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Arch bridges are well-suited to mountainous regions because their force characteristics align with local 
site conditions. However, construction in such areas faces challenges including large temperature differ-
entials, complex canyon wind fields, and rugged terrain. Arch-forming also entails extensive work at 
height, high construction risk, and difficulties in achieving precise alignment after forming. To overcome 
these issues, this study presents an intelligent arch-forming method for large-span arch bridges. First, an 
optimization model for the entire arch-forming process is established to compute cable forces that meet 
objectives during construction. Second, a digital preassembly-based manufacturing control scheme is 
developed, allowing high-precision virtual assembly of arch rib segments in a digital environment. 
Finally, an automatic installation attitude adjustment strategy is proposed, based on restoring the struc-
ture to its designed shape, enabling high-precision, automated adjustment of the three-dimensional 
installation attitude of arch rib segments. The proposed method has been successfully applied to the
Deyu Expressway Wujiang Bridge (with a main span of 504 m) located in Guizhou Province, China,
demonstrating its reliability and practicality. This approach offers guidance for low-labor, resource-
efficient, rapid, and automated construction of large-span arch bridges.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. Thi s is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n 

In recent years, an increasing number of transportation infras-
tructures have been constructed in mountainous regions [1,2]. 
Arch bridges, known for their high stiffness, strong disaster resis-
tance, and excellent durability, are particularly suitable for such 
terrains because their force characteristics naturally align with 
the topographical features of mountainous areas [3]. The span of 
arch bridges has expanded rapidly, with a 600 m-level bridge com-
pleted and operational in 2024 [4]. Recognizing the development 
potential of large-span arch bridges, several scholars have pro-
posed concepts for constructing 700 m-level structures [5,6]. How-
ever, compared with plains, mountainous regions present 
challenges such as rugged terrain, constrained construction sites, 
and complex natural conditions. These factors necessitate substan-
tial labor and equipment, while large temperature variations and
canyon wind fields cause significant fluctuations in the alignment 
and stress of arch ribs during construction. Traditional measure-
ment and control methods are insufficient to achieve the required 
high-precision closure, and the elevated installation of arch ribs 
increases safety risks. To address these challenges, intelligent con-
struction methods for large-span arch bridges have emerged as a
key research focus, primarily involving arch-forming calculation,
manufacturing control, and installation technology.

The cable-stayed fastening–hanging cantilever assembly 
method is the primary construction technique for large-span arch 
bridges. This approach involves temporarily erecting a suspension 
cable–inclined cable composite system to support the arch ribs 
during construction, which is then dismantled after the arch is
formed to achieve the final bridge structure [1]. However, this 
method complicates the arch-forming calculation process. Due to 
the multiple construction stages, the force system changes fre-
quently, making it challenging to control the final bridge align-
ment. Additionally, the method introduces numerous variables 
into the arch-forming optimization process, which must account
for multiple objectives—such as alignment accuracy, tower
s, Engi-
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deviation, and cable force safety—across all construction stages. 
These factors significantly increase the complexity of the optimiza-
tion. Therefore, developing intelligent optimization methods for 
arch-forming calculations in large-span arch bridges has become
an important research direction.

During the manufacturing of large arch rib segments, large-
scale physical assembly is typically performed in factories or on-
site [7] to ensure precise matching between the main arch ribs 
and connecting components (e.g., flanges), thereby meeting align-
ment requirements after segmental connections. However, under 
the spatial and logistical constraints of mountainous sites, full pre-
assembly of all segments is often impractical. This limitation can 
lead to cumulative alignment deviations in the assembled arch 
ribs. Furthermore, physical assembly requires substantial space,
labor, and large equipment, which considerably increases both cost
and construction time [8]. Therefore, a digital, high-precision 
assembly control method is urgently needed to replace traditional 
physical preassembly.

During the installation of arch rib segments, traditional 
methods employ total stations or similar single-point mea-
surement instruments to record the coordinates of a few 
marked points on the arch ribs. The adjustment process is 
then pe rformed multiple times through manual control of 
mechanical equipment [9,10]. These traditional methods can-
not accurately capture the three-dimensional (3D) installation 
alignment of the arch ribs, necessitating frequent adjustments 
during installation to ensure the correct overall alignment of 
the main arch. Moreover, repeated manual adjustments using 
cable cranes are highly inefficient and pose safety risks. Thus, 
an intelligent and efficient installation control method for
arch bridges is needed.

In summary, achieving low-labor, resource-efficient, rapid, and 
automated construction of large-span arch bridges in complex 
environments remains a major engineering challenge. To address 
this issue, this study proposes an intelligent arch-forming method 
for large-span arch bridges that enables precise and automated 
control of the calculation, manufacturing, and installation pro-
cesses. This method enhances alignment accuracy and improves 
overall construction efficiency. The proposed approach was vali-
dated during the construction of the Deyu Expressway Wujiang 
Bridge (main span 504 m), demonstrating its reliability in practical 
engineering applications. The primary contributions of this study 
are as follows: 

(1) An optimization model for the entire arch-forming process 
is proposed, linking the mechanical states before and after cable 
removal. The model defines constraint equations and an objective 
function to determine one-time cable tensioning forces that satisfy 
tower deviation limits, cable force safety, and alignment targets 
throughout construction. 

(2) A manufacturing control scheme based on digital preassem-
bly of the arch ribs is developed, incorporating a dual-weight point 
cloud to building information model (BIM) alignment algorithm. 
This enables high-precision virtual preassembly of arch rib seg-
ments in the digital environment.

(3) An automatic installation attitude adjustment strategy for
arch ribs based on original shape restoration is proposed, including
an algorithm to compute and adjust the 3D attitude of arch rib seg-
ments under load. This allows precise one-time installation of arch
rib segments.

The remainder of this paper is organized as follows: Section 2 
reviews related work. Section 3 introduces the proposed intelligent 
control methods for large-span arch bridges. Section 4 validates 
the accuracy, reliability, and practicality of the methods using con-
struction results from the Deyu Expressway Wujiang Bridge.
Finally, Section 5 presents the conclusions . 
2

2. Related works 

The arch formation process of a long-span arch bridge consists 
of three key stages: arch-forming calculation, manufacturing con-
trol, and installation adjustment. The arch-forming calculation 
determines both the manufacturing alignment of arch rib seg-
ments and a rational cable force scheme for the installation pro-
cess. High-precision manufacturing of arch ribs ensures that their 
geometry closely matches the target alignment, thereby minimiz-
ing the number of adjustment s required during installation at high 
altitudes. During installation, further adjustments are made to cor-
rect any residual errors in the arch rib alignment, ensuring that the 
final formed arch conforms to the design target. This section pre-
sents the theoretical basis of arch-forming calculations and
reviews the current research on manufacturing control and instal-
lation adjustment techniques.

In arch-forming calculations, cable forces play a crucial role in 
controlling the alignment of arch ribs, tower deviations during 
construction, and internal forces within the arch bridge. Tradi-
tional methods for determining cable forces include the zero-
moment method, zero-displacement method, fixed-length cable
method, and optimization method. The zero-moment method
[11] focuses on minimizing bending moments in the main arch 
but is insufficient for controlling post-construction displacements. 
The zero-displacement method [12], which targets the displace-
ment of arch ribs, often results in compressive cable forces that 
lack physical feasibility. The fixed-length cable method [13] 
improves construction safety and efficiency by enabling one-time 
cable tensioning, though calculating the appropriate unstressed 
cable lengths to satisfy multiple constraints remains challenging.

Optimization-based methods have become a primary research 
focus. Li et al. [14] optimized cable force determination by combin-
ing influence matrices and linear programming to achieve one-
time tensioning and accurate arch rib alignment. Huo et al. [15] 
applied the vector iteration method to calculate cable forces during 
the construction of multirib butterfly arch bridges. Qin et al. [16] 
employed influence matrix principles and optimization theory to 
determine initial cable forces during construction. Zhou et al.
[17] incorporated temperature variation effects on arch rib dis-
placements, deriving relationships among temperature changes, 
arch rib elevations, and cable angles to improve computational
efficiency. Zhang et al. [18] derived load integrals for uniform tem-
perature changes and simplified the structural analysis of arch 
bridges into equivalent straight beam systems, verifying the relia-
bility of the method with illustrative examples. Moreover, recent
studies [19,20] have utilized machine learning and finite element 
collaborative simulations to optimize cable forces during arch 
bridge construction. However, most existing methods optimize 
only specific construction stages and fail to simultaneously address 
all stages of the process. Furthermore, arch-forming calculations 
must balance multiple objectives—such as tower deviation, cable 
force safety, and post-forming alignment—which greatly increases
the complexity of achieving integrated optimization.

In terms of manufacturing control, the primary method used for 
large-span arch bridges is the ‘‘N + 1” segment physical trial assem-
bly. However, this approach requires multiple rounds of physical 
assembly, consuming substantial manpower, space, and mechani-
cal resources. Even after repeated assemblies, the overall align-
ment of the fully assembled arch ribs cannot be fully verified. To 
overcome these limitations, researchers have explored virtual trial 
assembl y (VTA) techniques to digitally simulate the physical
assembly process. In the field of architecture, Case et al. [21] pro-
posed a steel structure VTA method based on generalized Pro-
crustes analysis, which was applied to the Chernobyl Nuclear 
Reactor Project to enhance bolt detection efficiency. Maset et al.
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[22] introduced an affine extended orthogonal Procrustes analysis 
(EOPA) method to eliminate component deviations through single-
spacer plate insertion, which was successfully applied to the dog-
bone component assembly of New York’s Vessel structure. Jiang
et al. [8] developed a VTA method based on EOPA to quantify 
cumulative deviations between precast components and their 
nominal specifications, demonstrating its effectiveness in a two-
story prefabricated frame. In bridge engineering, Tamai et al. [23] 
proposed the computerized assembly test system for use in the 
VTA of a steel bridge in Japan. Wang et al. [24] and Cheng et al. 
[7] applied the VTA method in suspension bridges to verify its fea-
sibility and improve manufacturing precision. However, these 
methods do not actively control alignment precision during seg-
ment fabrication.

Regarding bridge installation technology, recent research has 
focused on intelligent recognition of construction states using 
computer vision and laser scanning techniques. Computer vision 
is widely applied in progress monitoring and quality control [25]. 
Jin et al. [26] integrated computer vision with deep learning to 
enhance camera robustness for pose detection. Tang et al. [27] 
used monocular vision to monitor the cable lifting structure during 
the construction of the Xininghe Bridge, a critical structure on the 
Chengdu–Guiyang high-speed railway in Xingwen County, Sichuan 
Province, achieving a single-axis displacement measurement error 
of less than 2 mm. Sensor data have also been employed to evalu-
ate the effects of external loads on bridge performance [28,29]. For 
example, Huang et al. [30] proposed a sparse Bayesian 
temperature–displacement relationship (TDR) model to monitor 
and predict bearing displacement responses induced by tempera-
ture effects in arch bridges. Terrestrial laser scanners (TLSs) can 
efficiently collect large volumes of accurate 3D geometric data
and have been applied in structural monitoring [31], reverse mod-
eling [32], and dimensional inspection [33] of bridges. Kim et al. 
[34] combined TLS with BIM technology for dimensional inspec-
tion and quality management of precast concrete bridge compo-
nents. Xu et al. [35] proposed a 3D laser scanning-based attitude 
measurement technique to guide the installation of precast bridge 
piers. These technologies have significantly enhanced state percep-
tion efficiency during bridge construction. However, research on 
intelligent perception specifically for the installation of long-span 
arch bridge segments remains limited. Current studies mainly 
address accurate recognition of bridge states, but further research
is needed on precise adjustment methods following the acquisition
of installation attitude data.

3. Methodology 

Fig. 1 presents the proposed framework of the intelligent arch-
forming method for long-span arch bridges, wh ich comprises thr ee
Fig. 1. Flowchart of the
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main components: optimized arch-forming calculation, high-
precision manufacturing of arch ribs, and rapid installation of arch 
rib segments. First, an optimization calculation model is developed 
for the entire arch-forming process. This model establishes the 
mechanical connections, constraint equations, and objective func-
tions, providing both the optimal alignment for arch rib man ufactur-
ing and the optimal cable force scheme for installation cont rol, as
detailed in Section 3 .1. Second, a manufacturing control scheme 
based on digital preassembly of arch ribs is proposed to achieve 
high-precision fabrication. In this approach, a high-fidelity model 
of each independently manufactured arch rib segment is generated 
using terrestrial laser scanning. The arch segments are then virtually 
preassembled in a digital environment to determine the optimal 
a lignment of segment joints, which guides the precise machining 
of the joint nodes, as described in Section 3. 2. Finally, an automatic 
installation attitude adjustment strategy based on original-shape 
restoration is introduced to minimize manual intervention and 
reduce construction risk during high-altitude segment installation. 
This method utilizes the high-fidelity 3D model obtained during 
the manufacturing phase as the initial alignment reference. It 
accounts for deformations in the main arch caused by environmen-
tal influences and cable forces to compute the 3D target alignment 
for arch segment installation. An a utomatic fine-tuning algorithm 
is subsequently applied to the attitude adjustment systems of both 
segment types, as explained in Section 3. 3. 

3.1. Optimization calculation for arch bridge formation

The key difference between the cable-stayed fastening–hanging 
system used in arch bridge construction and a conventional cable-
stayed bridge lies in the target state being controlled, which is fun-
damentally distinct for the two systems. In a cable-stayed bridge, 
after cable-force adjustment, the stay cables remain as permanent 
structural components and are not removed. In contrast, in the fas-
tening–hanging system, the cables are temporary, and the struc-
tura l states before and after cable removal differ significantly, 
making cross-system construction control particularly challenging. 
To address the closure problem in cross-system arch bridge con-
struction, this study establishes mechanical state connection equa-
tions that link the construction process with the final alignment
after arch formation, thereby overcoming the limitations of meth-
ods such as that of Qin et al. [36], which control the final alignment 
of cable-sta yed bridges through cable-force adjustment.

For cable-force control in the cable-stayed fastening–hanging 
system used in arch bridge construction, conventional approaches 
include the zero-moment method, zero-displacement method, 
fixed-length cable method, and optimization method. These meth-
ods treat the states before and after cable removal as separate.
They focus primarily on the pre-removal phase—specifically, the
 proposed method.

move_f0005
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alignment and control—with the goal of achieving a ‘‘process opti-
mal, result controllable” outcome. However, they cannot accu-
rately quantify how variations in cable forces during construction 
affect the final arch alignment, nor can they control the final align-
ment through pre-removal cable adjustments. In contrast, the pro-
posed arch-forming optimization method based on mechanical 
state connection equations explicitly defines and quantifies the
influence of pre-removal cable forces on the final formed arch
alignment.

The framework of this method is illustrated in Fig. 2. The study 
establishes a linkage between the mechanical state of cable 
forces during construction and the alignment of the arch after 
formation, achieving whole-process optimization of arch rib 
alignment throughout construction and after completion. Con-
Fig. 2. Framework of the proposed optimization method. (a) Mechanical state connection
cable force before adjustment; adjusted cable force; hv
adjustment; elevations of the control points for the main arch closure a
where s represents the serial number of each control point on the tower; Dhv1, Dhv2, , D
and lower segments of the closure segment, respectively; n is the total number of cable

4

T1 T2, T3,, , Tn 1 Tn 2, , , Tn m : 
hv1 hv2,, , hvn: 
straint equations are then formulated to account for alignment 
deviation after arch formation, tower alignment deviation during 
construction, the effect of initial cable tension, and cable force 
safety. An objective function is defined to minimize the coeffi-
cient of variatio n of cable forces across the construction process, 
using cable forces as variables. Finally, multiobjective optimiza-
tion is performed based on the state connection relationships,
constraint equations, and objective function [37]. This results in 
a comprehensive optimization calculation method for arch 
bridge construction that ensures optimal cable forces, control-
lable tower deviations, and minimal alignment deviations after 
arch formation. The framework of this method is shown in
Fig. 2, and its derivation and implementation process are 
described i n detail in the following sections.
; (b) constraint conditions; (c) objective function. T1, T2, T3, , Tn, Tn+1, Tn+2, , Tn+m: 
1, hv2, , hvn: elevations of the control points for the main arch closure before cable
fter cable adjustment; hT1, hT2, , hTs: deviations of the control points on the tower, 
hvn: alignment deviation aft er arch formation; Lx1, Lx2: unit variations in the upper 
s and main arch control points; m represents the total number of cables.

move_f0010
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3.1.1. Mechanical state connection 
As shown in Fig. 2(a), the displacement errors generated at var-

ious measurement points of the central arch rib after changes in 
stress-free parameters can be expressed by Eq. (1). This equation 
is derived by considering the bare arch structure and integrating 
the influence matrix method to calculate and adjust the structural 
displacement and internal forces [38]. 

C1 
Lx1 

Lx2 

hv1 

hv2 

hvn 

hv1 

hv2 

hvn 

hg1 

hg2 

hgn 

h vo1 

hvo2 

hvo n

1

where is the influence matrix that characterizes the deformation 
deviation of the arch rib alignment after cable removal when the 
stress-free states of the upper and lower closure segments change
by and During the model calculation process, the influence 
matrix is obtained by applying equivalent strain increments to 
the upper and lower units of the closure segment. denotes the 
displacement at measurement point n of the central arch rib under 
its self-weight when the bare arch structure is directly formed 
(without considering the construction process), represents 
the displacement at the same point after a change in the stress-
free parameters of the closure segment.

Fig. 2(a) depicts the maximum cantilever structure. The influ-
ence matrix of the cable force on the deformation of the cantilever 
structure is defined in Eq. (2): 

C2T
T Lx1 

Lx2 

Lxg1 

Lxg2 
T T1 T2 T l l n m 2

where represents the influence matrix corresponding to the change 
in length of the upper and lower units of the closure segment caused by 
a unit change in the initial tension of the stay ca bles in the maximum 
cantilever state of the unilateral cable-stayed system is a set of cable 
force values, is the initial tension of the lth cable, and are 
the length changes of the upper and lower units of the closure segment 
under the dead load of the structure in the same state.

By substituting Eq. (2) into Eq. (1), the mechanical state connec-
tion equation between the pre-arching and post-archi ng stages is 
obtained, as expressed in Eq. (3): 

C1 C2 

T1 

T2 

Tl 

Lxg1 

Lxg2 

hv1 

hv2 

hvn 
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C1 

Lx1 Lx2. 
C1 

hgn 

hvon 

C2 

, T 
Tl Lxg1 Lxg2 
3.1.2. Constraint equation 
As shown in Fig. 2(b), the alignment constraint for the central 

arch rib is expressed in Eq. (4), derived in conjunction with Eq. 
(3) to satisfy the precision requirements of the arch alignment after 
formation. By rearranging Eq. (4), a simplified alignment constraint 
for the central arch rib is obtained, as shown in Eq. (5). 

ta1 

ta2 

tan 

C1 C2 

T1 

T2 

Tl 

Lxg1 

Lxg 2 

ta1 

ta2 

ta n
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A1T B1 A1 
C1C2 

C1C2 
B1 

ta C1 
Lxg1 

Lxg2 

ta C1 
Lxg1 

Lxg2 

T 

T1 

T2 

Tl 

ta 

ta1 

ta 2

tan

5

5

where is target vector, and represents the control limits for 
elevation errors at the measurement points of the central arch rib 
in the maximum cantilever state; is generalized influence 
matrix, is generalized objective vector. 

Moreover, tower deviation is a critical parameter reflecting 
whether the cable-stayed towers remain in force equilibrium. 
Maintaining tower deviation within a prescribed range ensures 
the structural safety of the towers. Using the influence matrix 
method, a constraint equation is established to control tower devi-
ation during cantilever construction of the cable-stayed system up 
to the ith construction stage. To account for the effect of initial 
cable tension on the actual cable forces under load at the ith stage,
the influence matrix of the initial stay-cable tension on the true
cable force is constructed, as shown in Eq. (6). 

hTi CkiT hTgi hTi 

tmin CxiT tgi tmax 

T 

T1 

T2 

Tl 

hTi 

hTi1 

hTi2 

hTis 

hTgi 

hTgi1 

h Tgi2 

hTgis 

tgi 

tgi1 

tgi 2

tgil

6

where represents the influence of changes in cable force on the 
tower deviation at the ith stage of cantilever construction in the
cable-stayed system, is the influence matrix of the initial cable 
tension on the true cable forces during cantilever construction up 
to the ith stage, is the minimum allowable true cable force, 
and is the maximum allowable true cable force. For closure 
backstay cables that have not yet been constructed in subsequent 
stages, the corresponding terms are taken as zero when the can-
tilever construction reaches the ith stage, is the tower deviation 
control vector during cantilever construction up to the ith stage
is the deviation of the sth control point of the tower during can-
tilever construction up to the ith stage, is the influence vector 
of the tower’s self-weight deviation during cantilever construction 
up to the ith stage, is the tower deviation at the sth control 
point of the tower during cantilever construction up to the ith stage,

is The influence vector of the self-weight of the tower on the 
cable force during cantilever construction up to the ith stage,
is the change in the true cable force of the lth stay cable due to 
self-weight during cantilever construction up to the ith stage.

A simplified constraint for tower deviation, given in Eq. (7), can 
be derived from Eq. (6) to ensure optimal tower deviation control 
during the cantilever construction stage of the cable-stayed
system.

AiT Bi Ai 

Cki 

Cki 

Cxi 

Cxi 

Bi 

hTi hTgi 

hTi h Tgi 
tmax tgi 
tmin tgi

7

where is generalized tower deviation influence matrix during 
cantilever construction up to the ith stage, is the generalized 
tower deviation target vector for cantilever construction up to the 
ith stage.

Finally, the constraints on the alignment deviation after arch 
formation, tower deviation, and allowable cable force range are 
integrated, as expressed in Eq. (8). 

AT B A A1 A1 A2 Ai 
T B B1 B1 B2 Bi 

T 8

where is generalized tower deviation influence matrix is gener-
alized tower deviation control matrix. 

Additional constraints, such as stress-free length and curvature 
requirements during the closure stage, can also be incorporated
into Eq. (8).

ta tan 

A1 

B1 

Cki 

Cxi 

tmin 

tmax 

hTi 

, hTis 

hTgi 

hTgis 

tgi 
tgil 

Ai 

Bi 

A , B 
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3.1.3. Objective function 
An objective function is formulated to minimize the variation of 

cable forces, as shown in Eq. (9), in order to control fluctuations in 
local stress and maintain the structural alignment of the cable-
stayed towers and main arch throughout the construction process,
as illustrated in Fig. 2(c). 

min CV r 
l 100 9 

where is the cable force variation coefficien t, represents the 
average cable force, which is represents the variance 

of the cable force, which is

3.1.4. Optimization model solving 
Using the constraints in Eq. (8) and the objective in Eq. (9), the 

problem of controlling alignment throughout the construction of 
the central arch rib of a large-span arch bridge is formulated as a 
multi-constraint optimization problem. A nondominated genetic
algorithm [39] is employed to determine a set of cable forces that 
minimize the main arch rib alignment error, maintain tower devi-
ation within allowable limits, and ensure reasonable cable force
distribution.

3.2. Precise manufacturing for rib segments 

Prefabricated arch rib segments inevitably contain manufactur-
ing errors, including material dimensional deviations, cutting and 
blanking inaccuracies, welding imperfections, and fabrication-
induced deformations. Traditionally, multiple rounds of physical 
preassembly have been employed to compensate for these geo-
metric errors and ensure proper alignment when assembling mul-
tiple segments into the full arch. However, this approach demands 
substantial labor, large staging areas, and heavy equipment. To 
address these limitations, a manufacturing control method based 
on digital preassembly is proposed. This method allows indepen-
dently fabricated segments, despite inherent errors, to be virtually 
joined in a digital environment, ensuring that the full arch achieves
the designed alignment with high precision. The detailed stepwise
framework of this approach is illustrated in Fig. 3.

3.2.1. Acquisition of a high-fidelity model of a precast segment
The alignment point clouds of precast arch rib segments with-

out installed flanges are captured at multiple locations using a 
3D laser scanner, as shown in Fig. 3(a). A fine registration process 
is then performed on the multistation point cloud scans, which 
consists of two steps: coarse and fine registrations. Mature algo-
rithms [40–42] can be applied for coarse registration. After this 
step, slight misalignments between point clouds often remain. To 
resolve these, the iterative closest point (ICP) algorithm [43]  is
used for local registration, producing a high-fidelity scanned point 
cloud model of the arch rib segments, as shown in Fig. 3(b). 

3.2.2. Digital assembly of the segment model
A methodology for digitally assembling arch rib point clouds with 

the as-designed BIM is proposed, i ncorporating a double-weighted 
alignment approach, as illustrated in Fig. 3(c). First, the semantic 
and distribution weights of the arch rib point clou d are determined. 
The semantic weight of each component ,  is  assigned  
based on its importance within the segment, with the main chord 
typically weighted at 0.7 and other components weighted between 
0.3 and 0.5. Second, the longitudinal direction of each bar’s point 
cloud is calculated using principal component analysis (PCA), and 
the chord point cloud is divided into five regions along this axis. 
The outer and inner regions are assigned smaller distrib ution weights
to account for their reduced structural significance. The point cloud

CV l 
l 1 

l 
l 
i 1 Ti; r 

r l i 1 i l1 l T 2 . 

w1i, w1i 0 1 
6

distribution weights for each region, and ,  are  set  as
0.5 for the outermost region, 0.2 for the middle region, and 0.3 for 
the remaining regions. A schematic of the point cloud semantics 
and distribution weights is shown in Fig. 4(a).

Following weight assignment, the arch rib point cloud is aligned 
with the as-designed BIM. Components of the BIM, excluding the 
flange, are densely sampled to form a corresponding point cloud. 
A double-weighted least-squares objective function is then estab-
lished to minimize alignment errors between the scanned point
cloud and the BIM, as defined in Eq. (10): 

E R Tr
i 
w1iw2i R p i Tr  q i 10

where is the rotation matrix, and is the translation matrix. 
represents the scanned point cloud vector of the arch rib segment ,
and denotes the sampled point cloud vector from the design 
BIM model. The K-dimensional tree algorithm is employed to find 
the corresponding points in and to speed up the nearest 
corresponding point search. After constructing the weighted cen-
troids of the point clouds, the data are centralized as shown in
Eqs. (11)–(14). 
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where and denote the double-weighted centroids of the arch 
rib scanned point cloud and the design BIM sampled point
cloud respectively. and are the decentered scanned 
and BIM point clouds after accounting for double weights. A 
double-weighted covariance matrix is constructed from the 
decentered point clouds, as shown in Eq. (15). Singular value 
decomposition (SVD) of is then performed to obtain the rotation 
matrix and translation matrix as indicated in Eq. (16): 

S
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where and are the orthogonal matrices from the SVD, and is 
the diagonal matrix of singular values. The rotation matrix and 
translation matrix are iteratively updated until the double-
weighted objective error function reaches a preset threshold or 
the maximum number of iterations is achieved . The final rotation
matrix and translation matrix T provide the accurate alignment 
of the scanned arch rib point cloud with the as-designed BIM, as
illustrated in Fig. 4(b). 

3.2.3. Manufacturing alignment control 
The alignment of all arch ribs after digital assembly is obtained 

by aligning the scanned point clouds of all segments with the as-
designed BIM. The relative attitude of adjacent arch rib segments 
defines the splicing relationship used during subsequent manufac-
turing. This splicing relationship serves as the control target for 
positioning the arch rib segments and flange during actual fabrica-
tion, as shown in Fig. 3(d). 

3.3. Automatic adjustment for the installation of arch rib segments

An automatic installation attitude adjustment strategy based on 
original-shape restoration is proposed to improve the precision
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Fig. 3. Implementation steps of the digital preassembly control method for arch rib segments. (a) Scanning arch rib segments; (b) acquiring high-fidelity point cloud data 
(PCD) models; (c) digitally assembling the PCD with BIM; (d) determining the splicing relationship of adjacent segments to guide the manufacturing process.
and efficiency of arch rib segment installation. Original-shape 
restoration maintains the relative spatial relationships among seg-
ments established during the manufacturing stage. The key steps
are illustrated in Fig. 5 and are as follows: ① During manufactur-
ing, a high-fidelity 3D point cloud of the completed arch rib is cap-
tured using 3D laser scanning; ② this point cloud is treated as the 
baseline original shape, and the no-load installation attitude of 
each arch rib segment is determined by transforming from the 
manufacturing coordinate system to the installation coordinate 
system; ③ deformations caused by self-weight and temperature 
loads are superimposed on the no-load attitude to compute the 
target installation attitude; ④ the point cloud of the initial instal-
lation attitude is acquired; and ⑤ a 3D deviation analysis between
the initial and target installation attitudes is performed to generate
the attitude adjustment strategy, enabling precise one-time adjust-
ment and positioning of each arch rib segment.

3.3.1. Acquisition of the target attitude for arch rib installation
The point cloud of the arch rib in its manufacturing attitude

including manufacturing errors, is captured using 3D laser scan-
ning within the manufacturing coordinate system and is used as 
the baseline original shape. Transforming from the manufactur-
ing coordinate system to the installation coordinate system yields 
the no-load target installation attitude, as shown in Fig. 5(a): 
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where is a 4 × 4 transformation matrix composed of a 3 × 3
rotation matrix and a 3 × 1 translation vector obtained 
through coordinate transformation. 

To account for deformations caused by self-weight and temper-
ature loads during installation, the attitude transformation matrix

before and after loading is computed, as expressed in Eq. (19): 

Tp2 
R2 tp2 

0  1  
19

First, using a finite element model, the original coordinates
and deformed coordinates of all nodes of the arch rib segment 
after loading are obtained. Next, let denote the translation vec-
tor the rotation matrix, c the scale factor, and an auxiliary unit 
vector. A diagonal weight matrix is introduced to assign differ-
ent weights based on point precision. The minimum -value function 
is then constructed using the EOPA method [20], as detailed in the 
following formula:
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Fig. 4. Digital assembly of the arch rib PCD with the as-designed BIM: (a) illustration of PCD semantic and distribution weights; (b) detailed process of precise alignment.
where H is the optimized orthogonal projection matrix. The matrix 
can be decomposed using Cholesky factorization, as shown in Eq.
(21): 

W Q T Q IW I jWjW 
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PCW QP  C PDW QPD j W Qj

21

where is the Cholesky decomposition matrix, I is the identity 
matrix; is the orthogonal projection onto the orthogonal comple-
ment of the vector and are the weighted-transformed 
matrices of and and is the weighted imaginary correction 
vector. In the final step, the translation vector and rotation 
matrix can be obtained by conducting the spectral decomposi-
tion of the matrix product, as shown in Eqs. (22) and (23): 
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where and are the decomposed orthogonal matrices, and
is the decomposed diagonal matrix. Finally, the target attitude for 
installing the arch ribs can be obtained using Eq. (24), as follows: 
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3.3.2. Acquisition of the attitude adjustme nt transformation matrix
After the arch rib segment is transported to the bridge site and 

preliminarily installed, its initial installation attitude point
cloud is captured using 3D laser scanning. Based on PCA, is 
registered with the target attitude for installing the arch ribs
to determine the attitude adjustment transformation matrix, as 
illustrated in Fig. 5(b). The procedure is as follows: 

First, the centroids of the point clouds and are calculated 
as follows: 

centroid1 
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where is the number of point clouds in the initial installation
posture, is the number of point clouds in the target installation
posture; and are the coordinates of the ith point cloud in 
the initial and target installation postures, respective ly. Subse-
quently, the transformation matrix is calculate d, as shown in Eqs.
(26) and (27): 
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where is the number of matched point clouds between the initial 
posture and target installation posture and are the decentral-
ized point cloud coordinates of and and are the 
decomposed orthogonal matrices, and is the translation vector 
in the transformation process. To facilitate the subsequent attitude 
adjustment model construction, the transformation matrix is 
generally represented as follows: 
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28

where are the rotation transformation paramete rs;
, are the translation transfor mation paramete rs.

3.3.3. Fine adjustment of segment attitude 
The installation of arch rib segments is divided into two con-

struction stages based on the methods employed in the small can-
tilever and large cantilever phases. In the small cantilever stage, 
the self-weight of the arch rib segments is supported by ground
supports (Fig. 5(c)), whereas in the large cantilever stage, cable-
stayed fastening–hanging construction is used (Fig. 5(d)). For the 
small cantilever stage, four jacks with three-direction adjustment 
capability are installed at the contact points between the arch rib 
segment and the support to apply the required corrections.

In the initial installation attitude point cloud one point is 
selected at the contact surface corresponding to each of the four 
jacks to form the contact -point coordinate matrix

After transformation using the atti-
tude adjustment matrix the adjusted contact-point coordinate 

n3 
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Fig. 5. Automatic adjustment process for arch rib installation attitude: (a) acquisition of i
small-cantilever stage construction; and (d) schematic of large-cantilever stage constru
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matrix is obtained. The adjustment 
quantities for each 3D jack are then computed as:

DD1 D1 D 1 29 

This establishes a mathematical solution model relating the 
manufacturing attitude of the arch rib segment, the initial installa-
tion attitude, and the 3D jack adjustment quantities, enabling pre-
cise and rapid posture correction under the floor-support
construction condition.

For the large cantilever stage with cable-stayed construction, 
the backstay, wind-resistant, and other cable members serve as 
the adjustment mechanisms. In the initial installation attitude

point cloud a coordinate matrix 
is formed using two points at the front and back of each installed 
arch rib segment. Similarly, the adjusted coordinate matrix
and the adjustment quantity matrix are obtained. The solution 
is obtained by reassembling thereby obtaining the final 
adjustment quantity matrix

Let the cable force adjustment matrix be
The influence relationshi p between the unit change of each 
tension member and the coordinates of points in is established, 
as expressed in Eqs. (30) and (31). 
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where denotes the adjustment quantity of the force in the m th
cable; is the matrix of the influence relationship between cable 
variation and final adjustment variation. and 
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denote the change quantities and respectively, caused 
by a unit change in the force of the m th cable.

At this point, the cable force adjustment quantity matrix may 
not have an exact solution. The singular value is used to obtain the 
minimum solution of the least squares.

K2 V4 W4 
T L W4 V 4 

T T 4 32

where is the left singular matrix of is the correct singular 
matrix of and is the pseudoinverse matrix of

In summary, the mathematical model for adjusting the installa-
tion attitude of the arch rib segments under two operating modes 
has been completed, enabling precise adjustment in a one-time
operation of all arch rib segments.

4. Engineering application s 

4.1. Engineering overview 

To validate the accuracy and applicability of the proposed 
method, tests were conducted on a super-long-span concrete-
filled steel tube (CFST) arch bridge, the Deyu Expressway Wujiang 
Bridge, located in Guizhou Province, China. The main arch rib spans 
504 m, with a rise of 90 m and an arch-axis coefficient of 2.2, as
shown in Fig. 6. Bolted connections are used for the main arch, col-
umns, and deck girders to enhance construction speed and quality 
under the challenging mountainous conditions. Flange connections 
are employed between arch ribs, and the full arch consists of 32 
segments, including the closure segment. All segments were fabri-
cated at a steel fabrication base in Chongqing and transported by 
waterway to the bridge site. At the site, the wharf served as the
assembly yard, and four rounds of physical preassembly were con-
ducted for the arch rib segments on each bank.

The cable-stayed fastening–hanging system of the Deyu 
Expressway Wujiang Bridge includes 30 sets of anchor cables on 
both banks, anchor towers on each bank, and six anchor blocks,
as illustrated in Fig. 7. The bridge is located on the northern edge 
of the Guizhou Plateau within a typical U-shaped valley. Construc-
tion involved prolonged work at height in a complex mountainous 
environment, resulting in high risk. Furthermore, to ensure reliable

Dxj, Dyj, Dzj, 

L 
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. K2, 
Fig. 6. Photograph of the Deyu Expressway Wujiang Bridge.

Fig. 7. General layout of the cable-stayed system
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bolting of all components, stringent requirements were imposed 
on the manufacturing alignment of the arch rib segments and on
their installation accuracy.

4.2. Implementation steps 

4.2.1. Arch-forming model establishment and cable force calculatio n
Using the OpenSeesPy finite element analysis platform (Oregon 

State University, USA), both the maximum cantilever model and 
the bare arch model of the Deyu Expressway Wujiang Bridge were 
developed to determine the optimal cable force scheme across all
construction stages, as shown in Fig. 8. In the bare arch model, 
the influence matrix representing the effect of closure segment 
deformation on the elevation of various control points is obtained 
by applying forced strain to the closure segment, as described in
Eq. (1). For the maximum cantilever model, the influence matrix

capturing the effect of individual cable forces on the elevation 
of control points is obtained by varying the force of a single cable,
as shown in Eq. (3). The deformation of the closure segment 
under self-weight alone is also determined. For the maximum can-
tilever model, models for each cantilever construction stage are 
generated sequentially. From these models, the influence matrix 

of cable force on the tower deviation and the 
influence matrix of initial cable tension on cable
forces are extracted, as presented in Eq. (6).

Using the whole-process arch optimization control method 
developed in this study, the constraint Eq. (8) for alignment devia-
tion after arching, tower deviation control, and cable force limits, 
along with the objective Eq. (9) minimizing the variation coeffi-
cient of cable forces, are established. Solving this multiconstraint 
optimization problem yields a set of cable forces that ensure min-
imal main arch rib alignment deviation, compliance with tower 
deviation standards, and reasonable cable force distribution for
the large-span arch bridge.

4.2.2. Manufacturing alignment control of the arch rib manufacturing
The methodology described in this section is demonstrated 

using segments 11–15 on the south bank of the Wujiang Bridge. 
The actual point cloud of the arch ribs was captured using a TLS 
at the arch rib storage site, with a total of 33 scanning stations.
The arrangement of the scanning stations is schematically shown
in Fig. 9(a). The scanned point cloud was then aligned in two 
stages: First, a coarse registration was performed, followed by a 
fine registration using the ICP algorithm. The high-fidelity point 
cloud of the arch rib segments was distinguished and numbered,
as shown in Fig. 9(b).

Subsequently, the semantic weights of the scanned arch rib seg-
ments and the point cloud distribution weights were defined. In 
this example, the main chord was assigned a semantic weight of 
0.7, while the remaining chords were assigned a weight of 0.3, as
illustrated in Fig. 9(c). The point cloud of each chord was divided 
into five regions along its length, with weights assigned as 0.5 
for the outermost region, 0.2 for the middle region, and 0.3 for
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 of the Deyu Expressway Wujiang Bridge.

move_f0040


J. Zhou, Y. Du, Y. Zhou et al. Engineering xxx (xxxx) xxx

Fig. 8. Finite element model based on OpenSeesPy. (a) Maximum cantilever model; 
(b) naked arch model.

Fig. 10. Arch rib first segment: manufacturing and initial installation attitude PCD. 
(a) Preassembly site; (b) manufacturing attitude point cloud; (c) bridge site 
installation; (d) initial installation attitude point cloud.
the remaining regions, as shown in Fig. 9(d). The components of 
arch ribs 11–15 in the as-designed BIM, excluding the flange, were 
initially sampled at high density using the proposed double-
weighted point cloud–BIM alignment method. The scanned point 
cloud and the BIM-sampled point cloud were digitally assembled 
to determine the splicing relationships of segments 11–15, as illus-
trated in Fig. 9(e). The actual arch rib segments were then con-
nected to the flange according to this splicing relationship.

4.2.3. Attitude adjustment of the arch ribs
This section illustrates the method using the installation of the 

first segments of the Wujiang Bridge as an example. After complet-
ing the attitude adjustment of the first segment’s physical assem-
bly, a scanning station is established to capture the point cloud of
the manufacturing attitude of the arch rib as shown in 
Figs. 10(a) and (b). The transformation matrix is obtained by 
relating the coordinate system of the preassembly site to the on-
site installation. After the point cloud is transformed, the instal-
lation target attitude under no-load conditions, is obtained. 

Once the arch rib segments are transported to the bridge site, 
the initial installation attitude point cloud, is obtained, as 
shown in Figs. 10(c) and (d). The measured temperature of the arch 
rib segments is recorded, and the point cloud is adjusted to 
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Fig. 9. Key steps for the practical application of digital assembly in the manufacturin
numbering of PCD; (c) assignment of semantic weights to components; (d) assignment

11
account for self-weight and temperature loads to obtain the target 
installation attitude for the first segment, The point clouds 
and are registered to obtain the transformation matrix
Based on the previously described mathematical model for the 
floor-stand construction conditions, the adjustment quantities
are calculated. The segment’s attitude is then precisely corrected 
using a 3D jack.

4.3. Analysis of application effect 

4.3.1. Effect analysis of cable force scheme
Incorporating the calculated cable force scheme into the model 

provides the arch alignment after forming, tower deviation, and

PB PE. 
PE Tp3. 

DD 
g of arch rib segments. (a) Scanning station arrangement; (b) identification and 
of point cloud distribution weights; (e) digital assembly procedure.

move_f0050


J. Zhou, Y. Du, Y. Zhou et al. Engineering xxx (xxxx) xxx
cable force results. Fig. 11(a) compares the arch alignment after 
forming using the traditional zero-displacement method [12] with 
the method proposed in this study. The zero-displacement method 
(blue line) deviates from the target alignment (red line) by up to 
12.67 mm, whereas the proposed method (black line) limits the 
maximum deviation to less than 2 mm. The traditional zero-
displacement method focuses on achieving predetermined targets 
during construction but cannot ensure that the final arch align-
ment matches the design. In contrast, the proposed method estab-
lishes a mechanical state connection before and after arching, 
effectively controlling the arch alignmen t to match the target.
The results demonstrate that the proposed method keeps the max-
imum deviation of the main arch alignment below 2 mm.

According to the Technical Specifications for Construction of High-
way Bridges and Culverts (JTG/T 3650–2020) [44], the maximum 
allowable tower deviation is 1/400 of the tower height. With a 
steel anchor tower height of 31.79 m, the maximum deviation is
79.48 mm. As shown in Fig. 11(b), the maximum measured tower 
deviation is 19 mm, well within the specification, indicating effec-
tive control of tower deviation.

For the control of cable forces in the cable-stayed fastening– 
hanging system, both the full cross-section load-bearing state 
and the allowable cable force limits must be considered. Fig. 11 
(c) presents the distribution of cable forces on the north bank at 
each construction stage based on the proposed method. Within 
each stage, the forces of individual cables fluctuate minimally,
Fig. 11. Optimal cable force control results. (a) Comparison of main arch alignment; (b)
north bank across construction stages.
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reducing the need to partition the cable forces into multiple seg-
ments and promoting a more uniform full cross-section load-
bearing behavior. Furthermore, the distribution of cable forces at 
each stage is reasonable, with minimal fluctuations for individual 
cables. The safety factor of each cable exceeds 2.5, as shown in
Fig. 11(c) and Table 1, which present the distribution of cable 
forces and safety factors for the left tower anchor cables at each 
stage. The safety factor is defined as the ratio of the maximum 
allowable cable force to the actual cable force. According to Clause 
19.4.3 of the Technical Specifications for Construction of Highway
Bridges and Culverts (JTG/T 3650–2020) [44], the safety factor 
should exceed 2.0; all values in Table 1 surpass 2.5, confirming that 
the cable forces at each stage are reasonable.

In summary, the arch-forming optimization method proposed 
in this study controls the main arch rib alignment error to less than 
2 mm, limits tower deviation to under 20 mm, and ensures cable 
forces with minimal fluctuations and safety factors above 2.5. 
These results demonstrate that the proposed method effectively
achieves active control of both arch rib alignment and tower
deviation.

4.3.2. Verifying the effectiveness of the digital manufacturing control 
scheme

Segments 11–15 on the south bank were connected at the 
assembly site using the physical assembly method to verify the 
effectiveness of the proposed methodology. Subsequently, the
 tower deviation at different construction stages; (c) cable force distribution on the
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Table 1 
Safety factors of the cable on the north bank at various construction stages.

Stage Number of cables on the north bank

1 2.73 3.29 — — — — — — — — — — — — — 
2 2.71 3.17 3.05 — — — — — — — — — — — — 
3 2.70 3.10 2.97 2.92 — — — — — — — — — — — 
4 2.70 2.99 2.80 2.68 6.91 — — — — — — — — — — 
5 2.69 2.89 2.63 2.59 5.41 5.71 — — — — — — — — — 
6 2.68 2.82 2.51 2.55 4.50 4.51 4.37 — — — — — — — — 
7 2.69 2.85 2.53 2.81 4.51 4.49 4.33 2.53 — — — — — — — 
8 2.69 2.92 2.62 2.93 4.98 5.06 4.88 2.58 2.66 — — — — — — 
9 2.70 2.93 2.59 2.93 4.51 4.33 4.07 2.59 2.92 4.23 — — — — — 
10 2.71 3.00 2.65 2.56 4.65 4.41 4.07 2.61 2.95 4.11 2.63 — — — — 
11 2.72 3.09 2.79 2.53 5.23 5.08 4.61 2.81 2.97 5.10 2.65 2.56 — — — 
12 2.71 3.19 2.88 2.66 6.02 5.83 5.28 2.64 3.01 5.93 2.86 2.63 2.63 — — 
13 2.71 3.31 3.05 2.86 7.23 7.15 6.30 2.87 3.09 7.87 3.25 2.80 2.62 2.63 — 
14 2.70 3.42 3.20 3.06 9.08 9.15 7.95 3.19 3.10 10.86 3.78 2.55 2.76 2.50 2.57
alignment of the connected arch ribs was measured. The arch ribs 
are numbered sequentially from left to right. The measured align-
ment after the connection of the arch ribs is shown in Fig. 12. 
Fig. 12. Actual on-site measurement of the arch rib alignment. (a) Physical 
assembly; (b) scanner data acquisition.

Fig. 13. Comparison of measurement data for the arch rib during physical assembly and p
of the upper chord arch ribs; (c) axial deviation values of the upper chord arch ribs.

13

Dy 
Following the physical assembly of the structure, the elevation 
and axial offset values of the upper chord of the arch rib were mea-
sured by arranging designated measurement points. These mea-
sured values were then compared with the allowable limits 
specified in the Specificatio n for Manufacture and Installation of High-
way Steel Bridge (JTG/T 3651–2022) [45]. The arch rib alignment 
measurement points were positioned centrally along the upper 
chord of each arch rib, with nine measurement points evenly dis-
tributed along the arc length of each segment. The layout of the 
measurement point arrangement is illustrated in Fig. 13(a). After 
completing the physical assembly, the maximum positive elevation 
deviation of the upper chord arch rib was measured at 3.2 mm, and 
the maximum negative elevation deviation was 2.8 mm, compared 
with the 8 mm tolerance specified in the stan dard, as shown in
Fig. 13(b). Similarly, the maximum positive axial deviation of the
ost-installation. (a) Layout of measurement points; (b) elevation deviation values Dh 
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top chord arch rib reached 4.5 mm, while the maximum negative 
deviation was 3.4 mm, compared with the 10 mm tolerance out-
lined in the specification as shown in Fig. 13(c). These results 
demonstrate that, compared to the code limits, the alignment accu-
racy of the arch rib segments produced according to the extracted 
splicing relationship improved by 55%. Furthermore, the assembly 
time was reduced from 10 to 7.5 d, resulting in a 25% increase in 
overall manufacturing efficiency. Therefore, the digital 
preassembly-based manufacturing control scheme for arch ribs pro-
posed in this study can effectively guide precise fabrication without 
the need for repeated physical assembly, ensuring that the manufac-
tured arch ribs meet the accuracy requirements of the specification.

4.3.3. Result analysis of the attitude adjustment of the arch rib’s first 
segment during installation

A 3D laser scanner was employed to capture the actual 3D atti-
tude of the first segment of the adjusted arch rib, followed by a 
detailed deviation analysis against the target installation attitude. 
For this purpose, forty points were selected at equal intervals along 
the x-axis of each main chord. The 3D model of the first segment,
along with the numbering of the main chords, is presented in
Figs. 14(a) and (b). The results of the adjustment are shown in
Figs. 14(c) and (d), indicating that the lateral and vertical devia-
tions of all measurement points across the four chords remain 
within 2 mm. Compared with the first segment of the south bank, 
which was installed without employing this method, the proposed 
approach significantly reduces the need for repeated manual 
adjustments of the installation attitude, thereby shortening the 
adjustment period from 7 d to just 1 d and enhancing work effi-
ciency by a factor of 6.

Currently, most long-span arch bridges utilize a construction 
approach similar to that of the Deyu Expressway Wujiang Bridge, 
in which the arch is divided into multiple prefabricated segments 
assembled at height using a cable-stayed fastening–hanging hoist-
ing system. In this study, representative scenarios encompassing 
cable force calculation, arch rib fabrication, and arch rib installa-
tion on the Deyu Expressway Wujiang Bridge were selected to 
implement the proposed arch-forming method. The favorable 
results from these applications demonstrate that the proposed 
method is well-suited for large-span arch bridges employing the
same segmental prefabrication and cable-stayed installation tech-
niques as the Deyu Expressway Wujiang Bridge.
Fig. 14. Analysis of the first segment’s main chord pipe numbering and installation 
alignment. (a) 3D model of the first segment; (b) numbering of the main chord 
pipes of the first segment; (c) lateral deviation analysist; (d) elevation deviation
analysis.
5. Conclusi ons 

An intelligent arch-forming method for large-span arch bridges 
is proposed in this study. For arch-forming calculation, a whole-
process optimization model is established, through which a cable 
force scheme meeting the objectives throughout the construction 
process is computed. For manufacturing control, a method based 
on digital preassembly of arch ribs is presented, enabling precise 
fabrication of arch rib segments without the need for physical pre-
assembly. For installation control, an automatic installation atti-
tude adjustment strategy based on restoration to the designed 
shape is introduced, allowing precise one-time adjustment and 
positioning of the arch rib installation attitude. The proposed 
methodology was validated on the Deyu Expressway Wujiang 
Bridge, a CFST arch bridge with a main span of 504 m. Based on 
the results of this study, the following conclusions are drawn: 

(1) A whole-process optimization model for arch-forming is 
established, through which an optimal cable force scheme is 
obtained while satisfying constraints on tower deviation, cable 
force, structural stress, and post-forming alignment accuracy. For 
the Deyu Expressway Wujiang Bridge, the deviation between the 
post-forming alignment and the target alignment is within 
2 mm; the overall tower deviation throughout construction is 
within 20 mm; and the safety factor of all cables exceeds 2.5. These 
results demonstrate that all predefined objectives are successfully 
achieved. 

(2) For manufacturing control, virtual preassembly of arch rib 
segments is performed in digital space, effectively replacing phys-
ical preassembly. This method significantly improves the overall 
alignment accuracy after assembly of all arch rib segments. It 
was applied to the manufacturing of segments 11–15 on the south 
bank of the Deyu Expressway Wujiang Bridge. Compared with the 
specification limits, the alignment accuracy of the assembled seg-
ments is improved by 55%, and the overall manufacturing effi-
ciency of the arch ribs is increased by 25%, confirming the 
reliability and effectiveness of the proposed method.

(3) For installation control, accurate 3D control targets for arch
rib segment installation are provided based on the original shape,
accounting for environmental effects and construction loads. This
allows precise one-time positioning of arch rib segments. For the
first segments of the Wujiang Bridge, the measured lateral and ele-
vation deviations were within 2 mm, and the adjustment efficiency
increased sixfold. These results demonstrate that the proposed
method significantly improves both the accuracy and efficiency
of arch rib segment installation.

Although the proposed method is applicable to the construction 
of large-span arch bridges, several research areas remain for fur-
ther investigation. This study primarily addresses arch bridges 
assembled from prefabricated steel segments. For concrete arch 
bridges, further research is needed to implement intelligent con-
struction strategies effectively and to control concrete quality.
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