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Bridge jacking; monitoring means. It arranges vibrating wire strain gauges and displacement
Construction sensors on the pier top section, mid-span section and side span section to obtain
monitoring; real-time monitoring data of the entire jacking process. The research results
Concrete continuous showed that the stress increment at the bottom plate compressive stress
girder bridge; measuring point on the pier top section showed a good linear growth with the
Stress analysis; jacking amount, while the stress increment at the mid-span bottom plate tensile

stress measuring point showed non-linear growth characteristics. In terms of
safety assessment, the safety factors of the most unfavorable tensile stress
measuring points were all 1.45, which was higher than the safety reserve threshold
of 1.2. The safety factors of the compressive stress measuring points reached
2.72~16.80, and the maximum displacement synchronization error of 0.26 mm
was far less than the specification limit of 1.5 mm. The results show that during
the jacking process, the compressive stress response of the pier top section is the
most significant and linearly stable, and the structure is always in an elastic
working state. This research provides reliable technical reference and theoretical
basis for the safety control of long-span bridge jacking construction.

Safety assessment
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1. Introduction

Due to the rapid development of the national transportation infrastructure, many prestressed
concrete continuous girder bridges that were constructed in the past have encountered issues like
settling of the beams, aging of the supports, and inadequate clearance beneath the bridges after
decades of use. These issues have seriously affected the normal use function and driving safety of
the bridge [1-2]. The traditional demolition and reconstruction method is not only costly and long-
term, but also causes traffic interruption and waste of resources, making it difficult to meet the
requirements of modern society for sustainable operation of infrastructure. Bridge jacking
technology is an active and efficient means of structural maintenance and renovation. It uses a
hydraulic synchronization system to lift the upper structure as a whole, and can complete support
replacement, linear adjustment or clearance modification without dismantling the bridge. It has
been utilized more frequently in bridge repair and maintenance operations both domestically and
internationally in recent years [3-4].
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Long-span prestressed concrete continuous girder bridge jacking is currently a common use for
computer-controlled hydraulic synchronous lifting technology. To create a closed-loop control
system, this method places several jacks on top of the pier and uses a central controller to gather
pressure and displacement signals in real time. Theoretically, it can control the lifting displacement
error of each fulcrum within the range of millimeters. However, long-span prestressed concrete
continuous girder bridges are high-order statically indeterminate structures with large overall
weight, high structural stiffness, and extremely sensitive to uneven displacements [5]. During the
jacking process (JP), even a small difference in fulcrum displacement will cause significant internal
force redistribution, which may lead to serious consequences such as concrete cracking in the
negative moment area of the pier top, excessive tensile stress (TS) in the mid-span positive moment
area, and even damage to the beam [6]. Therefore, it is difficult to fully ensure structural safety by
relying solely on the synchronous control accuracy of the jacking system. It must be combined with
strict construction monitoring to capture the stress response of the structure in real time to achieve
safe control of the entire JP.

At this stage, Nishio H proposed a three-dimensional finite element prestressed tension and
anchorage analysis method in view of the current situation that the traditional initial stress method
had insufficient analysis accuracy and could not calculate the impact of anchorage loss in large-
scale, high-order ultra-statically indeterminate prestressed concrete structures. The outcomes
revealed that this method could effectively calculate the anchorage loss effect and ensure that the
prestressed concrete structure after construction met the design objectives [7]. Zhang Z et al.
addressed the technical challenges in the jacking and reconstruction of urban continuous bridges
with huge tonnage, high longitudinal slopes, and high piers by proposing a construction process
analysis approach that integrates finite element analysis and on-site testing. The results showed
that the proposed construction technology could effectively solve the jacking problem, and the
internal force changes during uneven jacking were evaluated through structural analysis [8]. Gao
H et al. proposed an overall synchronous jacking design scheme that comprehensively considered
jacking height, jacking form, slope adjustment method, and weight in view of the current situation
that it was difficult to raise the bridge elevation in the jacking and reconstruction project of
concrete continuous box girder bridges. The results verified the rationality of the jacking plan
through the comparison of real-time monitoring data and theoretical values. This provided a
technical reference for similar concrete bridge jacking and reconstruction projects [9]. In light of
the current situation, where the structure does not form an integral system during the jacking
construction of long-span steel box girders and the risk of slippage and overturning under wind
load increases significantly, Tian Q et al. proposed a wind-friction coupling model based on three-
dimensional finite element analysis and static wind three-force theory. According to the findings,
the main beam's equivalent stress reached 155 MPa, and the guide beam's 60-meter cantilever
stage was the least advantageous working condition [10].

While the aforementioned studies yielded favorable experimental outcomes, the processing of
monitoring data frequently overlooked false strains induced by temperature variations. The
thermal inertia of concrete structures results in significant differences between the internal
temperature field and the ambient temperature. If no correction is made, it will directly affect the
accuracy of stress analysis [11-12]. For long-span prestressed concrete continuous girder bridges
utilizing bridge jacking technology and construction monitoring, this study suggests a stress
analysis and safety assessment approach. Among them, the stress analysis uses vibrating wire
strain gauges and displacement sensors arranged on the pier top section, mid-span section (MSS)
and side span section to obtain real-time monitoring data of the entire JP. This reveals the variation
pattern of key section stress with jacking amount and the strain distribution characteristics along
the beam height. Safety assessment is based on stress safety factor, displacement synchronization
error and other indicators to establish a comprehensive safety assessment system to achieve
quantitative identification and graded early warning of the structural safety status during the
entire JP. This study obtains real-time monitoring data of the entire JP through vibrating wire strain
gauges and displacement sensors arranged on the pier top section, MSS, and side span section. This
can reveal the change pattern of key section stress with jacking amount and the strain distribution
characteristics along the beam height. The innovation of this research lies in proposing a
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comprehensive methodological framework for safety monitoring and assessment specifically
tailored for long-span prestressed concrete continuous girder bridges during jacking. This
framework systematically integrates multi-source information, including stress distribution along
the beam height, on-site temperature correction, stress safety factors, and displacement
synchronization errors, while establishing a graded warning criterion based on the most
unfavorable indicators. Although the specific numerical findings are case-dependent, the sensor
layout principles, temperature correction procedures, and safety classification standards
embedded in this framework are systematically transferable, providing a methodological reference
for safety control in similar bridge jacking projects.

Compared with existing studies, the potential academic contributions of this research are as
follows: (1) It fills the gap in the quantitative evidence of temperature correction in the monitoring
of uplift construction. (2) It reveals the differentiated growth patterns of stress responses in the
directly affected area (at the pier top) and the indirectly affected area (at the mid-span), providing
a theoretical basis for the optimization of measurement points and the prediction of risk zones.

2. Methods and Materials

2.1 Engineering Overview

The bridge under investigation in this study is a three-span prestressed concrete continuous box
girder bridge with a span arrangement of 80 m+130 m+80 m. It was constructed in 2004 and has
been in service for approximately 22 years. Due to long-term service, the bridge has experienced
support aging and insufficient under-bridge clearance, which seriously affects normal traffic safety.
Therefore, the integral hydraulic synchronous jacking technology is adopted to lift the
superstructure by a target elevation of 200 mm without demolishing the bridge. The original
bearings are pot rubber bearings. During the jacking construction process, the bridge is fully closed
to traffic, and the load conditions only consider the dead load (self-weight) and secondary dead
load (pavement and parapets), without considering live loads. The temporary support system
adopts steel cushion blocks, and four 200t hydraulic jacks are arranged at each jacking pier. The
two-dimensional elevation layout and cross-sectional dimensions of the bridge are shown in Figure
1.
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Fig. 1. Plan view and cross-sectional dimensions of the bridge layout
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2.2 Bridge Jacking Construction Technology and Monitoring Plan

Bridge jacking is a complex mechanical process, so strict construction monitoring must be
combined during the jacking implementation process. The study first elaborates on the technical
details of synchronous jacking of long-span bridges, as well as the monitoring scheme for key
section stress, displacement and other parameters. This can provide a basis for theoretical analysis
of models and assessment of structural safety. Large-span prestressed concrete continuous girder
bridges are extremely sensitive to uneven displacement due to their large total weight and high
structural stiffness [13-14]. Therefore, the lifting system must use computer-controlled hydraulic
synchronous lifting technology. Its core components include hydraulic pump station, jack,
displacement sensor, pressure sensor and central controller, forming a closed-loop control system.
The relevant diagram is shown in Figure 2.
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Fig. 2. Hydraulic synchronous lifting system schematic diagram

In Figure 2, the determination of the lifting force is the basis of the scheme design. Theoretically,
the required total jacking force F,;,; should be less than the sum of the dead load reaction forces
of the bridge, taking into account the second-stage dead load and possible over-top reserves. The
relevant mathematical expression is shown in Equation (1).

n
Fiotar = k - Z Rgi (1)
i=1

In Equation (1), Ry; represents the dead load reaction force of the ith fulcrum. n indicates the
quantity of supports involved in jacking. k represents the safety factor, which is used to overcome
static friction resistance and ensure a smooth JP. In addition, the additional lifting force F, ;o4 of
each jack needs to satisfy the constraints shown in Equation (2).

Fratea = Frota Y (2)

In Equation (2), m represents the number of jacks, and y represents the uneven coefficient. During
the actual jacking operation, the measured hydraulic pressure for each 200t jack ranged from 12.5
MPa to 18.2 MPa, corresponding to actual lifting loads of 98 kN to 143 kN per jack, with a total
jacking force of approximately 1,920 kN under the 20 mm jacking condition. These values are
within the rated capacity with a sufficient safety margin. The size of the piers, the placement of the
supports, and the temporary support system must all be taken into consideration while designing
the jack plan. During the project, four 200t hydraulic jacks are arranged symmetrically on the top
of each lifting pier along the cross-bridge direction, and reliable temporary steel supports are set
up for protection. In synchronous jacking technology, its core lies in displacement synchronization
and load balance. That is, the control system adopts a strategy of displacement closed-loop control
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as the main part and pressure closed-loop control as the supplement. The displacement error
Agrror during the JP must be strictly controlled within the allowable range to prevent the beam
from cracking. The relevant mathematical expression is shown in Equation (3).

|Aerror| = |§0i - (pjl < [A] (3)

In Equation (3), ¢; and ¢; display the actual jacking displacement of adjacent fulcrums
respectively. [4] represents the allowable displacement difference. The purpose of construction
monitoring is to capture the evolution of the structure's internal forces during the JP and prevent
irreversible damage to the structure. The monitoring content mainly includes concrete strain,
structural displacement, and temperature field of key sections. First, in terms of the layout of stress
measurement points, vibrating wire strain gauges are used for stress monitoring. It has the
advantage of directly measuring frequency and converting it into strain [15-16l. Among them, the
strain measured by the vibrating wire strain gauge is the total strain &:.,; of concrete, and the
temperature effect and non-stress strain need to be deducted. The mathematical expression of the
mechanical strain &, actually used in stress analysis is shown in Equation (4).

Emech = E€total — €T — Esh (4)
In Equation (4), e represents the temperature strain, and &g, represents the concrete
shrinkage strain. The stress o, of concrete can be calculated by Equation (5).

o.=E;- (anech - gﬁgech (5)
In Equation (5), €0, represents the initial mechanical strain before the start of jacking.
Displacement monitoring includes jacking displacement and overall structural deformation. High-
precision displacement sensors were arranged at each jacking point to directly measure the jack
stroke. Additionally, precision levels or total stations are arranged at key locations in the middle
and side spans of the main span to monitor the impact of jacking on adjacent spans. Figure 3 depicts
the arrangement of stress and displacement measurement sites.
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Fig. 3. Schematic diagram of stress and displacement measurement points layout

Figure 3 displays the location of the stress and displacement measuring points (MPs) on the bridge
facade. Finally, temperature changes are the most important source of interference in strain
measurements. To eliminate the influence of temperature, this study first sets up temperature
compensation blocks at the same cross-section position of the bridge and pasted compensation
strain gauges. Meanwhile, a temperature sensor is buried to record the temperature gradient inside
the beam. The actual stress correction can be based on the material thermal expansion coefficient,
and the relevant mathematical expression is shown in Equation (6).

Ocorrected = Ec - (€m — @ - AT) (6)
In Equation (6), AT represents the temperature change relative to the reference moment, and E,
represents the elastic modulus of concrete. The temperature measurement uncertainty is +0.1°C
for the PT100 sensors, resulting in a maximum strain measurement error of approximately +1.2 pe
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after temperature correction, which is negligible compared with the measured strain variations. If
the temperature difference increases, the thermal correction term would grow proportionally, and
larger thermal gradients may induce additional TS in the concrete, potentially reducing the safety
margin. Nevertheless, the correction formulas remain valid as long as the concrete stays in the
elastic range without thermal cracking. Six temperature compensation blocks (150 mm x 150 mm
x 300 mm, same C50 concrete) are placed at the same cross-sections as the strain gauges,
positioned in shaded areas away from direct sunlight. Embedded PT100 platinum resistance
temperature sensors (accuracy +0.1°C) are installed inside the mid-span web (10 cm from concrete
surface) and in the ambient environment (1.5 m below the bridge bottom) to monitor internal
concrete temperature and ambient temperature simultaneously. All temperature sensors operate
at the same sampling frequency as the strain gauges, and the collected data are used for
temperature correction in Equation (6). The data of all sensors are recorded in real time through
the automated data collection system, and the sampling frequency is dynamically adjusted
according to the jacking conditions. All vibrating wire strain gauges and displacement sensors were
calibrated by the manufacturer prior to installation, with calibration certificates traceable to
national standards. The measurement uncertainty of the strain gauges is +3 pg, and that of the
displacement sensors is £0.01 mm, as specified by the instrument datasheets. The flow of data
collection and processing is shown in Figure 4.
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acquisition
r—=—-—-----—-—"-----=-- - l_ _ ___________ |
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Real-time monitoring and early warning I
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Fig. 4. Data collection and processing flowchart

In Figure 4, the original signal is stored in the database for subsequent analysis after filtering,
temperature correction and outlier removal.

2.3 Stress Analysis and Safety Assessment Theoretical Model
2.3.1 Stress Analysis

After obtaining the real-time stress and displacement data of each key section during the JP, it is
necessary to further establish the corresponding theoretical analysis model. This can reveal the
redistribution rules of the structure's internal forces during the JP and quantitatively evaluate the
overall safety status of the bridge. Taking into account the shrinkage, creep and temperature effects



Guo / Research on Engineering Structures & Materials x(x) (xxxx) Xx-xx

of concrete, stress increment during the JP is a key indicator to evaluate the safety of the structure.
Among them, the stress increment Ag;(t) of the ith MP at time t can be calculated based on
Equation (7).

Aoi(t) = E¢ - [&(t) — (t0) — B - (T;(t) — T;(20)) — esn (V)] (7)

In Equation (7), 8 displays the linear expansion coefficient of concrete. T;(t) and T;(t0) represent
the temperatures at t time and t0 time respectively. A finite element model of the full-bridge spatial
rod system is developed in order to uncover the evolution law of the structural internal force during
the jacking procedure. In the model, the main beam is simulated using beam elements, the
prestressed effect is applied in the form of equivalent load, and the boundary conditions are
simulated based on the actual bearing layout and jacking conditions. The JP is simulated by the
forced displacement of the support nodes, and the structural response under different jacking
conditions can be obtained through static analysis [17-18]. During the P, the redistribution of internal
forces in the bridge structure mainly results from changes in supporting conditions. For a
continuous girder bridge, when a vertical displacement 1 occurs at a certain fulcrum, the
relationship between the change amount 4R of the support reaction force at the fulcrum and the
displacement amount can be expressed based on Equation (8).

AR = kn (8)
In Equation (8), k represents the vertical stiffness coefficient at the fulcrum, which depends on the
overall stiffness of the structure and boundary conditions. Correspondingly, the cross-section
bending moment variation A4M (x) at a distance from the jacking fulcrum k can be expressed based
on Equation (9).

AM(x) = AR - 0(x) 9)
In Equation (9), 8(x) represents the influence line function value, which reflects the bending
moment contribution of the change in the fulcrum reaction force to the far section. Based on the
finite element model, the theoretical stress values of each key section during the JP can be
calculated. Among them, the theoretical stress aj“” (n) of the jth section under the action of the
jacking amount 7 can be calculated based on Equation (10).

Q,(m) | N;(m)
e A P AL
W, A

J J

o' (m=o]

(10)

In Equation (10), table ajo represents the initial stress before jacking. O'jo and N;(n) represent the
section bending moment and axial force changes caused by jacking respectively. W; represents the
section bending modulus. A; represents the cross-sectional area. A full-bridge beam-element
model was established using Midas Civil (C50 concrete, 126 elements), with prestress applied as
equivalent loads. Jacking was simulated by forced support displacements (0~20mm). Since the
structure remained elastic throughout, ordinary reinforcement contributes negligibly to
macroscopic stiffness and its effect was incorporated through section transformation. The
theoretical displacements computed by FEA are consistent with the measured jacking strokes, and
the deviations between theoretical and measured stresses are within 8.7%, validating the
reasonableness of the model parameter selections.

The finite element model is established using Midas Civil (Version 2021). The main girder is
discretized into 126 beam elements, with nodes arranged at pier tops, mid-span sections, and every
5 m along the span. Prestressing effects are applied as equivalent nodal loads, and boundary
conditions are simulated according to the actual bearing layouts. The forced displacement method
is used to simulate jacking at the support nodes. Model validation is performed by comparing the
computed theoretical stresses with measured data at representative measurement points under
the 20 mm jacking condition. The deviations are within 8.7%, confirming that the model
parameters and mesh density are reasonable for engineering analysis.

2.3.2 Security Assessment Theoretical Model

Based on the above analysis, a structural safety assessment index system suitable for the jacking
construction process is established. This system comprehensively considers three aspects: stress
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level, deformation control and structural stability. On the stress safety factor, define the stress
safety factor K; of the ith MP, and its mathematical expression is as displayed in Equation (11).

o]

max
0;

In Equation (11), [o] displays the code allowable stress. g/*** represents the maximum measured
stress at the MP during the JP. K; > 1 means that the stress is within a safe range at this time,
otherwise it means that it has exceeded the limit, and the jacking needs to be stopped immediately
and countermeasures must be taken. Meanwhile, the allowable stress is determined according to
Section 6.3 of the "Design Specifications for Highway Reinforced Concrete and Prestressed
Concrete Bridges and Culverts" (JTG D62-2004): The compressive allowable stress for C50
concrete is 16.2 MPa, and the tensile allowable stress for Class A prestressed components is 1.325
MPa. Among the displacement synchronization control indicators, the displacement
synchronization error during the JP needs to meet the requirements of Equation (3). Meanwhile,
the overall synchronization index u is defined. The relevant mathematical expression is as shown
in Equation (12).

n
u =12Mx 100% (12)
= Savg

In Equation (12), §; displays the actual displacement of the ith jacking point. §,,,4 displays the
average displacement of each jacking point. n displays the quantity of lifting points. Meanwhile,
the smaller the p value, the higher the synchronization. Based on the above indicators, this study
divided the structural safety status during the JP into three levels. The relevant diagram is shown
in Figure 5.

Level II-a alert zone
K;=1.2 and A =1.5mm

Displacement error: 0.6 mm

Displacement error: 1.8 mm

Level I security zone
Level II-b alert zone

Ki=1.2 and A<1.5mn/

Pressure safety factor(Xj)

Ki=1.2 and A<1.5mm

Y

Fig. 5. Safety assessment level classification diagram

Note: The stress safety factor threshold of 1.2 is determined according to Section 6.3 of JTG D62-2004 for the
temporary condition stress limit; the displacement error limit of 1.5 mm is determined according to Section 18.3
of JTG/T 3650-2020. The measured stress values used for K; calculation have been temperature-corrected by
Equation (6).

In Figure 5, the structural safety status is divided into Level I (safety), Level I (alertness) and Level
Il (danger). Among them, the Grade I regional structure has reasonable stress, coordinated
deformation, and is in a flexible working state without any signs of safety risks. The Level Il area is
divided into two sub-areas a and b. Among them, the stress reserve in the II-a region is sufficient,
but the displacement synchronization error exceeds the limit. The displacement synchronization
in the II-b region is good, but the stress safety factor is low. In the Level III area, the stress safety
factor is insufficient and the displacement synchronization error exceeds the limit. Double
unfavorable factors are superimposed. The structural stress in this area is close to the allowable
level and the safety reserve is insufficient. Although it has not exceeded the limit, there is no spare
capacity to cope with unexpected loads or disturbances.
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3. Results
3.1 Stress Analysis During JP

All analysis results presented in Section 3 are derived from either the on-site monitoring data
collected by the sensors described in Section 2.3 or the finite element model established in Section
2.4.1. The measured strains have been temperature-corrected using Equation (6), and the
theoretical values are computed from the FEA model. Each measurement point is identified by its
unique label in the corresponding figures and tables, enabling clear traceability of every data point.

To facilitate the review process, Table 1 summarizes the expanded analysis coverage in the revised
manuscript compared with the initial submission, along with the corresponding location of each
addition.

Table 1. Summary of expanded analysis coverage in the revised manuscript

Aspect Added/expanded content
Bridge Span arrangement, pier height, girder dimensions, construction year,
information jacking reason, target elevation, bearing type, load conditions, traffic status
Temperature Compensation block specifications and placement; temperature sensor
compensation type, accuracy, and locations
Finite element Software (Midas Civil), element type and number (126 beam elements),
modeling model validation (deviation < 8.7%)

Sz_if.ety. Clarification that temperature-corrected stresses are used for K; calculation

classification

A large-span prestressed concrete continuous girder bridge described in this study has a span
arrangement of 80 m+ 130 m+80 m, and the main beam is made of C50 concrete. Real-time
monitoring data during the jacking construction process are used to analyze the stress change
patterns of key sections. The stress MPs are arranged in three key sections along the longitudinal
direction of the bridge: MPs S01~S08 are arranged at the pier top section (A-A), MPs S09~S16 are
arranged at the MSS (C-C), and MPs S17~S20 are arranged at the MSS (B-B) on the left. Among
them, MPs are evenly distributed along the beam height direction from the top plate to the bottom
plate (BP) in each section to fully capture the stress distribution characteristics. To reveal the
regional regularity of jacking effects, three types of representative MPs are selected for focused
analysis: MP S07 of the BP of the pier top section (area directly affected by jacking), MP S15 of the
BP of mid-span MSS (area indirectly affected by jacking), and MP S11 of the BP of MSS on the left
(control area). The whole process of jacking is gradually loaded from 0 mm to the designed jacking
amount of 20 mm, with a load-holding stage set in the middle. The sampling frequency is 1 Hz in
the jacking stage and 0.1 Hz in the load-holding stage. The study first analyzes the comparison curve
of key section stress changes with jacking amount. Figure 6 displays the findings.

In Figure 6, the stress increment of SO7 shows a stable linear growth trend as the jacking amount
increases. It gradually increases from -0.23 MPa when the jacking is 2Zmm to -2.35 MPa when the
jacking is 20mm, with an average growth rate of -0.117 MPa/mm. This shows that the stress
response of the area directly affected by jacking has good linear characteristics and the structure is
in an elastic working state. The TS increment of S15 shows obvious nonlinear growth
characteristics: in the 0~10mm stage, the TS increases from 0 to 0.58 MPa. At the 10~20mm stage,
the TS increases from 0.58 MPa to 1.28 MPa. The results show that as the amount of jacking
increases, the indirect impact of jacking on adjacent spans gradually increases, and the force
redistribution effect within the structure becomes more significant. As a control point, S11's stress
increment always fluctuates in the range of -0.08~0 MPa, with the maximum absolute value only
0.08 MPa, which is less than 3.4% of the maximum stress of the pier top section. In summary, the
pier top section's compressive stress reaction is the most important during the JP, followed by the
MSS's TS. The side span section is mostly unaffected. The distribution of pier top section strain
throughout the beam height is also compared in this study. Table 2 displays the findings.
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Table 2. Incremental stress at key sections during each lifting stage ()
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S05 1.6 -78 -91 -104 -13 -26
S06 1.2 -52 -61 -70 -9 -18
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—=— T01 Internal temperature of the beam —=— T01 Internal temperature of the beam —=— T01 Internal temperature of the beam
—o— T02 Atmospheric environment temperature —e— T02 Atmospheric environment temperature —o— T02 Atmospheric environment temperature
—— Temperature difference TO1 - T02 —+— Temperature difference TO1 - T02 —4— Temperature difference TO1 - T02
~ 184 L ~ e —~ oo —————— —o
I ) 2(} v' 20’ I ———
S S et T
144 £1s) £ 15
« < «
5 124 5 5
£101 10 g10
2 2 2
3 Y E E
5 6 5 5 9
§ 4 - g
N e, 20 .
30 25 20 5 10 0 10 20 30 40 50 60 70 80 90 100 110 120
Time (min) Time (min) Time (min)
(a) Base period (b) Lifting period (c) Hold period

Fig. 7. Time course of temperature field variation

In Table 2, the compressive strain at the top of the beam (TOB) (S01) is -182¢, the strain near the
bottom of the beam (BOB) (S08) is Opg, and the strain at the middle MP decreases linearly as the
height decreases. When lifting by 10mm, the strain increment of each MP ranges from -30p¢ at the
TOB to +6pe at the BOB. When the beam is lifted 20mm, the compressive strain increment at the
TOB reaches -60u¢, and the tensile strain increment at the BOB reaches +12pe. Further analysis of
the position of the neutral axis shows that the neutral axis height is about 0.037m in the initial state.
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When the lift is 10mm and 20mm, the neutral axis heights calculated from the strain increment are
0.372m and 0.360m respectively. Both are basically stable and within the range of 0.36~0.37m
above the BOB. In summary, during the JP, the cross-sectional strain on the pier top is always well
linearly distributed along the beam height, and the structural response is within the elastic range.
This study further compares the temperature field change time history curves. The results are
shown in Figure 7.

Figure 7(a), (b), and (c) show the comparison of temperature field changes in the base period,
jacking period, and load holding period respectively. Among them, TO1 (inside the beam body) is
buried inside the mid-span MSS web, 10cm away from the concrete surface, reflecting the internal
temperature of the concrete. T02 (atmospheric environment) is arranged in the shadow of the
bridge, 1.5m away from the BOB, reflecting the ambient temperature of the construction site.
Overall, the entire JP lasted 2.5 hours, and the ambient temperature gradually increased from the
initial 16.5°C to the highest 21.3°C. The internal temperature of the beam body slowly increases
from 18.2°C to 19.7°C. Although the temperature difference is relatively small, if no correction is
made, the temperature error at the measurement point can reach 0.25 MPa (accounting for 10.6%
to 21.7% of the corrected stress), and its impact on the determination of the safety factor (close to
the 1.2 threshold) cannot be ignored. In terms of temperature difference changes, the beam
temperature during the reference period is higher than the ambient temperature. In the middle
period of jacking (about 20~30 minutes), the two are basically the same, and the temperature
difference approaches zero. The ambient temperature rises above the beam body's temperature in
the later phases of jacking and load holding, with the greatest temperature differential occurring at
-1.8°C (in the early stage of load holding). During the entire process, the temperature of the beam
body always fluctuates within the range of 18.2~19.7°C, and the change is relatively gentle, while
the ambient temperature fluctuates greatly.

The comparison of stress increment values before and after temperature correction, as well as the
correction amount during the entire JP of the BP MP S07 on the top section of the pier, is studied
and analyzed. Table 3 displays the findings.

Table 3. Stress comparison before and after temperature correction (measurement point S07)

Lift . Temperature Post-correction Correction
height Pr.e-correctlon stress correction term stress increment percentage
(mm) increment (MPa) (MPa) (MPa) (%)

0 0 0 0 0

2 -0.18 -0.05 -0.23 21.7
4 -0.38 -0.08 -0.46 17.4
6 -0.59 -0.11 -0.7 15.7
8 -0.81 -0.13 -0.94 13.8

10 -1.03 -0.15 -1.18 12.7

12 -1.25 -0.17 -1.42 12.0

14 -1.47 -0.19 -1.66 11.4

16 -1.69 -0.21 -1.90 11.1

18 -1.91 -0.22 -2.13 10.3

20 -2.10 -0.25 -2.35 10.6

In Table 3, from the overall trend, the pre-correction stress increment gradually increases from -
0.18 MPa when the jacking is 2mm to -2.10 MPa when it is 20mm, while the post-correction stress
increment increases from -0.23 MPa to -2.35 MPa. Both increase linearly with the increase in
jacking volume. The temperature correction term gradually increases with the JP, from -0.05 MPa
at 2mm to -0.25 MPa at 20mm. In terms of the proportion of corrections, the corrections in the
initial stage of jacking accounted for as high as 21.7%. As the jacking amount increases, the true
stress gradually increases, and the correction amount gradually decreases to 10.6% at 20 mm, but
the absolute correction amount still reaches 0.25 MPa. This shows that the relative importance of
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the temperature effect is more prominent in the small stress stage. Although the proportion
decreases in the large stress stage, the absolute error cannot be ignored.

3.2 Safety Assessment of JP

In the stress analysis of the JP, the study further evaluates the safety of the JP. The study first

analyzes the distribution of stress safety factors at representative MPs. The results are shown in
Figure 8.
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Fig. 8. Distribution of stress safety factor at measurement points

In Figure 8, overall the stress safety factors of all MPs are greater than 1.0. This shows that the
structural stress during the JP is always within the allowable range of the code. The safety factors
of the bottom TS MP S08 of the pier top section beam and the bottom TS MP S15 of the mid-span
MSS beam are both 1.45. This shows that the TS zone is the most unfavorable control part during
the JP. In terms of compressive stress MPs, the safety factor of SO01, the top MP of the pier top beam,
is 2.72, and the safety factor of S09, the top MP of the mid-span beam, is 4.04. All indicate that the
compressive stress reserve is sufficient. The safety factor of S07, a MP for compressive stress at the
bottom of the pier top beam, is as high as 9.65, which is much higher than the safety requirements.
The middle span on the left is used as a comparison area. The safety factor of the TS MP S11 at the
BOB reaches 23.25, and the safety factor of the compressive stress MP S17 at the BOB is 16.80. The
stress Level [s extremely low. In summary, all parts of the structure are in a safe state during the
entire JP, and the most unfavorable TS parts still maintain a safety reserve of more than 45%. The
overall structure is safe and controllable. The study further compares the displacement of each
jacking point. Figure 9 displays the findings.

—a—Do1
~ ——D02

0T ( —a— D03

2 | —a— D04

16 f

¢ |

R |

2

g

Fig. 9. Displacement time history at each lifting point
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In Figure 9, D01 and D02 represent the two jacks on the left side of the pier top transverse bridge,
and D03 and D04 represent the two jacks on the right side of the pier top transverse bridge. On the
whole, the speed of each jacking point is controlled between 0.33~0.35 mm/min, and the designed
jacking amount of 20 mm is reached simultaneously at 60 minutes. Meanwhile, the maximum
deviation between each jacking point appears at 55 minutes. The difference between the D02
displacement of 18.62 mm and the D04 displacement of 18.36 mm is 0.26 mm. This value is far
smaller than the 1.5 mm limit allowed by the specification. During the load-holding stage (60~90
min), the displacement of each jacking point is stably maintained at 20 mm, and there is no visible
displacement change or retraction. This proves that the hydraulic locking performance of the
jacking system is reliable and the structural deformation has become stable. In summary, the
displacement synchronization of each fulcrum during the JP is good, and the maximum error is far
below the specification limit. This study further analyzes the comprehensive safety assessment at
different working condition stages, and conducts a comprehensive safety level assessment based
on the stress safety factor and displacement synchronization error of the most unfavorable TS MP
S08. Table 4 displays the findings.

Table 4. Comprehensive safety assessment under typical operating conditions

Work condition number 1 2 3 4
Lift amount (mm) 2 10 20 24
Work condition stage Initial lifting ~ Mid-lifting Late lifting ~ Holding load
stage stage stage stage
Stress safety factor 12.50 2.94 1.45 1.45
Displacement synchronization 0.06 0.18 0.25 0
error (mm)
Safetv level Level I Level I Level I Level I
Y (Safety) (Safety) (Safety) (Safety)

In Table 4, as the jacking amount increases, the stress safety factor gradually decreases from 12.50
in the early stage to 1.45 in the later stage. The displacement synchronization error gradually
increases from 0.06 mm to 0.25 mm. The most unfavorable working condition is 20 mm in the later
stage of jacking, when the stress safety factor drops to the minimum value of 1.45 and the
displacement error reaches the maximum value of 0.25 mm. However, the two indicators are still
far higher than the safety reserve threshold of 1.2 and far less than the specification limit of 1.5
mm. In summary, the structure is always in a safe and controllable state throughout the entire JP,
and all four of the normal working situations have Level I (safety) ratings. The study finally analyzes
the stress change rate at the observation point, is expressed in the form of the midpoint of the
interval (that is, lmm represents the jacking amount interval of 0-2mm). The results are shown in
Figure 10.
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Fig. 10. Comparison of stress rate changes
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Figure 10 The rate of stress change at the key measurement points varies with the lifting height. In
Figure 10, the change rate of the compressive stress MP SO7 on the top of the pier is stable between
-0.115~-0.120 MPa/mm throughout the whole process, with a fluctuation amplitude of less than
5%. The rate of change of the mid-span roof compressive stress MP S09 is also basically stable
within the range of -0.042~-0.048 MPa/mm. The change rate of the TS MP S08 on the pier top
shows a continuous slow growth trend, while the change rate of the TS MP S15 on the mid-span
floor shows an obvious low-high-low symmetrical peak shape. This reflects the different laws of TS
response in different parts. In summary, no local damage or nonlinear behavior occurs in the
structure during the entire JP, which verifies that the structure is always in an elastic working state.
To examine the applicability of the assessment method to bridges with different spans, a
parametric extension analysis was conducted using the calibrated FEA model: the mid-span length
was adjusted to 100m and 160m while keeping the section geometry, prestress layout, and jacking
displacement (20mm) unchanged. The stress safety factors at key sections were calculated and
presented in Table 5.

Table 5. Stress safety factors at key sections under different mid-span lengths (20mm jacking
displacement)

Mid-span length Compressive stress safety factor at pier TS safety factor at mid-span

top section section
100m 2.54 1.38
130m (reference
bridge) 2.72 1.45
160m 2.31 1.29

As shown in Table 5, as the span increases from 100m to 160m, the compressive stress safety factor
at the pier top decreases from 2.54 to 2.31, and the TS safety factor at the mid-span decreases from
1.38to 1.29, all remaining above the code threshold of 1.2. This indicates that the structure remains
safe within the 80~160m span range, and the proposed assessment framework has potential
applicability across different spans.

4. Discussion and Conclusion

To explore the structural stress mechanism and safety status of a long-span prestressed concrete
continuous girder bridge during the jacking construction process, this research was based on
hydraulic synchronous lifting technology and high-precision construction monitoring methods.
Combining stress analysis and safety assessment theoretical models, the study conducted a
systematic study on the entire JP of a three-span prestressed concrete continuous box girder
bridge. This study obtained real-time monitoring data during the JP through strain and
displacement sensors arranged on the pier top section, MSS, and side span section. Moreover, it
established a comprehensive safety assessment system based on stress safety factor, displacement
synchronization error, and other indicators.

The research results showed that the stress increment at the BP compressive stress MP S07 of the
pier top section showed a good linear growth with the jacking amount (average growth rate -0.117
MPa/mm). The mid-span mid-span mid-floor TS measurement point S15 showed non-linear
growth characteristics (the later growth rate was 20.7% faster than the previous period). This
showed that the force in the area directly affected by jacking was stable, and there was an internal
force redistribution effect in the area indirectly affected by jacking. The cross-sectional strain on
the pier top was always linearly distributed along the beam height, and the neutral axis height was
stable at 0.36~0.37m. In terms of safety assessment, the safety factors of the most unfavorable TS
MPs S08 and S15 were both 1.45, and the safety factors of the compressive stress MPs reached
2.72~16.80. The maximum error of displacement synchronization of 0.26 mm was far smaller than
the specification limit of 1.5 mm. The comprehensive evaluation of the four typical working
conditions was all Level I.

Compared with existing studies that focused on mesoscopic damage mechanisms [19] or nonlinear
numerical safety formats [20], the present study provides a field-data-driven framework with
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temperature correction and graded warning criteria specifically for jacking construction. The
practical significance of this research lies in providing a reusable technical process for monitoring
during the lifting construction: The construction team can quickly design the monitoring plan based
on the point layout principles proposed in this study (top of the pier + mid-span + edge span three
sections), eliminate the interference of temperature differences by using the temperature
correction formula, and determine the structural status in real time according to the three-level
warning thresholds. This process does not rely on the specific mechanical parameters of a specific
bridge type and has clear engineering promotion value.

The main original findings of this research are:

e The compressive stress response in the directly affected area (pier top) shows stable linear
growth, while the TS response in the indirectly affected area (mid-span) exhibits nonlinear
accelerated growth, revealing that internal force redistribution intensifies with increasing
jacking amount;

e Temperature correction is essential for safety assessment accuracy, as uncorrected data may
introduce errors of 10.6% to 21.7% in safety factor determination;

e The proposed three-level warning system based on code-specified thresholds provides a
practical and transferable framework for real-time safety control during bridge jacking,
distinguishing this study from existing numerical-simulation-only or material-level
investigations.

In summary, the stress analysis and safety assessment methods based on measured data used in
this study can effectively reveal the structural response patterns during the JP. Although this study
achieves good results, it does not involve the impact of time-varying effects on structural safety
such as stress redistribution in the long-term service stage after jacking is completed. Future
research will deploy a long-term monitoring system on the bridge after the jacking is completed to
continuously track the time-varying laws of structural stress, deformation and dynamic
characteristics.

List of Abbreviations

e ]P:Jacking process

TS: Tensile stress

MSS: Mid-span section

MP: Measurement point

BP: Bottom plate

TOB: Top of beam

BOB: Bottom of beam

FEA: Finite element analysis
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