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Abstract: When a steel box girder is constructed using the jacking method, the contact area between
the jack and the bottom of the girder is subjected to complex forces, and it is very critical to ensure
the local stability of the girder. When the phenomenon of unsynchronized jacking occurs, it will lead
to changes in the contact area and affect the structural safety. In order to solve the above problems,
this paper takes the background of the incremental launching construction of the main bridge across
the Yellow River on Jiao Ping Expressway, adopts the Midas FEA NX 2021 finite element software
to establish a finite element hybrid unit model under the maximum cantilever condition for the
first time, and analyzes the local stresses in this state. The results show that the local maximum
equivalent stress of the steel box girder is 198.301 MPa, which meets the requirements. The effect
of jacking asynchrony on the structural forces is analyzed by simulating jacking asynchrony in the
local model. The results show that both vertical jacking asynchrony and lateral deflection will lead
to an increase in local stresses in the steel box girder and even steel yielding. On the basis of the
above single-parameter study, a two-parameter correlation analysis is carried out to obtain the two-
parameter control equation of jacking, the control threshold of the vertical jacking height difference
is formulated to be 15 mm, and the dynamic control of lateral deflection is realized according to
the control equation. Through comparison, it is found that the two-parameter control threshold
of jacking synchronization is reduced, which can supplement the unfavorable state missed during
single-parameter control and is a safer and more effective means of control.

Keywords: bridge engineering; multiscale model; incremental launching; stress analysis; synchronization
control

1. Introduction

With the rapid development of science and technology, traffic volume is increasing
day by day, and China’s transportation network is gradually expanding and improving. As
bridges serve as choke points for traffic, people have increasingly higher requirements for
their span and construction scale. With the development of modern control theories, control
systems, and equipment, incremental launching construction methods have gradually
been improved. The incremental launching construction method has many features such
as a high control accuracy, no impact on the traffic under bridges, a large span, and a
high efficiency.

In 1959, Dr. Leonhardt and Prof. Bauer of the former Federal Republic of Germany
successfully applied the incremental launching method for the first time in the construc-
tion of the Ager Bridge in Austria, marking the birth of this process and also laying the
foundation for the construction of future long-span bridges [1]. With the research and
development of computer control technology and automation equipment, the incremental
launching construction method has also gradually been applied to the construction of steel
box girders. At the end of 2003, the steel box girder section of Chiapas Bridge in Mexico,
which was constructed using the incremental launching method, was 1208 m long, with
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a total weight of more than 9000 t, which rewrote the record of incremental launching
construction for the same kind of bridge [2]. China’s incremental launching construction
started relatively late. The Dijiahe Bridge on the West Yan Railway, built in 1977, used the
incremental launching construction for the first time, achieving a breakthrough in the span
of the bridge [3].

Incremental launching construction is generally used in the construction of bridges
with large spans or across lines. During the construction process, the cantilever length is
large and there are many adverse factors [4]. Therefore, bridges constructed using this
method should be carefully monitored to control the construction process [5–8]. The main
contents of incremental launching construction control are line control and the realization
of stress-free lines [9–12], stress control, and synchronized control [13].

In the incremental launching construction method, a change in the contact state be-
tween the jack and the beam will cause the local stress on the beam to be more complex.
Moreover, due to the thin-walled structural characteristics of steel box girders, it is easy
to cause excessive local stress during incremental launching construction. Therefore, it is
important to analyze the local forces in the beam during incremental launching construc-
tion. Wang [14] analyzed the local stress in the support region under the most unfavorable
working conditions in incremental launching construction, and proposed two improve-
ment measures: the partial thickening of steel plates and adding a corner stiff rib, which
effectively improved the local stress condition of the girder. Xu Weimin [15] used the
gravitational search algorithm to improve the SVR (support vector regression) algorithm,
and successfully predicted the local stress of the steel box girder in incremental launching
construction. The friction between the base of the beam and the support was not considered
in any of the above studies. In response to this question, Tian Zhongchu [16] developed
a finite element model for the bridge jacking process. The deflection at the front end of
the guide beam and the stresses in the girder section at the root of the cantilever were
analyzed. Improvement measures were proposed for the problem of excessive deflection
at the front end of the guide beam. Wang [17] established finite element modeling of
the incremental launching of open-ended steel box girders, and analyzed the stress and
strain during the process of incremental launching; it was found that open-ended steel
box girders provide a good structural stability during incremental launching construction.
Markovic [18] pointed out that increasing the contact area between the base of the girder
and the piers can effectively increase the localized load-carrying capacity of the girder.
Truong [19] proposed a new method for predicting the local stresses of stiffened steel
plate girders in incremental launching construction using the XGBoost algorithm, and its
prediction results were compared with those predicted by machine learning methods such
as Support Vector Machines (SVM), Decision Trees (DT), Random Forests (RF), Adaptive
Boost (Adaboost), and Deep Learning (DL), verifying the superiority of this method.

All of the above studies are based on the condition that the right and left jacks are
in the same working condition. However, when multi-point jacking, the unsynchronized
operation of jacks on both sides will cause the tilting of the girder or a lateral offset of
the axis, which will affect the normal progress of the incremental launching construction.
Therefore, it is important to correct lateral offset during incremental launching construction.
Yu Haibin [20] believes that every jack location should be monitored for lateral offset and
designed a convenient and effective lateral offset test system. Li Xianghong [21] carried
out mathematical statistics on the monitored lateral offset of the beam, pointed out that
the lateral offset during incremental launching construction obeys a normal distribution,
and based on this, a lateral offset control threshold was proposed. Li Lanqiang [22] utilized
round thick steel bars instead of steel plates as lateral limiting devices, which significantly
reduced friction without affecting the limiting effect. Xu Shengqiao [23] proposed a two-
point limiting method, which reduced the number of limiting devices in incremental
launching construction; this method is easy to operate and effectively solves the problem
of the trajectory being difficult to control during the incremental launching construction
of curved girder bridges. In addition to this, the study of stress changes in the girder
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caused by unsynchronized jacking is also an important part of the control of incremental
launching construction. Li Chuanxi [24] established a finite element model to analyze
the changes in local stress when lateral offset or unsynchronized vertical jacking occur
during incremental launching construction. The analysis pointed out that both lateral offset
and unsynchronized vertical jacking would lead to an increase in local stresses and even
the yielding of the steel. Zhu Liming [25] analyzed the force on asymmetric slotted PC
beams under lateral offset and proposed that the control threshold of lateral offset could
be relaxed to 96 mm. Wang Jinliang [26] carried out numerical simulations of the stress
changes caused by lateral offset and found that the lateral offset has a greater impact on
the beam stresses in the middle and late stages of a cycle of incremental launching. Kuang
Siqin [27] considered the risk of lateral offset in the risk evaluation index of incremental
launching construction, and utilized the fuzzy comprehensive evaluation method to carry
out a risk assessment of the dependent project in order to prevent accidents. However,
existing studies have focused on the single-parameter study of synchronization in steel box
girder incremental launching construction, i.e., with both lateral offset and unsynchronized
vertical jacking occurring separately. However, in actual construction, both situations may
occur at the same time, which may exacerbate the local stress change [28]. Therefore, it is
very important to study the local stress of the beam under the action of two parameters.

In this paper, we propose establishing a finite element model for steel box girder
incremental launching construction to analyze the local force on the girder in the support
region under the maximum cantilever condition and stress changes in the beam body
when lateral offset and unsynchronized vertical jacking occur. A correlation analysis
of the two-parameter study is conducted, and a two-parameter control equation for the
synchronization of incremental launching construction is proposed to supplement the
unfavorable states that are omitted in single-parameter control, and to make up for the
shortcomings of single-parameter control.

2. Bridge Structural Parameters

This article relies on the project for the incremental launching construction of the main
bridge of the Jiaozuo-Xingyang section of the Jiaozuo-Pingdingshan Expressway across the
Yellow River. The bridge structure type is a steel–concrete combined girder. Compared to a
reinforced concrete girder, a steel–concrete combined girder can reduce structural dead-
weight, reduce seismic effect, reduce cross-section size, increase the effective use of space,
save the molding process and templates, shorten the construction period, and increase the
ductility of the girder, etc. Compared to a steel girder, it can reduce the amount of steel
used, increase stiffness, and increase stability and integrity. Compared to steel beams, it can
reduce the amount of steel, increase stiffness, increase stability and integrity, and enhance
the fire resistance and durability of the structure. In recent years, steel–concrete combina-
tion beams have been more and more widely used in China’s urban overpass girders and
building structures, and are developing in the direction of a large span. The application
practice of steel–concrete combined beams in China shows that they have the advantages
of both steel and concrete structures, with significant technical and economic benefits and
social benefits suitable for the national conditions of China’s capital construction, and are
one of the main development directions of future structural systems. The total length of the
main bridge is 3656 m, and the span layout is 6 × (6 × 100 m) + 1 × 50 m, with a total of
7 sections. The bridge deck width is 16.55 m, and a 2% unidirectional transverse slope is set
on all of them. The cross-section of the main girder is shown in Figure 1. In order to reduce
the maximum cantilever length of the main girder and the negative moment at the pivot
point, a steel guide beam was set up at the front end of the main girder, the length of the
guide beam was 61 m, and the incremental launching arrangement is shown in Figure 2.
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Figure 2. Incremental launching arrangement.

3. Finite Element Modeling
3.1. Module Selection and Meshing

In this paper, the Midas FEA NX finite element analysis software is used to establish
a local “beam-shell-solid-contact” finite element model of the steel channel beam under
the maximum cantilever condition. The maximum cantilever condition is when the guide
beam is about to reach pier 142 and the cantilever length reaches 100 m. The shell unit
is selected to model the 8 m long girder section supported by the cantilever root on pier
143 in detail, and the geometric model is shown in Figure 3. The remaining main girders,
guide girders, and hollow web truss-type diaphragm are selected to be modeled with beam
units, and rigid connections are established in the part where the beam unit meets the
shell unit to make their nodes coupled. The rigid connection is shown in Figure 4. Solid
units are selected for modeling the pads. The material of the main girder and steel guide
beam is Q345qD steel with a density of 7850 kg/m3, a modulus of elasticity of 210 GPa,
Poisson’s ratio of 0.3, and the pads are made of rubber pads with a modulus of elasticity of
30 MPa. The overall mesh size of the main beam is 100 mm. The whole beam is divided
into 24,379 cells.

3.2. Boundary Condition Simulation

The contact between the steel channel beam base plate and the mat is of the highly
accurate face–face discrete cell type, with the steel channel beam base plate as the master
face and the top face of the mat as the slave face. The contact form is general contact (only
compression and no tension in the normal direction, which can be de-embedded), with
no friction in the tangential direction. A constraint is set at each pier in the elevation to
constrain its degrees of freedom in x (the transverse bridge direction) and z (the vertical
bridge direction).
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3.3. Load Simulation

First, gravity is applied to the structure and the acceleration of gravity is taken as
−9800 mm/s2. Secondly, the self-weight of the diaphragm as well as the ribbed plate is
applied in the form of concentrated loads at the corresponding nodes of the beam unit
at magnitudes of −261,995 N (pivot diaphragm), −60,155 N (hollow diaphragm), and
−12,057 N (ribbed plate). A multi-scale model of the steel channel beam is shown in
Figure 5. The initial position of the pad is shown in Figure 6.
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4. Local Stress Analysis

The allowable stress of Q345qD steel is 233 MPa. Observing Figure 7, it can be
seen that, under the maximum cantilever condition, the stress level in the contact region
between the pads and the steel channel beam is high, which is mainly stressed by the
components located in the contact region. Observing the stress cloud (Figure 8) of the
components located in the contact region (base plate, web, longitudinal stiffening ribs of
the base plate, and hollow web diaphragm system) reveals that the maximum equivalent
stress is located at the location of the base plate in direct contact with the pads, with a
magnitude of 198.30 MPa. The web is not in direct contact with the pads, but it is located
within the direct contact of the pads and has a high stress level with a magnitude of
196.51 MPa due to the deformation coordination. The longitudinal stiffening ribs of the
base plate and the transverse bulkhead are still at a certain distance from the pads, and their
stresses mainly come from the coordination of deformation, with maximum equivalent
stresses of 101.71 MPa and 74.85 MPa, respectively, and the overall stresses being small.
The rest of the locations have lower stress levels and a better degree of stress diffusion,
and the girder section, as a whole, is in a safe state, which ensures smooth incremental
launching construction.
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5. Study on Single-Parameter Control of Synchronization in Incremental
Launching Construction

The project’s jacking equipment is symmetrically arranged, with one set of jacking
devices at each pier, including jacks for the vertical jacking of the beam, jacks to push the
beam forward, and jacks to correct the lateral offset, etc. The jacking device is controlled
by the center control system. Ideally, the left- and right-side jacks would maintain the
same height of vertical jacking and the same distance of travel in the direction of the
bridge in each cycle, thus allowing the beam to move forward smoothly. However, in
the actual construction process, it is difficult to keep the working status of the left and
right jacks at the top of each pier consistent due to errors of the jack control system and
sensor system or the difference in the friction force, etc. [29]. When there is a difference
between the vertical jacking heights of the left and right jacks, the girder will rotate around
the bridge axis, thus generating a deflected load; when there is a difference in the jacking
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distance between the left and right jacks, the jacking thrust combined force does not
coincide with the bridge axis, resulting in the lateral offset of the girder, which causes
the contact position to change, leading to changes in the force of the girder, and, as the
girder continues to be spliced together side by side, the lateral offsets will be gradually
accumulated and even the phenomenon of instability is likely to occur. Therefore, it
is necessary to study the phenomenon of jacking desynchronization that occurs during
incremental launching construction.

5.1. Stress Changes Due to Unsynchronized Vertical Jacking

The state of unsynchronized vertical jacking under the maximum cantilever condition
in jacking construction is simulated by applying forced displacement in the Z direction
(vertical bridge direction) to the base of the left pad in the model, and analyzing the stress
changes in the steel box girder members under this state. The proposed vertical jacking
height differences are: 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm for a comparative analysis.

When there is a difference in the vertical jacking height between the right and left
jacks, the girder will rotate around the bridge axis. From Table 1, it can be seen that the base
supports the reaction force of the right-side pad (the side with a smaller vertical jacking
height) in the occurrence of unsynchronized vertical jacking, the side with the smaller
vertical jacking height is subjected to a larger support reaction force, and the size increases
with an increase in the jacking height difference. Vertical jacking height difference is shown
in Figure 9.

Table 1. Change in support force on the lower side of vertical jacking.

Difference in Vertical Jacking Heights/mm 0 5 10 15 20 25

Reaction force/KN 1368.12 1434.25 1492.39 1537.88 1563.82 1570.09
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Figure 9. Schematic diagram of vertical jacking height difference.

From Figure 10, it can be seen that the maximum equivalent stress values of each
steel box girder component increase with the vertical jacking height difference due to the
occurrence of the bias load phenomenon. It can also be noticed that there is a difference
in the sensitivity of the steel box girder components to unsynchronized vertical jacking.
The stress levels in the longitudinal stiff ribs of the base plate and diaphragms increase
faster, indicating that are were more sensitive to unsynchronized vertical jacking. In
contrast, the unsynchronized vertical jacking between the roof plate and the longitudinal
stiffening ribs of the web plate does not have a significant effect on their stress levels due
to their long distance from the contact area. The above pattern is consistent with that
described in the thirtieth document [30]. The reliability of the model is verified. When
the vertical jacking height difference is 15 mm, the overall stress level of the beam is low,
and when the height difference reaches 20 mm, the maximum equivalent stress of the base
plate reaches 244.45 MPa, which exceeds the permissible stress of Q345qD steel, and is
prone to structural instability and damage. Therefore, 15 mm is initially considered as
the vertical jacking height difference control threshold for the single-parameter control of
jacking synchronization.
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5.2. Stress Changes Due to Lateral Offset

When no lateral offset occurs, the pads are positioned on both sides of the beam axis,
symmetrical about the axis. When lateral offset occurs, the contact position will be shifted
from side to side. The lateral offset of the beam in incremental launching is simulated
by changing the relative position of the pads and the base plate of the steel box girders,
and the changes in the local stresses of the main components at lateral offsets of 10 mm,
20 mm, 30 mm, 40 mm, and 50 mm are analyzed, respectively, and the results are shown in
Figure 11.
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From the figure, it can be seen that, with an increase in the lateral offset distance,
the pads on one side are gradually deflected away from the web on that side and close
to the outermost longitudinal stiff rib of the base plate. At this time, the base plate and
the longitudinal stiff rib of the base plate are involved in more stress, and the maximum
equivalent stress and deformation gradually increase. Due to the coordinated deformation
of the structure as a whole, the maximum equivalent stresses of the web and the diaphragm
are gradually increased. In contrast, the maximum equivalent stresses in the roof plate
and longitudinal stiff ribs of the web, which are farther away from the contact region, do
not change significantly. When the lateral offset exceeds 25 mm, the pads on one side
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leave the web. At this time, only the base plate side is located in the direct support area
of the pads and the base plate stress increases steeply. When the lateral offset distance is
20 mm, the maximum equivalent stress of the base plate is 229.85 MPa, and when the lateral
offset reaches 25 mm, the maximum equivalent stress of the base plate reaches 237.37 MPa,
which is more than the permissible stress of steel. As the lateral offset distance continues
to increase, the stress level in the base plate may even reach the yield stress of the steel,
resulting in the yielding of the plate. Therefore, 20 mm is initially considered as the lateral
offset control threshold when considering only a single parameter.

6. Study on Two-Parameter Control of Synchronization in Incremental
Launching Construction

According to Wang Biao’s research [31], the probability of the normal operation of
jacking equipment in incremental launching construction obeys a normal distribution; as a
result, it is highly likely that two unfavorable states, unsynchronized vertical jacking and
lateral offset, will occur simultaneously. If the influence of only a single factor is considered,
it is easy to set the safety control thresholds to a large extent, which is not conducive to
structural safety. To address this problem, based on the above single-parameter-influenced
model of steel box girders, a correlation study of two parameters (unsynchronized vertical
jacking and lateral offset) for the control of jacking synchronization is carried out. While
changing the relative position of the pads to the base of the beam, a forced displacement
in the Z-direction is applied to the base of pad on one side to simulate the simultaneous
occurrence of the two unfavorable states. The results obtained from the analysis of the vari-
ation in the stresses of each main stress member with the vertical jacking height difference
and lateral offset distance are shown in Figure 12.
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From the figure, it can be seen that the magnitude of the stress increase in each major
stress member under the influence of a single parameter is smaller than the magnitude of
the stress increase under the combined effect of two parameters. Observing the variation in
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the maximum equivalent force of the base plate, it can be found that, under the influence
of a single parameter, the maximum equivalent force is 229.85 MPa at a lateral offset of
20 mm, and when the vertical jacking height difference is 15 mm, the maximum equivalent
stress is 209.97 MPa, none of which exceeds the permissible stress of steel and meets
the requirement of single-parameter control. However, under the joint influence of the
two parameters, the maximum equivalent stress of the base plate reaches 256.31 MPa,
which exceeds the allowable stress of steel. When the lateral offset reaches 50 mm and the
vertical jacking height difference reaches 20 mm, the maximum equivalent stress of the base
plate reaches 391 MPa, even exceeding the yield stress of steel, and the structure is very
easy to be unstable. Therefore, when the two parameters act together, it will exacerbate
the stress changes in each stressed member, and setting the control threshold only from
the perspective of a single parameter is not enough to ensure the safety of the structure in
incremental launching construction; it is necessary to synthesize the effects of the two to set
the control threshold.

In order to calculate the two-parameter control threshold, a nonlinear surface is
fitted to the maximum equivalent stress value of the beam under the influence of the
two parameters. For ease of computation, Z = Z0 + ax + by is chosen as the fitted equation,
where x represents the vertical jacking height difference and y the lateral offset distance.
The fitting results are shown in Figure 13. Solve for Z0 = 182.71, a = 2.97, b = 2.50. Then, the
nonlinear surface fitting equation is:

Z = 182.71 + 2.97x + 2.50y (1)
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R2 = 0.99762, which is very close to 1, suggesting that the fit is valid. The allowable
stress of Q345Qd steel is 233 MPa, when Z ≤ 233 MPa:

y ≤ −1.19x + 20.06 (2)

At this point, the structure is in a safe state and the image of the function is plotted,
as shown in Figure 14. The green area in the figure shows the safety range under the
two-parameter control of the synchronization of incremental launching construction, and
the intersections of the function with the coordinate axes are (16.86, 0), (0, 20.06). In practice,
the vertical jacking height difference value can be read directly from the vertical jack
controller, while the lateral offset value needs to be further measured manually. Therefore,
the vertical jacking height difference control thresholds can be set to 15 mm. After the
vertical jacking height difference is read, it is substituted into (2) for calculation to determine
the lateral offset control thresholds. For example, when the vertical jacking height difference
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is 10 mm, the calculated lateral offset value should be less than or equal to 8 mm, so as to
realize the dynamic control of lateral offset.
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7. Conclusions

(1) In this paper, the local stresses on the girder segments supported on the top of the
piers in the maximum cantilever state were analyzed by establishing a finite element
model of the steel box girder in the maximum cantilever state during incremental
launching construction. The analysis results indicated that the local force of the steel
box girders met the requirements, and the jacking could be carried out smoothly.

(2) By simulating the unsynchronized vertical jacking and lateral offset occurring during
incremental launching construction in the above model, the local stress changes in
the girder segments under the separate effects of unsynchronized vertical jacking and
lateral offset were analyzed. When unsynchronized vertical jacking occurred, the
beam generated a bias load (the side with the smaller jacking height was subjected to
a larger reaction force) and the local maximum equivalent force became larger with
an increase in the difference in the jacking height. The sensitivities of different stress
components to unsynchronized vertical jacking were different, and the diaphragms
and longitudinal stiff ribs of the base plate were more sensitive to unsynchronized
vertical jacking. When lateral offset occurred, the local maximum equivalent stress
occurred in the contact area between the base plate and the pad, and increased with an
increase in the lateral offset distance, even approaching the yield stress of the steel and
seriously affecting the structural safety. Therefore, thresholds for the synchronization
control of incremental launching shall be established and strictly monitored and
corrected in a timely manner.

(3) By calculating the local stresses in the beam when unsynchronized vertical jacking
and lateral deflection occurred simultaneously in the beam, it could be found that the
beam met the control requirements when the vertical jacking was unsynchronized
vertical jacking or when the lateral deflections individually reached a certain value;
however, when the two acted together, the local stresses in the beam may still have
exceeded the safe range. Against the problem that the single-parameter control of
synchronicity misses unfavorable states, this paper proposed the two-parameter
control of top thrust synchronization, fitting the maximum equivalent stress under
two-parameter co-action, and the permissible stress of Q345qD steel was used as the
limit value to obtain the two-parameter control equation of jacking synchronization,
determine the control threshold of unsynchronized vertical jacking as 15 mm, and
calculate the corresponding control threshold of lateral deflection according to the
control equation to realize the dynamic control of lateral deflection.
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