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ABSTRACT

Complex bridge structures designed and constructed by humans often necessitate extensive on-site execution,
which carries inherent risks. Consequently, a variety of engineering practices are employed to monitor bridge con-
struction. This paper presents a case study of a large-span prestressed concrete (PC) variable-section continuous
girder bridge in China, proposing a feedback system for construction monitoring and establishing a finite element
(FE) analysis model for the entire bridge. The alignment of the completed bridge adheres to the initial design
expectations, with maximum displacement and pre-arch differences from the ideal state measuring 6.39 and
17.7 mm, respectively, which were less than the 20 mm limit required by the specification. Additionally, the stress
monitoring showed that the maximum compressive stress was 10.44 MPa, which was 7.5% different from the
finite element results, and better predicted the most unfavorable possible location. These results demonstrate that
a scientifically rigorous construction monitoring and feedback system can ensure the safety of bridge construction
and meet the expected construction standards. The findings presented in this paper provide valuable insights for
bridge construction monitoring practices.
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1 Introduction

In recent decades, large-span prestressed concrete (PC) variable-section continuous girder bridges have
garnered significant attention in bridge construction due to their robust spanning capacity, elevated under-
bridge clearance, and seamless traffic flow [1-3]. The design and construction of these large-scale bridge
structures rely heavily on human decision-making and financial investment. However, statistics indicate
that more than 50% of accidents during the bridge construction phase involve girder bridges, with
construction activities being the primary contributing factor [4]. Safety incidents during bridge
construction not only result in significant economic losses but also endanger the safety of construction
personnel. The occurrence of such accidents can be attributed to major causes, including unsafe
conditions and unsafe behaviors [5]. However, the commitment to good practice by construction
personnel and rigorous monitoring of the structure can significantly enhance construction safety [6].
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Furthermore, numerous engineering cases highlight that the intricate design and construction of such
complex structures entail considerable inherent risks, necessitating vigilant monitoring and proactive
mitigation measures throughout the construction process [7—10].

Hence, increasing attention from scholars and engineers is directed towards monitoring bridge
construction processes. For instance, Zasukhin et al. [11] underscored the importance of structural stress-
strain monitoring during construction, citing several engineering cases. Such monitoring guides the
construction process, offering timely feedback on structural conditions and mitigating operational
emergencies, thereby enhancing structural safety and longevity. Li et al. [12] employed finite element
(FE) methods to ensure smooth and secure construction, identifying critical risks through stress
monitoring during bridge jacking procedures. Yin et al. [13] analyzed and discussed construction
monitoring techniques for large-span V-structure tie arch bridges, emphasizing the need for both
economic feasibility and scientific rigor. Inaudi et al. [14] utilized fiber optic deformation sensors to
oversee railroad bridge construction, providing valuable insights for controlling construction processes
and preventing structural cracking during bridge slippage. Zhang et al. [15] monitored the cable-stayed
ropes force during the construction of a large-span cable-stayed bridge and analyzed the bridge alignment
and main girder stresses. The results demonstrated that the measured values were in good agreement with
the theoretical values, thereby providing greater assurance regarding the construction of the bridge.
Similarly, Idriss [16] effectively monitored the construction of a high-performance PC highway bridge
using buried sensors, systematically measuring material properties and prestress loss. Collectively,
research and practical experiences demonstrate that construction monitoring is indispensable for ensuring
the safe construction of bridges. By scrutinizing various aspects of structural development, construction
monitoring identifies potential risks and corresponding mitigation strategies and guarantees the attainment
of desired construction outcomes.

This paper focuses on the construction of a large-span PC variable-section continuous girder bridge in
Guangzhou, China. The construction process of the bridge is divided into two stages: (a) the main girder
construction stage and (b) the bridge rotation construction stage. Before the rotation construction stage,
comprehensive construction monitoring was diligently conducted throughout the main girder construction
stage to ensure the seamless advancement of the construction stage and adherence to design
specifications. Construction control measures were implemented, including formwork elevation, bridge
alignment, and structural stress management. A FE model was developed to compare with on-site
measured data. A comprehensive construction monitoring feedback system was also proposed to guide
the construction process and standardize the operation process of the construction personnel. Results
indicate that the feedback system, rooted in scientific theory, effectively ensures that structural
performance meets expected requirements, thus ensuring the smooth completion of the bridge. Moreover,
the practices and monitoring systems implemented in this bridge construction serve as valuable references
for future bridge construction monitoring endeavors.

2 Prototype Bridge Descriptions and Simulation Work

2.1 Prototype Bridge

The prototype SF/SG Ramp Bridge forms part of a railway bridge in Guangzhou, China. It constitutes a
PC variable-section continuous girder bridge, necessitated by its traversal over multiple rail tracks, featuring
a maximum longitudinal slope of 5.9% and a transverse slope of 2%. It is designed for a travel speed of
50 km/h and boasts a span distribution of 82.5 m + 82.5 m. As illustrated in Fig. 1, the bridge spans
165 m long, with a beam section height of 9 m at the pier and 3 m at the side span. The bottom of the
box girder follows a parabolic curve, transitioning from 7 m at the pier center to the merging section. The
cross-section comprises a box with five chambers, maintaining a standard width of 25 m. Construction
material comprises C55 grade concrete, while the prestressing system employs a three-dimensional
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tendon approach, utilizing high-strength-low-relaxation steel strands. These strands, boasting a nominal
diameter of 15.2 mm and a standard strength of 1860 MPa, are deployed in the transverse, longitudinal,
and vertical directions of the main girder.
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Figure 1: Configuration of the prototype bridge (unit: cm)

It is noteworthy to highlight that the main girder of the bridge comprises nine segments, all of which
were fabricated at the specified location utilizing the full-support cast-in-place methodology. Each
segment underwent a rigorous curing process lasting seven days, and subsequent prestressing was applied
once its compressive strength attained 90% of the prescribed design value, ensuring optimal structural
integrity and performance.

2.2 Finite Element Model

Fig. 2 presents the FE model of the SG/SF Ramp Bridge. The entire bridge model of the SF/SG Ramp
Bridge was established by using the beam element [17] in FE analysis software to evaluate the stress level in
the construction process. The model consists of 120 nodes and 110 elements. During construction, the
superstructure and the pier are temporarily consolidated, with the 0# block (situated at the bridge pier)
fully constrained to support. In addition, the construction of the girder segments was carried out
simultaneously on both sides, and the construction period of each segment was about 28 days.
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Figure 2: The FE model of the SF/SG Ramp Bridge

Fig. 3 presents the schematic diagram illustrating the deflection and theoretical camber of the bridge
derived from the results of the FE model. The maximum deflection caused by the permanent load is
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observed at the connection of the right cast-in-place section, measuring 112.5 mm. The deflection resulting
from a half-live load is nearly symmetrical along the pier axis, with the right side experiencing a slightly
larger deflection, reaching a maximum of 3.9 mm. This discrepancy arises because, despite the left and
right ends being symmetrical in the main view, the top view (see Fig. 1) reveals that the right side is
wider than the left, creating an asymmetry. Consequently, the effects of self-weight differ between the
two sides. As a result, the theoretical pre-camber on the right side is higher than on the left, with the
maximum pre-camber occurring on the right side.
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Figure 3: Schematic diagram of deflection and theoretical pre-camber of the bridge (unit: mm)

3 Establishment of Construction Monitoring and Control System

3.1 The Significance of Construction Monitoring

The PC continuous girder bridge was constructed using cast-in-place methods with full-tower support
and segmental casting. The construction process consists of multiple cycles, each of which involves the
erection of formwork, pouring of concrete, and prestressing of steel strands. The prestressing tension was
implemented in all three principal directions, namely longitudinal, transverse, and vertical. The bridge’s
steel strands arrangement encompassed the top slab, web, and bottom slab of the box girder.
Consequently, deviations from the design displacement values can occur at each stage due to changes in
the construction process. Suppose these deviations are not promptly identified and corrected through
effective construction control. In that case, they can result in the girder line shape failing to meet design
specifications or compromising structural integrity during construction. To ensure the vertical
displacement of the main girder remains within permissible limits and the bridge deck aligns properly
upon completion, it is crucial to establish clear guidelines for controlling the main girder’s deflection,
stress, and other construction parameters. Effective management and control of these parameters during
construction are essential to ensure the bridge’s safety and that the main girder conforms to the design
requirements after construction is completed.

3.2 Construction Monitoring and Control System

A comprehensive construction monitoring and control system based on multi-party coordination has
been established to facilitate the smooth progression of the main girder construction stage, as depicted in
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Fig. 4. This system integrates contributions from both the bridge design and construction teams, ensuring
seamless collaboration and standardize the operation process of the construction personnel.
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Figure 4: The construction monitoring and control system of the SF/SG Ramp Bridge

The design system is responsible for providing the theoretical design indices of the bridge before
construction begins. The construction system comprises two main components: the Real-Time
Measurement Section (RMS) and the On-Site Testing Section (OTS). The RMS monitors the geometric
and mechanical changes of the structure in real-time during the construction process. The OTS tests the
actual mechanical properties of the materials used and assesses the bridge loads. Together, these
components supply essential parameters for construction control calculations. By integrating these
parameters with the design indices, the construction control calculation system can offer reliable metrics
and predictive adjustments for subsequent construction steps, ensuring the bridge is constructed according
to design specifications and safety standards. In the construction process, the implementation of the
subsequent step in the construction must be carried out subsequent to the completion of the preceding
step and its fulfillment of the requisite standards. This is to preclude the amplification of errors that may
have arisen in the preceding step from being compounded in the subsequent step.

4 Structural Monitoring and Analysis
4.1 Monitoring Control Projects

4.1.1 Bridge Alignment Monitoring

During the casting process of the main girder, the elevation control of the girder section formwork is
crucial for ensuring that the girder’s line shape is smooth and conforms to design requirements.
Therefore, it is necessary to calibrate and control the height of the formwork before casting. However, the
formwork elevation during actual construction often differs from the designed bridge elevation,
necessitating the incorporation of a certain pre-camber to offset deformation caused by various factors,
such as temporary loads and bracket deformation [18,19]. The specific calculation method for this pre-
camber is shown in Eq. (1). The value for bracket deformation is determined through a pre-compression
test, which is accounted for in the construction process.

Hyi = Hyi + > Hyi+ Y Hoi + Hy; + Ha; + Hsi + Hy (1)
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where, H,,,—Stage i formwork elevation, H;—Stage i design elevation, ZH;—Sum of deflections generated
by the self-weight of the girder section at stage i during this and subsequent construction stages,
YH,—Deflection caused by prestressing tensioning at this stage and prestressing tensioning at subsequent
construction stages at stage i, Hz—Deflection due to concrete shrinkage and creep at stage i,
H,—Deflections due to temporary construction loads during the stage i, Hs,—Take the 1/2 value of the
deflection caused by the service load during the stage 7, H_—Bracket deformation value.

After each construction cycle, comprehensive measurements must be conducted to analyze the
discrepancies between the actual construction outcomes and the expected targets. This analysis allows for
timely adjustments to correct any errors that have already occurred. The forecast for the subsequent
construction cycle can only proceed once the required accuracy is achieved. According to the Chinese
code “Inspection and evaluation quality standard for highway engineering (JTG F80/1-2017)” [20], the
deviation between the finished bridge’s alignment and the designed alignment must be within £20 mm,
with a merging error within 20 mm.

Fig. 5 illustrates the elevation measurement point arrangement of the SG/SF Ramp Bridge. Fig. 5a
displays the longitudinal alignment monitoring points along the entire bridge, using the bridge deck at the
centerline of the abutment as the reference point, with monitoring extending to both sides. Fig. 5b shows
the transverse measurement points of the bridge section. The longitudinal and transverse elevations of the
bridge were monitored to ensure that the structure conforms to the designed height. All measurements
were subject to comprehensive monitoring via the use of total stations.
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Figure 5: Elevation measuring point arrangement of the SG/SF Ramp Bridge: (a) Full-bridge longitudinal
linear monitoring points; (b) Transverse measuring point of the bridge section (unit: cm)

4.1.2 Construction Stress Monitoring

The construction period of bridges is often lengthy, necessitating continuous stress monitoring
throughout the entire construction cycle. This monitoring is indispensable for assessing whether the
structural and mechanical parameters meet predetermined criteria and providing timely data to guide
subsequent construction phases. In this project, stress monitoring was conducted using steel string strain
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gauges known for their robust strain accumulation capabilities and resilience against interference, making
them ideal for long-term observation.

Fig. 6 illustrates the key cross-sections and instrument arrangement for stress monitoring across the
bridge. Six locations were selected as stress monitoring cross-sections, symmetrically distributed on both
sides of the bridge abutment. The ZX-216AT embedded temperature-type vibrating wire strain gauges
were used, which allows for automatic correction of stress monitoring results based on the internal
temperature of the concrete. Following their installation and testing for compliance, all sensors
were calibrated.
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Figure 6: The arrangement of stress measuring points of SG/SF Ramp Bridge: (a) Monitoring section of the
whole bridge; (b) The bridge section monitoring points (unit: cm)

Hyperstatic structures constructed using reinforced concrete are subject to secondary internal forces and
stress redistribution between reinforcement and concrete due to the shrinkage and creep of concrete.
Consequently, the stress changes detected by sensors must account for the effects of concrete shrinkage
and creep [21-24]. During normal bridge operation, when the elastic stress is less than 40% of the elastic
limit, it is reasonable to assume that the creep strain is proportional to the initial elastic strain [25]. This
allows the application of the iterative principle to the elastic strains generated by various factors in the
elastic phase. For concrete with an initial stress o(zp) applied at time 7o, and subsequent stress increments
Ao(z;) applied incrementally at different times 7; (i = 1, 2, ..., n), the total strain, including shrinkage
strain, at any subsequent time ¢ can be expressed as Eq. (2) [24]:

B a(7o) n Ao(t;)
o(670) = FES 1+ ()] + 3, G 1+ (a5 + ) &)
where, (79)—Initial stress applied at the moment z,; E(r)—Modulus of elasticity of concrete at age 7; &,(¢, 7o)
—The shrinkage strain of concrete at the moment ¢ is calculated using the Chinese code [26]; @(z, 79)—The
coefficient of creep, which was calculated using Chinese code [26].
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Let the data be collected immediately after each applied stress increment A(z;), i.e., the observation
moment ¢; = 7;, then the expressions for the moments 7o, 7;:

_ om0, 70) — s(m0, 70)] -

o(t0) = 1 + (0, %0)] E(79) 5
{0 -t 01 - 50

Ao(t) = TR E(ty) "

where, &(zy, 79)—Strain observation needs to be subtracted from the initial measurement value of the sensor.

Similarly, the stress expression at the moment z; can be derived as:

a (7o) i-1 Ao (t,) E(t)
Ao(t;) = < e(t,70) — &5(Ti,T0) — 14+ ¢(ti,10)] — 1+ o(t;, T, e (5)
(20 = {oe10) = o) = T+ o)) = 300 G 1k o]

Therefore, at the moment of 7;, the elastic strain of concrete at the measuring point after deducting the
shrinkage and creep effects is:

ot n Ao(t;
&(ti,70), = EETEB + Zi:l E((r,)) ©6)

Additionally, since the heat of hydration at the initial setting has not yet caused a rise in concrete
temperature, and concrete contraction has not occurred, the strain gauges monitoring value at this initial
setting moment was generally chosen to set the initial stress value. This approach ensures that the strain
gauges do not record stress growth before the concrete is subjected to any load.

4.2 Monitoring Results and Discussion

4.2.1 Bridge Alignment Monitoring

Fig. 7 illustrates the final girder section casting and the vertical displacement of the entire bridge
following prestressing tensioning. The overall displacement after concrete pouring indicates a higher left
side and lower right side, potentially due to the inherent asymmetry of the bridge and the varying weights
of the concrete in the poured sections. Despite this, the maximum difference between the measured and
calculated displacement is only 6.23 mm, demonstrating that the overall displacement aligns well with the
calculated results. Fig. 7b depicts the displacement of the bridge after the final stage of prestressing
tensioning, marking the near completion of the overall construction process. On the right side, a
significant displacement occurs approximately 70 m from the beam centerline, attributed to changes in the
local force distribution caused by the final stage of prestressing tensioning. The maximum difference in
this case is only 6.39 mm, indicating that the structural displacement is well controlled, with a maximum
error of under 10 mm.

Fig. 8 compares the bridge’s contours after the final construction phase is completed. The overall pre-
arch lineal shape after the completion of concrete placement and after the completion of prestressing tension
is the same. This indicates that the structural displacements induced by the completion of the final stage of
prestressing tension are accumulated in the different sections, resulting in the structure continuing to increase
in displacement error. The structure arch will be further increased due to the action of the reverse moment
after prestressing tension. Benefiting from the monitoring and control of all steps, after all construction
phases were completed, the maximum difference between the measured line shape and the ideal line
shape was 17.7 mm, which was less than the limit of £20 mm specified in the specification.
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Figure 7: Comparison of displacements during the main girder construction stage: (a) Displacement after
the last stage of concrete pouring; (b) Displacement after the last stage of prestressing tensioning
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Figure 8: Bridge alignment in the construction stage

Fig. 9 illustrates the bridge alignment under Phase II constant loads after the bridge was paved. At this
phase (Phase II), the bridge has been merged, and the deck facilities have been installed. The colored area in
the Fig. 9 indicates the regional alignment of the prototype bridge, showing that the overall alignment meets
expectations, with a maximum error of 6 mm, which conforms to the specification requirements.

Monitoring results of the bridge alignment demonstrate that throughout the construction process, the
bridge alignment varies across different construction phases. Therefore, it is essential to monitor the
alignment at each phase and make timely corrections and adjustments based on the measurement results
in subsequent construction phases to prevent the accumulation of errors.
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4.2.2 Structural Stress Monitoring

According to the monitoring above program, stress monitoring of the structure accompanied the entire
bridge construction process, with real-time feedback provided to inform subsequent construction steps. The
stress monitoring results and calculated stresses for the girders of the bridges in this project, upon completion
of construction, are presented in Table 1. Given the extensive volume of monitoring data, only the data for the
midpoints of the top slab and bottom slab in the six control sections are shown here. The results obtained
from the sensors were used to calculate the stresses in the concrete structure by deducting the shrinkage
and creep produced by the concrete.

Table 1: Cross-section stress measured value and calculated value

Section Initialization  Final measured Stress increment with Stress Concrete
location value (MPa) value (MPa) shrinkage and creep (MPa) increment stress (MPa)
(MPa)

Section TM 36.30 87.30 51.00 37.23 6.78

1-1 BM 85.00 137.00 52.00 38.23 6.96
Section TM 52.30 109.30 57.00 41.25 7.51
2-2 BM 39.90 119.30 79.40 57.29 10.44
Section TM 93.20 147.20 54.00 39.47 7.19
3-3 BM 32.90 93.60 60.70 44.07 8.03
Section TM 68.30 124.20 55.90 40.77 7.43
4-4 BM 25.80 82.90 57.10 40.80 7.43
Section TM 35.70 91.90 56.20 41.53 7.56
-5 BM 58.80 133.70 74.90 54.99 10.02
Section  TM 39.00 89.00 50.00 36.07 6.57
6-6 BM 91.00 143.10 52.10 37.73 6.87

Note: The positive stress value in the table indicates compression and the negative value indicates tension.

Fig. 10 compares the concrete stresses in the top and bottom slabs of the bridge with the theoretical
values. The stresses in the top slab tend to be higher in the middle and lower on both sides. The
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difference from the theoretical values increases closer to the middle due to the increased pre-compressive
stresses in the middle of the girder segments that are poured on both sides after prestressing tensioning.
The measured concrete stresses in the middle of the bottom slab, as shown in Fig. 10b, are symmetrically
distributed at the symmetrical locations of the bridge, and the theoretical values are generally close to the
measured values. The higher concrete stresses on both sides may result from the significant increase in
pre-compressive stresses after tensioning the prestressing bundles in the bottom slab of the last cast girder
section. Stress monitoring will continue after the bridge has completed the second phase of constant load
placement, such as deck pavement loading. All monitored stresses in the project comply with the Chinese
code [27] requirements of a limited value of o, < 0.70f], = 24.85 MPa (Where, o', represents concrete
compressive stress; f., represents the concrete standard value of axial compressive strength) for concrete
normal compressive stress at the edge of the cross-section of prestressed concrete bending members under
transient conditions, such as construction loads from prestressing force and the member’s weight,
ensuring safe construction and building integrity.
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Figure 10: Comparison of the measured value and theoretical value: (a) The middle of the top of the cross-
section; (b) The middle of the bottom of the cross-section
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5 Conclusions

This paper employs the SF/SG Ramp Bridge in China as a case study for engineering analysis. During
the bridge’s construction, a comprehensive monitoring program was implemented to assess the alignment
and stress levels. The resulting data was analyzed to identify key insights, which are presented below:

(1) Construction monitoring is crucial to the bridge construction process. This paper proposes a
construction monitoring feedback system to guide the construction process. The system clarifies the
monitoring content, including field testing, and integrates it with theoretical analysis to inform subsequent
construction phases. The practical application demonstrates that this construction monitoring feedback
system ensures the bridge construction is conducted safely and meets the final design requirements.

(2) Linear monitoring of the bridge was conducted, and the results indicated that the bridge’s alignment
conformed to the design requirements upon completion of construction. The maximum difference between
the vertical displacement and the ideal state after prestressing tensioning was 6.39 mm, and the maximum
difference between the pre-arching degree and the ideal state was 17.7 mm. These differences fall within
the specified limits.

(3) Concrete stresses after the completion of bridge construction were monitored using embedded
sensors. The monitored concrete stresses met the code’s limit requirements, closely matched the
theoretical values, and exhibited a symmetrical trend along the centerline. The final stage of prestressing
tensioning increased the compressive stresses in the concrete top slab and the bottom slabs on both sides
of the bridge.
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