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Abstract

Long-span prestressed structures present distinct challenges during tensioning. Their
considerable length inherently induces significant tendon friction, resulting in substantial
prestress loss. Additionally, prestressing operations within buildings will induce initial
stresses that affect adjacent structural members. However, research on the design and
construction of ultra-long-span prestressed systems with composite materials in building
structures remains limited. To investigate prestress effects in long-span building structures,
this study examines prestress loss and tension timing for the 94.34 m arch tie girder in
Shenzhen Museum. This project marks the first application of the bonded post-tensioning
method to an ultra-long composite structural member. The analysis of the prestress loss
is conducted by considering the friction, relaxation of steel tendon, creep, and shrinkage.
An innovative finite element method, integrating creep and shrinkage effects for com-
posite members, is developed in ANSYS. Four tensioning schemes are compared using
nonlinear staged-construction simulation in NIDA software. The results demonstrate that
the presented analytical method can effectively quantify the prestress loss. Early-stage
prestressing effects can be minimized by optimizing the force transmission paths through
construction joints. These findings provide practical and theoretical guidance for designing
and constructing similar long-span structures.

Keywords: bonded post-tensioning prestressing; long span prestressed composite girder;
construction stage analysis; arch in building; prestressing loss

1. Introduction
Prestressing technology effectively leverages the high compressive strength of concrete

to compensate for its lack of tensile strength, making it particularly useful in large-scale,
long-span, and heavily loaded structures [1–3]. The first use of prestressed concrete can be
traced back to 1937 [4]. Other applications, such as the Millau Viaduct, the tallest viaduct
in Europe, utilizes extracorporeal prestressing technology to reduce the number of piers
and optimize the self-weight [5]. The CN Tower in Toronto, Canada uses prestressed
concrete technology to improve the stability and wind resistance of the structure [6]. The
Zeiss Planetarium in Jena, Germany features a thin-shell prestressed concrete roof, which
is an innovative application of early prestressed concrete technology [7]. Sydney Opera
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House adopts the pre-stressed concrete shell roof, which controls the cracks of the shell
through post-tensioning prestressing tendons, ensures the bending performance of the
thin-shell structure, and makes the complex curved shells possible [8]. Shanghai Lupu
Bridge, the world’s largest span steel arch bridge, adopts arch ribs with high-strength
prestressing tendons, balancing the horizontal thrust of the arch footing and reducing
the size of the piers to avoid the high requirements of a traditional arch bridge on the
foundation [9]. The prestressing approach includes pre-tensioning and post-tensioning
methods. Compared to the pre-tensioning method, the post-tensioning method provides
advantages such as a wide range of application and greater effectiveness, making it more
popular for large cast-in-place concrete structures [10–12]. In post-tensioning, based on
the bonding action between tendons and concrete, prestressing tendons can be classified
into bonded and unbonded tendons [13,14]. Bonded tendons allow for more uniform
transmission of internal forces and offer excellent crack resistance, high stiffness, and a
high load-bearing capacity. Consequently, they are widely used in large-span structures. In
addition, some other scholars have applied prestressing for structural reinforcement [15,16].
At present, this technology has formed a complete set of design calculation methods and
structural construction technology.

The primary challenge in the design and construction of prestressed members is man-
aging prestress losses [17,18]. Overestimating or underestimating the losses can impact the
structural performance and capacity [19,20]. Based on the mechanisms of prestress loss, the
losses can be categorized as instantaneous losses and long-term losses [21,22]. Long-term
losses mainly include concrete shrinkage, creep, and reinforcement relaxation [23–25], while
instantaneous losses mainly include elastic compression, friction, anchorage deformation,
and clip retraction [26–28]. Additionally, the construction process is also a significant
factor influencing prestress losses. Tensioning new tendons can cause a loss of prestress
in the ones that were already tensioned [29]. To compensate for prestress losses, the inten-
tional overstressing of tendons is commonly employed. The critical technical challenge
for determining the initial overstressing magnitude involves developing a comprehensive
assessment framework that quantitatively evaluates the coupled effects of time-dependent
and instantaneous prestress losses. In practice, the losing values caused by different factors
are typically calculated individually and then superimposed as the factors can be regarded
as linearly independent [30,31]. Cao et al. [32] modified the formula for concrete relaxation
loss specified in the Chinese code. Meng et al. [33] developed a finite element modeling
method to numerically evaluate the influences of prestress loss. Yang et al. [34] revised
the long-term prestress loss calculation method considering concrete shrinkage, creep,
and stress relaxation. Xiao et al. [35] proposed a new long-term prestress loss assessment
method for post-tensioned concrete under chloride environments. Mohebbi and Gray-
beal [36] presented a prestress loss model for ultra-high-performance concrete. However,
the investigation of the prestress loss of composite members is seldomly reported. There-
fore, it is necessary to establish an accurate analysis method for the ultra-long composite
girder to capture time-dependent effects and the sequence of loading stages, thus reducing
discrepancies between design assumptions and the actual structural response.

This paper presents the Shenzhen Museum project, featuring a 94.34 m ultra-long
composite girder constructed using bonded post-tensioning. The analysis method for cal-
culating prestress losses is presented, and a numerical approach for the integrated analysis
of creep and shrinkage using ANSYS (https://www.ansys.com/academic, accessed on
25 August 2025) is introduced. To address schedule constraints, four construction schemes
are evaluated. Their effects on structural internal forces and prestress efficiency are eval-
uated through nonlinear staged-construction analysis in NIDA, a finite element analysis
program technically for steel structure analysis and design [37,38]. Furthermore, optimal

https://www.ansys.com/academic
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prestressing timing is proposed to minimize impacts on both prestress-tensioning opera-
tions and the project schedule. The findings provide practical guidance for this project and
serve as a valuable technical reference for similar long-span prestressed structures.

2. Project Overview
Shenzhen Museum project is located in Shenzhen, China. The building’s basic struc-

tural system consists of an inverted trapezoidal outer steel frame integrated with eight
concrete core tubes. The structure features a distinctive inverted pyramidal façade, with
steel columns inclined up to 23.07◦. Floor systems transfer loads exclusively to perimeter
steel frames and internal concrete core walls, creating column-free spaces between the outer
frame and core walls. In addition, to achieve the signature architectural effect of layered
soaring eaves, each floor incorporates cantilevered eaves with maximum overhangs of
24 m. The architectural and structural overview is shown in Figure 1.

Figure 1. Shenzhen Museum architectural and structural overview.

As shown in Figure 1, the north and south elevations incorporate a column-free large-
span sightseeing platform on the fifth floor, spanning 94.34 m. To achieve the column-free
space, two arch structures are adopted at the southern and northern edge frames to transfer
the loads of the topside structures to the substructure, as illustrated in Figure 2.

Figure 2. Basic dimensions of arch.
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The arches are only located at the northern and southern edge frames. The structure
utilizes concrete-filled steel tubes with a cross-section of ø1500 × 60 mm, constructed from
Q420 steel and C40 concrete. The nominal yield strength of Q420 steel is 420 MPa, and the
nominal axial compressive strength of C40 concrete is 26.8 MPa. To counteract the horizon-
tal thrust at the arch foot, a 1.5 m × 2.3 m prestressed composite girder is designed. The
girder utilizes bonded post-tensioning technology with six straight prestressing tendons,
each composed of 37 parallel 15.2 mm diameter strands, as shown in Figure 3.

Figure 3. The prestressing arrangement.

The long-span composite girders introduce distinctive engineering challenges: (1) site
constraints complicate installing 100 m tendons; (2) tensioning 37 strands within a single
corrugated duct increases friction losses and installation complexity; (3) design methods
for prestress loss in composite girders lack documentation; and (4) the tensioning sequence
can cause asymmetric deformation and prestress loss in previously tensioned tendons. To
mitigate potential eccentric loading effects, the tendon tensioning sequence following the
numbering shown in Figure 3 is proposed to reduce the eccentric moment about the major
principal axis.

3. Numerical Determination of Prestress Forces
3.1. Design Value of Prestress Force

The prestressing force required is calculated based on the finite element analysis
results. The finite element model of the museum is shown in Figure 4. The analysis is
carried out in NIDA. Since the tie girder is designed to counteract the thrust generated by
the arch due to vertical loading, only dead load and live load are considered in the analysis
to determine the required prestressing force. The load combination follows the regulations
in GB50009-2012 [39]. The analysis results of the arch elevation frame without the prestress
force are shown in Figure 5, where the positive and negative values correspond to tension
and compression, respectively.

As shown in Figure 5, the vertical deflection of the beam on sixth floor above
the sightseeing platform is 34.62 mm, which exceeds the allowable deflection limit of
L/400 = 26 mm [40]. Therefore, optimal prestressing is essential to mitigate horizontal
thrust at arch footings and reduce arch deformation. Through trial calculation, the required
prestress value should be 20,640 kN. According to JTG 3362-2018 [41], the friction loss in a
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94.34 m member is approximately 13.20%. The loss due to elastic shortening, shrinkage,
and creep can be 12.4% to 22.5% [36]. Therefore, to account for prestress loss, the prestress
can be empirically and conservatively enlarged by 35% and rounded up to 28,000 kN. The
arch elevation frame performance with prestress is shown in Figure 6.

 
Figure 4. Finite element analysis model of Shenzhen Museum.

(a) Vertical displacement 

(b) Axial force of critical member (kN) 

Figure 5. Analysis results of arch elevation frame without prestress.

As shown in Figure 6, the structural vertical displacement can satisfy the deflection
limitation. The tie girder’s axial force changes from tension to compression, while other
member forces remain essentially unchanged. The member section capacity factors (SCFs),
the ratio of member cross-sectional stress to design strength, are below 1.0, indicating that
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the members are stable. Therefore, to balance the force and reduce the deformation, the
required prestressing force for this project is determined to be 28,000 kN.

(a) Vertical displacement 

(b) Axial force of critical member (kN) 

 
(c) Section capacity 

Figure 6. Analysis results of arch elevation frame with prestress.

3.2. Prestressing Force Efficiency in Mitigating Stress Losses

To compensate for prestress losses during both construction and service, the calculated
loss values must be explicitly included in the initial tendon tensioning force. This section
will verify the adequacy of the designed prestressing force in addressing the stressing loss.
The total prestress loss is determined based on the regulation of JTG 3362-2018 [41], as
shown below.

(1) Frictional loss

Frictional loss Pl1 can be calculated according to Equation (1).

Pl1 = Pcon

[
1 − e−(µθ+kx)

]
(1)

where Pcon is the tensile control force; µ is the friction coefficient; and θ is the cumulative
angle between the tangents of the curved tendon along the pipe path from the stressing
end to the calculation section. For this project θ = 0; k is the influence coefficient of local
deviation per meter of pipeline. For steel corrugate pipe k = 0.0015; x is the pipe length.
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Therefore, the friction loss is

Pl1 = 28000 ×
[
1 − e−(0+0.0015×94.34)

]
= 3694.70 kN (2)

(2) Anchorage seating

The anchorage seating encompasses deformations in the anchor wedge, bearing
plate, and the cement mortar joint. According to JTG 3362-2018 [41], the seating de-
formation can be determined as 8 mm for this project. The cross-area of each tendon is
π
4 × 15.22 × 37 = 6713.96 mm2. As the straight prestress tendons are utilized in this project,
the loss due to anchorage seating can be calculated as

Pl2 =
8

94340
× 2.06 × 105 × 6713.96 × 6 = 703.71 kN (3)

(3) Relaxation of steel tendon

In this project, the low-relaxation tendons and overstressing method are adopted. The
loss due to tendon relaxation can be conservatively calculated as

Pl3 = 0.9 × 0.3 ×
(

0.52 × 28000
1860 × 6.71396

− 0.26
)
= 0.245 kN (4)

(4) Concrete shortening and tensioning sequence

Concrete shortening consists of concrete elastic shortening, creep, and shrinkage.
The elastic shortening loss refers to the reduction in prestress of previously tensioned
tendons due to concrete compression caused by the subsequent stressing of other tendons.
Additionally, concrete creep and shrinkage contribute to further shortening, leading to
additional prestress loss. Directly calculating this loss is difficult due to the nonlinear
interaction between prestressing force and the shortenings. In addition, the girder is a
concrete-filled steel tube. A standardized method for evaluating the shortening loss in
composite beams has not yet been established. Therefore, in this section, finite element
analysis is carried out in ANSYS to quantify the shortening, creep, and shrinkage effects.

In this analysis, the ANSYS modified time hardening creep model is adopted, which
is given in Equation (5).

εcr = C1σC2 tC3+1e−C4/T/(C3 + 1) (5)

where εcr, σ, t, T, and e are the creep strain, stress, time, temperature, and natural logarithm
base. C1 to C4 are constant coefficients. This formula offers a straightforward and intuitive
approach to capturing the time-dependent behavior of strain.

Given the museum’s location in Shenzhen, the effects of temperature variation can be
considered negligible. Consequently, the temperature influences on creep and shrinkage
will be disregarded. Therefore, Equation (5) can be simplified as

εcr = C1σC2 tC3+1/(C3 + 1) (6)

To facilitate a comprehensive and practical consideration of concrete creep and shrink-
age effects using Equation (6), this paper aimed to determine the coefficients C1 to C3

through back-calculation based on the calculated shortening strain resulting from shrink-
age and creep. The coefficients are calculated below.

(a) The shrinkage of C40

Assuming the concrete starts to shrink after 3 days, the equation to represent the
shrinkage strain of C40 can be written as follows [41]:

εs = 0.00031

√
t − 3

124274 + t
(7)
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(b) The creep of C40

The creep strain can be evaluated using the equation below.

εc =
σ

E
ϕ (8)

where E is the concrete Yong’s modulus and ϕ is the creep coefficient. Prestress is applied
at a concrete age of 15 days. The corresponding creep coefficient, ϕ, is provided below [41].

ϕ = 1.83
(

t − 15
1299 + t

)0.3
(9)

(c) The coefficients of the modified time hardening creep model

The total shortening strain due to shrinkage and creep can be obtained by combining
Equations (7)–(9) as

εcr = 0.00031

√
t − 3

124274 + t
+ 1.83

(
t − 15

1299 + t

)0.3 σ

E
(10)

According to Equation (10), C2 can be set to 1. The concrete stress under the prestress
load is approximately 15 MPa. The Yong’s modulus is 3.25 × 104 N/mm2. Through the
curve fitting method, the coefficients C1 and C3 can be obtained as 2.663 × 10−6 and −0.884.
Therefore, Equation (6) changes to

εcr = 2.663 × 10−6σt0.116/0.116 (11)

The curves generated from Equations (10) and (11) are shown in Figure 7.

0 5000 10000 15000 20000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

×1
0-3

ε c
r( 

   
  )

Age (days)

 Eq. (11)
 Eq. (10)

Figure 7. The shortening strain of C40 due to shrinkage and creep.

As shown in Figure 7, creep and shrinkage strains develop rapidly within the first
2000 days, after which the rate of shortening progressively decreases. The close agreement
between the predicted and measured strains proves that the derived coefficients for Equa-
tion (11) accurately model the creep and shrinkage shortening of the C40 concrete beam.
This validated equation will be used in the subsequent finite element analysis.

As the prestress force is applied at the tie girder, the effects of concrete shrinkage
and creep in the upper arch on prestress loss are negligible. Therefore, in ANSYS, only
the composite tie girder is modeled. The finite element model is shown in Figure 8. The
tendons and infilled concrete are modeled using SOLID185, while the corrugated pipes
and steel tube are modeled using SHELL181. Contact interactions are modeled using
CONTA174 elements for contact surfaces and TARGE170 elements for target surfaces. The
friction coefficients can be set as 0.1 [42] for the steel tube–inner concrete interface and
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0.7 [43] for the corrugated pipe–concrete interface. Tensioning stress is applied through
the initial stress file. The birth-and-death element method is used to model the tensioning
sequence. The analysis results are provided in Figures 9 and 10.

Figure 8. Finite element model.

 
Figure 9. Global displacements of prestressed beam (mm).

According to the analysis results, the overall deformation of the beam is below 71 mm,
where the UX, UY, and UZ displacements are 14.88 mm, 57.52 mm, and 9.67 mm, respec-
tively. The tensioning sequence has little effect on the beam deformation, indicating that the
eccentric effect of tensioning can be neglected. Figure 10 illustrates the changes in tendon
stress induced by construction and concrete shrinkage and creep.

The stress of each tendon should be 698.07 MPa under design prestress. However,
according to Figure 10, after all tensioning operations are completed, due to the tension-
ing sequence and prestress-induced girder deformation, the stress in the first tensioned
tendon decreases from 688 MPa to 654 MPa. The stress in the second, third, fourth, and
fifth tensioned tendons decreased to 663 MPa, 669 MPa, 671 MPa, and 680 MPa, respectively.
The maximum prestress loss due to the tensioning sequence is 34 MPa, which corresponds
to approximately 5% of the initial stress, while the concrete shrinkage and creep result
in an approximate prestress loss of 20 MPa. The remaining tension force of the tendons
after 50 years is 636 MPa to 667 MPa. The maximum loss of the prestress is 7.56%. The
remaining pre-tension at 50 years is 26,336.85 kN. Considering the other losses calculated
in Equations (2)–(4), the remaining pre-tension is 219,380.195 kN. The total prestress loss
is 21.65%, leaving a remaining force greater than the required 20,640 kN. Therefore, the
designed prestressing force of 28,000 kN adequately satisfies the structural requirements.
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(a) Stress after 1st tendon tensioned (b) Stress after 2nd tendon tensioned 

(c) Stress after 3rd tendon tensioned (d) Stress after 4th tendon tensioned 

  
(e) Stress after 5th tendon tensioned (f) Stress after 6th tendon tensioned 

  
(g) Stress after 25 years (h) Stress after 50 years 

Figure 10. Prestress variations due to tensioning sequence, creep, and shrinkage (MPa).
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4. Construction Stage Analysis
4.1. Post-Tensioning Construction Scheme

The basic post-tensioning stages are shown in Figure 11. During construction, corru-
gated metal pipes are first installed to form channels. A single 101.3 m steel strand and a
traction rope are then mechanically pushed through these pipes. The remaining strands
are then threaded through using the traction rope, as shown in Figure 12. Anchorages are
installed on both ends of the composite beam. Once the concrete reaches 80% of its design
strength, tendon tensioning begins progressively. Throughout this process, both tension
force and tendon elongation are strictly monitored to ensure compliance with design spec-
ifications. After tensioning is completed, vacuum grouting injects cement grout into the
corrugated pipes. This creates a bonded system, ensuring effective prestress transfer and
long-term structural stability.

Figure 11. Prestressed construction steps.

Figure 12. Schematic diagram of prestressed construction location.
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4.2. Construction Stage Analysis with Different Construction Schemes
4.2.1. Timing for Prestressing Tendon Tensioning

The structural configuration and load-bearing behavior of this project are highly
complex, involving the integrated actions of the arch, columns, and floor beams. The appli-
cation of prestressing forces can significantly alter the load transfer mechanism within the
superstructure, potentially resulting in deviations from the intended design assumptions.
Consequently, the timing of prestressing tendon tensioning is of critical importance to
ensure structural performance aligns with the design.

The optimal tensioning time is after girder completion and before arch construction
to prevent transferring construction loads to the upper structure. However, due to time-
intensive cable threading equipment setup and limited workspace, the installation of the
upper structure will proceed to keep the construction on schedule. Therefore, to evaluate
the tensioning timing effects on initial structural stress distributions, a construction stage
analysis will be performed in this section using NIDA. In the construction stage analysis,
four construction schemes, tensioning after the 5F, 6F, and 7F beams are complete, are
considered. To minimize the prestress influences on the upper inclined corner columns,
the construction joints are assigned between the corner columns and beams as shown in
Figure 13. The construction joints will be closed following tensioning completion. This
analysis focuses on the changes in the tie girder’s internal forces and the horizontal dis-
placement of various construction schemes. The structural self-wight and the construction
load is considered. The construction load is 1.5 kN/m2, and the partial load factors for all
loads are taken as 1.0. The analysis results are illustrated and compared in Section 4.2.2.
The force variations in the critical members, N5 and NZ, are discussed.

 

Figure 13. Location of measuring point and construction schemes.

4.2.2. Construction Analysis Results of Different Construction Schemes

The structural global vertical deformation when the construction is finished is given
in Figure 14. According to the results, the different tensioning sequences have limited
influence on global structure deformation. However, localized differences can be found
at the marked area with black circles in the figure, which can be found in the region
adjacent to the arch elevation frame. At these locations, Schemes 2–4 exhibit greater vertical
displacements than Scheme 1. A detailed analysis of these variations focused on the arch
elevation frames is provided in the subsequent paragraphs. Maximum deformation occurs
in the slabs farthest from the concrete core walls, reaching L/545 of the span length, which
complies with serviceability requirements.

The SCFs of all members including the temporary supports calculated with the direct
analysis method are plotted in Figure 15. As shown in the figure, the SCFs are below 0.9,
which indicates that the structure is safe during construction.
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(a) Scheme 1 (b) Scheme 2 

  
(c) Scheme 3 (d) Scheme 4 

Figure 14. Global deformation of structure with localized differences marked.

 

Figure 15. Section capacity factors.

Figures 16–19 illustrate the horizontal displacement, vertical displacement, axial force,
and bending moment of the arch elevation frame. The internal force variations in the critical
member are shown in Figure 20.

(a) Scheme 1 (b) Scheme 2 

(c) Scheme 3 (d) Scheme 4 

Figure 16. Horizontal deformation after construction.
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(a) Scheme 1 (b) Scheme 2 

  
(c) Scheme 3 (d) Scheme 4 

Figure 17. Vertical deformation after construction.

  
(a) Scheme 1 (b) Scheme 2 

  
(c) Scheme 3 (d) Scheme 4 

Figure 18. Axial force after construction (kN).

According to Figures 16 and 17, the prestress has a limited effect on the horizontal and
vertical displacements of the arch elevation frame. The horizontal displacements at point
D5x of the four schemes after the construction finished are 7.23 mm, 4.54 mm, 4.12 mm,
and 4.12 mm. The vertical displacements at point D5z are 16.83 mm, 17.86 mm, 17.90 mm,
and 17.90 mm. The impact of the sequences in Schemes 2–4 is similar, while Scheme 1
demonstrates improved vertical displacement performance. The axial forces of the girder
for Schemes 1–4 are compression, with values of 25,602.48 kN, 17,908.15 kN, 16,553.47 kN,
and 16,562.16 kN, respectively, as shown in Figure 18. The axial force of Scheme 1 most
closely matches the design prestress force, indicating that Scheme 1 experiences the lowest
overall prestress loss. In addition, the bending moment at the corner column NZ bottom in
Scheme 1 is smallest. This suggests that in Schemes 2–4, part of the prestress is carried by
the corner column and transferred to the sixth and seventh floors after tensioning, which
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deviates from the intended load transfer path in the design and results in prestress loss.
According to Figures 19 and 20b, Schemes 3 and 4 alter the moment distribution of NZ from
single-curvature bending to double-curvature bending due to the early participation of
the floor beam, which can help to reduce the bending moment at NZ bottom compared to
Scheme 2. According to Figure 19a, the differences in N5 axial force between Schemes 2–4
are not obvious, indicating that the pre-tension effects of Schemes 2–4 are similar. Therefore,
while Scheme 1 is technically optimal and recommended for construction, Scheme 4 is
suggested to avoid construction delays.

  
(a) Scheme 1 (b) Scheme 2 

  
(c) Scheme 3 (d) Scheme 4 

Figure 19. Bending moment after construction (kN·m).

  
(a) Axial force of N5 (b) Moment at NZ top 
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Figure 20. Internal force variation in critical members.

5. Conclusions
This paper addresses challenges in ultra-long bonded prestressed structures by exam-

ining the prestress design and construction techniques of composite tie girders, using the
Shenzhen Museum project with its 94.34 m tendons as a case study. A novel method for
evaluating prestress loss incorporating concrete shrinkage and creep effects is proposed.
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The influence of tensioning timing on structural response is analyzed, and an optimized
construction scheme balancing structural performance with schedule efficiency is devel-
oped. The findings will provide practical references for the design and construction of
ultra-long-span prestressed composite members. Key findings include the following:

1. The Shenzhen Museum project represents a pioneering application of a long-span arch
with prestress tie girders in building structures. The application of the arch structure
optimizes the load transmission path, reduces bending moments, and avoids local
stress concentrations. This enables the design of a column-free, large-span exhibition
space, meeting the museum’s functional requirement for an open layout.

2. The use of 101.3 m steel strands imposes exceptionally demanding requirements
on prestress design. To ensure the effectiveness of prestressing, a novel numerical
method to quantify long-term prestress loss in composite girders is developed. For
this 94.34 m girder, the total stress loss can be 21.65% after 50 years, where the fiction
loss accounts for half.

3. Prestressing operations typically require substantial working space. Due to the re-
stricted site on the museum’s fifth floor, the traction rope method was proposed to
overcome spatial constraints. The project implementation demonstrates that this
method not only facilitates strand installation by guiding tendons through corru-
gated pipes but also minimizes frictional resistance and positional deviations in
long-tendon prestressing.

4. The construction sequence critically influences prestress performance. Among the
four schemes evaluated, Scheme 1 demonstrates the smallest reduction in girder
pre-tension force, indicating minimal construction-induced prestress losses. It is
recommended to tension tendons at the earliest feasible stage to minimize prestress
losses from complex force transfer paths. Nevertheless, to meet schedule requirements,
the strategic placement of construction joints as demonstrated for the other schemes
can achieve acceptable prestress and internal force distributions.
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