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Abstract: The accurate installation of long-span arch bridges’ arch ribs remains a challenge due
to the complex calculations required for cable forces and arch rib displacements, as well as the
significant influence of environmental and construction loads. In this study, we propose a practical
approach to alignment and error feedback control for long-span arch bridges. Cable forces were
optimized using multiple control objectives based on influence matrix principles. The impact of
temperature on the next segment to be installed was analyzed using the metastatic GM(1, 1) model
and fitting results. Several tunable parameters were employed to account for parameter errors
and environmental interference. These parameters were adjusted based on the deviations between
practical and theoretical alignments for different arch rib segments, achieving a model output of
an offset-free-tracking arch rib structure. This technology was applied to monitor the construction
of the Tian’e Longtan Grand Bridge. Compared to conventional alignment control approaches, the
proposed method achieved excellent arch ring alignment after the closure of the high-accuracy arch
rib and cable release, as well as effective control of cable force uniformity and tower deviation.
Field measurement data indicate that the closing deviation of the arch ring is only 3 mm. This study
provides a valuable reference for the construction control of long-span arch bridges.

Keywords: long-span arch bridges; influencing matrix; the influence of temperature; feedback control

1. Introduction

The cable-hoisting and cable-stayed buckle method is the main method used for
installing stiff frames. In this method, the stiff frame segment is lifted to a specified position
through a cable; then, the segment is welded and assembled, and the internal force of the
structure is adjusted through the stayed cable. This method is suitable for cases involving
numerous steel frame segments [1]. Several problems are encountered as the spans of
concrete-filled steel-tube arch bridges increase, as well as the number of arch rib-lifting
segments. These problems include calculation difficulty, frequent adjustments of large
cantilever structures, and the arching state deviation, and they emerge during the arching
of the cable-stayed buckles of steel arch ribs [2–10]. Currently, the primary construction
control method of arch rib installation in China is mainly based on alignment control, as it is
easy to achieve alignment monitoring and stability. As such, we are faced with determining
how to reasonably ascertain the cable force of arch bridges’ cable-stayed buckles, as well
as how to use the monitoring results during the installation of each segment to perform
error feedback control. These questions have become major difficulties in monitoring the
construction of long-span arch bridges.

Alignment control essentially involves the calculation and optimization of the forces
of buckle cables and back cables. Currently, the cable force calculation and optimization in
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the construction of arch bridges’ cable-stayed buckles are mainly based on the experience of
optimizing the cable force of cable-stayed bridges [11,12]. The related existing methods in-
clude the formal iterative, inversion analysis, and influencing matrix methods. For instance,
Xu et al. [13] proposed an improved iterative algorithm with high computational efficiency
to address the low computational efficiency typically encountered when using the formal
iterative method to determine the cable tensile force of cable-stayed buckles. The improved
iterative algorithm has a fast convergence speed and neglects the cable force uniformity and
installation accuracy of the arch ring alignment. Owing to the unknown state parameters of
a structure and the nonlinear effect of the structure during inverted demolitions, when the
construction steps are complicated, it is difficult to obtain an accurate solution using this
method. Qin et al. [14] and Han et al. [15] calculated the dead weight of an arch ring using
the influencing matrix method. Here, for the displacement-influencing matrix under the
action of the cable force of each unit, the optimization objective function was the deviation
of alignment between control points and targets during construction. The deviation of the
arch ring alignment and the target alignment after closing the cable was set as a constraint
function. The initial tensile force of each cable in the arch ring cable-stayed buckles during
construction was calculated, and the cable force uniformity was adequately controlled.
However, the system was affected by the elastic deformations of the steel arch rib structure,
elastic deformations of the tower, the cable’s elastic modulus and thermal expansion, and
many other factors [16–18]. Consequently, deviation occurs between the alignment after an
actual installation and the theoretical value of the current installation, thus affecting the
installation accuracy. Therefore, error correction and feedback control should be performed
considering the effect of temperature and other factors to achieve an expected alignment.
When calculating the cable force of the cable, the above documents ignore the variation
errors of arch rib alignment and cable force caused by the deviation between the ambient
temperature and the design temperature during the tension of the cable and cannot accu-
rately determine the initial cable force. It is of great significance to study the construction
control of arch rib segmental lifting, considering the influence of temperature variation and
other errors for realizing the reasonable structure of the bridge.

In this paper, based on the influencing matrix principle and constrained minimization
theory, combined with error feedback control theory, we propose a practical approach to
alignment and error feedback control for long-span arch bridges. The proposed approach
was proven theoretically and tested in practice. Specific tunable parameters were used to
characterize various parameter errors and environmental interferences, and the tunable
parameters were adjusted according to the deviation between the alignment and the
theoretical value of each arch rib segment after actual installation. As such, an offset-free-
tracking practical arch rib structure was achieved as a model output. In addition, the
method was used to perform error correction and feedback control during the installation
process of an arch rib, and high positioning accuracy was recorded for each arch rib segment.
All kinds of parameter errors and environmental interferences during the installation of
the arch rib were significantly reduced. Therefore, this study provides a reference for
the construction control of long-span arch bridges. At the same time, compared with the
conventional linear control method, the proposed method converges and iterates faster.
At the same time, the influence of temperature and various error factors is comprehensively
considered, which not only ensures that arch rib closes with high precision and the arch
ring alignment after the cable loosening is maintained well but also better controls the
uniformity of cable force and the deflection of towers during the construction process.

2. Mathematical Model
2.1. General Solution of Alignment Control

To meet the installation target requirements of arch rib alignments in the cable-stayed
buckles of arch bridges, the one-stretch cable method or fewer cable adjustments are the
methods currently used. Alignment control is essentially the calculation of the force on the
cables of a cable-stayed bridge, whereas the calculation of the cable force of arch bridges
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constructed by cable-stayed buckles is similar to that of cable-stayed bridges, except that the
former lacks cable forces for formed bridges. However, the calculation of the cable force of
arch bridges should also consider the alignment after the closure of the arch rib and paving
of the bridge deck; thus, references can also be made to the cable force calculation in the
construction of cable-stayed bridges [19]. The influencing matrix method is often used for
cable force optimization and the determination of the cable force at the construction stage.
Additionally, the effect of all structural dead loads and tensile forces is also considered
in the control objectives {∆R}. The general equation for the initial tensile force of the
cable-stayed buckles of arch bridges with a concrete-filled steel tube is given as follows:

[A]{F0}+ {∆S} = {∆R} (1)

where [A] is the unit influence matrix of the cable force adjustment on each control
target,{F0} is the initial tensile cable force to be determined, {∆S} is the displacement
induced by the dead load during the installation of the arch ring cable-stayed buckles, and
{∆R} is the target displacement of the alignment of the designed arch bridge.

2.2. Alignment Control Optimization

This model takes the sum of the squares of the actual displacement and target dis-
placement differences in each arch segment after loosening the cable to form an arch as
the optimization objective function and the actual displacement and target displacement
differences in each arch rib during the suspension assembly construction process as the
constraint condition. This method is a one-time tensioning method, which avoids the dis-
advantages of complex calculation processes and repeated cable adjustments when using
methods such as front installation and reverse dismantling to optimize the construction of
arch bridge cable-stayed buckles.

The deviation between the control point us and target alignment ut of displacement
at the tensile stage during construction is taken as the optimization objective function.
The deviation between the alignment un and target alignment ut of the arch ring is taken as
the constraint function after the closure of the dragon loose rope. The initial tensile force of
a group of arch ring cable-stayed buckles during construction is determined and optimized,
i.e., the constrained minimization problem is solved using a mathematical model. Upon
assuming that the difference between the initial cable force and the optimized value is
{∆X}, fmincon is used to determine the constrained nonlinear multivariable function.
The fmincon function minimizes the fun function with the lower bound lb and upper
bound ub of a given variable:

{∆X} = f mincon( f un, {F0},
[

B
−B

]
,
[

∆u + ut − u0
∆u − ut + u0

]
, lb, ub) (2)

f un = ∥[C]{∆X}+ {us − ut}∥2 (3)

where [B] refers to the displacement-influencing matrix of each control point when the cable
is removed under the action of the cable force, [C] refers to the displacement-influencing
matrix of each control point when the arch rib is installed under each unit cable force, f un
is the objective function, {F0} is the initial tensile force to be solved, ∆u is the limit vector
of the displacement deviation of the closed loose cable under the action of the self-weight
of a bare arch, ut is the target displacement vector (displacement vector of each control
point under the bare arch), and u0 is the displacement of a control point under the initial
tensile force. Then, the obtained initial tensile force is used for the formal analysis, thus
resulting in the tensile force at each stage. lb is the lower bound of the variable {∆X}, and
ub is the upper bound of the variable {∆X}. The initial cable force {F} of tension after the
final optimization can be determined:

{F} = {F0}+ {∆X} (4)



Buildings 2024, 14, 1995 4 of 14

For the nonlinearity of a long-span arch bridge, the sag effect of the cable is mainly
considered at the stage of cable-stayed suspension, and the sag effect is simulated by the
equivalent elastic modulus method.

Notably, in general, the newly installed component is positioned in a direction tangen-
tial to the previously installed component. For arch bridges with cable-stayed buckles, the
effect of the tangential assembly displacement must be included to ensure that the finite-
element calculation results are in line with the actual engineering requirements. Therefore,
for arch bridges with cable-stayed buckles prone to the influence of a tangential assembly
displacement, the cable force obtained by the influencing matrix method has a discrepancy
with the actual tensile cable force, which requires further optimization and adjustment.

2.3. Alignment Control Considering Temperature Influence

The temperature change has a great influence on the force and deformation of bridge
structures, and the results are different when the structure state is measured at different
times. In order to obtain the real state data of the structure, the influence of temperature
must be considered. In this paper, the morning when the temperature changes less in a
day is generally taken as the collection time for the required measured data. But, there is a
difference in temperature when the ribs are positioned. The temperature field generated
by the arch rib and buckle system is a nonlinear temperature field under the combined
effect of ambient temperature and solar radiation, and the structural error caused by
temperature is cumulative. When the cantilever is extended, it deviates significantly from
the design target, causing closing difficulties and affecting the internal stress and alignment
of the system when the bridge is completed. During hoisting, the structural system is
constantly transformed, and the stiffness also constantly changes. The hoisting segments
become inconsistent under the influence of temperature. However, owing to the tangential
assembling of the arch rib, a strong connection occurs between the alignment of the arch rib
segments. Therefore, we can predict the influence of temperature on the arch rib of the next
segment by using the measured temperature effect alignment rule of the current segment,
as well as a model, to determine the efficiency.

The function y = f(x) is defined at the interval [a, b]. At a known point a, the tem-
perature influence rule of the (N + 1)th control point is predicted by using the change in
temperature of the Nth control point. The grey prediction model GM(1, 1) has conditional
exponential fitting. By using the original discrete data columns, a new regular discrete
data column with reduced randomness is generated by one accumulation step. Then, the
differential equation model is established to obtain an approximate estimate of the original
data generated by the solution at the discrete points after the reduction, thus predicting the
subsequent development of the original data [20–22]. The initial original data column is
x(0) = (x(0)(1), x(0)(2), · · · x(0)(n)); when it is accumulated once, a newly generated data
column x(1) = (x(1)(1), x(1)(2), · · · x(1)(n)) is obtained, where

x(1)(m) =
m

∑
i=1

x(0)(i), m = 1, 2 · · · n. (5)

z(1) is the immediate mean-generating sequence of series x(1), i.e.,

z(1) = (z(1)(2), z(1)(3), · · · z(1)(n)) (6)

where z(1)(m) = δx(1)(m) + (1 − δ)x(1)(m − 1), m = 2, 3 · · · n, and δ = 0.5.
x0(k) + az1(k) = b is the basic form of the GM(1, 1) model, where b refers to the

grey action quantity, a refers to the development coefficient, and the first “1” of GM(1, 1)
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indicates that the equation is of the first order, while the last “1” indicates that there is only
one variable.

Let u = (a, b)T , Y =


x(0)(2)
x(0)(3)

...
x(0)(n)

, B =


−z(1)(2)1
−z(1)(3)1

...
−z(1)(n)1

. (7)

Hence, the GM(1, 1) model x0(k) + az1(k) = b can be expressed as follows:

Y = Bu. (8)

The estimated values of parameters a and b are obtained using the least squares method:

⌢
u = (

⌢
a ,

⌢
b )

T
= (BT B)

−1
BTY. (9)

The initial value condition is
⌢
x
(1)

(t)
∣∣∣∣t=1 = x(0)(1) , based on which the following

solution can be achieved:

⌢
x
(1)

(t) =
[

x(0)(1)− b
a

]
e−a(t−1) +

b
a

. (10)

The GM(1, 1) model x0(k) + az1(k) = b has the following solution:

⌢
x
(1)

(m + 1) =
[

x(0)(1)− b
a

]
e−am +

b
a

, m = 1, 2, · · · , n − 1. (11)

To predict the original data, only the condition m ≥ n is sufficient. However, to
improve the accuracy of the grey prediction model GM(1, 1), we set x(0)(n + 1) as the
newest information; we remove the previous information x(0)(1) while importing X(0) and
let X(0) = (x(0)(2), · · · x(0)(n), x(0)(n + 1)). The established GM(1, 1) model is metastatic.
From a prediction perspective, the metastatic model updates the information constantly;
thus, it is regarded as the most ideal model. To eliminate or reduce the influence of
temperature, the temperature monitored 24 h before the segment hoisting is used to correct
the temperature of the next segment’s arch rib hoisting, and the fitting is performed based
on the original data. The influence of temperature on the arch rib of a lower segment is
predicted by considering the grey prediction and fitting results comprehensively, and their
adequacy and reliability are judged by the difference between the predicted data and the
original data.

2.4. Feedback Control of Parameter Errors

In addition to temperature, the elastic deformations of the arch rib steel structure and
tower, the elastic modulus of the cable, and other factors also affect the alignment after
installation. These effects cause a discrepancy between the theoretical and actual values of
the current installation stage. As the steel arch assembly proceeds, the deviation can only
be adjusted by the cable force in the later stages because the cables are not adjusted once
and the internal stress of the cable installed at the first stage changes constantly. Hence,
a deviation occurs between the measured value of the structure and the calculated value
of real-time theoretical analysis. The feedback control aims to promptly correct various
parameter errors and environmental interferences during the construction of arch bridges.
Using the arch rib installation test results at the current arch rib construction stage, the
theoretical model is corrected to generate a fast and accurate tracking practical arch rib
structure. Hence, there is deviation between the measured value of the structure and the
calculated value of the real-time theoretical analysis.
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∆x and ∆s are the upper and lower limits of the current segment alignment caused
by various error factors. By approximating the practical value after the installation of the
current segment, we optimize the mathematical model (2) as follows:

{∆X} = f mincon( f un, {F0},


B
−B
C
−C

,


∆u + ut − u0
∆u − ut + u0
∆s − dis1
−dis1 + ∆x

, lb, ub) (12)

According to the above analysis, the practical approach to the alignment and error
feedback control is explained as follows:

(1) The initial cable force is obtained after the final optimization. Based on the material
characteristics, geometric characteristics, boundary conditions, and external load
information of concrete-filled steel tube arch bridges, a finite element model is estab-
lished. According to Equations (2) and (3), the initial tensile force {F0} of a group of
buckles during construction is solved and optimized.

(2) According to Equation (4), the cable force {F} of a single unadjusted cable under con-
trol objectives, such as tower deviation, arch rib alignment, and cable force uniformity,
is obtained.

(3) In order to improve the accuracy of the grey prediction model GM(1, 1), the grey
model GM(1, 1) with a fixed median is established, where x(0)(n + 1) is taken as
the latest information, and the previous information x(0)(1) is replaced with X(0).
The model built with X(0) = (x(0)(2), · · · x(0)(n), x(0)(n + 1)) is called the metastatic
GM(1, 1) model.

(4) The original data are fitted, and the segment arch rib under the prediction is affected
by temperature through a comprehensive consideration of metastatic GM(1, 1) and
the fitting results. Then, the prediction data and the trend of the original data are used
to judge whether it is reasonable and reliable.

(5) ∆x and ∆s are the upper and lower limits of the current segment alignment caused by
various error factors. Approximating the practical value of the current segment after
installation using ∆x and ∆s, and optimizing the mathematical model (2), results in the
feedback control characterizing various parameter errors and environmental interferences.

(6) Through error feedback control, various parameter errors and environmental interfer-
ences in the bridge construction process are corrected. If the deviation between the
measured value and the theoretical value is within a feasible region, the iteration is
completed. If the requirements are not met, one should return to step (5) and adjust
the tunable parameters to realize the model output, offset-free-tracking practical arch
rib structure.

The steps of the practical method of linear and error feedback control are shown in
Figure 1 below.



Buildings 2024, 14, 1995 7 of 14

Buildings 2024, 14, x FOR PEER REVIEW 7 of 15 
 

completed. If the requirements are not met, one should return to step (5) and adjust 
the tunable parameters to realize the model output, offset-free-tracking practical arch 
rib structure. 
The steps of the practical method of linear and error feedback control are shown in 

Figure 1 below. 

Multivariate constrained 
optimization model

Optimized first tension cable force       

Objective function

Constraint function

Initial 
valueLinear 

control is 
generally 

solved

Grey prediction model 
GM(1,1)

Temperature 
effect 

correction

Temperature 
and linear 
data were 
monitored 
24h before 

hoisting

Error feedback 
control model

Finish

Deviation 
feedback 
control

( )min ( ) xh tfun x u u= −

[ ]2 2( )n tu x u u− ≤ Δ

{ } { } { }= + Δ
0

F F X

{ }0F

Predicted value solving

Metabolism GM(1,1)

− 
= − + 
 

 ） ）（ （(1 (0m+1) 1) amb b
x x e

a a

Update i section 
arch rib after 
installation 

deviation from 
the theoretical 

value

{ } { }Δ =

）

0
min ( , , ,

u, ,

X f con fun F C

lb ub
Functional model    

Increment state variable Δ Δ、 、
1s x

dis

Start

In paragraph i, the deviation 
between the actual measurement 

and the theory is within the 
feasible domain

Yes

No

= +(0) (0) (0) (0)X (x (2), x ( ),x ( 1))n n

= 1,2, 12i

 
Figure 1. Flowchart of the practical approach to alignment and error feedback control. 

3. Practical Application 
3.1. Project Background and Finite Element Model 

The Tian’e Longtan Grand Bridge is a control project of the Nandan–Tian’ao Xia-Lao 
Expressway. The bridge is located in Tian’ao County, Hechi City. The total length of the 
bridge is 2488.55 m, of which the main bridge is 624 m. The bridge scheme is of stiff-frame 
concrete arch bridges. The calculation span is 600 m, the cable adopts a split cable design, 
and the cable force at the pull end is the same as that at the anchor end. As shown in Table 
1, at the construction stage, the cable forces of a single cable and two bundles of cables are 
set for each arch rib. The cable is made of 1860 MPa Φ = 15.24 mm high-strength and low-
relaxation steel strands, and the area of a single steel strand is 140 mm2, with an elastic 
modulus of E = 1.95 × 105 MPa. A low-retraction anchor device is adopted at the anchorage 
end; the device is placed in the buckle structure of the end attachment of the arch rib 
segment. The control points are the intersection points of the upper chord axis of each 
arch rib and the axis of the top vertical belly bar, which are horizontally transferred to the 
outside part of the main chord tube during construction. The main arch ring of Tiane 
Longtan Bridge is installed by cable hoisting and cable-stayed buckle hanging, and the 

Figure 1. Flowchart of the practical approach to alignment and error feedback control.

3. Practical Application
3.1. Project Background and Finite Element Model

The Tian’e Longtan Grand Bridge is a control project of the Nandan–Tian’ao Xia-Lao
Expressway. The bridge is located in Tian’ao County, Hechi City. The total length of the
bridge is 2488.55 m, of which the main bridge is 624 m. The bridge scheme is of stiff-frame
concrete arch bridges. The calculation span is 600 m, the cable adopts a split cable design,
and the cable force at the pull end is the same as that at the anchor end. As shown in
Table 1, at the construction stage, the cable forces of a single cable and two bundles of
cables are set for each arch rib. The cable is made of 1860 MPa Φ = 15.24 mm high-strength
and low-relaxation steel strands, and the area of a single steel strand is 140 mm2, with an
elastic modulus of E = 1.95 × 105 MPa. A low-retraction anchor device is adopted at the
anchorage end; the device is placed in the buckle structure of the end attachment of the
arch rib segment. The control points are the intersection points of the upper chord axis of
each arch rib and the axis of the top vertical belly bar, which are horizontally transferred to
the outside part of the main chord tube during construction. The main arch ring of Tiane
Longtan Bridge is installed by cable hoisting and cable-stayed buckle hanging, and the
outer concrete is poured by layers of “three rings, six sections and eight working faces”.
The elevation of Tiane Longtan Bridge is shown in Figure 2 below.
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Table 1. Initial control commands.

Section Manufacturing
Elevation (m)

Tensile
Elevation (m)

Initial Cable
Force (kN)

Optimized
Cable Force

(kN)

1# 396.456 396.449 360 433
2# 412.811 412.789 581 593
3# 427.709 427.668 591 625
4# 444.675 444.619 749 681
5# 459.290 459.179 792 831
6# 472.252 472.112 847 878
7# 483.501 483.277 1132 1158
8# 492.950 492.718 1410 1387
9# 500.399 500.079 1722 1934

10# 505.979 505.627 2134 1981
11# 509.461 509.060 2848 2588
12# 510.881 510.394 3418 3109
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The total number of the nodes and elements of the finite element model of the cable-
stayed buckles of the Tian’e Longtan Grand Bridge is 7614 and 15,545. The material
properties, geometry, boundary conditions, and external loads are consistent with the de-
sign. Owing to the symmetrical structure of the bridge, the cables are numbered according
to construction stages and sequences. The finite element model is shown in Figure 3.
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3.2. Application of the Practical Approach to Alignment Control and Error Feedback
3.2.1. General Solution and Optimization of Alignment Control

In the design review phase, after establishing the finite element model of the cable-
stayed buckles in the Tian’e Longtan Grand Bridge, we extract the unit influence matrices
[A], [B], and [C] of the unit cable force adjustment on each control target, the deviation
between the displacement control point and the target alignment at the current tensile stage
during construction, and the difference between arch ring alignment un after closure and
target alignment ut. Under the constraint conditions of different column deviations and
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arch rib alignment errors, the optimization results are different, and the corresponding
maximum cable force at the construction stage also differs. In addition, the cable force of
the bridge is optimized using the proposed alignment control optimization method. Table 1
shows the tensile cable force and control commands when the cable force uniformity and
safety are all considered for an arch rib alignment within 0–45 mm and a tower deviation
within 0–60 mm. The segmental division of arch ribs is shown in Figure 4 below.

Buildings 2024, 14, x FOR PEER REVIEW 9 of 15 
 

3.2. Application of the Practical Approach to Alignment Control and Error Feedback 
3.2.1. General Solution and Optimization of Alignment Control 

In the design review phase, after establishing the finite element model of the cable-
stayed buckles in the Tian’e Longtan Grand Bridge, we extract the unit influence matrices 
[A], [B], and [C] of the unit cable force adjustment on each control target, the deviation 
between the displacement control point and the target alignment at the current tensile 
stage during construction, and the difference between arch ring alignment nu   after 

closure and target alignment tu  . Under the constraint conditions of different column 
deviations and arch rib alignment errors, the optimization results are different, and the 
corresponding maximum cable force at the construction stage also differs. In addition, the 
cable force of the bridge is optimized using the proposed alignment control optimization 
method. Table 1 shows the tensile cable force and control commands when the cable force 
uniformity and safety are all considered for an arch rib alignment within 0–45 mm and a 
tower deviation within 0–60 mm. The segmental division of arch ribs is shown in Figure 
4 below. 

 
Figure 4. Arch rib segment division (The number indicates the arch rib segment number). 

In the design review phase, the installation control commands in Table 1 are used 
and are shown in Figure 5, and the error range of each control objective is shown in Figure 
6. 

 
Figure 5. Installation control commands. 

1

2

3

4

5

6

7

8

9

10
11 12

Figure 4. Arch rib segment division (The number indicates the arch rib segment number).

In the design review phase, the installation control commands in Table 1 are used and
are shown in Figure 5, and the error range of each control objective is shown in Figure 6.
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As shown in Figure 5, performing alignment control optimization using the proposed
method solves the problems of large fluctuations in each cable force and poor cable force
uniformity with the increasing number of hoisting segments. Meanwhile, the adjacent
cable force changes only slightly, and the tower deviation and arch rib alignment are good,
indicating that the proposed method effectively overcomes the defects of traditional con-
struction monitoring and calculation methods, and it also effectively adjusts the parameters
during the construction lifting process.
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3.2.2. Alignment Control Considering Temperature

To further study the variation rules of the arch ring alignment and cable force affected
by temperature during hoisting construction, the above method is used to predict the
temperature effect of the arch rib alignment of the next segment using the measured data
of the current segment alignment, and a new control value is given. In the hoisting of
segment 6#, for example, after installing segment 5#, the alignment tested at 22:01 in the
evening is taken as the initial value. In light of metastatic GM(1, 1) and the fitting data, at
temperatures of 15.7 degrees Celsius and 17.9 degrees Celsius, the following is obtained:

X(0) = (x(0)(2), · · · x(0)(n), x(0)(n + 1)) = (0,−2,−4,−6,−12,−19)

X(0) = (x(0)(2), · · · x(0)(n), x(0)(n + 1)) = (−2,−1,−2,−7,−18,−34)

Accordingly,

⌢
x
(1)

(m + 1) =
[

x(0)(1)− b
a

]
e−am +

b
a

, m = 1, 2, · · · , n − 1

We obtain predicted values of −20 mm and −31 mm, respectively.
We predict the temperature effect behavior after the installation of segment 6#. The in-

stallation instructions for segment 6# are thus provided, and the measured values are
compared with the predicted values after the installation of segment 6# (see Table 2):

Table 2. Prediction using the improved GM(1, 1) model and fitting results.

No. Time Temperature 1A/mm 2A/mm 3A/mm 4A/mm 5A/mm Prediction
6A/mm

Post-Installation
Measurement

6A/mm

Error
Percentage/%

1 3-28 9:21 AM 15.7 0 −2 −4 −6 −12 −19 −20 5
3 3-28 10:31 AM 17.9 −2 −1 −2 −7 −18 −34 −31 3

After installing segment 5#, predictions are made using the improved GM(1, 1) model;
the fitting results are illustrated in Figures 7 and 8.

As shown in Figures 6 and 7, after predicting the temperature influence behavior using
the proposed method, the prediction errors of the metastatic GM(1, 1) model and fitting
results for segment 6# are less than 5%. Temperature correction is also performed in other
segments using this method, resulting in new instructions, as shown in Figure 9.
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3.2.3. Error Feedback Control and Control Effect Evaluation

Conventional alignment control methods are usually affected by the elastic deforma-
tion of the arch rib steel structure and tower, changes in the elastic modulus of the cable,
and many other factors. Therefore, the actual alignment after installation and the theoretical
value of the current installation stage differ from each other. For the large-span arch bridge,
the accumulated errors of each segment during the arch formation of the cable-stayed
buckle are likely to cause errors in the arch formation state. The various parameter errors
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and environmental interferences were corrected using the proposed method; the resulting
installation instructions for each stage are shown in Figure 10.
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The installation of each section of arch ribs was analyzed. The closure alignment of
the arch rib obtained using the practical approach to alignment and error feedback control
for long-span arch bridges is shown in Figure 11. The alignment of the slack cable and
alignment of the bare arch are shown in Figure 12.

Buildings 2024, 14, x FOR PEER REVIEW 13 of 15 
 

 
Figure 11. Closure alignment. 

 
Figure 12. Slack alignment and target alignment of control points in each segment. 

As shown in Figures 10 and 11, the closure alignment and the alignment of the arch 
rib after the cable is loosened are good, and the error between the alignment of the slack 
cable and the alignment of the bare arch after optimization is within 45 mm when the 
proposed method is used, and the result is smoother. 

4. Conclusions and Recommendations 
The alignment control problem considered in this study can be summarized as cable 

force optimization, which is different from the existing cable force optimization, since the 
arch rib alignment, tower deviation, cable force uniformity, and safety during 
construction for long-span arch bridges’ cable-stayed buckles are considered. This 
approach effectively addresses the defects of traditional monitoring and calculation 
methods. At the same time, this paper writes relevant programs through MATLAB 
R2016a, which has a fast iteration speed and high calculation efficiency. In addition, the 
parameters of the hoisting construction were controlled within the permissible range. 

For the nonlinear temperature field of an arch rib and buckle system under the 
combined action of ambient temperature and solar radiation, due to the tangential 
assembly of the arch rib, the alignment of the arch rib at each segment has a strong 
connection. The errors of the measured and predicted values predicted by the GM(1, 1) 
model and the fitting results were within 5% at different temperatures, providing a 
reference for the alignment control of arch bridges. 

Through error feedback control, various parameter errors and environmental 
interferences in the bridge construction process were corrected and brought within a 

Figure 11. Closure alignment.

Buildings 2024, 14, x FOR PEER REVIEW 13 of 15 
 

 
Figure 11. Closure alignment. 

 
Figure 12. Slack alignment and target alignment of control points in each segment. 

As shown in Figures 10 and 11, the closure alignment and the alignment of the arch 
rib after the cable is loosened are good, and the error between the alignment of the slack 
cable and the alignment of the bare arch after optimization is within 45 mm when the 
proposed method is used, and the result is smoother. 

4. Conclusions and Recommendations 
The alignment control problem considered in this study can be summarized as cable 

force optimization, which is different from the existing cable force optimization, since the 
arch rib alignment, tower deviation, cable force uniformity, and safety during 
construction for long-span arch bridges’ cable-stayed buckles are considered. This 
approach effectively addresses the defects of traditional monitoring and calculation 
methods. At the same time, this paper writes relevant programs through MATLAB 
R2016a, which has a fast iteration speed and high calculation efficiency. In addition, the 
parameters of the hoisting construction were controlled within the permissible range. 

For the nonlinear temperature field of an arch rib and buckle system under the 
combined action of ambient temperature and solar radiation, due to the tangential 
assembly of the arch rib, the alignment of the arch rib at each segment has a strong 
connection. The errors of the measured and predicted values predicted by the GM(1, 1) 
model and the fitting results were within 5% at different temperatures, providing a 
reference for the alignment control of arch bridges. 

Through error feedback control, various parameter errors and environmental 
interferences in the bridge construction process were corrected and brought within a 

Figure 12. Slack alignment and target alignment of control points in each segment.



Buildings 2024, 14, 1995 13 of 14

As shown in Figures 10 and 11, the closure alignment and the alignment of the arch rib
after the cable is loosened are good, and the error between the alignment of the slack cable
and the alignment of the bare arch after optimization is within 45 mm when the proposed
method is used, and the result is smoother.

4. Conclusions and Recommendations

The alignment control problem considered in this study can be summarized as cable
force optimization, which is different from the existing cable force optimization, since the
arch rib alignment, tower deviation, cable force uniformity, and safety during construction
for long-span arch bridges’ cable-stayed buckles are considered. This approach effectively
addresses the defects of traditional monitoring and calculation methods. At the same
time, this paper writes relevant programs through MATLAB R2016a, which has a fast
iteration speed and high calculation efficiency. In addition, the parameters of the hoisting
construction were controlled within the permissible range.

For the nonlinear temperature field of an arch rib and buckle system under the com-
bined action of ambient temperature and solar radiation, due to the tangential assembly
of the arch rib, the alignment of the arch rib at each segment has a strong connection.
The errors of the measured and predicted values predicted by the GM(1, 1) model and
the fitting results were within 5% at different temperatures, providing a reference for the
alignment control of arch bridges.

Through error feedback control, various parameter errors and environmental inter-
ferences in the bridge construction process were corrected and brought within a feasible
domain. The accumulated error of each segment during cable-stayed buckles easily leads
to the deviation of the arch formation state; this problem has been solved. Moreover, the
arch ring’s arch formation and bridge formation states both met the requirements. Thus,
the construction control problem of long-span arch bridges was solved.
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