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Abstract

Corridor bridges are famous buildings in ancient China because of their unique
construction and shape. Among the existing corridor bridges, most of the stone-arch
corridor bridges are located in remote and isolated mountainous areas, which have not
been damaged by modern civilisation, so they are the best preserved. Gao Shou Bridge,
located in the countryside of Liuyang City, Hunan Province, China, is a well-preserved
stone arch bridge that is more than 100 years old and still in use today. This paper
describes in detail the structure and component materials of the bridge. And its
structural composition and functional flexibility are discussed. The force state and force
performance of the bridge were analysed using the finite element software ABAQUS.
According to the results, this bridge meets the stress and deflection requirements under
normal service conditions.
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1. Introduction

Corridor bridges have a long history in China. They played an important role in the ancient
transport system, especially in the mountainous regions of southern China, where skilled
workers took advantage of the abundant local ore resources and built many stone arch bridges
to suit the natural conditions[1,2]. The technique of using stone arches was found to be more
efficient in terms of construction and materials than the wooden beam technique. Of all the
historical arch bridges, stone arch bridges are the best preserved. The stone arch bridge is one
of the four basic forms of traditional Chinese bridges. The system of stone arch bridges is varied
and developed rapidly once it appeared in the history of Chinese bridge development, and it
still maintains its vigorous vitality after the modern railway and road bridge engineering
technology was introduced into China in 1880, showing the ingenuity of the ancient Chinese
working people and the brilliant achievements of ancient bridge construction|3,4].

Stone arch bridge as the most primitive form of arch bridge, first appeared in ancient Greece,
the Romans inherited and developed the stone arch bridge technology, built a large number of
beautiful stone arch bridge after BC[5]. China's oldest existing stone arch bridge not earlier than
the Sui Dynasty, but according to literature and paintings the earliest arch bridge can be traced
back to the Eastern Han Dynasty or Western Jin Dynasty. The focus of this paper is on the Gao
Shou Bridge and the Gaoshou Bridge located in the Liuyang countryside, about 90 kilometres
from Changsha, Hunan Province, China.

Gao Shou Bridge (Figure 1) is located in Liuyang City, Shegang Town, Liancheng Village, for the
single-arch stone bridge, about 10 metres long, 5 metres wide, 6 metres high, with red stone
masonry, each side of the bridge has a height of 40 centimetres and width of 30 centimetres
guardrail. Under the bridge, there are ancient vines in the stone cracks of the triple soil, from
the top of the bridge down to the river, the branches and leaves spread with the wind, and the
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bridge around the green trees, homes, running water together to form a winning scene. The
bridge was built in the late Qing Dynasty, by the local Huang Yueqin by repair. After the
construction of the bridge, Huang for the payment of wages, sold out of the family's fields and
houses, had to live in the ancestral temple, the bridge was completed soon that is, when the age
of more than 50 years old. The people in order to commemorate him, wishing him a long life in

the next life, so named High Life Bridge.
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Figure 1 Panoramic view of Gao Shou Bridge
This paper describes and discusses the unique structural system and construction process of
this type of bridge, taking Gao Shou Bridge as examples. The mechanics of the stone arch
structures are studied. In addition, the aesthetics of the bridges are described.

2. Structure

2.1. Gao Shou Bridge Materials and Structural Dimensions

The Gao Shou Bridge bridge is approximately 3.8 metres wide, 11.3 metres long, 4.5 metres
high and 3.6 metres from the bottom of the arch to the water.
No nails or rivets were used in the superstructure of this bridge, which was constructed entirely
of wood. The construction workers took full advantage of the abundant local forest resources
and considered the mechanical properties of fir wood. Table 2 shows the dimensions of the
timber used in the various structural components.

Table 1 Dimensions of wood used in the superstructure

Type of Type of wood Dimensions Material properties
construction
Wooden beams Fir 3500mmx50mmx200mm Light and soft
Secondary Fir 11300mmx=200mmx50mm texture, clear grain,
Wooden Beam uniform structure,
Wooden stool Fir 11300mmx400mmx120mm easy to process.
Wooden pillar Fir 200mmx200mmx2700mm Modulus of

elasticity = 9.5 GPa

2.2. Bridge corridors.

The corridor has six sections with five main columns on each side. The longitudinal spacing of
the columns is about 2.8 metres. The bridge corridor adopts the raised beam timber structure,
one of the three types of timber structures commonly used in ancient Chinese architecture. As
shown in Figure 5, the columns are placed along the extension direction of the corridor room
and the beams are set on top of the columns. These columns and beams, together with several
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layers of short columns and beams near the roof, form a timber frame unit. Between the two
parallel timber frame units, square beams are used to connect the posts longitudinally. Purlins
perpendicular to the frames not only carry the weight of the roof, but also connect the frames
together in the longitudinal direction. The timber bench is 0.38 metres from the bridge deck.

Figure 2 Bridge Corridor

2.3. Top of a bridge.

A common double-sided roof was used, taking into account load-bearing and drainage
requirements. This bridge also features a waist gable, a unique structural element that
protrudes from the roof's timber beams to protect the underlying timber structure from
rainwater. The concave roof surface of the pavilion provides a soaring appearance to the
corridor bridge (Figure 3).

Figure 3 Top of bridge

2.4. Structural characteristics.

The bridge incorporates the architectural style of the house. The bridge forms a passageway for
people to cross barriers and the corridor provides space to view the natural beauty of the area.
Thus, the construction of the corridor bridge reflects the perfect combination of form and
function in architecture. Corridors have several functions: to block the wind and rain, and to
protect the wood; to facilitate pedestrians to take shelter from the wind and rain; to increase
the weight and stability of the bridge, and to enhance the natural beauty.

Corridor bridges, like other ancient buildings in China, belong to the wooden structure system.
They have many advantages. Firstly, they are structurally simple because of the use of standard
timber components. The timber beams used to build the bridges vary only in size and length.
After the bridge is dismantled, the original components can be reused and constructed
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elsewhere. Secondly, timber materials are available and cost-effective in most mountainous
regions of China. In addition, timber structures require less time than other building types (e.g.,
brick). Third, covered bridges are highly elastic frames with good seismic performance. It can
absorb a large amount of vibration energy within the elastic range of the material. Many
wooden structures built in earthquake-prone areas have remained virtually intact for centuries.
Unlike the fully enclosed corridor bridges in other countries, such as the United States, Gao Shou
Bridge adopts a semi-enclosed form. People can feel the warm sunshine and enjoy the beautiful
scenery around them.

3. Aesthetics

Apart from being a usable and functional structure, both bridges are quite attractive in their
appearance. It is a good combination of points, lines and surfaces, which is an important aspect
of bridge aesthetics.

When viewed from the side, the beams form the point elements of the whole shape and are well
proportioned. The beams form lines, presenting a majestic and powerful aesthetic, and the
graceful curves of the pavilions and eaves enrich the single straight lines with elegance. The
roof and waist eaves are pitched and covered with small Chinese tiles, neatly arranged with a
sense of spatial hierarchy. The roof of the bridge pavilion is a concave surface, providing beauty
of flight and dynamic appearance.

The wooden beams are arranged layer by layer with a rectangular appearance, providing a
sense of strength and stability. The roof echoes the waisted eaves, giving a visual sense of space
and enhancing the lustre and beauty of each other. The symmetrical profile of the interior of
the corridor provides a neat visual attraction for pedestrians.

The bridge adds to the natural beauty of the area and has received great acclaim.

4. Force characterisation

4.1. Finite element modelling

Finite element pre-processing work includes creating geometric solid components, specifying
cross-section material properties, assembling components, meshing, selecting cell types,
defining contact properties, and adding boundary conditions.

Establishing the spatial finite element numerical model of solid cells can simulate the real
bridge state. This paper is based on the finite element analysis software ABAQUS to establish
the solid model. The modulus of elasticity of fir wood is 9 GPa. According to the Technical
Specification for Pedestrian Bridges and Underpasses in Chinese Cities, a crowd load equivalent
to 3.6 kN/m?2 is used. The upper timber structure transfers the load downward layer by layer
through the mortise and tenon structure between individual timber beams and finally to the
timber columns. In order to simplify the model and facilitate the calculation, the constant load
of the superstructure was converted into a concentrated load applied at the contact between
the vault and the timber columns.

Cell size is also an important factor affecting the finite element analysis, mesh division, under
the premise of ensuring the accuracy of the calculation, in order to reduce the relative required
computation time using grid local encryption. As the arch axis is a curve, the ancient arch axis
at the division of the mesh encryption processing, to prevent the mesh distortion. Grid division
is shown in Figure 4.In the model, for the boundary conditions, the treatment of fixed
constraints is used.
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Fig. 4 Finite element mesh

4.2. Finite element result analysis

The finite element analysis results show that the maximum mid-span deflection of this bridge
is less than 1 mm for both gravity and crowd loads (Figure 5). These values are lower than the
L/600 limit specified in the specification for footbridges. Under normal use loads, the
deflections of this bridge will not exceed the limit and meet the design requirements.
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Fig. 5 Mid-span deflection

The stress clouds from the simulation results are shown in Fig.6, and the stress levels in this
bridge are within the specification allowances under the influence of gravity loads and crowd
loads.

The analysis results show that, under the action of self-weight and crowd load, the compressive
stress at the upper edge of the arch in the middle of the span of Gao Shou Bridge is 0.9MPa, and
the compressive stress at the lower edge of the arch is 0.2MPa, and the arch in the middle of the
span is in the state of upper compression, and the lower part is in the state of tension, and the
tensile stress has not exceeded the limit of the tensile limit of the structural material, and the
destruction of the bridge structure will not occur in the state of normal use. The bridge
structure along the main arch ring is in overall compression state, in line with the arch bridge
stress characteristics.

The bridge will not be damaged under normal use load.
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Fig. 6 Stress cloud diagram

5. Conclusion

After hundreds of years of erosion by wind and rain, Gao Shou Bridge still stands quietly in the
Liuyang countryside. The unique feature of this bridge is that the entire structure of the
corridor bridge was built with timber, making full use of the available timber material, and the
lower part was built with stones. The builders of the time used a stable stone arch structure
and stacked it layer by layer to increase the span. The upper load was transferred layer by layer
through the mortise and tenon structure, which provided uniformity of force and good integrity.
As a lifting beam timber structure consisting of beams, columns and classified boards, the
bridge gallery is very stable and flexible.

As an architectural structure in a natural environment, the bridge harmonises with its
surroundings and provides a good view of the village. In addition, the overall pleasing
appearance of the structure reflects the aesthetic aspects of bridges of proportion, symmetry,
rhythm, repetition, alternation and spatial comfort.

Today, China still has a large number of similar ancient bridges that symbolise the wisdom of
our ancestors. With the development of modern bridge technology, we should pay more
attention to the excavation, inheritance and protection of these historical bridges. Their unique
structural features and ingenious construction techniques are worth learning and passing on.
Meanwhile, due to its advantages of light weight, easy dismantling, quick construction and
environmental protection, it can be used as a landscape pedestrian bridge in parks or schools.
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