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Abstract: To date, scholars’ research on the stability behavior of the arch structure mainly focuses
on solid–web section arches, steel tubular truss arches and concrete-filled steel tubular arches, but
the stability behavior of the novel spatial grid arch structure, which integrates the characteristics
of grid structure and arch structure, is not yet clear. Based on the Eye of the Yellow Sea pedestrian
bridge project in Rizhao, China, the stability behavior of this large-span spatial grid arch structure
was studied, in this paper, by the project’s structure design team. The project is a glass covered
steel arch pedestrian bridge with a span of 177 m, a height of 63.5 m, an elliptical section with a
long axis of 18 m, and a short axis of 13.5 m. The elastic and the nonlinear elasto-plastic stability
behavior considering different initial geometric imperfections, was analyzed by the ABAQUS finite
element model. The buckling modes and the full-range load-displacement curve of the structure were
analyzed, and the stress distribution, deformation mode and overall structural performance during
the whole loading process were analyzed. The effects of initial imperfections, geometric nonlinearity
and material nonlinearity on the ultimate load-carrying capacity of the structure were studied. The
stability behavior of large-span spatial grid arch structure was studied in this paper, which provides
an important reference for the design and analysis of such structures.

Keywords: arch structure; stability behavior; spatial grid arch structure; stability analysis; initial
imperfections; nonlinear factors; ultimate load-carrying capacity

1. Introduction

The arch structure is one of many structural systems, and has a wide range of ap-
plications in building and bridge projects. To date, a large amount of research has been
conducted on the stability behavior of traditional arch structures commonly used in en-
gineering. By using an analytical method, Timoshenko [1] derived the equation of the
in-plane buckling load from the equilibrium differential equation of the pin-ended arch
under uniform compression, which laid the foundation for the theory of the in-plane
stability of the arch. Pi and Bradford [2–9] studied the in-plane nonlinear elastic stability
behavior of circular arches with boundary conditions of hinged, fixed, one hinged and one
fixed, and unequal rotational restraints under a centrally concentrated load. Hodges [10]
studied the nonlinear in-plane deformation and bucking of rings and high arches under
a hydrostatic pressure effect. Sakimoto and Namita [11] investigated the out-of-plane
buckling of solid rib arches braced with transverse bars. By using the principal of stationary
potential energy and Rayleigh–Ritz method, Pi and Bradford [12–23] proposed analytical
solutions for the elastic bending and torsional buckling loads of circular arches with bound-
ary conditions of hinged, fixed and in-plane elastic rotation constraints under concentrated
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forces, uniform compression and uniform bending. Dou et al. [24] first proposed a method
for solving the shear and torsional stiffness of truss arches, and derived an analytical
solution for the buckling load of lateral bending and torsional instability of truss arches
with fixed restraints under uniform compression and bending based on the energy method.
Guo et al. [25,26] derived elastic support stiffness thresholds for the out-of-plane instability
of truss arches and solid web arches with lateral discrete bracing. By using the finite element
method, Komatsu and Sakimoto [27,28] studied the out-of-plane elasto-plastic buckling
load of a box cross-sectional arch with rise-to-span ratios of 0.1 to 0.2 under a uniform
load. Pi et al. [29–31] studied the out-of-plane elasto-plastic bending–torsional buckling
and post-buckling behavior of H-section steel arches under various loads, introducing the
regularized slenderness ratio and the stability coefficients of axial compression columns or
pure bending beams into the Australian code, and proposed formulas for calculating the
out-of-plane elastic load-carrying capacity of uniformly compressed arches and uniformly
bent arches. Dou et al. [32] investigated flexural–torsional buckling and ultimate resistance
of parabolic steel arches subjected to a uniformly distributed vertical load. Dou et al. [33]
conducted static stability tests of three groups of circular arches with the same span but
different rise-to-span ratios, and the out-of-plane load-carrying capacity of the arch under
3-point symmetric and 2-point asymmetric loading was investigated. The stability behavior
of the novel large-span spatial grid arch structure applied to the Eye of the Yellow Sea
pedestrian bridge has not yet been studied.

1.1. Project Overview

The Eye of the Yellow Sea, which is a glass-covered steel arched pedestrian bridge
with a span of 177 m, a height of 63.5 m, an elliptical section with a long axis of 18 m, and a
short axis of 13.5 m, is located over an estuary in Rizhao, China. The highest part of the
bridge is equipped with a semicircular viewing platform extending to both sides, with a
radius of 9 m and an area of 398 square meters.

1.2. Structure Information

In order to satisfy the experience of visitors passing inside the arch, and the features
of open eyesight and good perspective, a novel spatial grid arch structure was applied to
the Eye of the Yellow Sea large-span arched pedestrian bridge. The structure integrates
the characteristics of grid structure and arch structure, consisting of arch components, ring
components and bracing components, with a grid size of about 4.5 m × 4.5 m. The basic
cross section of the structure is an ellipse with a long axis of 18 m and a short axis of 13.5 m.
The overall structure model is shown in Figure 1.
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As shown in Figure 2, the structure uses circular steel tubes for the arch components,
H-shaped steel for the ring components, and steel tie rods for the bracing components.
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Figure 2. Basic cross section of the structure.

2. Finite Element Mode

According to the Eye of the Yellow Sea pedestrian bridge project, the structure model
is divided into eight areas according to the different sizes of components’ sections, and
divided into three load regions according to the value of the vertical loads. Based on
the above partition, the finite element model was established in ABAQUS. As shown
in Figure 3, the component section partition and load partition are illustrated with the
half structure.
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In the finite element model, the B31 element was used for the simulation of the ring and
arch components, and the T3D2 truss element was used for the simulation of the bracing
component, and were defined as tensile-only elements. The material’s elastic modulus was
set as 2.06 × 1011 Pa, Poisson’s ratio as 0.3, density as 7.85 × 103 kg/m3, yield strength as
345 MPa, and the material was considered as ideal elasto-plastic. The materials and major
cross section sizes of the ring components, arch components and bracing components for
the different areas are listed in Table 1.
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Table 1. Summary of component information.

AREA AREA1 AREA2 AREA3 AREA4 AREA5 AREA6 AREA7 AREA8

Ring (mm)
Q345 B.Pipe-600 × 28 B.Pipe-600 × 28 B.Pipe-600 × 26 B.Pipe-600 × 26 B.Pipe-600 × 26 B.Pipe-600 × 26 B.Pipe-600 × 40 B.Pipe-600 × 40

Arch (mm)
Q345 BH-700 × 300 × 22 × 22 BH-700 × 300 × 22 × 22 BH-700 × 300 × 20 × 20 BH-700 × 300 × 20 × 20 BH-700 × 300 × 20 × 20 BH-700 × 300 × 20 × 20 BH-700 × 300 × 36 × 22 BH-700 × 300 × 36 × 22

Brace (mm)
Q460 Rod Φ185 Rod Φ185 Rod Φ185 Rod Φ185 Rod Φ185 Rod Φ185 Rod Φ185 Rod Φ185



Metals 2022, 12, 1138 5 of 14

According to the actual engineering situation, the dead loads (including 3 kN/m2

for platform, deck and stairs, 9 kN/m2 for escalator, and 10 kN/m2 for elevator), and
live loads (including 3.5 kN/m2 for platform, deck and stairs, and 0.5 kN/m2 for roof
maintenance), were counted separately by different load regions, converted into nodal
loads for each region, and added to the finite element model. The loads’ direction was
vertically downward, and the acceleration of gravity was 9.8 m/s2. Model loads are shown
as Figure 4.
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feet, as shown in Figure 5. 

Figure 4. Nodal loads and gravity load in the finite element model.

The Merge function was used in the finite element model to create the welded connec-
tion between the components, the MPC Pin was used to simulate the hinge joint constraint,
and the hinged constraint was set at the end of each arch component at the arch feet, as
shown in Figure 5.
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3. Stability Behavior Analysis
3.1. Linear Buckling Analysis

Through linear buckling analysis, the elastic buckling load of the structure and the
corresponding buckling modes was obtained to determine the weak regions of the structure.
At the same time, consistent initial geometric imperfections were applied to the structure
according to the buckling modes, which were used as the basis for the nonlinear elasto-
plastic stability analysis of the structure [34]. The first six buckling modes of the structure
under “1.0Dead Load + 1.0Live Load” load combination are shown in Figure 6.
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The elastic buckling loads for each mode are shown in Table 2.
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Table 2. Summary of the linear buckling loads.

Modes Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Linear buckling load factor * 56.57 75.75 82.89 83.76 84.03 84.19

Symmetry of deformation symmetric anti-symmetric symmetric anti-symmetric symmetric anti-symmetric

* Linear buckling load factor is the ratio of the elastic buckling load to the initial load (1.0Dead Load + 1.0Live Load).

In order to show the buckling mode more clearly, the deformation visualization scale
factor was expanded to three times the original. In the first bucking mode, an overall lateral
displacement out of the arch plane occurred, and the value of the lateral displacement
decreased from the middle of the span to the feet of the arch. In the second bucking
mode, the elliptical arch section of the left 1/4 span was compressed in the direction of
the short axis, and the section of the right 1/4 span was elongated in the direction of the
short axis. In the third bucking mode, the arch sections of both the left and right 1/4 span
were compressed in the direction of the short axis, and the section at each foot of the arch
was slightly bulged. In the fourth bucking mode, the grids at the left and right 1/4 span
underwent large deformation. The fifth and sixth buckling modes were similar to the
fourth, with larger grid deformation in the local area and change of deformation symmetry.

From the third buckling mode, the buckling load gradually became closer in value, and
the buckling mode of the structure transited from the overall buckling to the buckling of the
local region. In the third to sixth buckling mode, the location where buckling occurred was
AREA5&6 of the structure. Compared with other regions, the ring component cross-section
was BH-700 × 300 × 20 × 20, and the arch component cross-section was B.Pipe-600 × 26 in
AREA5&6, both of which were the smallest in cross-sectional dimensions. At the same
time, the maximum axial pressure occurred in these regions as Figure 7 shows, making
them the most likely locations for buckling to occur.

Metals 2022, 12, 1138 7 of 14 
 

 

In order to show the buckling mode more clearly, the deformation visualization scale 
factor was expanded to three times the original. In the first bucking mode, an overall lat-
eral displacement out of the arch plane occurred, and the value of the lateral displacement 
decreased from the middle of the span to the feet of the arch. In the second bucking mode, 
the elliptical arch section of the left 1/4 span was compressed in the direction of the short 
axis, and the section of the right 1/4 span was elongated in the direction of the short axis. 
In the third bucking mode, the arch sections of both the left and right 1/4 span were com-
pressed in the direction of the short axis, and the section at each foot of the arch was 
slightly bulged. In the fourth bucking mode, the grids at the left and right 1/4 span under-
went large deformation. The fifth and sixth buckling modes were similar to the fourth, 
with larger grid deformation in the local area and change of deformation symmetry. 

From the third buckling mode, the buckling load gradually became closer in value, 
and the buckling mode of the structure transited from the overall buckling to the buckling 
of the local region. In the third to sixth buckling mode, the location where buckling oc-
curred was AREA5&6 of the structure. Compared with other regions, the ring component 
cross-section was BH-700 × 300 × 20 × 20, and the arch component cross-section was 
B.Pipe-600 × 26 in AREA5&6, both of which were the smallest in cross-sectional dimen-
sions. At the same time, the maximum axial pressure occurred in these regions as Figure 
7 shows, making them the most likely locations for buckling to occur. 

 
Figure 7. Axial force diagram of Mode 4. 

3.2. Nonlinear Elasto-Plastic Stability Analysis 
In order to analyze the ultimate load-bearing capacity of this structure more accu-

rately, the initial geometric imperfections were introduced by the consistent mode imper-
fection method in the nonlinear elasto-plastic stability analysis. The initial geometric im-
perfection distribution was adopted from the first buckling mode of the structure, and the 
amplitude was taken as 1/300 of the span, respectively [35]. The full-range elasto-plastic 
analysis of the structure was carried out considering both geometric and material nonlin-
earities. 

In the first buckling mode of linear buckling analysis, the point with maximum dis-
placement was located in the middle of the structure, and the vertical displacement at this 
point was extracted as representative of the structural deflection in the elasto-plastic full-
range analysis. The vertical axis was the load proportionality factor (LPF) of the structure, 
which is the ratio of the actual load to the initial load (1.0Dead Load + 1.0Live Load). The 
load-displacement curve of elasto-plastic full-range analysis is shown as Figure 8. 

Figure 7. Axial force diagram of Mode 4.

3.2. Nonlinear Elasto-Plastic Stability Analysis

In order to analyze the ultimate load-bearing capacity of this structure more accurately,
the initial geometric imperfections were introduced by the consistent mode imperfection
method in the nonlinear elasto-plastic stability analysis. The initial geometric imperfection
distribution was adopted from the first buckling mode of the structure, and the amplitude
was taken as 1/300 of the span, respectively [35]. The full-range elasto-plastic analysis of
the structure was carried out considering both geometric and material nonlinearities.

In the first buckling mode of linear buckling analysis, the point with maximum
displacement was located in the middle of the structure, and the vertical displacement at
this point was extracted as representative of the structural deflection in the elasto-plastic full-
range analysis. The vertical axis was the load proportionality factor (LPF) of the structure,
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which is the ratio of the actual load to the initial load (1.0Dead Load + 1.0Live Load). The
load-displacement curve of elasto-plastic full-range analysis is shown as Figure 8.
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The stress distribution of the structure is shown in Figure 9. When the curve reached
point A, the load reached 3.39 times the initial load (LPF = 3.39) and the vertical deflection
of the structure was 0.479 m. The arch components in the upper part of the structure’s
middle section, the lower part of the 1/4 span section, and some at the feet of the structure,
started to reach plasticity. As the load-displacement curve was linear, the overall structure
was in the elastic stage in the stage O–A, and the structural stiffness was large.

Subsequently, the structure could still continue to carry the load, and the plastic
range developed further with the increase in load, weakening the stiffness of the overall
structure. The arch components and a few ring components at the middle and 1/4 span of
the structure entered plasticity, and four more arch components at each foot of the structure
reached plasticity. When the load reached 3.72 times the initial load, the structure reached
the elasto-plastic ultimate load-bearing capacity and buckled, and the vertical deflection
of the structure was 1.363 m. At this stage, most of the arch and ring components at the
middle and 1/4 span of the structure reached plasticity, and all the arch components at the
feet of the arch entered plasticity.

After buckling, the load decreased, with the displacement increasing rapidly, the
structure as a whole was still in the compression and bending state, and the plastic range
continued to increase, such as the stress and displacement pattern at point C. At this stage,
most of the arch components reached plasticity, and the number of ring components that
reached plasticity in the middle of the span, 1/4 span, and at the feet, continued to increase,
and the plastic range became larger.

When the load continued to be applied, the vertical displacement of the structure
increased rapidly. The structure as a whole gradually changed from compression and
bending state, to tension and bending state. The tension edge of the structure reached
the yield stress while the compression yield region gradually decreased, and the structure
reached the reverse equilibrium state at point D. At this stage, the load was 0.57 times
the initial load, and the structural deflection was 40.74 m. After point D, the bearing
capacity of the structure was increasing. As the structure, as a whole, was in the tension
and bending state, the compression yield region continued to decrease and the tensile yield
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region continued to increase, as shown in the Figure 9e. Although the simulation results
show that the structure still has load carrying capacity, the state is no longer meaningful
in engineering.
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4. Analysis of the Factors Influencing Stability Bearing Capacity
4.1. Influence of Initial Geometric Imperfections

The actual engineering structure inevitably had various initial imperfections, including
production and installation deviations and initial eccentricity of members to nodes, initial
stresses caused by various reasons, etc. In order to study the influence of initial geometric
imperfections on the structure’s stability bearing capacity, four finite element models
with initial geometric imperfection amplitudes of 1/100, 1/300, 1/500, and 1/1000 of the
structure span, and one without geometric imperfection, were established. Both geometric
nonlinearity and material nonlinearity were considered. The first buckling mode was
chosen as the geometric initial imperfection distribution of the structure. Because the
structural deformation pattern, according to this mode, was in the minimum potential
energy state, there was a tendency for deformation along this mode at the initial load
applying stage for the structure [35]. If the imperfection distribution of the structure was
in the same form as the first buckling mode, it would have the most adverse effect on the
structural load-bearing performance.

In the first buckling mode of linear buckling analysis, the point with maximum
displacement was located in the middle of the structure, and the vertical displacement at
this point was extracted as a representative of the structural deflection in the elasto-plastic
full-range analysis. The vertical axis was the LPF of the structure. Figure 10 shows the
load-displacement curves of full-range analysis with different initial imperfections.
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It can be seen from Figure 10 that the load-displacement curves of the models with
initial imperfections of 1/1000, 1/500 and 1/300 almost coincided with that of the model
without imperfections. Only the ultimate load of the model with initial imperfections of
1/100 (LPF = 3.70) was slightly different from that of the model without imperfections
(LPF = 3.72), while the imperfection maximum value reached 1.77 m, which is far beyond
the actual construction-allowed range. It can be concluded that the construction error
allowed in the project has a very small effect on the stability bearing capacity of the
structure. At the same time, as the value of imperfection increases, the ultimate load-
bearing capacity decreases, and deviations should be minimized during the construction of
the structure.

4.2. Influence of Nonlinear Factors

In order to study the effects of material nonlinearity and geometric nonlinearity on
the ultimate load-carrying capacity of the structure, the full-range analysis of the structure
considering only geometric nonlinearity and only material nonlinearity was carried out
separately and compared with the results of elasto-plastic stability analysis of the structure.
The load-displacement curves of the structure are shown as Figure 11.

The load proportionality factor (LPF) gradually increased from 0 to point a (LPF = 3.39),
during which the A, B and C curves coincide, illustrating that the structure is in the
elastic stage.

The elastic stability behavior of the structure with large deformation can be obtained
from load-displacement curve A, considering only the geometric nonlinearity, that the
structure does not have an elastic ultimate load. By analyzing the stress and deformation of
the structure, it was found that although the mid span area of the structure was most likely
to buckle, the area was dominated by bending deformation. With the load increasing, the
structure continued to bend downward, and its deformation mode and equilibrium mode
remained unchanged. Therefore, it will continue to bear the load without buckling, and the
cross-sectional stresses of the member in some areas have long exceeded the elastic limit.
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The elasto-plastic stability behavior of the structure with small deformation can be
obtained from load-displacement curve B, considering only material nonlinearity, that the
arch and ring components at the middle and 1/4 span, as well as the arch components at the
feet, gradually reach plasticity with LPF increasing from 3.39 (point a) to 4.0 (point b). At
this stage, the structural behavior is similar to the one considering both material nonlinearity
and geometric nonlinearity, and curve B is slightly higher than curve C. The plasticity range
gradually increases, and the LPF of curve B does not decrease. While the displacement
keeps increasing, the load-displacement curve tends to be horizontal, and the behavior
of the overall structure is nearly plastic at this stage. Since the geometric nonlinearity
was not considered, the structure was still calculated according to the small deformation
assumption, and its deformation mode did not change. Unlike the load-displacement curve
C which considered both material nonlinearity and geometric nonlinearity, there is no
descending portion in curve B.

The LPF corresponding to the ultimate load, considering only material nonlinearity,
was 4.22, and the one considering material nonlinearity and geometric nonlinearity was
3.72. The influence of geometric nonlinearity on the ultimate bearing capacity of the struc-
ture was about 11.8%. The ultimate load-carrying capacity of the structure is sensitive
to material nonlinearity, and a full-range analysis of the structure considering only geo-
metric nonlinearity will seriously overestimate the ultimate load-carrying capacity of the
structure, which would be unsafe for the engineering project. In summary, to evaluate the
ultimate load-carrying capacity of the structure, both material nonlinearity and geometric
nonlinearity should be considered.

5. Conclusions

In this paper, the elastic and elasto-plastic stability behavior considering the initial
geometric imperfections of the large-span spatial grid arch structure based on Eye of
the Yellow Sea project were analyzed, and the buckling mode as well as the full-range
load-displacement curve of the structure were obtained. The full-range stress distribution,
deformation mode and overall performance of the structure were studied. The influence of
initial geometric imperfections and nonlinearities on the structural ultimate load-carrying
capacity were investigated. The following main conclusions were obtained:

(1) In the first bucking mode, an overall out-of-plane lateral displacement occurred in
the middle area of the span. The locations of maximum stress and deformation of
the bucking modes 2~6 were at the left and right 1/4 span of the structure. The
linear buckling load became progressively closer from bucking mode three, and the
locations where buckling occurred were located in the 1/4 span local area, where
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the component cross-sectional dimensions were the smallest. The maximum axial
pressure occurred in these areas, making them the most likely locations for buckling
to occur;

(2) The full-range analysis considering geometric nonlinearity, material nonlinearity and
initial imperfections showed that with the change of load, the structure went through
the elastic stage, plastic development stage, the stage of buckling when the ultimate
load was reached, the stage of displacement increasing rapidly while the load-carrying
capacity was decreasing rapidly, and the stage of reverse equilibrium;

(3) When the initial geometric imperfection amplitude was set as 1/1000, 1/500, and
1/300 of the span, the stability behavior of the structure was almost unaffected. Only
when the initial imperfection was 1/100 of the span, the ultimate load of the structure
was reduced by 0.54%;

(4) The influence of geometric nonlinearity on the ultimate bearing capacity of the struc-
ture was 11.8%;

(5) The ultimate load-carrying capacity of the structure is sensitive to material nonlinear-
ity. Considering only geometric nonlinearity will seriously overestimate the ultimate
bearing capacity of the structure, which would be unsafe for the project. To evaluate
the ultimate load-carrying capacity of the structure, both material nonlinearity and
geometric nonlinearity should be considered.
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