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Sensitivity analysis and monitoring
of control parameters in cantilever
casting construction of prestressed
concrete continuous girder bridges

Jinyang Zhang'*“, Haiqing Liu', Xiangen Gong?, Ming Lei? & Liang Wang?

To ensure smooth closure of prestressed concrete continuous girder bridges and compliance of
structural geometric alignment/stress with design requirements, this study employs finite element
modeling to analyze the impact of variations in key construction control parameters during cantilever
construction on bridge alignment and stress states at both the final completed stage and during
maximum cantilever conditions. The investigated parameters encompass concrete unit weight,
elastic modulus, prestressing loss, concrete shrinkage and creep, and temperature. Coupling effects
among critical parameters were analyzed, leading to the establishment of a construction monitoring
system that incorporates coupled effects of key control parameters. Results indicate that temperature
variations and prestressing loss exert significant influences on girder alignment and stress, whereas
concrete elastic modulus and unit weight exhibit relatively minor effects. Consequently, parameters
exerting substantial impacts on alignment and stress require priority in monitoring to guarantee
successful closure during cantilever construction.
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Prestressed concrete continuous girder bridges have been widely used in bridge construction projects due to
their advantages of structural stiffness, integrity, and cost-effectiveness2. To meet the demand for long-span
structures and avoid affecting traffic beneath the bridge, these bridges are often constructed using the cantilever
casting method>*. However, during the cantilever casting of each segment of the main girder, due to various
factors such as construction errors, material properties, and ambient temperature, there are often deviations
between the actual and theoretical values of structural parameters, which seriously affect the geometric control
and internal force state during bridge construction®~°. Therefore, during the construction of prestressed concrete
continuous girder bridges, it is necessary to closely monitor these factors and take effective measures for control
and adjustment to ensure the quality and safety of the bridge construction.

In this regard, Wang and Dong'® found that changes in concrete unit weight and temperature gradients
have the most significant impact on bridge deflection when studying the main parameters of cantilever casting
construction control for continuous rigid frame bridges. Zhao et al.!!, through studying the effects of construction
control parameter changes on the maximum cantilever stage of prestressed continuous girder bridges, found
that tensioning prestressed steel strands has a significant impact on the geometry and internal forces of the
main girder during the maximum cantilever stage. Yang et al.!? analyzed the geometric variation rules of
cantilever casting construction processes for three high-speed railway continuous girder bridges with different
spans using simulation software, concluding that the mid-span of the bridges experiences upward deflection
due to concrete shrinkage and creep. Wang et al.!® analyzed the cantilever construction process of cable-stayed
bridges, establishing a finite element calculation program for geometric analysis during the installation process,
and conducted detailed studies on the structural performance of bridge structures at different installation
stages, providing necessary data for structural analysis and design. However, current research on the influence
rules of cantilever casting construction control parameters on the geometry and stress of prestressed concrete
continuous girder bridges is still insufficient. To achieve precise construction control of prestressed concrete
continuous girder bridges, it is necessary to conduct an in-depth analysis of the sensitivity of construction
control parameters.
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Beam segment number 0 1 2 3 4 5 6 7 8 9
Length of beam segment (m) | 5.00 | 3.50 | 3.50 | 3.50 | 3.50 | 4.00 | 4.00 | 4.00 | 4.00 | 4.00
Beam segment weight (t) 268.3 | 123.2 | 1144 | 106.6 | 99.9 | 100.1 | 87.5 | 83.7 | 81.3 | 80.1

Table 1. Length and weight of beam segment.

Fig. 1. Bridge layout.

Monitoring constitutes a critical requirement during cantilever casting construction. Throughout the
cantilever casting process, structures undergo complex internal force redistribution and displacement variations.
Consequently, implementing full-process monitoring and establishing a long-term monitoring assessment
framework are paramount to ensuring structural integrity and construction safety'*-!¢. The importance of
monitoring is manifested in several aspects: firstly, it ensures project safety by real-time monitoring to detect
potential safety hazards in construction and take timely measures to avoid accidents. Secondly, monitoring
data can reflect construction quality, guide adjustments in construction techniques, and ensure project quality;
Lastly, monitoring can also provide a basis for optimizing construction plans and improving construction
efficiency'’~'°. Helmi et al.?® proposed a method for real-time remote monitoring of bridge deflection, which
calculates bridge deflection by measuring the rotation and curvature of the bridge. The method was tested on
two different highway bridges to analyze its feasibility. Additionally, he built a finite element model for further
verification of the proposed method. Treacy and Brithwiler?! proposed a direct monitoring method for verifying
the fatigue safety of construction joint details in existing post-tensioned concrete box girder bridges. The
method uses direct, long-term monitoring to accurately determine actual effects caused by thermal and traffic
influences, evaluate seasonal fatigue damage, and examine the effect of monitoring time on fatigue damage.
However, current monitoring research lacks detailed analysis of the sensitivity of construction parameters to the
geometry and stress of cantilever casting construction processes.

This paper uses finite element numerical analysis software to conduct an in-depth analysis of the sensitivity
of construction control parameters of prestressed concrete continuous girder bridges and the influence rules of
parameter changes on the deflection and stress of the main girder. At the same time, it identifies key focus areas
in the cantilever casting construction control of prestressed concrete continuous girder bridges, and emphasizes
the monitoring of sensitive parameters that significantly affect geometry and stress during cantilever casting
construction, providing a reference for the construction of similar bridges.

This study conducts an in-depth sensitivity analysis of construction control parameters for prestressed
concrete continuous girder bridges via finite element analysis, quantifying the influence patterns of parameter
variations on girder deflection and stress. Concurrently, critical monitoring targets during cantilever casting
control were identified, with coupling effects among key parameters analyzed. This led to the development of a
construction monitoring system incorporating coupled effects of pivotal control parameters. During cantilever
casting, high-sensitivity parameters significantly affecting geometric alignment and stress underwent prioritized
monitoring, providing practical guidance for analogous bridge construction.

Project profile

The calculation span of the precast prestressed concrete continuous girder bridge on Chinas Shenyang Metro
Line 3 is (48+80+48) m, towering over an existing river bridge, and is constructed using the symmetrical
cantilever casting method with hanging baskets. The main girder is 176 m long with a single-box single-cell
variable section. The top width of the main girder is 10.4 m, the bottom width is 5.6 m, the flange length is 2.4 m,
and the bottom slab varies according to a parabolic curve. The box girder height at the top of the main pier is
4.8 m, and the girder height for both the side spans and the middle span is 2.5 m. The segment 0 is 5 m long,
segments 1-4 are 3.5 m long, segments 5-9 are 4 m long, the cast-in-place section of the side span is 7.0 m long,
and the closure section of the middle span is 2 m long. The cantilever casting construction of the main girder
uses C55 concrete. The lengths and weights of each segment of the bridge are shown in Table 1, and the overall
layout of the bridge is shown in Fig. 1.

Establishment of finite element model

According to the construction plan and drawings, a finite element model was established. The model includes
58 beam elements and 67 nodes, and simulates the entire construction process of the prestressed concrete
continuous girder bridge in accordance with the actual construction sequence. The simulation covers stages
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such as the advancement of the hanging basket, concrete pouring, tensioning of prestressed steel strands, side
span closure, and middle span closure. During the cantilever casting construction, the girder is rigidly connected
to the pier to form a fixed state. After closure, the temporary fixation is removed, and the pier and girder are
converted to a pinned connection. The specific weight of the concrete is 26 kN/m?, and the elastic modulus of
the concrete is 30 GPa. The tension control stress for the prestressed steel strands in the top and bottom plates
of the side span closure section is 1339 MPa. The tension control stress for other longitudinal prestressed steel
strands is 1302 MPa.

To better study the construction control parameters, a theoretical analysis of the cantilever casting
construction process is conducted. The internal force relationship during the construction process is**:

Ser = / 8(2) - y(e)da 0
L

Sa1 is the self-weight internal force of the main girder; g(x) is the self-weight intensity of the main girder; y(x)
is the coordinate of the corresponding influence line of the main girder internal force.

The deflection calculation for the structure during cantilever casting construction uses the conjugate beam
method, establishing the relationship between the bending moment function.

M () of the actual beam and the load density function g(z) of the fictitious beam, based on the approximate
differential equation of the beam deflection curve:

Ely" = M(x) )
The bending moment function and load density function of the beam are:
M"(z) = q(x) ®)

Since the bending moment function M (x) of the actual beam is numerically equal to the load density function
q(x) of the fictitious beam, for the same cross-section x:

Thus, the deflection expression at any cross-section:

j
M; ..
fi :ZEiL (x5 — 21) i (i < j) (5)
i=1

where fj is the deflection at the point j of the cross-section; M; is the average bending moment at the cross-
section of the i-th segment; Ej is the elastic modulus of the concrete; I; is the moment of inertia of the i-th
segment; [; is the length of the i-th segment; x; is the distance from the deflection calculation point to the root
of the fictitious beam; z; is the distance from the center of gravity of the fictitious load of the i-th segment to the
root of the fictitious beam.

Analysis of sensitive parameters of construction control

Asthe construction stage progresses, changes in multiple factors such as the construction techniques, construction
duration, and construction environment of cantilever casting for continuous girder bridges significantly affect
the bridge’s alignment and stress. Through parametric sensitivity analysis, the specific mechanisms by which
these influencing factors during construction affect structural deformation and stress are thoroughly explored.

The influence of concrete bulk density

The self-weight of prestressed concrete continuous girder bridges has a significant impact on the deflection
and stress of the structure. During the actual cantilever construction process, errors inevitably occur due to
factors such as the quality of the cast-in-place concrete and the selected operation tools, leading to changes in
the concrete unit weight during construction and consequently affecting the self-weight of the structure. It is
difficult to ensure that the actual unit weight of concrete is completely consistent with the designed value during
the cantilever casting construction process. To analyze the impact of different concrete unit weight variations on
the cantilever casting construction process of bridges, it is assumed that the concrete unit weight varies by +3%
and +5%. A comparative analysis of the cumulative deflection difference and stress difference under two key
states, namely, the completion of the bridge and the maximum cantilever during cantilever casting construction,
is conducted. The comparison results are shown in Figs. 2 and 3.

According to Fig. 2, when the concrete unit weight changes, the cumulative deflection difference gradually
increases during the segment-by-segment casting process of the main girder starting from block 0. As the
concrete unit weight gradually increases, the deflection at the same location also increases accordingly. In the
completed bridge state and the maximum cantilever state, the deflection change near block 0 is small, while the
deflection difference near the closure sections of the side span and the mid-span is relatively large. When the unit
weight variation is + 5%, the maximum cumulative deflection difference during cantilever casting construction
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Fig. 2. Cumulative deflection difference under different bulk density.
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Fig. 3. Stress difference between top and bottom slabs under different bulk density.

to the completed bridge state is 1.29 mm, and the maximum cumulative deflection difference during the
maximum cantilever state is 1.10 mm. When the unit weight varies by + 5%, the vertical deflection difference is
approximately twice that when the unit weight varies by +3%.

According to Fig. 3, during the cantilever casting construction process, an increase in the concrete unit
weight leads to a reduction in the top slab stress and an increase in the bottom slab stress of the main girder.
When the cantilever casting construction is completed, a 5% increase in the concrete unit weight results in a
maximum reduction of 0.40 MPa in the top slab stress and a maximum increase of 0.42 MPa in the bottom
slab stress. During the maximum cantilever state of cantilever casting construction, as the concrete unit weight
increases, the compressive stress at the top slab of each cross-section of the main girder decreases, while the
compressive stress at the bottom slab increases. When the concrete unit weight increases by 5%, the maximum
reduction in the top slab stress is 0.39 MPa, and the maximum increase in the bottom slab stress is 0.41 MPa.
When the concrete unit weight decreases by 5%, the stress changes in the top and bottom slabs are opposite to
those when the unit weight increases by 5%. When the concrete unit weight varies by +5%, the difference in
stress between the top and bottom slabs is approximately twice that when the unit weight varies by +3%.

Influence of elastic modulus of concrete

During the cantilever casting construction process, there exists a certain deviation between the actual and
design values of the concrete elastic modulus. Assuming a reduction in the concrete elastic modulus by 5%, 10%,
and 15%, respectively, an analysis is conducted to examine the effects on the deflection and stress in both the
maximum cantilever state and the completed bridge state during the cantilever casting construction process. The
comparison results are shown in Figs. 4 and 5.
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Fig. 4. Cumulative deflection differences under different elastic moduli.
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Fig. 5. Stress difference between top and bottom slabs with different elastic moduli.

According to Fig. 4, the variation in the cumulative deflection difference of the main girder near the side span
and mid-span is relatively significant with changes in the concrete elastic modulus. When the concrete elastic
modulus decreases by 15%, the maximum deflection difference of the main girder near the mid-span is 0.94 mm
in the completed bridge state and 0.21 mm in the cantilever state. According to Fig. 5, during the cantilever
casting construction process, changes in the elastic modulus have a relatively minor impact on the stress. When
the concrete elastic modulus decreases by 15%, the maximum stress difference at the bottom slab of the main
girder section near the mid-span in the completed bridge state is 0.55 MPa; in the maximum cantilever state
during the cantilever casting construction, the maximum stress difference at the top slab of the main girder
section at the cantilever root is 0.30 MPa. Overall, the changes in the elastic modulus have a greater impact
on the alignment and stress when construction reaches the completed bridge state compared to the maximum
cantilever state.

Influence of prestress loss

Due to the influence of factors such as tensioning equipment, pipe friction, and prestressing tendon cross-
sectional dimensions, there will be prestress losses during the cantilever casting process. Assuming prestress
losses of 5%, 10%, 15%, and 20% during the cantilever casting construction process, an analysis is conducted to
examine their impact on the cumulative deflection and stress during the construction to the maximum cantilever
state and the completed bridge state.

According to Fig. 6, prestress losses have a significant impact on the deflection of the main girder, with the
impact on deflection in the completed bridge state being more pronounced than in the maximum cantilever
state. From the changes in the cumulative deflection difference at various locations of the main girder, the
impact of prestress losses on deflection gradually increases as the construction progresses from the 0th block
to the successive segments. Additionally, as the prestress losses increase, the deflection difference at the same
location also correspondingly increases. During the cantilever casting construction process, prestress losses have
a minor impact on the cumulative deflection near the Oth block, but have a significant impact on the cumulative
deflection near the side span and mid-span closure segments. Specifically, when the prestress losses are 5%,
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Fig. 6. Cumulative deflection difference under different prestress losses.
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Fig. 7. Stress difference between top and bottom slabs with different prestress losses.

10%, 15%, and 20%, respectively, the maximum deflection changes near the mid-span closure segment in the
completed bridge state are 1.63 mm, 3.28 mm, 4.98 mm, and 6.74 mm; in the maximum cantilever state, the
corresponding changes are 0.94 mm, 1.88 mm, 2.85 mm, and 3.84 mm.

According to Fig. 7, in the completed bridge state, prestress losses have a significant impact on the stress at the
cantilever root. Specifically, the compressive stress at the top slab of the main girder’s cantilever root decreases
as prestress losses increase; when the prestress loss is 20%, the maximum reduction is 3.72 MPa. Additionally,
the tensile stress at the bottom slab of the section increases as prestress losses increase; when the prestress loss
is 20%, the maximum increase is 1.21 MPa. Near the side span and mid-span closure segments, prestress losses
lead to a decrease in the compressive stress at the bottom slab; near the mid-span closure segment, when the
prestress loss is 20%, the compressive stress at the bottom slab decreases by approximately 2.30 MPa. In the
maximum cantilever state, the variation patterns of the top and bottom slab stresses are similar to those in the
completed bridge state. Specifically, when the prestress loss is 20%, the maximum differences in stress at the top
and bottom slabs of the cantilever root are 3.29 MPa and 0.73 MPa, respectively.

Influence of shrinkage and creep of concrete

During the construction process, the shrinkage and creep of concrete initially increase rapidly, then gradually
slow down, and eventually stabilize over the long term, significantly affecting the deformation of structural
members?®. The basic equation for the shrinkage and creep stress-strain relationship of concrete under constant
stress is*:

e(t) = E‘(’to)

(14 ¢ (¢, to)] + een (£, t0) (6)

During the cantilever casting construction process, the stresses on the cross-sections of the bridge structure
continuously change. Under variable stress conditions, according to the linear creep theory and the principle of
superposition, the above equation can be expressed as:
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() = Ty L+ et + 3 Ty L+ et to)] +eam (4 t0) ?)

t=to

where (¢, to) is the creep coefficient (with o and ¢ being the loading age and the calculation age, respectively);
E(to) is the elastic modulus of concrete at age to; €sh(t, to) is the strain caused by concrete shrinkage; Ao (¢;)
is the stress increment at time ;.

Throughout the construction process, a comparative analysis is conducted considering both the effects of
shrinkage and creep and ignoring them, as shown in Fig. 8. During the cantilever casting construction process,
the cumulative deflection difference caused by concrete shrinkage and creep is significant near the mid-span
closure segment, with a maximum difference of 2.40 mm. The stress differences at the top and bottom slabs of
the main girder near the mid-span closure segment, caused by concrete shrinkage and creep, are 0.06 MPa and
0.20 MPa, respectively. Near the cantilever root, the stress differences at the top and bottom slabs of the main
girder are 0.30 MPa and 0.03 MPa, respectively. Therefore, it is essential to consider the effects of shrinkage and
creep in the design and construction of bridges.

The influence of concrete temperature change

In prestressed concrete continuous girder bridges, after a sudden change in temperature, due to the poor thermal
conductivity of concrete, the internal temperature of the concrete structure lags behind, resulting in a temperature
difference between the inside and outside, which causes deformation in the box girder structure?>2°, Studies
were conducted with temperature gradients of 5 °C, 10 °C, and 15 °C As shown in Fig. 9, when the temperature
gradient is 15 °C, there is a noticeable sagging in the midspan of the main girder, with a maximum deflection
change of 18.32 mm; near the side spans, there is a noticeable uplifting, with a maximum deflection change of
5.91 mm. As shown in Fig. 9, the stress difference at the top slab near the closure section is 4.62 MPa, and at the
bottom slab, it is 7.37 MPa. Under the effect of temperature gradients, significant changes occur in the profile
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and stresses of the main girders; therefore, the impact of temperature on bridge structures must be given due
attention during construction.

In the construction stages of maximum cantilever and completion, the sensitivity ranking of prestressed
concrete continuous girder bridges’ stresses and deflections to the aforementioned main construction control
parameters is: prestress loss>concrete unit weight>elastic modulus. Therefore, during cantilever casting
construction, it is crucial to strictly control the construction procedures and quality of in-situ cast concrete.
Strictly control the stressing of prestressed strands at all stages of cantilever casting construction. Retension
strands that have not been stressed to the required level to ensure proper stressing. During cantilever casting
construction, concrete shrinkage and creep, as well as temperature changes, have significant effects on the
bridge’s profile and stresses. Therefore, during construction, it is necessary to consider the effects of concrete
shrinkage and creep and choose an appropriate temperature for bridge closure construction.

The worst-case scenarios for concrete unit weight, elastic modulus, prestress losses, concrete shrinkage and
creep, and temperature changes during cantilever casting to bridge completion are illustrated in a pie chart
shown in Fig. 10. As evident from Fig. 10a, temperature and prestress losses have the most significant impact on
the bridge profile during cantilever casting construction, accounting for 62.57% and 22.19% respectively. The
effects of concrete elastic modulus and concrete unit weight on the profile are relatively minor.

Figure 10b and c respectively illustrate the effects of parameter changes on the top and bottom slab stresses
during cantilever casting construction. Temperature and prestress losses have the most significant impact on
the stresses of the bridge during cantilever casting construction, accounting for 50.1% and 38.67%, respectively,
while the effects of concrete elastic modulus and concrete unit weight on the profile are relatively minor. The
overall pattern of bottom slab stresses is similar to that of top slab stresses, with bottom slab temperature stresses
and prestress accounting for 67.93% and 21.38%, respectively.

Based on the comparison of calculation results, it is known that in the bridge completion stage, the main
beam profile is most sensitive to temperature, followed by concrete unit weight and concrete shrinkage and creep.
Overall temperature differences have the greatest impact on the main beam stresses, followed by prestress losses,
concrete shrinkage and creep, and concrete unit weight. Therefore, tension-controlled prestress and temperature
field changes are primary state parameters, and their control should be strengthened during construction.
Parameters should be corrected in a timely manner based on measured elevations and stress feedback, and the
bridge numerical analysis model should be updated accordingly.

Key parameter coupling effects analysis
During bridge construction, multi-parameter uncertainties may trigger extreme adverse scenarios. Traditional
parametric analysis emphasizes variation patterns of individual parameters, whereas practical engineering
prioritizes limit states arising from concurrent multi-hazard interactions. Hence, this section quantifies
coupling effects via finite element analysis, considering: unit weight deviation (+5%), elastic modulus reduction
(—15%), prestress loss (20%), shrinkage-creep (included), and positive temperature gradient (+ 15 °C), revealing
nonlinear interaction mechanisms among parameters to establish conservative early-warning thresholds for
construction monitoring. Twelve load-case combinations were designed, with computational results for critical
coupled-effect analyses presented in Table 2. Parameter combinations remained fixed per case. Response metrics
include: maximum deflection difference (downward increment, mm); top-slab stress difference (compressive
increase = positive, MPa); bottom-slab stress difference (compressive reduction = negative, MPa).

Regarding the parametric coupling effects, the deflection control factors are analyzed as follows: The coupling
of temperature gradient (15 °C) and prestress loss (20%) dominates large deformations (Combination 12:
25.73 mm). Under their isolated coupling effect, the deflection increase is 22.63 mm (Combination 9). When
superimposed with other adverse factors, the deflection difference amplifies, exacerbating their detrimental
impact.

. I Volume weight of concrete 1.05 I Volume weight of concrete 1.05
[ | VOqu“e weight of concrete 1.05 I Elastic modulus of concrete 0.85 I Elastic modulus of concrete 0.85
B Elastic modulus of concrete 0.85 I Loss of prestress 0.8 B Loss of prestress 0.8
I Loss of prestress 0.8 Temperature gradient 15 Temperature gradient 15

Temperature gradient 15 [ Concrete shrinkage and creep
[ Concrete shrinkage and creep

[ Concrete shrinkage and creep

62.57% 30.1% 67.93%
‘:\ \/ [\ \
22.1&‘.// 3.09% \ &1 84%
7919% 423% 2138% 5079 378%
(a) Line shape (b) Stress at the top slab of the girder (c) stress at the bottom slab of the girder
Fig. 10. Pie chart of influencing factors.
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Bottom

Bulk density Temperature slab stress
variation Elastic modulus gradient Max. deflection | Top slab stress difference

No | (%) variation (%) Prestress loss (%) | Shrinkage creep | (°C) difference (mm) | difference (MPa) | (MPa)

1 0 0 0 0 0 0 0 0

2 0 0 20 1 15 24.31 3.84 -8.96

3 0 -15 0 1 15 18.88 4.78 —-6.80

4 0 -15 20 0 0 6.63 -3.87 -2.55

5 +5 0 0 1 0 2.22 —-0.56 0.42

6 +5 0 20 0 15 22.82 4.06 -9.21

7 +5 -15 0 0 15 18.97 5.00 -7.02

8 +5 -15 20 1 0 9.20 -4.30 =272

9 0 0 20 0 15 22.63 4.03 -9.17

10 0 -15 0 1 0 1.40 -0.51 -0.78

11 | +5 0 0 0 15 18.46 513 -6.70

12 | +5 -15 20 1 15 25.73 3.76 -9.26

Table 2. Calculation results of parameter coupling effect. 0 means that shrinkage and creep are not considered,
and 1 means that shrinkage and creep are considered.

Top-slab stress control factors: High temperature gradient and bulk density increase induce significant
compressive stress (Combination 11: +5.13 MPa). Elastic modulus loss mitigates compressive stress growth
(Combination 7: +5.00 MPa).

Bottom-slab stress control factors: Prestress loss combined with temperature gradient causes a sharp
reduction in compressive stress reserve (Combination 12: —9.26 MPa). Bulk density increase (+5%) and elastic
modulus variation accelerate this trend (Combination 2> 12: —8.96>—9.26 MPa).

Bidirectional effects of elastic modulus loss and shrinkage creep: (1) Top-slab stress relief: Stiffness reduction
alleviates temperature-induced compressive stress (Combination 6->12:+4.06 > +3.76 MPa); (2) Bottom-slab
stress: Tensile stress increases under identical conditions (Combination 6->12: —9.21>-9.26 MPa) due to
internal force redistribution caused by enhanced deformation. Offset phenomenon under extreme conditions:
In the fully adverse parameter combination (Combination 12), shrinkage creep coupled with prestress/elastic
modulus losses partially counteracts top-slab compressive stress (26.7% reduction vs. Combination 11).
However, this represents the most critical comprehensive state (both deflection and bottom-slab stress peak).

Based on extreme response values, tiered warning thresholds are proposed: (1) Maximum deflection
difference: >25.73 mm (Combination 12); (2) Maximum top-slab stress difference: 25.13 MPa (Combination
11); (3) Maximum bottom-slab stress difference: <—9.26 MPa (Combination 12). Risk assessment initiates
when monitoring data approach 80% of maximum differences (e.g., deflection >20.58 mm), with immediate
work suspension upon threshold exceedance. Temperature gradient and prestress loss are primary triggers
for deflection mutation, with their coupling exhibiting the dominant effect. The opposing impacts of elastic
modulus loss on top/bottom-slab stresses reveal the dual-nature role of material stiffness in multi-parameter
coupling. Although the extreme multi-parameter combination (Combination 12) does not simultaneously
maximize all indices, it represents the highest comprehensive risk level, validating the engineering necessity of
“most unfavorable scenario” design. The proposed warning thresholds establish conservative decision-making
benchmarks for construction monitoring, emphasizing risk prevention during prestressing operations in high-
temperature environments.

Construction supervision

The monitoring of the cantilever casting construction process is crucial for the successful construction of the
bridge. Monitoring data is significant for adjusting the construction process and ensuring a smooth closure
of the bridge. During the cantilever casting construction process, the box girders must be monitored in real-
time to ensure that the control analysis provides accurate feedback. For the sensitivity factors mentioned in the
previous chapters, especially those with significant impacts on bridge deflection and stress, such as temperature
and prestress, these should be closely monitored during the construction process.

All monitoring data in this study were obtained from field measurements during the construction
surveillance project for the elevated prestressed concrete continuous beam bridge on Shenyang Metro Line 3,
China. Monitoring activities covered the entire process from cantilevered construction to bridge completion
(October 2023 to August 2024).

As illustrated in Fig. 11, the construction monitoring system establishes a closed-loop dynamic control
framework. Through iterative cycles of real-time monitoring, data analysis, state prediction, and construction
adjustment, it ensures strict compliance of structural geometric alignment and stress states with design
requirements during bridge construction. The core components comprise:

(1) Construction monitoring measurements
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Fig. 11. Construction monitoring system.

Stress monitoring: Critical cross-section stresses of the main girder are continuously monitored to ensure
structural integrity during construction.

Geometry monitoring: Elevation and axial alignment of all girder segments are precisely measured to control
final bridge geometry.

Temperature monitoring: Ambient and structural temperature fields are recorded in real-time to quantify
their significant impacts on geometric alignment and stresses, providing basis for analytical corrections.

Field testing: Concrete bulk density, elastic modulus, temporary construction loads, and form traveler
deformations are measured to eliminate inherent discrepancies between theoretical models and actual structures.

(2) Computational analysis for construction control

Parametric sensitivity analysis: Identifies dominant parameters (e.g., elastic modulus, bulk density, prestress
loss, temperature gradient) affecting girder geometry and stresses, establishing prioritization for parameter
calibration.

Parametric coupling analysis: Quantifies interactive effects among concrete shrinkage creep, prestress loss,
and thermal loads to reveal comprehensive coupling mechanisms on structural responses.

Theoretical model error analysis: Evaluates inherent errors in computational models to precisely attribute
deviations between measured and predicted values.

(3) Dynamic parameter calibration and model updating

Multi-source data fusion: Dynamically updates material properties, boundary conditions, and loading
parameters by integrating sensitivity rankings, quantified coupling effects, model error diagnostics, and field
measurements.

Coupling effect incorporation: Embeds quantified parameter interactions into the calibration process,
significantly improving model-to-reality fidelity.

(4) Construction process simulation and state prediction

Utilizes the calibrated high-fidelity FEM to simulate subsequent construction stages, predicting geometric
evolution and stress distributions under construction loads.

(5) Closed-loop control implementation

Deviation adjustment: Compares predictions with design targets to compute required construction
compensations.

Instruction generation: Outputs executable construction directives for subsequent segments to directly guide
field operations.

Feedback mechanism: Establishes a complete closed-loop control cycle: Monitor > Analyze -
Calibrate > Predict > Adjust > Construct > Re-monitor.
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Fig. 12. Cross-sectional layout of linear measuring points.
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Fig. 13. Layout of linear measuring points.

Measuring point arrangement
(1) Displacement monitoring

The layout of cross-sectional and planar measurement points for profile monitoring is shown in Figs. 12 and
13, respectively. At the end of each beam segment, deformation monitoring points need to be arranged at three
positions on the top slab of the concrete: left, middle, and right. These monitoring points use preformed steel
bars, with a diameter no less than 14 mm, and should be welded to the main reinforcement of the bridge. After
the concrete is poured, the steel bars should protrude about 5 cm from the surface, with the exposed part on the
bridge surface painted with red paint.

(2) Stress monitoring

The layout of stress measurement points and the arrangement of stress measurement sections for the entire
bridge are shown in Figs. 14 and 15, respectively. The root of the cantilever and the closure section are selected as
key stress monitoring sections. Stress sensors are arranged longitudinally along the bridge, with corresponding
measurement points set on the top and bottom slabs of each section. Specifically, 3 monitoring sections are
selected for the midspan, and 2 sections for each side span, totaling 7 monitoring sections for the entire bridge.
Each section is equipped with 6 measurement points, totaling 42 stress measurement points for the entire bridge.

The stress monitoring process employs advanced vibrating wire sensors and automated data acquisition
modules, enabling efficient remote monitoring. The specific monitoring process is as follows: First, the strain
gauges are embedded and calibrated to ensure they accurately sense the strain changes in the structure. Next, the
strain gauges are connected to the automated data acquisition system, which enables automatic collection and
processing of the strain gauge data. Subsequently, the system collects temperature and strain data, which are then
uploaded to the cloud server in real time. Finally, the remote monitoring and analysis of the structure’s stress
are achieved using the device management features of the cloud platform. The embedding and calibration of the
strain gauges and their connection to the automated detection system are shown in Figs. 16 and 17, respectively.

As shown in Fig. 18, the remote monitoring automated data acquisition module constitutes the core part of
the stress monitoring system. The application of the automated data acquisition module significantly improves
monitoring efficiency and data accuracy during stress monitoring. Its advantages are mainly reflected in the
following aspects:
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Fig. 16. Strain gauge embedding and debugging.

1. Real-time monitoring: The automated data acquisition module can record stress data in real time, effectively
avoiding the time lag and errors that may occur with manual measurements, helping to promptly detect

stress anomalies during construction and providing timely basis for construction adjustments.

2. High precision: The automated data acquisition module uses high-precision sensors and data processing
technology, which can accurately record stress changes and reduce the influence of human factors on the

data.

3. Efficiency: It saves manpower and material resources, improves monitoring efficiency, and automatically

stores and transmits data.

4. Safety: It reduces the time personnel spend working in hazardous environments, thereby enhancing con-

struction safety.
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Fig. 18. Automatic acquisition module.

The entire stress monitoring process covers the embedding and calibration of strain gauges, the connection of the
automated monitoring system, data collection and uploading, and the realization of remote stress monitoring,
constituting a complete and efficient stress monitoring system.

Model validation and monitoring data analysis

Model verification

Comparison between numerical modeling results and field monitoring data (see figures below) demonstrates
minor discrepancies. Figures 19 and 20 indicate good agreement between measured and theoretical values: Side-
span and mid-span deviations range within 0-6 mm. Differential elevations at closure joints are maintained
below 10 mm, well within geometric control tolerance limits. In stress comparison plots, construction stages
0-19 correspond to completion states of concrete pouring and prestressing for Blocks #1-#9. All numerical
model validations against measured stresses show deviations controlled within +2 MPa. This verifies the
deformation behavior of the long-span high-speed railway continuous girder, demonstrating sufficient model
accuracy and engineering applicability.
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Fig. 20. Comparison between measured stress and simulated value.

Monitoring data analysis
(1) Results of deformation monitoring

During the cantilever casting construction process, deformation of the bridge after each segment’s construction
was monitored, focusing on temperature changes and the alignment and stress after prestressing, with
construction errors shown in Figs. 21 and 22. In the Figs. 21 and 22, B represents the side span side, and Z
represents the middle span side. The measured results show that the deviations of axis displacement and
deflection are both controlled within 10 mm, and the relative deviation of the closure section is less than the
specified 20 mm. Ultimately, the cantilever casting construction of the bridge was successfully completed, and
the bridge alignment meets the design requirements.

(2) Results of stress monitoring

Scientific Reports|  (2025) 15:29295 | https://doi.org/10.1038/s41598-025-14692-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Error magnitude (mm)

16 16
14 |:| Axis monitoring error 14 |:| Axis monitoring error
—— Maximum allowable error of specification —— Maximum allowable error of specification
12 ~
= 12
E
10 o 10
]
2
8 £ 8
on
<
6 § 6
E
4 a4
glallil lellall [0l Ll I
OUUNNHAR__=0llalln UHHANHNR__nfl
B9B8B7B6B5B4B3B2B1Z1727374725726 277879 B9B8B7B6B5SB4B3B2B1Z21227Z37Z47Z5767Z77Z8Z9
Beam segment number Beam segment number
(a) 2 # pier main beam (b) 3 # pier main beam
Fig. 21. Axis monitoring error.
30 30
[ ] Deflection monitoring error 1 Deflection monitoring error i
25 Maximum allowable error of specification 25 |- = Maximum allowable error of specification
g E
E20 E20
Qo Q
° <
E E
g 15 g 15
< <
g g
g 10 ‘g 10
m m
5 HH H H 5 H H
100e____aonln onne.._afnln
B9B8B7B6B5B4B3B2B1Z1272273747576 7778 Z9 B9B8B7B6B5SB4AB3B2B17Z127227374757267778 79
Beam segment number Beam segment number
(a) 2 # pier main beam (b) 3 # pier main beam
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The stress monitoring results show the stress at the root section of the cantilever, as depicted in Figs. 23 and
24, represented by the average values of three measuring points on the top and bottom slabs. During stress
monitoring, real-time monitoring data of critical construction stages were focused on. Construction stages 0
through 19 represent the completion statuses of concrete pouring and prestressing of blocks 1# through 9#.
The main girder of this bridge is made of C55 concrete, with its compressive and tensile stress norms being
24.85 MPa and 3.15 MPa, respectively. The monitoring results indicate that the stress values at each section are
within the allowable range of construction control section stress, and the construction plan meets the design
and normative requirements. The real stress at each measuring point is much less than the allowable stress of the
concrete, and the structural stress state during construction is safe and reasonable.

The results of stress monitoring at different construction stages are shown in the following Figs:

Taking the temperature at the cantilever root measuring point as an example, Fig. 25 shows the temperature
changes during the cantilever casting construction process. Solar radiation is the primary influencing factor,
causing temperature fluctuations with a daily cycle. On the temperature time history curve, this change is
manifested as regular upward and downward fluctuations, resembling “spikes,” reflecting the characteristics of
short-term temperature changes. Further analysis indicates that the temperature changes of continuous beam
bridges generally exhibit regularity with an annual cycle, indicating that temperature changes are influenced
not only by sunlight but also by other long-term factors such as seasonal changes. Despite the short-term
temperature fluctuations caused by solar radiation, the overall temperature performance of continuous beam
bridges remains stable. The structural changes resulting therefrom, including deflection and stress changes, are
all within reasonable limits and conform to relevant engineering requirements and standards. In summary, the
temperature monitoring results during the cantilever casting construction process show that continuous beam
bridges exhibit good adaptability and stability in both the construction process and bridge design, effectively
coping with natural environmental changes.
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Conclusion

With the aim of addressing the sensitivity of control parameters in the cantilever casting construction of
prestressed concrete continuous girder bridges, this study, based on the project of the prestressed concrete
continuous girder bridge of the Shenyang Metro Overpass in China, employed finite element simulation for
sensitivity analysis of the parameters, arriving at the following main conclusions:

1. Comparative analysis reveals that all construction control parameters influence stresses and deformations in
prestressed concrete continuous girder bridges under both final-completed and maximum-cantilever states.
Parameter variations exhibit more pronounced effects on cumulative deflections and stress differentials in
the final-completed state than in the maximum-cantilever state.

2. During cantilever casting, bulk density, elastic modulus, shrinkage creep, prestress loss, and thermal varia-
tions collectively affect girder deflections and stresses. Prestress loss and thermal effects prove particularly
critical. Consequently, construction protocols require: enhanced control of prestressing equipment, rigorous
quality management of strand tensioning processes, and closure operations conducted within optimal tem-
perature ranges.

3. Multi-parameter extreme combination analysis identifies the critical scenario: peak deflection differential
reaches 25.73 mm (Combination 12) with 9.26 MPa compressive stress loss at the bottom slab. Temper-
ature-prestress loss synergy dominates structural responses, while elastic modulus loss exerts differential
regulation effects on top/bottom-slab stresses.

4. Guided by parametric sensitivity analysis, critical factors were prioritized during cantilever casting moni-
toring. Implementation of a sensitivity-integrated closed-loop control system (combining real-time stress/
geometry/temperature monitoring with dynamic model calibration) confirmed that measured stresses at all
instrumentation points remained substantially below code-permissible levels, validating structural safety
throughout construction.

While this study uncovers sensitivity patterns of critical parameters, extending parametric sensitivity research to
diverse bridge typologies remains imperative. Machine learning-based predictive models for parameter coupling
effects should be developed to enhance quantification accuracy of multi-parameter interactions. Integration
of Building Information Modeling (BIM) and Internet of Things (IoT) technologies will enable intelligent
monitoring systems featuring real-time parameter calibration and bidirectional coordination between theoretical
analysis and field monitoring.

Data availability
All data supporting the findings in this study are available from the corresponding author upon reasonable
request.
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