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Abstract: Based on the theory of zero bending moment under constant load, various optimization
methods exist for the top beam of large-span continuous rigid frame bridges. These include achieving
zero bending moment at the root of the cantilever beam, at the control stage section, and through the
zero deflection method. This study aims to explore the methods and effects of optimizing roof beam
design using the constant load zero bending moment method and the “three group bundle method”.
Using finite element modeling, the total number and eccentricity of prestressed tendons required
for each suspended pouring block are determined. Additionally, the “three group beam matching
method” is employed to adjust the steel beam, adhering to the design concept of “large cantilever
beam matching and small cantilever beam matching”, to achieve a reasonable configuration of the
top plate beam. Through specific engineering examples, the results demonstrate that utilizing the
constant load zero moment method and the “three group bundle method” can significantly enhance
the structural performance and economy of large-span continuous rigid frame bridges. Moreover, it
offers practical operability, providing an important reference basis for similar project designs.

Keywords: constant load zero bending moment; finite element; beam matching idea

1. Introduction

Cantilever construction methods have spurred the rapid development of large-span
prestressed concrete continuous rigid frame bridges. Nonetheless, during bridge operation,
excessive long-term deflection at the mid-span is a prevalent issue in such structures. This
deflection can lead to box girder cracking, exacerbating deflection and initiating a detrimen-
tal cycle. Traditional prestressed tendon design primarily assesses cross-section stress and
bearing capacity compliance with specifications, often overlooking internal forces and post-
prestressing deflection states. While meeting design specifications, traditional methods
may not ensure an optimally reasonable bridge completion state. Hence, optimizing the
prestressed design of large-span precast concrete continuous rigid frame bridges becomes
imperative.

The long-term increase in deflection of concrete beam bridges primarily stems from
concrete shrinkage, prestress loss, friction coefficient, beam cracking, and construction
quality [1–4]. Additionally, factors such as non-uniform shrinkage, cracks, increased
deflection due to continuous loading, and construction quality influence the long-term
deflection of these bridges. Analyzing the impact mechanism of these factors on deflection
aids in better understanding and predicting changes in long-term deflection of bridges [5,6].

This study evaluated and enhanced existing prediction models for deflection, con-
sidering factors such as material and geometric characteristics, construction factors, and
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cross-sectional properties for calculation. These enhancements result in more accurate
predictions of long-term deflection in concrete beam bridges [7–11].

Furthermore, structural parameters of bridges, such as cross-sectional moment of
inertia and prestressing force, can also influence the long-term deflection of concrete beam
bridges. Effective reduction in deflection relies significantly on reasonable reinforcement
arrangement and high construction quality. This reduction can be achieved through
optimized design reinforcement, enhanced reinforcement in the compression zone, and the
utilization of low-creep concrete [12–16].

Optimizing the design of bridge structures and implementing reinforcement plans
for deflection are crucial for controlling deflection [17,18]. Such optimization and adjust-
ments can effectively reduce bridge deflection and enhance their long-term performance.
The reinforcement plan for deflection primarily involves increasing prestress, adjusting
structural parameters, and enhancing reinforcement in the compression zone. Comparative
analysis of different reinforcement plans offers valuable insights for bridge maintenance
and reinforcement [19].

This article primarily focuses on the “constant load zero bending moment method”
and compares various optimization schemes for top plate bundles to determine the most
practical approach. Prestressed concrete continuous rigid frame bridges employ longi-
tudinal prestressed tendons, comprising top plate, web plate, and bottom plate tendons.
While web plate tendons contribute minimally to the balanced constant load bending
moment, bottom plate tendons primarily counteract bending moments at the mid-span
position in the completed bridge. However, their impact on reducing deflection after bridge
completion is less significant compared to top plate and web plate tendons. Thus, this
article primarily addresses the initial design of top plate tendons.

2. Preliminary Design of Top Plate Bundle

The “constant load zero moment method” addresses the reduction in secondary in-
ternal forces caused by concrete creep. This method aims to select prestressing-induced
bending moments to counteract those generated by the concrete structure during con-
struction, thus preventing deflection and mitigating the effects of concrete creep [20,21].
Its primary objective is to balance constant load-induced bending moments by adjusting
prestressed bending moments, ensuring that the main beam experiences axial deformation
without deflection. Specifically, the reverse concentrated bending moment from the pre-
stressed beam of the top plate can offset the bending moment caused by the self-weight of
the cantilever section during construction, achieving a constant load zero bending moment
state on these sections.

(1) Method 1: In continuous rigid frame bridges constructed with cantilevers, the
bending moment at the root of the cantilever beam, induced by prestressed tendons
tensioned in a specific section during cantilever construction, counterbalances the bending
moment caused by the constant load at the root of the beam in that section [22]. The
relevant theoretical analysis reveals that large-span continuous rigid frame bridges often
feature variable cross-sectional forms, resulting in varying self-weight distributions along
the beams. Figure 1 presents a diagram of the force and bending moment of the beam.

Figure 1. Distribution load and bending moment diagram of cantilever beam.
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Assuming that the height of the cross-section beam varies by a second parabolic curve,
the front view of the cantilever beam is shown in Figure 1.

From Figures 1 and 2, it can be concluded that when cantilever pouring occurs in the
ij section, the self weight of the concrete is:

∆Ng = γ·A(h, x)·∆x (1)

Figure 2. Front view of cantilever beam.

According to Equation (1), the self weight bending moment of the segment ij relative
to the 0 # root section located at the top of the pier can be expressed as:

Mij = γ
∫ xi

xj

dx·
∫ hi

hj

A(h, x)dh (2)

In the formula, γ is the bulk density of concrete; A(h, x) is the expression for cross-
sectional area; hi, hj represent the height of the i, j section.

According to the condition of zero moment under constant load at the root section of
section 0 #, the prestressing of section ij is carried out, and

Mpj = Npj·
(
yu − ap

)
= Mij = γ

∫ xi

xj
dx·

∫ hi

hj

A(h, x)dh (3)

According to Equation (3), the prestress of section j is

Npj =
γ
∫ xi

xj
dx·

∫ hi
hj

A(h, x)dh(
yu − ap

) (4)

In the formula, yu is the distance between the centroid of the cross-section and the
upper edge of the cross-section; ap is the thickness of the steel reinforcement protective layer.

(2) Method 2: When the cantilever reaches its maximum extension, the internal forces
at each control section achieve equilibrium. This means that the sum of the constant load
bending moment and the reverse bending moment induced by the prestressed tendons
applied beyond that section counterbalance each other [23].

(3) The “constant load zero bending moment method” aims to control deflection in
bridges constructed using cantilever segments. It ensures that the downward deflection
caused by the self-weight of the segment is balanced by the upward deflection resulting
from the tensioning prestress of the segment. This approach is referred to as the “zero
deflection method” [23]. Its expression is as follows:

∆pi·Ti = ∆di (5)

In the formula, ∆pi represents the deflection influence coefficient of each prestressed
top plate bundle that can be calculated based on the characteristics of cantilever construction.
The cantilever construction process is simulated, and the prestressed top plate bundles
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of each section are tensioned. When tensioning the top plate bundle i, the ratio of the
deflection ∆i generated at the end of section i to the tensioning force Ti is called the
deflection influence coefficient of top plate bundle i on the end of section i, expressed as
∆pi =

∆i
Ti

; ∆di, which refers to the deflection generated at the end of section i during the
construction of section i.

3. Comparison of Initial Configuration Schemes for Top Plate Bundles

A specific cantilever beam, comprising six segments and spanning 30 m, with each
segment being 5 m long, was simulated using the finite element method through six con-
struction stages. The beam’s cross-section is rectangular, transitioning gradually in height
from 4 m to 2 m in two parabolic stages, with a constant width of 1 m. The material used is
C50 concrete, reinforced with prestressed steel strands labeled T1 to T6, with a tensile stress
value of 1395 MPa. The distance between the center of each steel strand and the upper
edge of the section is 15 cm. The construction layout of the cantilever beam is depicted in
Figure 3, while a simulation model is created using the finite element software Midas/Civil
2019, as illustrated in Figure 4.

Figure 3. Cantilever beam construction drawing (unit: m).

Figure 4. Cantilever beam simulation model.

(1) Method 1: In the calculation process of the simplified model, we consider the
self-weight and prestress (excluding prestress loss), taking the left section of the segment as
the control section. The calculation process is outlined as follows:

The calculation results of each prestressed tendon can be obtained from Equation (4)
and Table 1, as shown in Table 2.

Table 1. Negative bending moment generated at the root during each cantilever stage of pouring.

Construction Section Deadweight in kN Bending Moment of the Root
Section in kN·m

1# 461.8 −1110.4
2# 392.4 −2999.7
3# 336.8 −4052.8
4# 295.1 −5138.2
5# 267.4 −6024.1
6# 253.5 −7029.0
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Table 2. Calculation results of each prestressed tendon.

Steel Bundle Name Eccentricity in m Thickness of Protective
Layer in m Prestressed Area in mm2

T1 2.0 0.15 430.3
T2 2.0 0.15 1162.3
T3 2.0 0.15 1570.4
T4 2.0 0.15 1991.0
T5 2.0 0.15 2334.2
T6 2.0 0.15 2723.7

Inputting the calculation results from Table 2 into the finite element model yields
the maximum bending moment and cumulative displacement of the beam arrangement
method in the cantilever state, depicted in Figures 5 and 6.

Figure 5. Maximum cantilever state bending moment diagram (unit: kN·m).

Figure 6. Maximum cantilever cumulative displacement map (unit: mm).

The bending moment diagram in Figure 5 illustrates that each section of the cantilever
experiences a positive bending moment. This indicates that selecting the top plate pre-
stressed beam according to Method 1 can effectively balance the reverse bending moment
generated by the prestressed beam with the bending moment induced by the self-weight
load. In Figure 6, the cumulative displacement of the cantilever segment construction
method shows upward deflection.

(2) Method 2: During the calculation process of the simplified model, we account
for both the self-weight and prestress (excluding prestress loss), taking the left section of
the segment as the control section. The matrix of the influence coefficient of the prestress
tendon moment is as follows:

[A]·[T] = [M] (6)
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A =



1.85 1.85 1.85 1.85 1.85 1.85
1.55 1.55 1.55 1.55 1.55

1.30 1.30 1.30 1.30
1.10 1.10 1.10

0.97 0.97
0.88


[M] = (M1 · · · Mn)

−1 =
[
26, 265.8 17, 444.4 10, 747.8 5863.3 2548.1 628.3

]−1

(7)

According to Formula (6), the equation is listed and solved using MATLAB 2019 to
obtain:

[T] = (T1 · · · Tn)
−1 =

[
2943.3 2986.9 2937.3 2703.4 1912.9 714.0

]−1 (8)

The cross-sectional areas (mm2) of prestressed steel strands T1~T6 are:[
2109.9 2141.1 2105.6 1937.9 1371.3 511.8

]
Substituting the calculated prestressed tendons into the finite element model allows

for the determination of the maximum bending moment and cumulative displacement
values in the cantilever state of the reinforcement method.

According to the calculation results of Method 2, each section of the cantilever exhibits
positive bending moments. This suggests that selecting the top plate prestressed beam ac-
cording to Method 2 can balance the reverse bending moment generated by the prestressed
beam with the bending moment induced by the self-weight load. However, the cumulative
displacement of the cantilever segment construction method shows downward deflection.

According to Method 2, the reverse bending moment generated by the prestressed
beam in certain construction sections is insufficient to counterbalance the bending moment
caused by the self-weight load of that section. This discrepancy results in the cantilever
beam bending moment from the tensioned prestressed beam of that section failing to
fully offset the cantilever beam bending moment from the self-weight load of that section.
Figure 7 illustrates this issue during the construction of Block 5, where the reverse bend-
ing moment generated by the prestressed beam is insufficient to counteract the bending
moment from the self-weight load, leading to downward deflection in the section. Con-
sequently, as the cantilever extends, its cumulative deflection gradually transitions to a
downward direction.

Figure 7. Bending moment diagram during construction of Block 5 (Unit: kN·m).

(3) Method 3: Using the cantilever structure as a case study, the “zero deflection
method” is applied to determine the required amount of prestressed tendons. Then, the
deflection influence coefficients of each prestressed tendon are retrieved from the finite
element model as described below:



Buildings 2024, 14, 1588 7 of 13

[
∆p1 ∆p2 ∆p3 ∆p4 ∆p5 ∆p6

]
=

[
1.47 6.47 16.22 32.24 56.11 89.33

]
10−4[

∆d1 ∆d2 ∆d3 ∆d4 ∆d5 ∆d6
]
=

[
662.24 6281.50 23, 197.56 59, 143.87 126, 036.20 24, 4715.10

]
· 10−4

According to Equation (5), the cross-sectional areas (mm2) of T1~T6 of prestressed
tendons can be solved as follows:[

450 696 1028 1321 1623 1987
]

The result obtained from Equation (5) can be utilized in the finite element model to
determine the maximum bending moment and cumulative displacement of the cantilever
state for the beam configuration method.

From the calculation results of Method 3, it was observed that a negative bending
moment occurred at the root of the cantilever beam. This suggests that the reverse bending
moment generated by selecting the top plate prestressed tendon according to Method 3
cannot completely offset the bending moment induced by the self-weight load. As a result,
the cumulative displacement exhibits downward bending deformation.

(4) Comparative analysis: The cumulative bending moment and displacement results
from Methods 1, 2, and 3 are illustrated in the bending moment envelope diagram in
Figure 8 and the cumulative displacement diagram in Figure 9.

Due to the negative bending moment at the root of the beam in the maximum can-
tilever state when using the zero deflection method in Method 3, the prestressing bending
moment is insufficient to counterbalance the self-weight bending moment when only con-
sidering displacement. This reinforcement approach is deemed impractical. Comparing
beam arrangement Methods 1 and 2 proposed by the constant load and zero bending
moment theory reveals that Method 1 generally results in a “large cantilever beam arrange-
ment”, while Method 2 leads to a “small cantilever beam arrangement”. Figure 8 illustrates
that in the maximum cantilever state, the prestressed tendons of Method 1 exhibit signifi-
cantly higher bending moments compared to Method 2 after compensating for self-weight
bending moments. Additionally, Figure 9 shows that in the maximum cantilever state,
Method 1 achieves a cumulative displacement of 7.6 mm, whereas Method 2 records a
displacement of −16.6 mm. The superior deflection control effect of Method 1 indicates its
suitability for initial top plate tendon configuration. Therefore, the “large cantilever beam
arrangement and small cantilever beam arrangement” concept not only ensures balance
between prestressed and self-weight bending moments during cantilever construction but
also enhances deflection control.

Figure 8. Maximum cantilever moment envelope diagram. Note: horizontal axis: node number
vertical axis: bending moment (Mpa).
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Figure 9. Maximum cantilever cumulative displacement map.

4. Engineering Case Calculation
4.1. Engineering Overview of Bridge A

Bridge A is a continuous rigid frame with a total span of 3166 cm, comprising sections
of 83 cm, 150 cm, and 83 cm. It features a half width of 22.63 m. The main beam section
consists of a single box double chamber, with a box chamber width of 13.65 m and a
cantilever flange plate width of 4.49 m. The root beam height of the box girder measures
8.50 m, while the midspan section beam height is 3.00 m. Both the height of the box girder
and the thickness of the bottom plate vary according to a parabolic curve, with a multiplier
of 1.8. The bottom plate thickness ranges from 30 cm at the midspan to 100 cm at the root
of the box girder. The model is depicted in Figure 10.

Figure 10. Finite element model of bridge A.

4.2. Calculation of Initial Beam Arrangement for the Top Plate

For the engineering example in this article, the load balance coefficient values are
shown in Table 3.

Table 3. The value of load balance coefficient for engineering examples.

Dead Load Balance Coefficient Root Section Mid Span Section

KD
1.2 (Phase I Dead Load) 1.0 (Phase I Dead Load)
1.2 (Phase II Dead Load) 1.2 (Phase II Dead Load)

KL 0.5 0.8

KT 0.5 (Gradient Cooling) 0.8 (Gradient Cooling)

KUN 1.0 1.0

Based on the comparative analysis conducted in Section 2 regarding the initial layout
plan of the top plate bundle, employing Formula (4) for the cantilever construction of
continuous rigid frame bridges appears to be the more reasonable approach:

In the formula, γ is the bulk density of concrete; A(h, x) is the expression for cross-
sectional area; hi, hj represent the height of the i, j section; yu is the distance between the
centroid of the cross-section and the upper edge of the cross-section; ap is the thickness of
the steel reinforcement protective layer.

np =
Np

(1 − 0.2) · σcon · A
(9)
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The established finite element model applies the first and second phase permanent
loads of the bridge at different construction stages. The first phase load is incorporated
during the cantilever construction process, while the second phase load arises post-system
transformation, both being permanent loads. Due to the bridge’s symmetrical structure
and space limitations, this study only offers preliminary reinforcement for half of the span.
Table 4 illustrates the negative bending moment induced by the dead load on the pier top.

Table 4. The negative bending moment of each segment’s dead load on the pier top.

Section Unit Weight in kN Bending Moment at the
Top of the Pier in kN·m Phase II in kN·m Total in

kN·m

1# 2903.3 −4465.3 −427.6 −4892.9
2# 2799.3 −11,772.9 −1282.7 −13,055.6
3# 2699.2 −20,431.0 −2137.8 −22,568.8
4# 2603.4 −27,626.3 −2992.9 −30,619.2
5# 2511.1 −34,306.1 −3848.0 −38,154.1
6# 2817.9 −47,820.0 −5570.0 −53,390.0
7# 2704.2 −55,557.3 −6733.7 −62,291.0
8# 2596.7 −62,662.6 −7897.5 −70,560.1
9# 2495.3 −69,207.1 −9061.2 −78,268.3

10# 2736.7 −86,494.2 −11,780.7 −98,274.9
11# 2623.2 −93,790.0 −13,300.6 −107,091.0
12# 2520.2 −100,623.4 −14,820.6 −115,444.0
13# 2427.2 −107,107.1 −16,340.4 −123,448.0
14# 2344.9 −113,405.5 −17,860.4 −131,266.0
15# 2786.5 −128,852.3 −24,462.6 −153,314.9
16# 2610.9 −144,442.8 −26,837.6 −171,280.4
17# 2510.8 −151,962.0 −29,212.6 −181,174.6
18# 2480.7 −167,296.4 −37,587.5 −204,883.9

The pier top section beam stands at a height of 8.5 m, with a distance of 4.14 m between
the section center and the upper edge. The pre-stressed beam of the top plate is arranged in
two layers, mirroring the original design. The upper steel beam sits at a distance of 0.15 m
from the upper edge, while the layers are spaced 0.16 m apart. The positioning of each
top plate beam aligns with the original design. By utilizing Table 4 and Formula (4), the
effective prestress required for pouring each section can be computed, as shown in Table 5.

Table 5. Effective prestress of each section.

Section Balanced Bending
Moment in kN·m yu ap

Effective Axial Force of
Each Segment in kN

1# 4892.9 4.14 0.15 1226.3
2# 13,055.6 4.14 0.15 3272.1
3# 22,568.8 4.14 0.31 5892.6
4# 30,619.2 4.14 0.15 7674.0
5# 38,154.1 4.14 0.31 9961.9
6# 53,390.0 4.14 0.15 13,381.0
7# 62,291.0 4.14 0.31 16,264.0
8# 70,560.1 4.14 0.15 17,684.2
9# 78,268.3 4.14 0.31 20,435.6

10# 98,274.9 4.14 0.15 24,630.3
11# 107,090.6 4.14 0.31 27,961.0
12# 115,444.1 4.14 0.15 28,933.3
13# 123,447.5 4.14 0.31 32,231.7
14# 131,265.9 4.14 0.15 32,898.7
15# 153,314.9 4.14 0.31 40,030.1
16# 171,280.4 4.14 0.15 42,927.4
17# 181,174.6 4.14 0.15 45,407.2
18# 204,883.9 4.14 0.15 51,349.3

During the cantilever construction of large-span reinforced concrete continuous rigid
frame bridges, the prestressed tendons listed in Table 5 effectively counteract the negative
bending moment at each beam segment’s root. Historically, the quantity of traditional
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prestressed tendons in each segment has been uniform for construction ease. However,
Chapter Four suggests a strategy of “more beams for large cantilevers and fewer beams
for small cantilevers” for both construction convenience and optimal bridge completion.
Consequently, this study divides the beam arrangement in this engineering example into
three groups. For a more convenient explanation of the method of grouping steel strands, it
is assumed that the number of prestressed steel strands required to be configured in section
i is ni, and at the same time:

ni − ni+1 = ∆pi (10)

The grouping is as follows: strands 1 to 6 belong to the first group, strands 7 to 12
form the second group, and strands 13 to 18 constitute the third group. Table 6 presents the
grouping of steel strands, derived from combining Formulas (9) and (10).

Table 6. Grouping table of beam steel bundles.

Groups Section
The Required Prestress

at the Upper Edge of
This Section in kN

Convert the
Number of Steel
Strands in Pieces

∆pi

Number of Bundles Required at
the Upper Edge of Each Segment

after Adjustment in Pieces

Group 1

1# 422,161.2 2722

90

2722
2# 420,934.95 2714 2632
3# 417,662.8 2692 2542
4# 411,770.2 2654 2452
5# 404,096.2 2605 2362
6# 394,134.3 2541 2272

Group 2

7# 380,753.3 2455

162

2110
8# 364,489.4 2350 1948
9# 346,805.1 2236 1786
10# 326,369.6 2104 1624
11# 301,739.3 1945 1462
12# 273,778.3 1765 1300

Group 3

13# 244,844.9 1578

204

1096
14# 212,613.2 1371 892
15# 179,714.5 1159 688
16# 139,684.5 900 484
17# 96,757.1 624 280
18# 51,349.9 331 190

4.3. Comparative Analysis of Bundle Matching Results
4.3.1. Rationality of Bending Moment Distribution

The original model and the calculation model in this paper underwent separate
computations using Midas/Civil. Following the guidelines outlined in the “General Code
for Design of Highway Bridges and Culverts” (JTG D60-2004), load combinations were
applied to generate the bending moment envelope diagram under various load conditions
within the normal service limit state.

Comparison of Figures 11 and 12 reveals that the bending moment envelope diagram
presented in this paper aligns more closely with the expected internal force distribution of
the completed bridge. It demonstrates a larger positive bending moment reserved at the
beam’s root and a larger negative bending moment at the mid-span. Consequently, the
prestressed tendons proposed in this article appear to be more logically designed.

Figure 11. The envelope diagram of the bending moment at the limit state of normal use in the
original design.
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Figure 12. This article designs a bending moment envelope diagram for the limit state of normal use.

4.3.2. Rationality of Stress Distribution

The stress distribution of the pier top section and mid span section in this article’s
design calculation and the original design calculation are shown in Table 7 below.

Table 7. Stress comparison between the cross-section of the support point (pier top box beam) and
the mid span section.

Project
Fulcrum Stress in Mpa Mid Span Stress in Mpa

Upper Margin Lower Margin Upper Margin Lower Margin

Original design At First −7.23 −11.00 −4.53 −6.13
After ten years −6.78 −10.90 −5.52 −3.31

Design of this article At First −9.78 −9.46 −4.36 −6.40
After ten years −8.62 −8.46 −3.92 −5.07

As per Table 7, stress levels at the upper edge and support point section of the original
bridge design after ten years are lower than those at the lower edge. Conversely, ten
years later, stress at the upper edge and support point slightly exceeds that at the lower
edge, exhibiting a uniform stress gradient. Additionally, stress at the upper edge of the
mid-span section is lower than that at the lower edge. Overall, the design presented in
this article aligns more closely with the anticipated state of completion for prestressed
concrete bridges.

4.3.3. Rationality of Linear

The calculation results from Midas/Civil for both the original model and the model
proposed in this paper are utilized to extract and summarize the mid-span deflection data
in Table 8 for comparative analysis.

Table 8. Comparison table of mid span deflection.

Stage

The Maximum
Deflection of the

Original Design Mid
Span in mm

This Article Designs
the Maximum

Deflection of the Mid
Span in mm

Difference in mm

At first −68.6 −17.19 −51.41
After 10 years −104.01 −39.67 −64.34

Table 8 illustrates that the deformation and creep deformation of the bridge, as induced
by the reinforcement method proposed in this article, are significantly smaller compared to
those of the original design. Thus, the approach presented in this study effectively reduces
long-term deflection in later stages.

5. Conclusions

This study analyzes the internal forces and deformation states in the design process of
large-span prestressed concrete continuous rigid frame bridges, focusing on optimizing the
top plate prestressed reinforcement design. The following conclusions emerge:

(1) The prestressed reinforcement significantly influences the bridge’s final state. Thus,
ensuring that the prestressed resistance moment exceeds the constant load moment is
crucial for minimizing long-term deflection.
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(2) Three methods for the initial configuration of top plate tendons are proposed based on
the theory of constant load and zero bending moment. Comparative analysis reveals
that method one, featuring a combination of “large” and “small” cantilever sections,
effectively balances internal forces and controls deflection.

(3) The feasibility of the proposed optimization bundle design method is demonstrated
through an engineering example.

(4) Comparative analysis between this article’s reinforcement design and the original
design showcases the clear benefits of the proposed approach, particularly in terms
of internal force distribution, stress distribution, and linear variation, all contribut-
ing significantly to reducing long-term deflection in large-span prestressed concrete
continuous rigid frame bridges.
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