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Abstract: This paper focuses on the analysis of the stress state of a large-span frame pier-continuous
box girder bridge with pier crossbeams anchored by pier crossbeams on the main pier of the Guangfo-
Zhao Expressway. The bridge is constructed by the cantilever method, and a refined finite element
model of the entire bridge is established using the finite element software Midas/FEA to analyze the
stress state of the frame pier during the cantilever construction process. It is found that under the
possible combined action of an unbalanced load during construction, the torsional resistance of the
frame pier crossbeam does not meet the requirements of the design code. In order to eliminate the tor-
sion of the frame piers, counterweights were used to monitor the frame piers during the construction
of the box girders. In this paper, the theoretical calculation formula of the inclination angle of the end
section of the frame pier crossbeam with the change of unbalanced bending moment, the calculation
formula of the relationship between the horizontal displacement of the frame pier and the unbalanced
bending moment, and the calculation formula corresponding to the relationship with the water tank
counterweight are derived using the structural mechanics method. Two monitoring methods for
the frame pier are proposed. In the construction monitoring of the bridge, the numerical fitting
formula obtained by finite element numerical analysis calculation is compared with the calculated
formula obtained by substituting the design parameters of the frame pier into the theoretical formula.
The basic constants in both formulas are basically equal, verifying the correctness of the monitoring
calculation formula proposed in this paper for the torsional resistance of the frame pier crossbeam.
The applicability of the two monitoring methods is also compared and analyzed. This paper takes the
main pier of Chaoyang overpass’s mainline bridge as the engineering background, which adopts the
framework pier with a large-span prestressed concrete continuous box girder bridge. It analyzes the
torsional state of the beam of the framework pier during the bridge construction process and conducts
research on the construction monitoring of the framework pier crossbeam, providing valuable refer-
ences for the construction monitoring of framework pier crossbeams in the construction of large-span
framework pier continuous bridges in the future. The research results of this paper can provide
assistance for the construction monitoring of similar projects. This paper’s innovation primarily
resides in employing structural mechanics methods to compute the torsion of frame piers. On this
basis, a simplified beam torsion calculation formula is proposed to strengthen its practical application
in construction monitoring. The findings of this paper can help in the construction monitoring of
similar projects.

Keywords: bridge engineering; prestressed concrete box girder; frame pier crossbeam; construction
monitoring; cantilever method
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1. Introduction

In recent years, to alleviate urban traffic congestion problems, numerous viaducts,
crossings, and overpasses have been constructed [1-3]. These bridges are often built on
existing urban road arteries, and the piers should be placed on both sides of the road or
on the barrier to meet the needs of the road traffic under the bridge [4-6]. Traditional
bridge piers have been modified to form frame piers. The current form of frame piers
for bridges can be broadly classified into two types, i.e., independent frame piers and
frame piers where the main girder is cemented to the abutment cross girder (i.e., pier-
beam cementation). Independent frame piers are typically used for small to medium-span
bridges and are not limited by bridge deck elevation, commonly found on elevated bridges.
The frame pier with pier-beam consolidation is used for large and medium-span bridges
with limited deck elevation and is generally used more often in cross-line bridges. With
the development of economic construction, smooth urban traffic has become increasingly
important, leading to an increase in road improvement and expansion projects. To obtain
more space under bridges, the construction of large-span frame piers for continuous box
girder bridges crossing intersections is expected to grow.

Large-span continuous box girder bridges with frame piers are a recently developed
novel bridge type. There is relatively little research on the construction monitoring tech-
nology for frame piers and continuous box girders, but there is more research on the
construction monitoring technology for large-span continuous box girder bridges domes-
tically [7-9]. This paper takes the large-span prestressed concrete continuous box girder
bridge with frame piers as the engineering background of the Chaoyang overpass mainline
bridge. It analyzes the torsional state of the frame pier crossbeam during the bridge con-
struction process and conducts research on the construction monitoring of the frame pier
crossbeam, providing valuable reference for the construction and monitoring of frame pier
crossbeams in future large-span frame pier continuous bridge projects.

The innovation of this paper mainly lies in the utilization of structural mechanics
methods to calculate the torsion of frame piers. Based on this, a simplified calculation
formula for beam torsion is proposed, facilitating its application in construction monitoring.
Additionally, two methods for monitoring frame piers are introduced. The article verifies
that the theoretical formula derived for monitoring calculations of the framework pier
crossbeam is correct, easy to use, requires minimal computational effort, and holds value
for widespread application.

2. Overview of the Project

Chaoyang overpass mainline bridge is a prestressed concrete continuous box girder
bridge with a total length of 163.2 m and a span combination of (44.1 + 75 + 44.1) m. The
superstructure box girder is a single box with two chambers. The height of the midspan
section beam is 2.2 m, and the height of the fulcrum section beam is 4.7 m. Variable section
beam height varies by quadratic parabola. The roof of the box girder is 16.25 m wide, with
the chamber width at 9.25 m and a cantilever length of 3.5 m for both flanges. The roof’s
thickness is 30 cm, and the girder’s thickness varies in three sections: beams 0# to 5# have a
thickness of 65 cm, beams 6# to 7# undergo a linear transition, and beams 8# to 9# have a
thickness of 45 cm, with the cast-in-place beam ranging from 45 cm to 65 cm. The middle
floor thickness of the box girder span is 30 cm, the root floor thickness is 120 cm, and the
thickness of the base plate varies according to a quadratic parabola. The concrete grade
is C50.The bridge layout is shown in Figure 1, the length unit is ‘cm’, and the unit of the
water surface elevation is ‘m’.



Buildings 2024, 14, 2409

30f16

44104+750044410=16320

T e T

Figure 1. The layout of bridge (cm).

The main pier adopts a frame pier design, with the beam being a prestressed concrete
rectangular beam measuring 4.7 m in height, 3.0 m in width, and 25.0 m in length. The
pier is of rectangular section, with a transverse width of 2.0 m and varying linearly, a pier
top width of 3.0 m, a pier bottom width of 3.5 m, and a pier height of 14.6 m. Basin rubber
support is provided between the beam and the pier.

The box girder beam and the frame pier crossbeam are consolidated into one. One end
beam of the frame pier crossbeam is 10.6 m long, and the other end beam is 5.15 m long.

Two bored piles with a diameter of 2.0 m are used, and the distance between piles is
4.0 m.

The bridge is constructed using the symmetrical cantilever casting method. The whole
bridge is divided into 12 kinds of beam sections, which are 5.6 m (side span cast-in-place
section) + 2.0 m (side span closure section) + 3 X 4 m + 3 X 3.5 m + 33 m (9 suspended cast
sections) + 10.0 m (0# block) + 3 x 4m + 3 x 3.5 m + 33 m (9 suspended cast sections) + 2.0 m
(midspan closure section). The 0# block beam section is constructed by cast-in-place support;
the 1 #-9 # beam section is constructed by hanging basket cantilevers; the closed section is
constructed by hangers; and the cast-in-place section is constructed by brackets.

During the construction process of cantilever pouring, the frame beams and the
piers are temporarily consolidated in the longitudinal direction. The form of temporary
consolidation is to set temporary support piers on both sides of the permanent support
between the pier crossbeam and the pier. Each temporary support pier adopts 32 finely
rolled thread steel bars of 32 mm diameter to anchor into the pier and the beam, respectively.

3. Analysis of Pier and Beam Torsion during Cantilever Construction
3.1. Refinement of Finite Element Model Establishment [10]

Using Midas/FEA finite element software, the solid structure of the bridge was
modeled by meshing solid cells. Mesh delineation using automatic generation of tetrahedral
solid meshes of smoothly varying dimensions, with a mesh size selected as 0.5 m. In
Midas/FEA, an implantation method was adopted for the treatment of prestressed tendons.
Instead of modeling the reinforcement with a specific cell, this method uses the addition
of the stiffness of the reinforcement to the parent cell and is able to take into account the
various prestressing losses. Therefore, the linear conductor coordinates of each prestressing
steel bundle are connected according to the position given in the design drawings, and then
the prestressing steel bundles are embedded in the solid cell model. The refined simulation
finite element overall computational model is depicted in Figure 2, and the mesh division
of key sections is shown in Figure 3. And more details are shown in Table 1.

In the analysis and calculation, according to the construction technology, construction
process, and construction progress of the bridge, the whole bridge is divided into 39 con-
struction stages. The construction days and work contents of each construction stage are
shown in Table 2.
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Figure 2. Refined finite element model.
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Figure 3. Grid division of key sections of the main girder. (a) Section of pier top. (b) Midspan section.

Table 1. Details of the model.

Details of the Model
Model composition Solid elements
Meshing method Using au’comatical?rlrl %e()r;}elrj;ii ’;ie(’z;a?ne(szlir;l.solid meshes with
Grids size 0.5m
Types of loads Unbalanced loads

The specific method of applying loads involves applying a
surface pressure of 0.49 kPa on one side to support materials for
cantilever stacking tools. Deviations in the basket and template
are addressed by applying a concentrated force of 840 kN on one
side of the cantilever end and 560 kN on the other side. For the
final cantilever block, asynchronous construction is achieved by

only modeling half of the segment on one side for calculation
purposes. Asymmetric vertical wind loads are addressed by
applying a surface pressure of 0.23 kPa on one side.

Specific methods of
applying loads
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Table 2. Division of construction stages.
Number Days Description of Construction Content

1 45 Main pier and foundation

2 30 Pour 0# segments

3 1 Pull T1 and F1

4 20 Hang the basket assembly, pre-press

5 8 Pouring section 1#

6 1 Pull T2 and F2

7 1 Hang the basket forward

8~30 79 Past and tension the 2#-9# section

31 8 Side across the pouring
32 10 The edge across the close
33 2 Tension side across the steel beam
34 0 Remove the side span bracket and make temporary consolidation
35 10 In the cross close
36 2 Tension in the span steel beam
37 8 Remove the whole bridge hanging basket
38 10 The second phase of paving
39 3650 Operating for ten years

3.2. Analysis of Torsion of Pier Crossbeam during Construction of Symmetrical Cantilever of
Box Girder

When constructing to the maximum cantilever state, various combinations of unbal-
anced load effects may occur, making the pier girder experience the most unfavorable
loading conditions. It is necessary to refine the finite element model of this construction
stage of the pier crossbeam under torsion analysis and calculation. In the condition of the
maximum cantilever construction stage, the unbalanced loads include:

(1) A deviation in the self-weight of the box girder sections on both sides of the cantilever,
with a deviation range of +4%;

(2) Placement of tools and materials on the beam, with an evenly distributed load of
8 kN/m acting on one side of the cantilever;

(38) Deviation in the weight of the hanging basket and formwork, with a deviation coeffi-
cient of 1.2 on one end and 0.8 on the other;

(4) Unsynchronized removal of hanging baskets, with one end completely dismantled
and the other end dismantled by 50%;

(5)  Unsynchronized construction of the last cast box girder section, with concrete poured
100% on one side and 50% on the other side;

(6) Vertical wind load: considering the asymmetric static wind load acting on both sides
of the cantilever of the T-girder, with an asymmetry coefficient of 0.5. Calculate the
equivalent static wind load on the main girder according to the “Code for Wind
Resistance Design of Highway Bridges”.

The maximum unbalanced bending moment resulting from the above unbalanced
loads is calculated to be 48,515.2 kN-m.

The effect of unbalanced loads is realized in the finite element calculation model in
the following way. The simulation of the deviation of the self-weight of the beam sections
on both sides is achieved by modifying the material capacity on both sides; the stacking
of the tool material on one side of the cantilever is achieved by applying a face pressure
of 0.49 kPa on one side; the deviation of the hanging basket and formwork is achieved
by applying a concentrated force of 840 kN on one side of the cantilever end and 560 kIN
on the other side of the cantilever end; and the unsynchronized construction of the last
overhanging block is achieved by modeling only half a section on one side to participate in
the calculation. The asymmetric vertical wind load was achieved by applying a surface
pressure of 0.23 kPa on one side.

Under the action of an unbalanced load combination, the main tensile stress cloud of
the pier transverse beam obtained from the computational analysis is shown in Figure 4.
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Figure 4. Main tensile stress cloud map of frame pier crossbeam. (a) Axonometric drawing(N, mm).
(b) Left side plot(N, mm). (c) right hand view (N, mm).
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As can be seen from the stress cloud diagram of Figure 3, the frame pier crossbeam
is twisted under the action of the unbalanced bending moment, and the maximum main
tensile stress value appears on the sides of both ends of the pier crossbeam. In Figure 3b,
the maximum main tensile stress near the consolidation area of the beam and the box girder
is 1.91 MPa, and the main tensile stress value in other positions is small, all within 0.6 MPa.
In Figure 3¢, the main tensile stress in the region close to the temporary consolidation piers
at both ends is a maximum of 5.13 MPa, which has exceeded the designed tensile strength
value of C50 concrete. It can be seen that the torsion resistance of the frame pier cross beam
does not meet the requirements of the design specification during the construction process.

4. Research on Torsion Monitoring Technology of Pier Crossbeam during Cantilever
Construction

To address the issue of potential torsional stress on the girder due to unbalanced
loads during construction, two approaches can be taken: modifying the design of the pier
girder to enhance its torsional resistance, or applying balancing counterweights during
construction and monitoring pier girder deformation to eliminate unbalanced bending
moments. Modifying the design of the pier girder would result in project changes and
increased costs, which is not desirable. Therefore, it is necessary to study the torsion
monitoring technology during the construction of frame pier crossbeams to eliminate the
effect of unbalanced loads by means of construction monitoring.

Construction monitoring techniques generally involve both monitoring calculations
and monitoring methods. Typically, for complex bridge structures, finite element models
are used in monitoring calculations to analyze the structural stress state and obtain corre-
sponding monitoring control parameters. Therefore, finding a simple calculation method
or formula for monitoring the calculations of the pier girder is the focus of this study.

4.1. Theoretical Formula for Torsion Monitoring Calculation of Pier Crossbeam

During the construction process of bridge cantilever symmetrical construction, there
may be asymmetric loads acting (such as asynchronous concrete pouring on both sides of
the cantilever), which results in unbalanced bending moments on the sections of the box
beams at the fulcrum on the pier. Since the frame pier of the frame pier bridge is fixed to
the box girder, the action of this unbalanced bending moment will cause torsional stress
on the pier girder, leading to lateral tilting of the pier girder and bending deformation of
the frame piers. Therefore, the monitoring calculation of the pier girder aims to establish
the relationship between the monitoring control parameters corresponding to the torsional
stress state of the girder under the action of unbalanced bending moments.

The unbalanced bending moments that may exist during bridge construction cause
torsional stress on the pier girder. Therefore, the action of this unbalanced bending moment
is equivalent to applying a torque to the pier girder. In order to derive the theoretical
formula for the relationship between the unbalanced bending moment (i.e., torque) and
the deformation of the pier girder, this paper separates the frame pier from the continuous
box girder bridge, treating the fixed area of the box girder and girder under the action of
the unbalanced bending moment (i.e., torque) T as a rigid body, forming the following
theoretical calculation schematic (see Figure 5).

In Figure 4, | is the span of the beam, # is the height of the pier, a is the distance
between the rigid body of the beam and the end A, and b is the distance from the rigid
body of the beam to the end B.

Using the theoretical calculation method of structural mechanics [11] for solving the
superstatic structure, the consolidated stiffening arms are applied to the nodes of the frame
piers to form the basic system of the structure, as shown in Figure 6.
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Figure 5. Simplified diagram of frame pier calculation.
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Figure 6. The Basic System of Frame Pier Calculation.

First, calculate the torques T, and T} at both ends of the fixed beam. From the static
equilibrium equation:
T,+T,=T 1)
Then use the deformation co-ordination condition, where the sum of the rotation
angles produced by the B end at T and T}, is zero, then:

Tb  Ta(a+Db)

w=gi— g =" @
T, is solved, then substituted into the equilibrium equation to obtain Tj:
e R ©
Under the action of T, the corresponding torsion angles generated at the A and B ends
g, Py for:
=gt @

There, GJ is the torsional stiffness of the cross beam.
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Release the consolidated rigid arm to replace the torques T, and T}, at the tip of the
pier, and then the deflection f; and inclination §, of the A end of the variable section pier
can be obtained, as can the deflection fj, and inclination f; of the B end [12-18].

The transverse width of the AC variable section pier is unchanged, and the variable
width of the longitudinal width is linear. The transverse width of the AC pier should be
set as bz, the longitudinal width at A end hz1, and the longitudinal width at C end hz2.
Remove the AC pier from the frame pier with the top consolidated rigid arm release for
torque T, the calculation diagram for the pier is shown in Figure 7 [19-23].

h

?\ Ta

vy
Figure 7. Calculation diagram of variable section pier.

Considering that the widening of the longitudinal width of the pier is linear, the linear
function of the longitudinal width is:

() = P2 R 6

According to the diagram multiplication of structural mechanics, the displacement
and inclination of the end of the cantilever are:

h MM h T.x

fa= | ?dx_/o El(x)™ (6)
" MM noT,

b= | dx—/o Erg ™ @)

To integrate and simplify the above formula, which can be obtained:

6T h?
f a = % 8)
Eb;h;1h,
T,
By = 6 ﬂh(hzé +2h22) ©)
E bzhzthZ
In the above equation, E is the elastic modulus of the pier.
If the pier is of equal section, set /1,1 = h,, Formulas (8) and (9) can be obtained:
6T,h*  T,h? 12T,h  T,h
fo= = = 57 Bo=—m = 2 (10)
Ebh;, 2EL Ebh;, EL

El is the bending stiffness of the pier.

Considering the torsional effect on the pier girder, it will cause the pier girder to
undergo torsional lateral tilting, which in turn leads to bending deformation of the piers.
Therefore, the angle of inclination of the frame pier crossbeam is the superposition of the
angle of inclination of the frame pier at the top, where bending occurs, and the angle of
twist at the end of the frame pier crossbeam [24-28]. Thus, the inclination angle ¢, on
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the A-end pier girder is the superposition of the girder’s rotation angle and the pier’s
inclination angle, that is:

$a = Pa+ pa = CaT (11)

In the formula, C, is the inclination angle flexibility coefficient of the beam. The
calculation formula is:

6bh(hzl + hzZ) a
Ca = 2 12 GI
Eb:hihi(a+b)  GJ
Similarly, the deflection f;, and the inclination f; of the B end pier can be obtained. The
inclination angle ¢, on the cross beam of the frame pier is:

(12)

oo =¥p+ P =CT (13)

6ah(hzl + hzZ) b
Cp = — 14
"= b2 at b) | G (14)
Equations (11)—(14) are the calculation formulas for the unbalanced bending moment
and tilt angle of the end of the frame pier crossbeam.
Put the end torque of Formula (3) directly into Formula (7) with:

6bh?
- T =K,T 15
fa E(a+b)bsh h?, ! (15)
6ah?
— T=K,T 16
fo E(a+ b)bih%, b (16)

The constant coefficients K, and K, are the flexibility coefficients of the horizontal
change.
6bh? 6ah?

K, = Ky = 17
* T E(a+b)bzhah?, "7 E(a+b)boia k2, {17

Then Formulas (15) and (16) are the calculation formulas for the relationship between
the unbalanced bending moment and the horizontal displacement of the top of the frame
pier.

If, in practice, there are difficulties in monitoring the horizontal displacement at the
top of the column, the horizontal displacement observation point can be moved to a part of
the pier. Assuming that c is the distance from the position of the site to the top of the pier,
the relationship between the unbalanced bending moment and the horizontal displacement
of the pier body can be obtained:

6b(h — c)?
= v 7 T =K,.T 18
faC E(El + b)bzhzchgz ac ( )

In formula, the f; is the horizontal displacement of the AC pier from the top of the

pier.
The h, is the longitudinal width of the AC pier from the pier top to ¢, namely:

h.y —h
hﬁw +hy (19)

Ky is the horizontal displacement flexibility coefficient of the pier part, namely:

6b(h — c)?
K, = (—)2 (20)
E(a+ b)bshych,

Theoretical research on the monitoring calculation of the pier girder construction
has resulted in formulas for the relationship between the unbalanced bending moment
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and the inclination angle of the pier girder end, as well as the relationship between the
unbalanced bending moment and the horizontal displacement of the piers. Therefore, there
are two methods for monitoring the construction of the pier girder: one is the monitoring
method combining water tank counterweight control with monitoring the inclination angle
of the pier girder end, and the other is the monitoring method combining water tank
counterweight control with monitoring the horizontal displacement of the piers.

4.2. Finite Element Method for Monitoring and Calculation of Pier Crossbeam Torsion

In the refined finite element model, the unbalanced bending moment is realized by
applying a concentrated force at the cantilever end of one side of the T-shaped structure.
Firstly, let the pier girder bear an unbalanced bending moment of 2000 kN-m with a lever
arm of 35 m: then the applied concentrated force would be 2000/35 = 57.14 kN. Under the
action of the 2000 kN-m unbalanced bending moment, the deformation cloud map of the
pier girder relative to its pre-deformed state is shown in Figure 8.

0.000 2682.272 5364.543 08046.815 10729.086

f L ! } ! DXYZ ,mm

+1.45914e+000
+1.33092¢+000
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Figure 8. Deformation cloud map of frame pier crossbeam.

The corresponding inclination angle of the pier girder in the bridge direction can be
obtained through the horizontal displacements of points A and B on the left end of the
girder [29]. The calculation formula is as follows:

_ lxa — x|\ _ |—1.095 — (—0.569)|\ _ o
Blert = arctan (T = arctan 1700 = 0.0064 (21)

In formula: x 4 xg—horizontal displacement of points A, B; H—height of pier cross-
beam;

Similarly, within the range of 2000 kN-m to 24,000 kN-m, inclination angles are
calculated every 2000 kN-m and summarized in Table 3.

The unbalanced bending moment in Table 3 makes a scatter diagram with the beam
inclination and a linear fit as shown in Figure 9.

Figure 8 shows that the linear fitting equation is y = 3.2 x 10~%x, and the regression
coefficient is 0.99, indicating a strong linear correlation. Thus, the relationship between
the angle of inclination of the left end of the frame pier crossbeam 6,4 and the unbalanced
bending moment can be obtained by the equation, namely:

Opeft =32 x107°T (22)
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The calculation parameters of the frame pier crossbeam of the main bridge of the
Chaoyang overpass on the Guangfo-Zhao Expressway are added to Formula (12) to obtain:

¢a =3.175x 10T (23)

Table 3. The inclination angle of the crossbeam corresponding to the unbalanced bending moment.

Unbalanced Moment Cross am Inclination Unbalanced Moment Cross am Inclination

(kN-m) (degree) (kN-m) (degree)
2000 0.0064 14,000 0.0448
4000 0.0128 16,000 0.0513
6000 0.0192 18,000 0.0577
8000 0.0256 20,000 0.0641

10,000 0.0320 22,000 0.0705
12,000 0.0384 24,000 0.0769

01  beaminclination Angle (degree)

008 ¥=320E06x
006
0.04
002
0

0 4000 200 12000 16000 20000 24000
unbalanced moment (kN-m)

Figure 9. Fitting diagram of beam inclination angle and unbalanced bending moment.

This numerical fitting Equation (22) is in general agreement with the constant coeffi-
cients obtained from the theoretical formulation of Equation (23) in this paper, validating
the correctness of the theoretical calculation formula derived in this paper.

In practical engineering applications, establishing a refined finite element model of
the bridge’s overall structure to establish a numerical fitting formula for the relationship
between the unbalanced bending moment and the girder inclination angle involves a signif-
icant amount of modeling and computational effort. In contrast, the theoretical calculation
formula derived in this paper is simple to use and requires minimal computational effort.

The method presented in this paper has been applied to the construction monitoring
of the Chaoyang Bridge with good results, and it can provide valuable references for the
construction monitoring of large-span frame pier continuous bridges.

4.3. Comparative Study of Construction Monitoring Methods

Taking the construction monitoring of the beam of the frame pier on the main bridge
as the engineering background, the monitoring method of combining water tank weight
control and monitoring the deformation of the frame pier is proposed to eliminate the
influence of an unbalanced bending moment.

The counterweight water tank of the continuous box girder bridge constructed by
the bridge cantilever method is placed on the section of the 4# block, and the distance
between the center of gravity of the counterweight and the fulcrum is 14.25 m. Then the
offset unbalanced bending moment generated by the counterweight G of the water tank is
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T’ = 14.25 G, substituting the upper Formula (11) to obtain the relationship between the
counterweight of the water tank and the inclination angle ®, measured by the A-end beam:

D,
G= 14.25C,

(24)

Similarly, the relationship between the counterweight of the water tank and the B-end
beam inclination @y, is:
- M
~ 14.25C,
The calculation parameters of the frame pier crossbeam of the main line bridge of

the Guangfo-Zhao Expressway are inserted into Formulas (12) and (14), and the tilt angle
flexibility coefficient of the beam is obtained:

(25)

C,=3175x107° Cp =2.334x107°

Putting in Formulas (17) and (18), there is

@,

Dy,
G= 14.25C,

= 2.2096®, x 10* =
0960, > 10 C = 11256,

= 2.9945®, x 10* (26)

In the above formula, the units of the beam inclination ®, and &, are degrees, and the
unit of the counterweight G is kN.

Similarly, the calculation parameters of the frame beam are inserted into formula (17)
to obtain the horizontal variable flexibility coefficient K of the pier top:

K, =339 %1074 K, =1.65x107*%

The offset unbalanced bending moment T’ = 14.25 G generated by the water tank
weight G in Formulas (15) and (16) is obtained:

fa fo
= = 207. = = 425. 27
C = fa25K, ~ 207 ¢ 14.25C, 53fo @7

In the above formula, the top of the pier is horizontally shifted f; and f; in mm, and
the unit of counterweight G is kN.

Further analyze the accuracy of the unbalanced bending moment measurement of
both monitoring methods:

(1) The precision of high-accuracy electronic inclinometers used in engineering inspec-
tions domestically can reach 0.001 degrees. Therefore, by using the previously ob-
tained Ca girder inclination flexibility coefficient and substituting the measurement
precision of the inclinometer into calculation Formula (11), the measurement precision
of an unbalanced bending moment using such precision electronic inclinometers can
be calculated as 315 kN-m.

(2) Domestic displacement sensors (such as dial gauges) can achieve a measurement
accuracy of 0.001 mm. Similarly, according to the calculation Formula (15) provided
in this paper, the pier top horizontal displacement flexibility K, = 3.39 x 10~* can be
obtained. Thus, using this sensor (dial gauge) for measuring unbalanced bending
moments yields a precision of 2.95 kN-m. Additionally, the horizontal displacement
flexibility coefficient in the middle of the pier is represented as K, = 7.83 x 107°.
Therefore, the measurement precision of an unbalanced bending moment using this
sensor (dial gauge) is 12.77 kN-m.

A comparison of the two monitoring methods indicates that, under conditions per-
mitting the erection of fixed brackets at the construction site, the method of installing
displacement sensors (dial gauges) at the top or middle of frame piers for monitoring
achieves higher accuracy in measuring unbalanced bending moments. Although the



Buildings 2024, 14, 2409

14 of 16

method of installing electronic inclinometers on the top surface of beams does not achieve
high precision in measuring unbalanced bending moments, it is convenient for instrument
installation and does not require the erection of fixed brackets.

Considering that unbalanced bending moments only affect frame pier crossbeams
when they exceed 1000 kN-m, it is preferable to use the convenient electronic inclinometer
observation method for monitoring beam inclination in the construction monitoring of
frame pier crossbeams on the Guang-Fo-Zhao Expressway.

During the construction monitoring of the frame pier crossbeams of the bridge, two
high-precision electronic inclinometers are placed on the top surface of pier A to monitor the
variation in the beam inclination ®. Then, the counterweight is calculated using Formula
(26), and its average value is taken as the applied counterweight. Starting from the fourth
segment, after completing the concrete pouring of each segment, the inclination angle of
the beam is monitored to determine the counterweight until closure. By observing the
changes in the inclination of the frame pier crossbeams during construction, if significant
unbalanced bending moments are detected, water tank counterweights are promptly
applied to eliminate the effects of unbalanced loads.

5. Conclusions

This study investigates the monitoring technology for frame pier crossbeams during
the cantilever construction of prestressed concrete box girders, and the conclusions are as
follows:

1. By establishing a refined finite element model of the entire bridge using Midas/FEA,
an analysis of potential unbalanced load combinations during symmetrical cantilever
construction was conducted. The results indicate that the torsional resistance of frame
pier crossbeams does not meet design specifications during construction.

2. By separating the frame pier from the box girder and employing structural mechanics
methods to analyze the deformation of frame piers under torsional loads, this paper
derived theoretical calculation formulas for the relationship between unbalanced
bending moments and pier crossbeam inclination, as well as the relationship between
unbalanced bending moments and horizontal displacement of variable section piers.
These formulas provide convenient theoretical calculations for monitoring the torsion
of frame pier crossbeams during construction.

3. Building upon the theoretical formulas for calculating frame pier crossbeam mon-
itoring, two methods for monitoring the torsion of frame pier crossbeams during
construction were proposed: a method combining water tank counterweight control
with monitoring of pier crossbeam end inclination, and a method combining water
tank counterweight control with monitoring of pier horizontal displacement.

4. In practical engineering construction monitoring, using a refined finite element bridge
model to establish numerical fitting formulas for the relationship between unbalanced
bending moments and pier crossbeam inclination yields results consistent with the
theoretical formulas derived in this paper. This validates the correctness of the
theoretical calculation formulas obtained in this study. Moreover, these theoretical
formulas for frame pier crossbeam monitoring are convenient to use, require minimal
computational effort, and hold significant value for widespread application.

5. Through practical engineering application and comparative analysis, it was found
that the method combining water tank counterweight control with monitoring of pier
horizontal displacement achieves higher accuracy in unbalanced bending moment
monitoring. However, difficulties may arise in implementing fixed bracket instal-
lation for sensor placement. On the other hand, the method combining water tank
counterweight control with monitoring of pier crossbeam end inclination is opera-
tionally convenient and provides sufficient accuracy for unbalanced bending moment
monitoring to meet engineering requirements.
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The method presented in this paper has been applied to the construction monitoring
of the Chaoyang Bridge with good results, and it can provide valuable references for the
construction monitoring of large-span frame pier continuous bridges.
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