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Research paper

Design and optimization analysis
of pylon open lower corbel

Dong Li1

Abstract: This study, centered around the engineering context of the Wuxue Yangtze River Bridge,
addresses the challenge of significant temperature-induced secondary internal forces in the short lower
tower column. A novel open lower corbel tower scheme is proposed as a solution. Firstly, comprehensive
finite element models are established for both the open lower corbel pylon scheme and the traditional
lower continuous beam pylon scheme. These models are employed for finite element analysis to derive
bending moments and displacements of the bridge pylon under various loads, including permanent,
vehicle, temperature, and wind loads. Subsequently, considering internal force distribution and stiffness,
a comparative assessment is made between the open lower corbel cable pylon scheme and the traditional
lower continuous beam cable pylon scheme. The findings reveal that the open corbel structure bridge
pylon exhibits lower transverse bending moment values under the influence of permanent load, vehicle
load, temperature load, and wind load. This reduction is advantageous for mitigating the issue of
significant temperature-induced secondary internal forces in the bridge pylon. Additionally, the transverse
bridge stiffness of the open lower corbel cable pylon scheme is found to be on par with that of the
lower continuous beam cable pylon scheme. Moreover, topology optimization of the original corbel
design is accomplished using the relative density method. The computational results demonstrate that
the corbel’s stress and deformation under vertical loads meet code requirements. These research findings
offer valuable insights for the design and construction of similar projects.
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1. Introduction

Long-span cable-stayed bridges usually adopt floating system and semi-floating system
[1–3]. It is a common practice to set vertical support under the main beam at the bridge
tower for semi-floating system cable-stayed bridges. Usually, the lower beam is set in the
bridge tower and the support is placed on the lower beam to provide the vertical support for
the main beam. However, there may be a situation where the lower tower column is relatively
short due to terrain restrictions, resulting in a large temperature internal force of the bridge
tower. By changing the construction process of the lower cross beam, the secondary internal
force generated in the construction process can be reduced, such as Jingyue Yangtze River
Bridge and Jiayu Yangtze River Bridge [4]. Although this scheme reduces the problem
of temperature secondary internal force in construction engineering, the problem of large
temperature internal force after completion of the bridge has not been solved [5, 6].

In addition to setting the support to provide vertical support for the main beam, zero
cable can also be set [7]. The zero cable cancels the lower beam and suspends the cable from
the center of the bridge tower to provide vertical support for the main beam [8]. Qingshan
Yangtze River Bridge has adopted the zero cable scheme. The zero cable solves the problem
of large temperature secondary internal force of the lower tower column, but there is no
longitudinal stiffness support of the lower beam, which reduces the seismic resistance of the
whole bridge structure [9].

In this paper, open lower corbel is proposed to solve the problem of obvious secondary
internal force caused by the short lower tower column of Wuxue Yangtze River Bridge.
The lower corbel and place the support on the corbel to provide vertical support for the main
beam. Compared with the traditional beam scheme and zero cable scheme, this scheme fully
considers the internal force and stiffness of the bridge tower, which can solve the problem of
large temperature secondary internal force of the lower tower column, and provide sufficient
longitudinal stiffness for the main beam. In this paper, the corbel scheme and the traditional
beam scheme are compared and analyzed from the perspective of the internal force and
deformation of the bridge tower structure. At the same time, the topology optimization of
the corbel scheme is carried out to further improve the structural performance.

2. Project profile

Wuxue Yangtze River Highway Bridge is an asymmetric cable-stayed bridge with a main
span of 808 meters. It adopts a semi-floating structural system. The bridge span is arranged
as (80 meters + 290 meters + 808 meters + 75 meters + 75 meters + 75 meters). The height
of the north main tower is 269 meters, and the lower beam is set up between the towers.
The height of the south main tower is 233.602 meters, and the height of the lower tower is
only 21.602 meters, as shown in Fig. 1.

If the same lower beam structure as the north tower is adopted, due to the shorter lower
tower column of the south main tower, a large secondary internal force will be generated
under the action of temperature, shrinkage and creep and a large number of transverse
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(a)

(b)
Fig. 1. Layout diagram of Wuxue Yangtze River bridge:

a) elevation, b) elevation of the bridge tower (cm)
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prestress. It is easy to cause concrete cracking of the bridge tower. At the same time, the
use of a lower lower beam structure will also reduce the overall aesthetic effect of the bridge
tower. The south main tower adopts the open lower corbel instead of the traditional beam
structure to solve this problem. The open lower corbel scheme can effectively reduce the
secondary internal force of the lower tower column of the south tower under the action of
temperature, shrinkage and creep and transverse prestress, so as to avoid the occurrence of
concrete cracking. The overall aesthetic effect of the bridge tower of this scheme is improved.

3. Analysis of mechanical properties of bridge tower

The full-bridge spatial finite element models of the two schemes are established, which
are the traditional beam scheme and the corbel scheme. The cross section and cable force
of the two schemes are consistent. The concrete main girder, steel box girder, pylon and
cross beam are simulated by beam element, the stay cable is simulated by cable element,
the support is simulated by elastic connection, and the bottom of the pylon is treated as
consolidation in the model.

The computed loads encompass various permanent effects, such as structural weight,
shrinkage, creep, and prestress. Additionally, the analysis incorporates the overall temperature
variations experienced by the entire tower, encompassing temperature changes in the tower
structure, the impact of vehicle loads, and the influence of wind loads. The temperature
fluctuations considered involve a rise of 20◦C and a reduction of 30◦C. The vehicle load
adheres to China Highway Load-I standards, and the wind load acting on the tower is
quantified at 28.2 kN/m. The loading combination is determined by a specific formula: 1.4
times the vehicle load plus 1.05 times the temperature action minus 0.825 times the wind
load. This comprehensive approach ensures a thorough consideration of multiple factors
contributing to the structural loading conditions.

3.1. Internal force analysis

3.1.1. Transverse utility of bridge tower under permanent action
From top to bottom, the extreme bending moment sections of the tower are the top and

bottom of the upper tower column, the top and bottom of the middle tower column, and
the top and bottom of the lower tower column. The transverse bending moment diagram
of the bridge tower under permanent load is shown in Fig. 2. The main difference in the
bending moment of the bridge tower is reflected in the lower tower column. The transverse
bending moment at the bottom of the lower tower column of the lower beam pylon scheme
is 1181918.5 kN·m, while the transverse bending moment at the bottom of the lower tower
column of the open lower corbel pylon scheme is 710295.9 kN·m, the difference between
the two is 471622.6 kN·m. It is worth noting that the bending moment of the open lower
corbel tower scheme is larger at the top of the lower tower column. This is because the corbel
belongs to the cantilever structure, under the action of the reaction force of the support, the
bending moment at the top of the lower tower column increases.
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Fig. 2. Transverse bending moment of bridge tower under permanent action (kN·m): a) beam scheme,
b) corbel scheme

Define the ratio coefficient.

(3.1) α =
Mb − Mc

Mc
× 100%

where: Mb represents the bending moment of the beam scheme and Mc represents the
bending moment of the corbel scheme.

When α > 0, it shows that the corbel scheme is better than the beam scheme.
Comparative analysis of transverse bending moment of bridge tower under permanent

load is shown in Fig. 3. At the bottom of the lower tower column and the bottom of the
middle tower column, when α = 60% and 120%, the corbel scheme is obviously better than
the beam scheme. At the top of the middle tower, the bottom of the upper tower and the top
of the upper tower, α is close to 0, and the bending moments of the three are basically the
same. Only at the top of the lower tower, when α = −80%, he bending moment of the corbel
scheme is larger. The bending moment at the bottom of the lower tower column is large,
resulting in a large difference in the absolute value of the bending moment at both ends of
the lower tower column. The absolute value difference of the bending moment at both ends
of the lower tower column is small, and the bending moment distribution is more reasonable
in the corbel scheme. Therefore, the corbel scheme is superior to the beam scheme under
permanent load, especially at the bottom of the lower tower column and the bottom of the
middle tower column. It is suitable to choose the corbel scheme to optimize the design of
the bridge tower.
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Fig. 3. Comparison of transverse bending moment of the bridge tower under permanent action

3.1.2. The transverse effect of bridge tower under the action of load combination

The transverse bending moment diagram of the bridge tower under the combined action
is shown in Fig. 4. The main difference in the bending moment of the bridge tower is reflected
in the lower tower column, which is similar to that under permanent load. The transverse
bending moment at the bottom of the lower column of the lower beam pylon scheme is
1867643.1 kN·m, while the transverse bending moment at the bottom of the lower column
of the open lower corbel pylon scheme is –567749.5 kN·m, and the absolute value difference
between the two is 12969893.6 kN·m.

The comparative analysis of transverse bending moment of bridge tower under load
combination is shown in Fig. 5. The difference between the bending moment combination
values of the two schemes is small at the top and bottom of the upper tower column and the
top of the middle tower column, and the α is –3.6%, 5.6% and 4.7%, respectively, indicating
that the lateral bending moment of the corbel scheme is similar to that of the beam scheme.
At the bottom of the lower tower column, α is 228.9 %, indicating that the corbel scheme
can significantly reduce the bending moment at the bottom of the lower tower column.

It is worth noting that the setting of corbel tower will increase the bending moment
of the top of the lower tower column and the bottom of the middle tower column, with α
of –90.0% and 47.6% respectively. This is due to the fact that the beam is disconnected to
reduce the number of statically indeterminate times of the tower structure, and the corbel is
a cantilever beam structure, which will increase the bending moment of the top of the lower
tower under the action of the support reaction.

In summary, under the combined action of permanent load, vehicle load, temperature
load and wind load, the pylon scheme with open lower corbel is obviously better than
the scheme with lower beam, especially at the bottom of the lower tower column, it can
effectively reduce the transverse bending moment and ensure that the main beam has
sufficient longitudinal restraint stiffness.
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Fig. 4. Transverse bending moment of bridge tower under load combination (kN·m): a) beam scheme,
b) corbel scheme
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Fig. 5. Comparison of transverse bending moment of bridge tower under load combination
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3.2. Lateral stiffness analysis of bridge tower

The displacement diagrams of the bridge tower under the action of vehicle load and
wind load are shown in Fig. 6 and Fig. 7.

(a)
(b)

Fig. 6. Transverse deformation of bridge tower under vehicle load (mm):
a) beam scheme, b) corbel scheme

(a) (b)

Fig. 7. Transverse deformation of bridge tower under wind load (mm):
a) beam scheme, b) corbel scheme

Under the action of vehicle load, for the beam scheme, there is basically no lateral
displacement. For the corbel scheme, the maximum lateral displacement is only 0.2 mm.
Wind load is the main lateral load of the bridge tower. The maximum displacement of the
bridge tower occurs under the action of wind load on the middle beam, which is 69.7 mm
and 73.0 mm respectively. The lower beam is replaced by a corbel, and the overall lateral
stiffness of the bridge tower is reduced. However, the decrease in stiffness caused by the
corbel can be ignored, due to the large cross-section size of the tower column.
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4. Topology optimization of corbels

4.1. Finite element model of corbel

The corbel adopts a single-box double-chamber section, and its specific structural
dimensions are shown in Fig. 8. The corbel is 8.769 meters long, with a chamfer of
2 meters × 1 meter at the upper end and a chamfer of 0.5×0.5 meters in the box. The corbel
is transversely arranged with prestressed steel strands, and a total of 16 strands of prestressed
steel strands are arranged on the top plate. Each strand has 19 strands, with a nominal
diameter of ϕs = 15.24 mm. During the tensioning process, the tension control stress under
the anchor is 0.7 fpk = 1302 MPa, that is, the tension of each strand is 4557 kN.

(a) (b) 
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Fig. 8. Schematic diagram of corbel structure (cm): a) vertical profile, b) horizontal section, c) 3D
diagram
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Only part of the pylon is built in the finite element model, and fixed constraints are applied
to the upper and lower top surfaces. The model is shown in Fig. 9. The elastic modulus of
concrete is 3.45×104 MPa, density is 26 kN/m3, Poisson ’s ratio is 0.2. The elastic modulus
of the steel is 1.95× 105 MPa, the density is 78.5 kN/m3, and the Poisson ’s ratio is 0.3 [10].
The tendon is represented in the simulation using bar elements, and the prestressed load,
including prestress loss, is simulated through temperature reduction.

Fig. 9. Analysis model of corbel

4.2. Topological optimization model

Topology optimization is to optimize the structure and save materials while maintaining
the load of the structure . [11]. Stress constraints, position constraints and minimum size
constraints are required in the topology process of the structure. It can usually be described
as [12–15]:

(4.1) Find X = (x1, x2, · · · xn)T , 0 ≤ xi ≤ 1
Min f (x) = f (x∗)

s.t. σmax ≤ σ

δ ≤ [δ]

where: X is topology optimization variables, xi is relative density of material, f (x) is
objective function, x∗ is the most value variable of the optimization results,σmax is maximum
stress of element, σ is allowable stress, δ is the upper and lower limits of displacement
constraints.
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The relative density method is used to create a mathematical model with the minimum
strain energy as the objective function [16, 17]:

(4.2) min
x

: c(X) = UT KU =
N∑
e=1
(xe)puTe keue

subject to:
V (X)

V0
= f

KU = F

0 < Xmin ≤ X ≤ 1

where: X = {x1, x2, · · · , xN } is design variable. In this paper, it is the strain energy and
volume, N is total number of units, F is overall load matrix, U is displacement matrix, K is
global stiffness matrix, ue is element displacement matrix, ke is element stiffness matrix,
f is volumetric coefficient, V(x) is optimized material volume, V0 is initial material volume,
p is penalty factor, generally take as 3 [18, 19].

Considering that the corbel top plate should be arranged with prestressed1 steel strands,
all areas except the top plate are selected as the optimization design area.

4.3. Optimal results

The optimized stress results are shown in Fig. 10. The optimized maximum tensile
stress is 2.641 MPa and the maximum compressive stress is 5.038 MPa.

Fig. 10. Optimized stress (MPa)

The interior and exterior of the corbel box floor are reduced as shown in Fig. 10. Only
the topology optimization results of the inner box of the corbel are retained, considering the
rationality of the actual construction1 of the corbel. The reverse modeling of the optimized
model is carried out, considering the actual construction technology and structural shape,
the thickness of some sections is adjusted according to the trend of stress distribution. In the
reverse modeling, the optimization area is smoothed and some optimization areas are filled.
The final corbel optimization model is shown in Fig. 11a. The same size and more regular
details excavated in the model double chamber are shown in Fig. 11b, and the thickness of
the bottom plate is reduced to 44 cm.
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Fig. 11. Final optimization results: a) solid model, b) vertical profile (cm)

The final optimization model is subjected to the same load as the initial model in order
to test whether the strength of the final corbel optimization1 scheme meets the requirements.
The 1st principal stress cloud diagram and displacement cloud diagram of the optimized
model and the original model are compared, and the results are shown in Fig. 12 and Fig. 13.

(a) (b)

Fig. 12. Comparison of the 1st principal stress (MPa): a) before optimization, b) after optimization

The maximum tensile stress increased by 2.610 MPa to 2.645 MPa after optimization,
which met the standard value of tensile strength. At the same time, the maximum deformation
after optimization increased from 1.12 mm to 1.22 mm, and the stiffness is basically
unchanged. By comparing the volume of the model before and after optimization, the
volume of the design area decreased by 8.71% after optimization, and the lightweight design
requirements of the corbel were realized.
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(a) (b)

Fig. 13. Comparison of model displacement (mm): a) before optimization, b) after optimization

5. Conclusions

This study addressed the issue of excessive temperature-induced internal forces in the
short lower tower column of the Wuxue Yangtze River Bridge. The proposed open lower
corbel tower scheme was analyzed and compared with the traditional lower beam tower
scheme. The main findings of the paper are as follows:

1. The adoption of the open lower corbel pylon scheme effectivelymitigates the transverse
bending moment experienced at the base of the lower tower column. It also ensures
that the main beam maintains adequate longitudinal restraint stiffness. The open
lower corbel scheme can effectively solve the problem of large temperature secondary
internal force caused by shorter lower tower column.

2. While the open lower corbel scheme does reduce the lateral stiffness of the tower,
this reduction has a negligible impact due to the tower’s substantial cross-sectional
dimensions.

3. Topology optimization was performed on the initial corbel design scheme using the
relative density method. The optimized design achieved a 56-centimeter reduction in
corbel floor thickness and an 8.71% decrease in the volume of the design area. This
optimization not only results in material cost savings but also eases the challenge of
controlling hydration heat in mass concrete construction.
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