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Abstract: The tie cable of the half-through tied-arch bridge generally uses external prestressed cables,
which need to be replaced regularly similarly to cables and suspenders, but there is very little research
in this area at present. Aiming at a method to replace the tie cable for this kind of bridge, this study
takes the third Lingjiang bridge, which had damage to the tie cable, as an example. Based on whether
there is a temporary cable force-replacement structure, eight replacement schemes are designed.
Firstly, the replacement process of each scheme is simulated by the finite-element model, and the
influence of each replacement scheme on the upper and lower structures is analyzed. Then, according
to the analysis results, the replacement schemes were compared and selected, and the best scheme
was determined. Finally, based on the best scheme, the design and construction method of the
temporary cable force-replacement structure were given. The results show that the replacement of
tie cables of the half-through tied-arch bridge significantly impacts the piles. The internal forces of
the pile and arch rib change greatly with the non-substitution method. Adopting the temporary
substitution method can not only ensure structural safety but also improve the replacement speed,
and the temporary substitution method of replacing one by one symmetrically on both sides proved
to be the best. This study can provide a reference for the tie cable replacement of a half-through
tied-arch bridge.

Keywords: tie-arch bridge; tie cable; replacement; temporary substitution

1. Introduction

The half-through tied-arch bridge is a bridge structure that uses flexible cables to
connect the ends of the side arches to bear a horizontal thrust. Flexible tie cables often use
cables composed of steel strands or parallel steel wires, and their materials and section
forms are the same as those of arch-bridge suspenders and cable-stayed bridge cables. In re-
cent years, there have been many instances of damage and fracture accidents of suspenders
of arch bridges and cables of cable-stayed bridges [1,2], and national specifications stipulate
that these cables must be replaced after reaching their service life. In the existing research on
cable replacement, the replacement life cycle of arch bridge suspenders is about 15 years [3],
and the replacement cycle of the cables of cable-stayed bridges is about 20 years, but there
is less research on the tie cable replacement of the half-through tied-arch bridge.

In the existing research, the cable replacement methods are mainly divided into the
non-substitution method and the temporary substitution method. The main difference
between them is whether there is a temporary replacement structure to replace the old
cable force. The non-substitution method directly removes and replaces the cables that
need to be replaced. It is often used in cable-stayed bridges with dense cable systems and
high structural redundancy [4,5]. According to the redundancy of the structural system,
multiple cables can be replaced at the same time. Because the non-substitution method
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directly removes the cable force, it will cause large changes in internal force, which can be
implemented only when the structure itself has sufficient bearing capacity. The temporary
substitution method replaces the original cable force by installing temporary structures. The
commonly used temporary substitution method is divided into the temporary suspender
method, the arch-rib pocket-lifting method, the bridge-deck pocket-lifting method, etc.
Due to the existence of the replacement device, it has little impact on the old structure.
The temporary substitution method is widely used in cable replacement of cable-stayed
bridges with thin cable systems [6], suspension-bridge suspender replacement [7,8], and
arch-bridge suspender replacement [9–11].

The temporary substitution method needs to solve the problem of the replacement
numbers and replacement steps. The choice of replacement number and replacement
steps is mainly related to the bearing capacity of the bridge structure. The main beam,
bridge tower, and adjacent cables are involved in cable-stayed bridges, the bridge deck
and adjacent suspenders are involved in suspension bridges, and the arch rib, bridge
deck system, and adjacent suspenders are involved in arch bridges. When the bearing-
capacity margin of the original structure is small, the single-cable-replacement method
may be adopted. When the bearing capacity margin of the original structure is large
enough, more cables can be replaced at the same time or in fewer replacement steps. By
reasonably adjusting the cable-force-transformation process, the temporary replacement
method can achieve equivalent replacement [9,10], which is theoretically applicable to all
cable-replacement scenarios. However, due to the need to install temporary replacement
devices on the original structure, there is a risk of damage to the structure and high-altitude
operation. Most existing research on the replacement of tie cables of arch bridges adopts the
temporary substitution method, which gradually replaces the cable force of the old tie cables
by adding temporary tie cables [12,13]. The change in the cable force in the replacement
process produces internal force distribution in the arch bridge, so it is necessary to ensure
the safety of the original structure, such as the arch rib, adjacent tie cable, and foundation
during the replacement of the tie cable [14].

The function of the flexible tie cable in the half-through tied-arch bridge is different
from that of the cable-stayed bridge, arch bridge, and ordinary tied-arch bridge. It is mainly
used to balance the horizontal thrust at the bridge foundation. When the cable force of the
tie cable is lost, the tension will be passed to the bridge foundation [15], so the horizontal
force-bearing capacity of the foundation affects the selection of the tied-cable-replacement
method. There are few studies on the impact of tie-cable replacement on the substructure
of the half-through tied-arch bridge.

To find the most suitable method of the tie-cable replacement of the half-through
tied-arch bridge, this study takes a half-through concrete-filled steel tube (CFST) tied-arch
bridge with a main span of 110 m as an example in order to study the applicability of
various replacement schemes based on the non-substitution method and the temporary
substitution method. Based on the response of the structure under different replacement
schemes, feasibility analysis and scheme comparison was carried out, and the replacement
structure design and construction method were introduced. It is hoped that this study can
provide a reference for the replacement of the tie cable of the half-through tied-arch bridge.

2. Bridge Constitution

The third Lingjiang bridge is located on the Lingjiang River in Linhai City, China. The
bridge was completed and opened to traffic in 2009, and its structural form is a three-span
half-through tied-arch bridge with a span arrangement of 36 m + 110 m + 36 m. The main
arch-rib section adopts a truss concrete-filled steel tubular structure, with a rising height
of 27.5 m and a rising span ratio of 1/4. The side arch rib adopts a reinforced concrete
structure, with a rise height of 10 m and a rise span ratio of 1/7.2. The make-up steel
strand tie cable is anchored at the ends of the side arches. The model of the tie cable is
OVMXG15-19-B high-strength low relaxation steel strand, with a strength of 1860 MPa.
Six tie cables are arranged on one side, with a total of 12 tie cables on the whole bridge. The
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substructure of this bridge adopts a pile-cap foundation, and the arch toes of the main arch
and side arch are consolidated in the arch seat. According to the principle that the direction
from the small station to the large station is positive, the left side is upstream and the right
side is downstream. The layout of this type of bridge is shown in Figure 1.
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Figure 1. The layout of the third Lingjiang bridge.

After ten years of operation, and due to the continuous friction between the tie cable
and the main arch rib, three tie cables were damaged at the position where they passed
through the main arch rib, among which the damage to tie cables #11 and #12 was the most
serious. Through on-site inspection, it was found that three steel strands in tie cable #11
were broken, and eight steel strands were worn, as shown in Figure 2a. The PE protective
sleeve of the tie cable #12 was damaged, as shown in Figure 2b.
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Figure 2. Damage to tie cables: (a) Steel wire abrasion of tie cable #11 and (b) damage of PE protective
sleeve of tie cable #12.

The damage to the tie cables seriously affects the safety of the bridge. To prevent its
subsequent development into tie cable fracture, which could cause more serious structural
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damage, this study focuses on the replacement methods of the tie cable of such bridges,
hoping to provide technical guidance for the subsequent tie cable replacement.

3. Replacement Scheme and Finite Element Simulation Method
3.1. Replacement Scheme

To study the applicability of different replacement methods in a half-through tied-arch
bridge, four non-substitution method schemes and four temporary substitution method
schemes were designed, as shown in Table 1.

Table 1. Design of the cable replacement schemes.

Method Tie Cable Non-Substitution Temporary Substitution

one by one 1# Scheme 1 Scheme 5
pair by pair 1#, 2# Scheme 2 Scheme 6

one by one symmetrically on
both sides 1#, 8# Scheme 3 Scheme 7

pair by pair symmetrically
on both sides

1#, 2#, 7#,
8# Scheme 4 Scheme 8

The principle of the non-substitution method is simple and can be divided into
two steps: the first step is to cut off the old tie cable, and the second step is to tension
the new tie cable. The principle of the temporary substitution method is to first convert
the cable force of the old tie cable to the temporary structure and then convert the tie cable
force to the new tie cable by the temporary structure.

Considering the influence of the tensioning step on the bridge structure and the con-
struction efficiency, the equal step-tensioning method was adopted in this study. According
to the step of 1/4 cable force of the tie cable, the old tie cable is unloaded and the new tie
cable is tensioned.

3.2. Finite Element Simulation Method

The tie cable replacement analysis model of the third Lingjiang bridge was established
by using the Midas/Civil 2021 finite element analysis software, as shown in Figure 3. The
main arch rib, side arch rib, cross beam, pier, and pile were simulated by the beam element,
and the suspender and tie cable were simulated by the truss element.
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The concrete of the arch ribs on the side arch was C50, and the elastic modulus was
34,500 MPa. Q345 steel is used for the steel pipe of the main arch rib, with an elastic
modulus of 210,000 MPa. The steel pipe is filled with micro-expansion C50 concrete. The tie
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cable is made of a steel strand with a design strength of 1860 MPa and an elastic modulus of
195,000 MPa. The suspender adopts a parallel steel wire with a design strength of 1760 MPa
and an elastic modulus of 195,000 MPa. The hanger beam and column beam were made of
Q345 steel. C30 concrete was adopted for the arch seat, and C25 concrete was adopted for
the pile foundation.

The boundary condition was that the main arch and side arch were fixed at the top
of the arch seat. The suspender was hinged to the arch rib and cross beam, and the tie
cable was hinged to the side arch rib. The bridge deck and the beam were connected by
common nodes. The boundary condition of the pile included the pile-bottom constraint
and pile-side soil friction. The vertical fixed constraint was imposed on the pile bottom,
and the constraint of the pile-side soil was simulated by soil spring. First, starting from the
local scouring line, the pile was divided into a section of 2 m, and then according to the pile
length, calculated width, and foundation horizontal resistance coefficient, the soil stiffness
at the corresponding node was calculated, and finally, the stiffness value was given to the
plane direction of the pile nodes.

The removal and installation of the tie cable in the non-substitution method scheme
were realized by using the unit “passivation” function, and the tensioning and unloading
of the temporary tie cable in the temporary substitution method scheme was realized by
using the “initial tension replacement” function. Since the replacement of tie bars needs to
interrupt the traffic, only the dead load was considered in the replacement process.

To verify the accuracy of the finite-element model, the suspender cable force was se-
lected as the verification index. The calculated suspender force of the model was compared
with the field-measured suspender cable force. The DH5906W cable-force sensor was used
to measure the cable force of the suspender based on the frequency method, as shown in
Figure 4.
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The comparison of the designed cable force, calculated cable force, and measured
cable force are shown in Table 2.
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Table 2. Comparison of suspender-cable force.

Suspender Design
kN

Measured
kN

Calculated
kN

Difference between
Calculation and Design

Difference between
Calculated and Measured

R2 745 686 756 1.5% −9.3%
R3 745 806 745 0.0% 8.2%
R4 745 754 750 0.7% 0.5%
R5 745 740 728 −2.3% 1.6%
R5 745 740 728 −2.3% 1.6%
R6 745 827 722 −3.1% 14.5%
R7 745 693 756 1.5% −8.3%
R8 745 695 762 2.3% −8.8%
R9 745 704 760 2.0% −7.4%

R10 745 773 753 1.1% 2.7%
Total 13,410 13,601 13,463 0.4% 1.0%

It can be seen from Table 2 that the maximum deviation between the calculated cable
force and the design cable force was 3.1% (R6, R15), and the total cable force deviation was
0.4%. The maximum deviation between the calculated cable force and the measured cable
force was less than 15%, and the total cable-force deviation was 1%, which shows that the
calculated model was in good agreement with the field test and verifies the effectiveness of
the finite element model.

4. Results
4.1. Results of the Impact of Each Replacement Scheme on the Substructure

The arch rib and arch seat of the half-through tied-arch bridge were consolidated, and
the horizontal forces of the main arch, side arch, and tie cable were balanced at the arch
seat, so the arch seat and pile foundation were sensitive to the cable force changes in the tie
cable. Therefore, the impact of each replacement scheme on the safety of the substructure
needs to be considered first.

The type of bridge pile is the friction pile. The pile adopts a circular section with a
diameter of 1.5 m. The longitudinal reinforcement is arranged as 32 HRB335 reinforcements
with a diameter of 28. The pile length is 44 m, and the depth below the local scouring line
is 30 m. The pile foundation layout and soil layer distribution are shown in Figure 5.

To ensure the safety of the pile during the replacement of tie cables, the construction
process was controlled according to the principle that there is no tensile stress during the
replacement process. According to the model, the axial force of each pile under the dead
load is 6438.3 kN, and the bending moment of the pile when tensile stress is about to appear
is 1207.5 kN, which is the control bending-moment value during replacement.

The most unfavorable state of pile stress is the state after cutting off the old tie cable in
the non-substitution method schemes and the state after tensioning the temporary tie cable
in the temporary substitution method schemes. The bending moment of the pile under
each scheme is shown in Figure 6:
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Figure 6. Pile bending moment under each scheme (Unit: kN·m): (a) initial state; (b) pile-bending
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It can be seen from Figure 6a that the bending moment at the pile top is negative
under the dead load, indicating that the total horizontal thrust of the arch seat is toward
the middle of the main span. In Figure 6b of scheme 1, due to tie cable 1# being removed,
the direction of the horizontal force changes. With the increase in the number of tie cables
removed, the bending moment at the pile top gradually increases, as shown in Figure 6c–e.
In the temporary substitution schemes, the direction of the pile-top bending moment is the
same as that under the dead load, and the pile-top bending moment increases with the
increase in the number of tie cable replacements, as shown in Figure 6f–i. It can also be
seen from Figure 6 that

(1) The bending moments of the pile caused by schemes 2, 4, and 8 are 1454.2 kN,
2351.7 kN, and −1141.0 kN, respectively, of which the bending moment value of
scheme 2 and scheme 4 exceeds the limit value.

(2) In the non-substitution-method schemes, only one-sided single-tied cable replacement
(scheme 1) and two-sided single-tie cable replacement (scheme 3) meet the need for
the principle of no tensile stress in the piles.

(3) In the temporary-substitution-method schemes, the bending moment of the pile
changes slightly, and the bending moment value caused by scheme 8 is the largest.

4.2. Results of the Impact of Each Replacement Scheme on the Superstructure

After scheme 2 and scheme 4 were eliminated due to the fact that they exceeded
the limit stress of the pile, the impact of the remaining six replacement schemes on the
superstructure of the bridge was further studied. In the superstructure, the stress states of
the arch rib and adjacent tie cables were selected for comparison.

As the main load-bearing member of the arch bridge, the arch rib bears the role of
transferring the upper load to the lower structure. We selected the arch rib sections at the
main arch crown (S1), L/4 of the main arch (S2), main arch foot (S3), side arch foot (S4),
L/2 of the side arch (S5), and side arch crown (S6) for analysis.

4.2.1. Axial Force of Arch Rib

The influence of each tie cable replacement scheme on the axial force of the arch rib is
shown in Figure 7.
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It can be seen from Figure 7 that the axial force of the side arch rib sections changes
greatly, and the section of the side arch crown S6 changes the most. It can also be seen that
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(1) The change in the axial force of the arch rib caused by scheme 1 and scheme 3, which
use the non-substitution method, is similar, and both are greater than that of the
temporary substitution method schemes.

(2) Comparing scheme 5 and scheme 7, it is found that their axial force changes are
similar in each section. The change in axial force caused by scheme 6 and scheme 8 in
each section is similar, and their value is about twice that of scheme 5 and scheme 7.

(3) In each scheme, the axial force of the side arch crown S6 section is the most sensitive,
and the axial force of the S3 section at the arch foot of the main arch is the least
sensitive to the replacement of tie cables.

4.2.2. Bending Moment of Arch Rib

The influence of the tie-cable replacement on arch rib bending moment is shown in
Figure 8.
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Figure 8. Change in the arch rib bending moment.

It can be seen from Figure 8 that the bending moment of the main arch foot section S3
changes the most. It can also be seen that

(1) The bending moment of arch rib caused by the non-substitution method scheme 1
and scheme 3 changes greatly, while the temporary substitution method scheme has
little effect on the bending moment of arch rib.

(2) During the replacement of the tie cables, each scheme has little influence on the bend-
ing moment of the main arch-crown section S1 and L/4 of the main span section S2.
The influence of each scheme on the bending moment of the side arch rib is relatively
small, and the changes are within 1000 kN·m.

(3) The bending moment changes caused by scheme 5 and scheme 7 are nearly the same.
The bending moment changes caused by scheme 6 and scheme 8 are nearly the same,
and this value is about twice that of scheme 5 and scheme 7.

(4) At the arch foot section S3, scheme 1 and scheme 3 with the non-substitution method
cause the largest bending moment, followed by scheme 8 and scheme 6 with the
replacement of two tie cables on the same side. Scheme 5 and scheme 7, with the
replacement of one suspender on the same side, result in the minimum change in the
arch rib bending moment.

4.2.3. Arch Rib Deformation

The influence of tie cable replacement on the displacement of the main arch crown is
shown in Figure 9.
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Since the upstream side was selected for the unilateral replacement scheme, the dis-
placement of the upstream side of schemes 1, 5, and 6 is greater than that of the downstream
side. It can be seen from Figure 9 that

(1) The displacement caused by scheme 1 and scheme 3 using the non-substitution
method is larger, and the maximum displacement is 34.5 mm in scheme 3. The arch
rib deformation caused by the temporary substitution method is smaller, and the
maximum is 15.2 mm in scheme 8.

(2) The displacement of the main arch caused by scheme 5 is the smallest, followed by
scheme 7. This indicates that the temporary substitution method of replacing one by
one (scheme 5) and one by one symmetrically on both the upstream and downstream
sides (scheme 7) has the least influence on the displacement of the main arch crown.

(3) In the temporary substitution schemes, the deformation of one side arch rib is linearly
related to the number of cables replaced on this side. For example, the deformation of
the arch rib caused by scheme 8 is about twice that of scheme 7.

4.2.4. Cable Force of Adjacent Tie Cables

The impact of the tie cable replacement on adjacent tie cables is shown in Figure 10.
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Figure 10 shows the maximum cable force variation of each tie cable in different
replacement schemes. It can be seen that

(1) The influence of the non-substitution method’s scheme 1 and scheme 3 on the cable
force of adjacent tie cables is greater than that of temporary substitution method
schemes, and the maximum value appears at 150 kN of scheme 3.

(2) The change in the cable force of adjacent tie cables caused by scheme 5 is the smallest,
followed by scheme 7.

(3) When the tied cable on one side was replaced, the cable force of the tie cables on the
other side will also be affected. For example, replacing #1 and #2 in scheme 6 will not
only increase the cable force of 3#~6# but also increase the cable force of tie cables
#7~#12 by 20 kN.

4.3. Scheme Comparison

(1) After considering the safety of the pile and excluding scheme 2 and scheme 4, the
impact of each scheme on the superstructure was compared, and it was found that
the non-substitution method scheme is relatively unfavorable and the temporary
substitution method scheme has little impact on the stress of the original structure,
which is more favorable, so scheme 1 and scheme 3 are excluded.

(2) From the perspective of the stress and deformation of the arch rib, the internal force
and deformation of the arch rib caused by scheme 6 and scheme 8 are twice that of
scheme 5 and scheme 7. From the perspective of the safety of the arch rib, scheme 5
and scheme 7 are more beneficial to maintaining structural safety in the tie-cable-
replacement process.

(3) From the perspective of force changes in adjacent tie cables, the cable force changes
in the adjacent tie cables caused by scheme 5 and scheme 7 are smaller than those
caused by scheme 6 and scheme 8, so scheme 5 and scheme 7 are more beneficial to
maintaining the old tie cables safety.

To sum up, from the perspective of the structural stress state, scheme 5 and scheme 7
can not only ensure structural safety but also achieve little impact on the original structure,
which is more suitable for the replacement of tie cables of the half-through tied-arch bridge.
From the perspective of construction, although scheme 7 causes slightly larger displacement
and adjacent tie-cable force changes than scheme 5, the replacement construction efficiency
of scheme 7 is higher than that of scheme 5, so scheme 7 is finally determined to be the
best scheme.

5. Design and Implementation of the Temporary Replacement System

Given there is little existing research on the temporary replacement device for the tie
cables of half-through tied-arch bridges, this paper puts forward a design scheme for the
temporary substitution system. The temporary substitution system consists of three parts,
as shown in Figure 11: the steel anchor box, the support frame, and the temporary tie cable.

The steel anchor box is welded with a Q345C steel plate with a thickness of 2.0 cm. The
interior is separated and fixed by steel plates and is equipped with tie bar channels, which
can anchor two temporary tie cables at the same time. The steel anchor box is anchored in
the end transverse beam through M16 anchor bolts. The structure of the steel anchor box is
shown in Figure 12.
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The support frame is also welded with a Q345C steel plate, which is used to support
the temporary tie cable to prevent excessive sag. To prevent the tie cable and the support
frame from being damaged due to friction, rubber pads are placed on the support frame.
The supporting structure is shown in Figure 13.
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The temporary tie cable adopts epoxy coating 19 × ϕs 15.2 steel strand, with the
strength of 1860 MPa. The steel strand is wrapped with an HDPE protective layer, which
can effectively prevent corrosion. After the steel anchor box, support frame, and temporary
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tie cables were installed, the temporary tie cables were tensioned by the jack. The tensioning
method consisted of symmetrical tensioning of the upstream and downstream tie cables, as
shown in Figure 14.
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Due to the damage to the tie cable of the third Lingjiang bridge, the temporary tie
cables were first installed and tensioned for safety reserve, and then the tie cables will be
replaced according to the best scheme.

6. Conclusions

Half-through flexible tied-arch bridges face the problem of tie-cable replacement, but
there are few studies in this area. In this study, eight replacement schemes were designed
based on whether there was an alternative structure. According to finite-element analysis,
the influence of each replacement scheme on the main components of the half-through
tied-arch bridge was compared, and the best scheme was selected. Based on the best
scheme, the temporary replacement structure was designed and implemented.

It was found that in the half-through tied-arch bridge, the pile was greatly affected
by the change in the tie cable force, and the stress state of the pile should be paid more
attention to in the tie-cable replacement of this kind of bridge. When more tie cables were
replaced by the non-substitution method, this will cause a very large bending moment
change and may lead to cracking of the pile. Compared with the temporary substitution
method, the non-substitution method will not only cause a large bending moment in the
pile but also cause a large internal force change between the arch rib and the adjacent tie
cables. Due to the existence of temporary replacement components, temporary substitution
schemes have little impact on the original structure in the replacement process, which is
more suitable for the replacement of the tie cable of the half-through tied-arch bridge. The
temporary replacement method of replacing tie cables using schemes of one-by-one at
both sides can not only reduce the impact on the original structure but also have a fast
replacement speed, which can be applied in the tie cable replacement of the same type
of bridge.

Since this study is based on a specific bridge, the optimization of the multi-objective re-
placement scheme considering structural capacity, construction convenience, and economy
needs to be further studied in the tie cable replacement of half-through tied-arch bridge.
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