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Abstract: To study the mechanical properties of steel–concrete joints during construction, the Mao
Port Bridge in Shanghai is used as a case study. The mechanical properties of the bridge and the joint
under the construction conditions were studied based on the site construction monitoring results, the
finite element calculation of the entire bridge and the refined model of the joint. The results show that
the finite element analysis of the bridge and the stress analysis of the joint during the construction
phase agreed with the measured values, the end of block 0# of the main span remained in compression
during construction and the compressive stresses varied in a zigzag pattern with the progress of
construction. The lifting of the mid-span steel beam is a critical construction condition where the side
spans of the girders are stretched upwards by 20.9 mm and the main spans are stretched downwards
by 32.3 mm. When the steel beam was lifted, the joint was compressed as a whole. At the joint, the
longitudinal stresses in the steel structure gradually decreased from the front bearing plate to the
joint face, while the longitudinal stresses in the concrete structure gradually increased.

Keywords: steel–concrete joint; hybrid continuous beam; construction process; on-site monitoring;
mechanical behavior

1. Introduction

A steel–concrete hybrid beam bridge is a bridge where mid-span concrete beams are
replaced with steel beams, which reduces the weight of the bridge. This type of structure is
increasingly used in practical engineering because of its many benefits.

He et al. [1] suggested a method to determine the reasonable length of steel beams
during the preliminary design phase of steel–concrete hybrid beam bridges. The method
establishes its relationship with the length ratio between the side span and the main
span and solves the reasonable length ratio between the steel structure part and the main
span explicitly.

The steel–concrete joint of a hybrid beam is a crucial component that has been ex-
tensively researched. For the mechanical performance of a joint, the stress situation and
internal force sharing ratio of each member were investigated by finite element modeling of
the joint [2–4]. The results showed that the joint could easily transfer internal forces thanks
to the major internal force-bearing elements, bearing plate and shear connector. Scale tests
are also widely used to study joint force. Chen et al. [5] conducted a 1:2 scale test on the
steel–concrete joint of the Taozhaomen Bridge and analyzed the mechanical performance
of the joint combined with the finite element model. Huang et al. [6] conducted a 1:3 scale
model test on the joint of a three-tower hybrid beam cable-stayed bridge for analyzing its
bearing performance under different load conditions and the stress distribution of steel
and concrete members within the joint. Qin et al. [7,8] studied the reasonable location of a
steel–concrete joint surface of a hybrid beam bridge based on the finite element method
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taking Weihe Bridge as the background, and later, they designed a scale test model with
a similarity ratio of 1:3 for the special railway bridge in Chongqing, tested the stress and
the slip of the model, and compared the test results with the finite element analysis results.
Yao et al. [9] took the steel–concrete joint of Yongjiang Great Bridge as the research object
and conducted a full-section scale test and finite element analysis with a similar ratio of
1:5 to investigate the normal stress distribution and bearing capacity of a steel–concrete
joint under normal service, overload and failure conditions. Cheng et al. [10] tested and
theoretically analyzed the longitudinal force transfer mechanism of a steel–concrete joint of
a hybrid beam cable-stayed bridge through five full-size local structural specimens. Wei
Feng et al. [11] studied the mechanical performance of the back bearing plate joint of a
cable-stayed bridge without a lattice chamber by combining real bridge stress detection
and finite element analyses and found that the compressive stress level was low in the
whole test process at the joint section and its adjacent beam sections.

Because of the complexity of steel–concrete joint structures, many scholars have
studied them from the perspective of geometric construction. Kulkarni et al. [12] carried
out a nonlinear finite element analysis of a joint, considering the influence of axial load, the
thickness of the connecting plate and the continuation of reinforcement at the bottom of
the beam on its stress. Zhang et al. [13] combined theoretical calculation and finite element
simulation to discuss the influence of factors such as the length of the joint and the stiffness
of the shear connector. Kim et al. [14,15] conducted experimental studies on three types
of joints on small steel–concrete hybrid beams to determine the joint types suitable for a
hybrid beam bridge and conducted full-scale model tests on a new joint type to verify its
effectiveness. Xin et al. [16] carried out an experiment on the ultimate bearing capacity
and buckling modes of five different steel stiffening segments in a hybrid structure and
compared the results with the finite element ones. Liu et al. [17] studied the auxiliary ribs
of a steel–concrete joint and found that the auxiliary ribs dispersed approximately 50%
of the axial force, which improved the stress transfer of the joint. He et al. [18–21] first
conducted experiments on a joint with a new connect method using perfo-bond strip (PBL)
connectors to investigate the reliability and safety of the method. Then, based on the tests
of 12 PBL specimens, the connector behavior was discussed, including the failure mode,
ductility and the components of ultimate shear strength. The mechanical properties of PBL
joints after UHPC had replaced ordinary concrete were also studied. The results showed
that the steel–UHPC joints had good combined properties and sufficient strength.

In addition, some relevant studies from a dynamics perspective have been conducted.
Liu et al. [22] analyzed the stiffness ride of a joint from the perspective of dynamics.
Through on-site tests and numerical analysis, Li et al. [23] evaluated the dynamic perfor-
mance of a steel–concrete hybrid beam bridge with spread steel box beam under vehicle
loads, and the results showed that the maximum impact coefficient of the bridge met the
Chinese and American bridge design codes. Zhang et al. [24] conducted an experimen-
tal study on hybrid beams from the perspective of seismic resistance and found that the
failure mode of precast hybrid beams was different from that of precast concrete beams.
Lu et al. [25] carried out a finite element analysis on the fatigue performance of an important
component of the joint, shear connectors.

Thus, existing research mainly focuses on the testing and numerical simulation of the
mechanical properties of joints in hybrid beams. There are few studies of the mechanical
properties of a steel–concrete hybrid beam bridge during construction and monitoring
stages of the actual bridge. In this paper, we establish a hybrid beam space model based
on Midas Civil and a refined model of the joint based on ANSYS using the engineering
background of the Shanghai Damemao Port Bridge. By combining these models with results
from real bridges, we study the mechanical behaviors of a hybrid continuous beam bridge
during the construction stage and discuss the mechanical properties of the steel–concrete
joint in the construction process.
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2. Background

The Mao Port Bridge is a three-span continuous hybrid beam bridge with three
lanes in each direction. It has a single span width of 16 m and a span arrangement of
65 m + 135 m + 65 m. The bridge has a box cross-section with a single cell for the main
beam. The middle span of the bridge includes two 40 m concrete beams and a 55 m steel
beam. The middle 50 m of the steel beam is the hoisting section, with 2.5 m on both sides
as the connection segment. Both ends of the steel box beam are connected to the concrete
segment through a 4 m long joint. The joint adopts a combination of front and back bearing
plate construction and lattice chamber, as shown in Figures 1–3.
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3. Monitoring Program
3.1. Vertical Displacement Measuring Point Location

In order to analyze the mechanical behavior of the structure in real time, the deforma-
tions and stresses in key sections of the bridge were monitored during the construction of
this hybrid continuous beam bridge. A total of 47 sections of the main beam were selected
for displacement monitoring. The southern part of the bridge is shown in Figure 4 with
section numbers 1~23, while for the northern part, the same sections were assigned section
numbers 1′~23′. A total station (Leica TS30) was used to monitor the vertical displacements
of the main beams and piers, and two prisms were placed symmetrically in each monitoring
section. The locations of the measuring points of some sections are shown in Figure 5.



Buildings 2023, 13, 1781 4 of 13

Buildings 2023, 13, x FOR PEER REVIEW 4 of 14 
 

displacements of the main beams and piers, and two prisms were placed symmetrically 
in each monitoring section. The locations of the measuring points of some sections are 
shown in Figure 5. 

 
Figure 4. Longitudinal arrangement of the displacement measuring points of the main beam. 

 
Figure 5. Transverse arrangement of the displacement measuring points in some sections. 

3.2. Longitudinal Stress Measuring Point Location 
A total of 12 stress monitoring sections were selected, as shown in Figure 6, and some 

of the stress measuring points were arranged as shown in Figures 7–9. 

 
Figure 6. Longitudinal arrangement of stress monitoring section. 

  

(a) (b) 

Figure 7. Stress monitoring section in the joint. (a) Sections 1-1~3-3 arrangement (mm). (b) Sections 
5-5~10-10 arrangement (mm). 

Figure 4. Longitudinal arrangement of the displacement measuring points of the main beam.

Buildings 2023, 13, x FOR PEER REVIEW 4 of 14 
 

displacements of the main beams and piers, and two prisms were placed symmetrically 
in each monitoring section. The locations of the measuring points of some sections are 
shown in Figure 5. 

 
Figure 4. Longitudinal arrangement of the displacement measuring points of the main beam. 

 
Figure 5. Transverse arrangement of the displacement measuring points in some sections. 

3.2. Longitudinal Stress Measuring Point Location 
A total of 12 stress monitoring sections were selected, as shown in Figure 6, and some 

of the stress measuring points were arranged as shown in Figures 7–9. 

 
Figure 6. Longitudinal arrangement of stress monitoring section. 

  

(a) (b) 

Figure 7. Stress monitoring section in the joint. (a) Sections 1-1~3-3 arrangement (mm). (b) Sections 
5-5~10-10 arrangement (mm). 

Figure 5. Transverse arrangement of the displacement measuring points in some sections.

3.2. Longitudinal Stress Measuring Point Location

A total of 12 stress monitoring sections were selected, as shown in Figure 6, and some
of the stress measuring points were arranged as shown in Figures 7–9.
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3.3. Measurement of Construction Conditions

The construction process was divided into 29 conditions for the monitoring, as shown
in Table 1. A single measurement was taken before and after the construction of each
condition, and the difference between the two measurements was taken as the deformation
of the main beam under that construction condition.

Table 1. Construction conditions.

Construction
Condition Content Construction

Condition Content Construction
Condition Content

1 Main
pier construction 12 Block 5# pouring 23 T10/Z1~Z3/ZH1~ZH5 tension

2 Block 0# pouring 13 F10/T6/T11 tension 24 Side span straight section
cast-in-place

3 F1/F2/T1 tension 14 Block 6# pouring 25 Side span closing section
cast-in-place

4 Block 1# pouring 15 F11/T7/T12 tension 26 B1~B4/BH1/BH2 tension

5 F3/F4/T2 tension 16 Block 7# pouring 27 Hoisting of mid-span steel beam

6 Block 2# pouring 17 F12/T8 tension 28 Y1/Y2 tension

7 F5/F6/T3 tension 18 Block 8# pouring 29 Bridge deck pavement

8 Block 3# pouring 19 F13/T9 tension

9 F7/F8/T4 tension 20 Block 9# pouring

10 Block 4# pouring 21 F14 tension

11 F9/T5 tension 22 Site joint
section pouring

Note: F*/ZH*—web prestressed tendons; T*/BH*—top plate prestressed tendons; Z*/B*—bottom plate pre-
stressed tendons; Y*—external prestressed tendons. Block *#—concrete block B* and M* in Figure 4. “*” means
a number.

4. Analysis of the Mechanical Behavior of the Main Beam

The deformation of the main beam and the stress of some key sections under each
construction condition was monitored on the site. A finite element model of the hybrid
beam bridge was created to study the mechanical behavior of the bridge during construc-
tion, and a refinement finite element model of the steel–concrete joint was created for the
mechanical properties of the joint.

4.1. Finite Element Model of the Hybrid Beam Bridge

MIDAS Civil was used to establish the spatial finite element model of the hybrid beam
bridge. In the model, the main beam was modeled by the beam unit and the longitudinal
prestress tendons in the concrete were added by setting steel bundles and tension prestress;
the external prestress was simulated by a truss unit with initial tension. C55 was used for
concrete and Q345qd was used for steel.
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The bridge was constructed by cantilever casting with a hanging basket. The main
bridge block 0# was constructed by a cantilever supporting frame and blocks 1# to 9# were
cast by hanging basket cantilever. At this time, the middle pier was temporarily cemented;
thus, six degrees of freedom of the 0# block were restrained. The cast-in-place segment of
the side span was constructed using the full-span bracing method, which was simulated in
the model by adding only pressure-bearing units. The first system conversion was carried
out after the side span was closed. The temporary consolidation of the middle pier was
released and the longitudinal freedom of the bearing on the middle pier was restrained.
The second system conversion was performed to achieve the final restraint state after the
completion of the hoisting and welding of the steel beam section in the middle span and
before external prestress tension. The calculation considered the self-weight and the second
phase of dead load. The finite element model is shown in Figure 10.
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4.2. Deformation Analysis of the Hybrid Beam in Each Construction Process

For the site monitoring, since the deformation of the section monitored under construc-
tion conditions 2–11 was not clear enough, monitoring commenced from working condition
12. At the same time, in order to analyze the deformation of the main beam in the whole
construction stage more comprehensively, sections 8′-8′ and 9-9 of the middle side span
and sections 17-17 and 18′-18′ of the middle span in Figure 4 were selected for analysis.

The finite element calculation results are shown in Figure 11. It shows that the main
beam deflection went up and down according to the construction condition, and the main
beam section was deflected downward during the concrete casting stage and upward
during the prestress tendon tensioning stage. In condition 22, since sections 18′-18′ and 17-
17 were located at the mid-span, pouring the field connection made the deflection of these
two sections more clear than that of sections 8′-8′ and 9-9. Conditions 24 and 25 showed
the casting of the straight segment and the casting of the jointed segment, respectively, on
the side span, and almost no deformation occurred in the main beam at this stage. For
condition 26, since sections 8′-8′ and 9-9 were in the side span, tensioning the prestress
tendons in the side span made the two sections deflect down, while it had little effect on
sections 18′-18′ and 17-17, which were in the middle span. In condition 27, sections 18′-18′

and 17-17 deflected downward, while sections 8′-8′ and 9-9 deflected upward, and the
deformation values of both downward and upward deflection were large. Because of the
large self-weight of the steel beam segment on the middle span, the hoisting of the steel
beam on the middle span caused a large downward deflection of the two sections on the
middle span and a large upward deflection of the two sections on the side span. But the
section deflection was controlled after tension of prestress tendons in condition 28.

As the construction process progressed, the deformation of conditions 12 to 26 was
more stable, while the deformation of the main beam under condition 27 was larger. The
deformation was controlled after tensioning the prestress tendons in working condition 28.
The measured and calculated values of displacement of partial sections in conditions 27
and 28 are shown in Figure 12.

In condition 27, the measured value of each section of the main beam on the south pier
was approximately the same as the calculated value; the difference between the two was
not more than 5 mm. The maximum measured upper deflection value on the side span was
20.9 mm and the maximum measured lower deflection on the middle span was −32.3 mm.
In working condition 28, the measured values of each section of the main beam on the
north pier differed from the calculated values, but the deformation of the main beam was
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low, with differences all within 5 mm, and the maximum difference between the two was
only 0.9 mm. A possible reason for this is the lack of precise measurement.
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Figure 12. Deflection of main beam under key construction conditions. (a) Comparison of measured
and calculated deflections of the main beam of the south pier in condition 27. (b) Comparison of
measured and calculated deflections of the main beam of the north pier in condition 28.

4.3. Stress Analysis of the Hybrid Beam in Each Construction Process

The most unfavorable stress part of the main beam in the cantilever construction
was located at the root of the cantilever; thus, the stress change of the hybrid beam in the
construction stage was analyzed by focusing section 11-11 at the end of the mid-span of
block 0#. The measured value of stress variation in the parallelogram direction of section
11-11 during the processes of casting and hoisting the steel beam onto the mid-span and
the calculated value of stress variation are shown in Figure 13.

During cantilever casting and the hoisting of the steel beam onto the mid-span, the
values of stress variation in the top plate of section 11-11 were both positive and the values
of stress variation in the bottom plate were both negative. This indicates that the tensile
stress in the top plate and compressive stress in the bottom plate continued to increase
near the root of the cantilever on the mid-span during the concrete casting and steel beam
hoisting phases. From conditions 6 to 20, the overall trend of stress variation in the top
plate rose and the overall trend of stress variation in the bottom plate decreased, which was
because the casting segment was gradually moving away from the root of the cantilever
and the bending moment effect brought by the self-weight was becoming more and more
significant. At condition 20, the stress variation was the largest, with a measured stress
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variation value of 1.71 MPa in the top plate and −2.12 MPa in the bottom plate. Due to
the low self-weight of the connection section, the value of the bending moment was small,
resulting in a smaller value of its stress variation in condition 22. The stress variation value
in condition 27 became larger when hoisting the steel beam onto the mid-span due to the
heavy self-weight of the steel beam. The measured values of stress variation in the top and
bottom plates were all located near the curve of the calculated values, and the maximum
difference was 0.29 MPa.
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Figure 14 shows that the cumulative stress in the top and bottom plates of section
11-11 in each construction stage presented a sawtooth-shaped change, which was due to
the alternate push of the cast segment and tension stress during the construction process.
During the construction process, no tensile stress appeared at each measurement point in
the end section of block 0#, and a maximal compressive stress appeared in the top plate of
section 11-11 in condition 21.
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5. Analysis of the Mechanical Properties of the Steel–Concrete Joint
5.1. Finite Element Model of the Joint

In order to investigate the mechanical properties of the joint during the construction
process, the stress state of joint sections 8-8 and 9-9 during the hoisting of the steel beam and
the closure of the mid-span (condition 27) was selected for analysis. Using ANSYS, a local
finite element model was established for the joint section of the bridge. The longitudinal
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length of the model was 16 m, including a 6 m concrete beam, 4 m joint, 2.5 m steel beam
stiffened transition section and 3.5 m steel beam section.

In the model, the Shell 181 unit was selected for the steel plate, Solid 65 unit was used
for the joint concrete, Link 8 unit was used to simulate both the longitudinal prestress
tendons and the vertical prestress tendons in the joint, and the linear axial spring unit
Conbin14 was used to simulate the weld studs and PBL in the joint. The model cells
were all divided in the form of a free mesh, the steel plate cells were divided into a
quadrilateral mesh and the concrete cells were divided into a tetrahedral mesh. The effect
of prestress tendons on the structure was mainly at the location of anchorage points; thus,
each prestress tendon was divided into only one line cell. Since the structural forces were
strictly detected and controlled during the construction, the materials were not considered
to yield or fracture.

As for the force transmission between the steel structure and concrete in the joint,
only the roles of the bearing plate and the joint were considered, ignoring the frictional
transmission between them, allowing for results with a certain safety reserve. In the
simulation, the concrete body was separated from the steel face and the concrete was fully
coupled with nodes of the bearing plate. Spring units were established between the concrete
and steel nodes as connections. Considering the large stiffness and small deformation of
the concrete section, the model structure was made to form a single cantilever system by
restraining the node for 6 degrees of freedom of the concrete beam end section. A master
node was established at the location of the form center in the end plane of the steel beam,
given the Mass unit, and a constraint equation was used to connect the master node to
the other nodes of the section to form a rigid domain. The internal force values of the
loading section of the steel beam in condition 27 were calculated from the full bridge finite
element model in Midas Civil and applied to the master node as the internal force boundary
conditions at the end of the steel beam. The connection between the prestress tendons and
the concrete was achieved by using displacement restraint equations. Constraints were
applied to the nodes at the ends of the prestress tendons and at the steering blocks, and the
tensioning process was simulated by assigning initial strains to the prestress tendon units.
The finite element model of the joint is shown in Figure 15.
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5.2. Steel Stress Analysis of the Joint

Figure 16 shows the stress distribution of the steel structure in the parallelogram
direction in condition 27. A stress concentration occurred in a small area where the bottom
plate met the web in the boundary section of the steel beam, resulting in a high-stress
level at this location. The stress of the rest was between −30 MPa and 32.11 MPa and the
overall stress level was low, and much less than the design strength for the Q345qD steel
of 270 MPa. The overall steel structure of the joint was in a compressed state. The bottom
plate of the stiffened transition section of the steel beam exhibited tensile stress.

Figure 17 shows the measured and calculated values of stresses in the parallelogram
direction of the steel structure in sections 8-8 and 9-9 from Figure 7 under condition 27. As
can be observed from the figure, the error between the measured and calculated stresses
in the parallelogram direction of the top and bottom slabs in sections 8-8 and 9-9 did
not exceed 15%, which indicated the proper fitting. The calculation results show that the
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transverse stresses in the top and bottom plates of both sections were symmetrical around
the centerline of the main beam. The transverse distribution of the transverse stresses in the
same cross-section varied greatly. The transverse distribution of the stresses in the top plate
showed a multi-peak pattern. The maximum value of the stress of the top plate in section
8-8 in the parallelogram direction was located at the center line of the beam, while the
stress at the edge of the section was the smallest. The rate of stress change near this location
was significant, and the maximum difference between the measured and calculated values
was 0.62 MPa. The stress distribution pattern of the top plate in section 9-9 was different
from that in section 8-8. With the increase in the distance from the centerline of the beam,
the stress in the parallelogram direction of the section increased and then decreased. The
distribution was more uniform after reaching the web and, finally, the stress decreased
rapidly near the edge of the section. The maximum difference between the measured and
calculated values was 0.65 MPa. The transverse distribution of stresses in the bottom plate
in sections 8-8 and 9-9 was nearly the same, with the stresses gradually increasing from
the centerline of the beam to the vicinity of the stiffened web and rapidly decreasing from
the stiffened web to the edge of the bottom plate. The maximum difference between the
measured and calculated stresses in the bottom slab of sections 8-8 and 9-9 was 0.75 MPa
and 0.35 MPa, respectively. Along the longitudinal direction of the bridge span, the stresses
in the top and bottom plates of the steel structure gradually decreased from sections 8-8
to 9-9.
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5.3. Concrete Stress Analysis of the Joint

As for the concrete stresses, the monitored sections were in a compressed state in
condition 27, not counting the stress concentrations generated by the anchorage of prestress
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tendons. Stress in section 1-1 was mainly distributed between −7.93 MPa and −2.04 MPa,
stress in section 2-2 was mainly distributed between −4.34 MPa and −1.71 MPa, and stress
in section 3-3 was mainly distributed between −3.60 MPa and −0.94 MPa, which was
lower than that in the steel beam. All the above sections met the requirements of the Code
for the Design of Highway Reinforced Concrete and Prestressed Concrete Bridges and
Culverts of China, which stipulates that tensile stress be less than 1.15 times the standard
tensile strength, 3.15 MPa, and that compressive stress be less than 0.7 times the standard
compressive strength, 24.8 MPa, under construction loading. However, the stress situation
of the concrete in the joint was more complicated. Section 3-3 was near the anchorage
position of the prestressing tendons in the front bearing plate, and the stress concentration
appeared in the web. The stress distribution in section 3-3 from Figure 7 is shown in
Figure 18.

Buildings 2023, 13, x FOR PEER REVIEW 11 of 14 
 

the stress decreased rapidly near the edge of the section. The maximum difference be-
tween the measured and calculated values was 0.65 MPa. The transverse distribution of 
stresses in the bottom plate in sections 8-8 and 9-9 was nearly the same, with the stresses 
gradually increasing from the centerline of the beam to the vicinity of the stiffened web 
and rapidly decreasing from the stiffened web to the edge of the bottom plate. The maxi-
mum difference between the measured and calculated stresses in the bottom slab of sec-
tions 8-8 and 9-9 was 0.75 MPa and 0.35 MPa, respectively. Along the longitudinal direc-
tion of the bridge span, the stresses in the top and bottom plates of the steel structure 
gradually decreased from sections 8-8 to 9-9. 

 

 

 

 
(a) (b) 

Figure 17. Transverse distribution of the steel stress in cross sections (MPa). (a) Steel top plate stress. 
(b) Steel bottom plate stress. 

5.3. Concrete Stress Analysis of the Joint 
As for the concrete stresses, the monitored sections were in a compressed state in 

condition 27, not counting the stress concentrations generated by the anchorage of pre-
stress tendons. Stress in section 1-1 was mainly distributed between −7.93 MPa and −2.04 
MPa, stress in section 2-2 was mainly distributed between −4.34 MPa and −1.71 MPa, and 
stress in section 3-3 was mainly distributed between −3.60 MPa and −0.94 MPa, which was 
lower than that in the steel beam. All the above sections met the requirements of the Code 
for the Design of Highway Reinforced Concrete and Prestressed Concrete Bridges and 
Culverts of China, which stipulates that tensile stress be less than 1.15 times the standard 
tensile strength, 3.15 MPa, and that compressive stress be less than 0.7 times the standard 
compressive strength, 24.8 MPa, under construction loading. However, the stress situation 
of the concrete in the joint was more complicated. Section 3-3 was near the anchorage po-
sition of the prestressing tendons in the front bearing plate, and the stress concentration 
appeared in the web. The stress distribution in section 3-3 from Figure 7 is shown in Figure 
18.  

 

  
Figure 18. Stress distribution of concrete section 3-3 (MPa).

Figure 19 shows the measured and calculated stresses of concrete in sections 8-8 and 9-
9 from Figure 7, respectively. As shown in the figures, the errors between the measured and
calculated values of the top and bottom slabs of sections 8-8 and 9-9 in the parallelogram
direction did not exceed 10%, which indicated that the fitting model was proper. The
stress in the top plate of section 8-8 tended to decrease from the center line of the beam
to the outer edge of the section, while the stress in the bottom plate tended to increase
from the center line of the beam to the outer side of the web. The maximum difference
between the measured and calculated values of top and bottom plate stresses were 0.21 MPa
and 0.17 MPa, respectively. The stress in the top plate of section 9-9 increased and then
decreased from the centerline of the beam to the outer edge of the section, while the stress
in the bottom plate was evenly distributed near the centerline of the beam and gradually
increased near the web. The maximum difference between the measured and calculated
values of top and bottom plate stresses were 0.12 MPa and 0.26 MPa, respectively. Along
the longitudinal direction of the bridge span, the stresses in the top and bottom slabs of the
concrete structure gradually increased from sections 8-8 to 9-9.
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6. Conclusions

In this paper, the mechanical performance of the main beam and joint was analyzed
through on-site construction monitoring combined with finite element calculation results,
and the conclusions are as follows:

(1) In the hoisting of the mid-span closed steel beam, the side span of the main beam
was stretched up while the middle span was stretched down, and the deformation was
large, which should be taken as the key construction control condition.

(2) The calculated values of the finite element model and fine model of the joint of the
hybrid beam bridge in the construction stage were in good agreement with the measured
values. During the hoisting of the mid-span closing steel beam, the maximum difference
between the calculated and measured values of the main beam deflection was not more
than 5 mm, and the difference between the measured and calculated values of the stress
variation of the top and the bottom plate was not more than 0.3 MPa. The error between
the calculated and measured values of the fine model of the joint was not more than 15%.

(3) During the hoisting of the mid-span steel beam, the joint steel structure was under
pressure as a whole. The longitudinal stress of the steel structure along the bridge gradually
decreased from the front bearing plate section to the steel–concrete joint surface. The
transverse stress distribution of the top plate was complicated and was different at different
sections, but the transverse stress distribution of the bottom plate had a clear law whereby
the stress increased gradually from the beam centerline to the stiffened web and decreased
rapidly from the stiffened web to the edge of the bottom plate.

(4) The concrete at the joint was under compression, and the overall level of com-
pressive stress was low when the mid-span steel beam was hoisted. The longitudinal
stress of the concrete structure along the bridge gradually increased from the front bearing
plate section to the steel–concrete joint surface. The compressive stress at the outer edge
of the section of the concrete top plate with the same cross-section was the minimum,
and the compressive stress at the junction between the bottom plate and the web was the
maximum. There was a phenomenon of stress concentration near the anchorage point of
the prestressed reinforcement, but the level of concentrated stress was low.
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