strength is significantly
related to geometric imperfections, and the reduction factors
decrease remarkably as the geometric imperfections increase.
However, geometric imperfections have little effect when the
slenderness of the pin-ended arches and arch fixed at two ends
is larger than 60 and 40, respectively. Comparing the effect
of geometric imperfections on different structures, the lower
reduction factor is observed for arch fixed at two ends arch
bridges with the same 4.

The rise-to-span ratio is another critical parameter that
affects the in-plane buckling strength of arches. Figure 23
shows two different structures that were analyzed to investigate
the impact of the rise-to-span ratios. The results showed that
the decrease in the rise-to-span ratio significantly impacted the
buckling strength of the arches, both for pin-ended and arches
fixed at two ends.

5 Conclusions
This paper analyzed the mechanical behavior of beam—arch

bridges using experimental and finite element meth-
ods, focusing on the out-of-plane and in-plane buckling

@ Springer
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strengths. The simulated results showed good agreement
with the experimental results, enabling the following con-
clusions to be drawn:

1. The maximum stresses of the test model under 100% of
the worst-case loading were less than the yield strength,
which were 63 MPa and 194 MPa, respectively. This
indicates that the beam—arch joint design is safe and
rational for worst-case loads.

2. The model test results and finite element analysis results
were in good agreement, with differences between
experimental and simulated results mostly within 20%.
The study demonstrated that finite element analysis
is a reliable method for predicting the complex stress
distribution in the design process of beam—arch joints.
Moreover, FEA has higher economic efficiency than
experimental analysis, making it necessary to promote
its application in the design process.

3. The beam—arch bridge has good stability in both out-
plane and in-plane buckling analysis. The rise-to-span
ratio significantly affects the out-of-plane and in-plane
buckling strength of arches. Besides, the width-to-span

@ Springer

(b) Arch fixed at two ends

ratio and initial imperfections also affect the buckling
strength.

Overall, this study provides insights into the mechanical
behavior of beam—arch bridges and highlights the impor-
tance of accurate design methods and reliable analysis tech-
niques for ensuring the safety and reliability of such struc-
tures. The findings can guide the development of improved
design methods and provide a basis for further research in
this field.
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