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Abstract: Digital transformation of bridge engineering utilizes distinct modeling techniques to com-
bine domain knowledge with digital information modeling. In particular, a long-span bridge is a
key link in a transportation network, with more than 100 years of service life. BIM (building infor-
mation modeling) is an effort towards improving the current data delivery in the construction in-
dustry. However, it is limited by the rigidity that geometry affords; this is particularly problematic
when the structure to be modelled is a deformable body. The quality and value of information for
the bridges can be enhanced by establishing a data-driven digital information delivery through the
entire life-cycle of the bridges. In this study, a data-driven modeling algorithm for cable-stayed
bridges is proposed, considering the geometry change determining the mechanical behavior. Data
delivery is accomplished by a combination of datasets and algorithms based on the different pur-
poses. The master information model considers alignment of the bridge and essential constraints for
the main members, such as stiffening girders, pylons, and cables, between the digital models. Ge-
ometry control of the stiffening girders and tension forces of cables are supported by the modeling
algorithm of the interoperable target configuration under dead load analysis. The suggested mod-
eling algorithm is verified by comparison with previous analytical studies on cable-stayed bridges.

Keywords: building information modelling; data-driven; information delivery; cable-stayed bridge;
master model; analysis

1. Introduction

In the construction industry, BIM (building information modeling) has been imple-
mented in numerous major construction projects for an improved collaborative working
environment. Many countries are mandating the implementation of BIM in construction
projects. Recognizing the advantages of BIM, generally, BIM tools are widely used today
for document creation. However, today, construction companies and engineers need to
recognize the real value of BIM as a database and modify its use accordingly. The next
phase in BIM adoption should be focused on data generation and its uses [1]. In a tradi-
tional construction project, a bridge is modeled, and the information for design and con-
struction is obtained separately. Fragmented information delivery is commonly consid-
ered as the primary cause of low productivity. Efforts to adopt the latest manufacturing
industry-related technology, such as robotics, are actively progressing [2]. To communi-
cate with machines and for data analytics, the current BIM practices should be further
aligned towards data-driven engineering. Through the creation of a suite of standardized
objects using algorithms and databases, valuable data can be generated in the construc-
tion industry.

In the design of a cable-supported bridge, the mechanical behavior depends on the
geometry of the cables. Geometry modeling and information architecture have been
widely introduced for the different BIM use-cases in bridge engineering [3-7]. Parametric
modeling and alignment-based object-oriented modeling is essential for authoring a
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digital model. By applying a set of parameter databases and appropriate algorithms, the
entire bridge model can be realized without any discontinuity through the construction
project stages [8]. When there is an agreement to share the digital models and their data
architecture, collaborative work among various stakeholders must be realized across dif-
ferent stages of the project, even during the operation and maintenance stage.

The Industry Foundation Classes (IFC) represents a standardized open data model
that meets the information requirements of the construction projects and is adopted in
many BIM solutions. ISO 19650 is the international standard for managing information
delivery across the entire life cycle of a construction project using BIM. It contains all the
principles and high-level requirements for organization and digitization [9,10]. The IFC-
Alignment and the IFC-Infra Overall Architecture projects provide good foundations for
the modeling of the linear civil engineering structures. The IFC-Bridge project was offi-
cially started by buildingSMART International [11]. The three-dimensional (3D) align-
ment-based bridge modeling was proposed by many researchers [8,12,13]. Current BIM
projects in bridge construction encounter difficulties in the sharing and delivery of infor-
mation models between the BIM solutions due to the lack of interoperability. For auto-
matic or machine-based fabrication needs, improved and more generalized data-driven
information delivery is necessary. For example, DIMA (design for manufacturing and as-
sembly) requires data interfaces between the digital models and robotic operation data
[2].

Tension structures are designed mainly in three steps: form finding, load analysis,
and pattern layout [14]. Once the initial equilibrium shape or target configuration is de-
cided, the behavior of the cable structure under various load combinations must be
checked to ensure all necessary limit states. A cable structure has no unique undeformed
configuration corresponding to the equilibrium configuration under dead loads because
the lateral stiffness of a cable is defined based on the applied tension [15]. The initial equi-
librium configuration under a dead load can be determined by the target configuration
under dead load (TCUD). The initial tension forces and unstrained lengths of cables can
be determined by TCUD analysis. The geometric constraint method and the initial mem-
ber force method have been adopted for the TCUD analysis. This is the most distinctive
mechanical property of cable structures, resulting in the challenging task of using BIM
practices to define the geometry of digital models for cables. Lonettie and Pascuzzo inves-
tigated the structural model by combination of a finite element analysis and optimization
procedure [16,17]. Model-based design can be accomplished when a digital modeling pro-
cedure includes design analysis.

Interoperability between BIM models and finite element analysis (FEA) models is a
challenging problem in civil engineering because most design codes rely on the member-
based design verification. The 3D digital objects need to be converted into two-dimen-
sional (2D) plane or frame elements to derive the member forces. In the design process of
a bridge, parametric modeling of 3D-object models for structural analysis of reinforced
concrete columns was proposed [18]. Design parameters were utilized as information for
the FEA. The importance of complete interoperability between BIM and FEA determines
data exchange, wherein certain simplifications are made, and the interaction can be per-
formed in both directions. This means that the BIM model transfers digital data into the
FEA considering all the necessary parts needed for the analysis, and as FEA is performed,
the BIM model is updated simultaneously. Most of the BIM solutions already enable in-
teroperability of BIM and FEA; however, certain issues have still not been resolved. In
particular, problems related to nonlinear structural behavior according to geometric con-
figurations, such as cable-supported bridges. Because of incomplete interoperability of
BIM and FEA, engineers apply them separately, which in turn impairs the design effi-
ciency [19].

Due to the complexity of the cable-supported bridge projects, a design strategy with
multiple goals is generally required. A design that is supported by data from previous
experience or from another discipline is called a data-driven design [1]. In particular, these
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designs enable engineers to modify and refine the early design concepts in an iterative
manner based on the simulated design outputs and functionality, while constantly gath-
ering project data for future usage in a common data environment (CDE). Therefore, en-
gineers need to be able to share and deliver data for the collaborative project delivery.
Date-driven engineering essentially requires mutual agreement for the definition of the
data models according to different uses. The algorithms for digital objects are significant
when considering the manner in which engineers use data and the reason behind it. This
is the common agreed-upon standard that makes the processing, presentation, and inter-
pretation of data possible. Multiple efforts have been made to utilize the submitted BIM
models and the corresponding databases for bridge maintenance [4-6,20].

In this study, model generation algorithms of the main members of a cable-stayed
bridges are suggested. Through capturing knowledge of current practices related to cable-
stayed bridges during design and construction, datasets and constraints of the digital
models are derived. To overcome the rigid geometry of BIM models, the algorithm con-
siders the deformation from the analysis of the construction stage results. In this study,
information delivery, based on the suggested methodology, is applied to a cable-stayed
bridge.

2. Definition of Digital Models for Design

Model-based information delivery requires consensus on the definition of digital
models among the project participants at the start of the project. Current BIM practices
commonly produce documents and 2D drawings from the models. Model-based design
delivery was implemented in a tunnel project in the UK [21]. In a CDE, each information
container has a unique ID, classification, and status. Cable bridge projects are complex
and the models serve various purposes. Therefore, it is necessary to define digital models
for collaborative working and data transfer among the participants. Mechanical features
of the cable structure should also be considered in the model authoring algorithm. Ac-
cording to product breakdown structure (PBS) of the entire life cycle uses of the models,
digital models of the main members are illustrated in Figure 1. Models with different lev-
els of details (LODs) are defined as a set of algorithms for the main members. Design pa-
rameters and constraints (or rules) are defined as the databases. A master digital model
for a cable-stayed bridges is basically defined to be representative of LOD400.

Each digital model has a set of geometry parameters, properties, and algorithms with
constraints such as alignment-based and rule-based relations. Three-dimensional models
are deformable considering the interoperability with the FEA or for measuring coordi-
nates through geometry control during the construction phases. Engineers without expe-
rience in BIM practices can use the dataset to modify the digital models for their own
purposes. Model definition needs active involvement of experienced engineers to realize
the use-cases through digitalization of the current domain knowledge of cable-stayed
bridges. Once the databases and algorithms to generate the digital models are shared in a
project, information delivery only requires exchange of datasets between participants or
phases. As-built models can be divided into individual model libraries for designers
which feature fewer errors and require less time to search information.
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2.1. Inventory and Code System of Physical Elements

According to the defined PBS of a cable-stayed bridge, digital models of cables are
defined as illustrated in Figure 2. The stayed cables connect stiffening girders and a pylon
and have anchorages at both ends. The geometric model of the cable depends on the rel-
ative positions of the anchorages that feature elastic deformation values upon varying the
tension forces. Therefore, the cable is a slave element that has a variable length based on
the locations of the anchorages at the stiffening girder and pylon. Guide pipes belong to
each part of the girder and the pylon and have variable angles according to deformation
of the bridge. Unstrained length and extension of the cable provide tension force to the
cable. Anchorage components are mostly commercial products and have the specifica-
tions and properties such as, material, dimensions, and section area. LOD200 is appropri-
ate for the conceptual design stage, while a higher LOD is appropriate for the detailed
design stage and construction stage. During construction, measuring positions for geom-
etry control are generally located at the end of the guide pipes. In the modeling algorithm
of a cable element, the length between the ends of the guide pipes is considered variable.
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Figure 2. Definition of a cable model according to levels of details (LOD).

2.2. Positioning Elements of the Main Members of the Cable-Stayed Bridge

A cable-stayed bridge model consists of alignment-based models, such as the stiffen-
ing girder and point-wise objects (for example, anchorages). Positioning elements are de-
fined by the 3D alignment data including the profile and elevation. Positional data are
defined for the stiffening girder, pylon, and cables. After assigning a reference position of
the alignment, the stiffening girder models are defined based on a transverse slope and
profiles. According to the designer’s choice, cable elements are distributed in various ar-
rangements. Positioning elements should consider the variation of the cable arrangement.
Positioning elements for a pylon also include variation of the anchor locations and casting
Lot units. These initial considerations allow for active re-visioning of the digital models
during the detailed design or construction phase.
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Capturing domain knowledge on the design and construction of a cable-stayed
bridge is a challenging task. In this study, an on-going project was chosen to obtain the
essential definition of the positioning elements. Particularly, construction engineers have
planned a detailed erection plan and a measuring plan for the geometry control. In each
stage of the erection of a stiffening girder and cable tensioning, the measuring locations
are included in the definition for real-time revision of the digital models. Positional data—
that are obtained from an FEA or a monitoring system during the operation and mainte-
nance—are also useful for the expression of the deformed shape of the bridge. For interop-
erability among the digital models and FEA models, the positions for boundary condi-
tions, such as bearings, need to be included in the definition, as represented in Figure 3.
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Figure 3. Positioning elements of the main members of the cable-stayed bridge based on the life cycle.

2.3. Constraints Condition Among Bridge Members

In cable-stayed bridges, substructures and superstructures have constraints, accord-
ing to the boundary conditions at the supports and pylon table location. These constraints
influence the mechanical behavior, resulting in interconnected deformation. Figure 4 pro-
vides the definition of the constraints along the position coordinates. The master—slave
relationship is essentially determined for algorithm development. For the constraints be-
tween pylon and stiffening girder, the roadway alignment is assigned as a master element
and the substructures are considered the slave elements. Locations of the substructures
defined by the bridge alignment positions are considered in the model generation algo-
rithm, as shown in Figure 4a. Cables are slave elements, while the stiffening girder and
pylon are master elements. The relative change of the two coordinates of the anchorages
is modeled as the deformation of the cables, as shown in Figure 4b. Cable tension forces
can be estimated by the extension of the cables; this will be explained later in this paper.
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Figure 4. Definition of constraints among members of a cable-stayed bridge: (a) constraints between pylon and girder; (b)

constraints among cable, pylon and girder.

3. Algorithm of Digital Model Generation

3.1. Overview

For different stages of a bridge project, interoperability across different software
packages is low due to incompatible data file formats. BIM deliverables are not so effec-
tively used for maintenance tasks because there is a loss of data and information during
project handover [22]. To overcome the current problems of model sharing between the
participants across project phases, algorithms of digital model generation and their da-
tasets are developed. The algorithms are implemented by the DYNAMO software from
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Figure 5 shows the algorithm of a stiffening girder for different stages and their da-
tasets. Modularized algorithms are assembled to build an entire bridge model. Data ana-
lytics, including FEA, can be linked with the datasets and the data derived from the ge-
ometry information. Designers handle the datasets to generate digital models without any
expertise per se of BIM solutions. By sharing the templates of the datasets and the algo-
rithms, data storage and delivery becomes much more efficient. The algorithms are flexi-
ble, and therefore, more functions—such as quantity take-off and generation of 2D draw-
ings—can be added.
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Figure 5. Modeling algorithms and datasets for different phases.

3.2. Concept Design Stage

During the design of a bridge, design activities occur at various levels across different
disciplines. Data-driven design tools support the early design by rapid development of
the design variants. This new approach will replace the various one-to-many and many-
to-one data exchanges in a design project [22]. The integration of design intention and
efficient data sharing is achieved through a digital master model as a series of related and
interconnected digital objects. Figure 6 presents a modeling process for the conceptual
design of a cable-stayed bridge. Various alternatives can be chosen by the designer
through the modeling algorithm including the expert’s experience of the conceptual de-
sign process.
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In a conceptual design stage of a cable-stayed bridge, various design alternatives,
including the bridge alignment, are created and discussed in terms of the different aspects
to satisfy the client’s requirements. Bridge alignment is defined as an alignment model
with reference coordinates at both ends of the bridge and surfaces with slope definition
to ensure roadway alignment. These data are the main master information for the model-
ing algorithms with parent-child relations. The arrangement of span lengths is decided
by a designer and the positioning coordinates for bridge substructures are derived from
the algorithm. From the coordinates and the 3D alignment curve, the normal and tangen-
tial vectors are derived to define the reference points for the modeling of a pylon and
piers, as shown in Figure 4a. Further, the algorithm also enables a designer to add con-
straints on the digital models for strict design requirements, such as bridge clearance.

Considering the thickness of the pavement, in addition to the height of the stiffening
girder and bearing, the reference coordinates for the pylon and piers are defined. There-
after, the position lines are defined to generate the substructures with different section
profiles. Each location with the section change is defined as the position coordinates. The
algorithm for each object uses a relative coordinate system (RCS), while the entire bridge
has an absolute coordinate system (ACS). The reference position of a bridge will change
the RCS of each object into an ACS for a roadway. The angles between the alignment of
the superstructure and the substructures are considered in the algorithm to rotate the sec-
tion of the substructure along the reference lines, as shown in Figure 4b. Through this
process, the basic conceptual design model is generated.

The main parameters of a stiffening girder in the conceptual design stage are the type,
depth, width, and slopes. The stiffening girder has typically different sections at the sup-
ports, pier table, and anchorages. The algorithm includes parameters to define the sec-
tional changes along the length of the bridge. For the local coordinates for the generation
of the stiffening girder, the Y axis is along the bridge, the X axis is along the transverse
direction of the deck, and the Z axis is along the elevation. The planes for the definition of
the girder are defined by the local coordinates. Each dimension of the girder is considered
as the parameters to generate the digital model in the algorithm. When the digital objects
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are combined to build a total bridge model, the section in the local coordinates will rotate,
considering the relative angles with respect to the global coordinates of the bridge.

In the stiffening girder, there are cable anchorages that are determined by the number
of cable planes and cables. Some parts, such as in the pier table, are the key segments that
do not have the anchorage details. The spacings of the cable are determined by the main
parameters in the algorithm. For the case of the requirement of additional cables, such as
for the back-stay cables and in the case of an uneven arrangement, the algorithm also
functions to add more cables. The position coordinates of the anchorages are generated
from the coordinate system. The relative position of the anchorages in the stiffening girder
can be changed by parallel movement in the transverse direction. In a cross-section, the
cable system is commonly arranged in one vertical plane above the center line, in two
vertical planes at the edges of the stiffening girder or in two inclined cable planes. This
algorithm allows a designer to choose a single-plane or double-plane cable-stayed bridge.

For the system of stay cables, two main configurations are generally found: the fan
system and the harp system. A designer can choose a system and arrange the number of
cables and locations of the upper and lower end anchorages to generate the cable models,
as shown in Figure 7. From this definition of parameters, the positions of each anchorage
produce the coordinates to define the cable elements. When the section profile of the pylon
is changed, the positions are revised automatically by the algorithm. The sections of the
cables are added to generate 3D models along the axis of the cable that connect two an-
chorage locations.
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Figure 7. Alternative design algorithm of cable arrangement.

3.3. Design Development Stage

In the detailed design stage, the conceptual model is revised to encompass more de-
tails for construction methodology and sectional dimensions. Analysis of the bridge mod-
els under static and dynamic loadings is also interoperable with the digital models
through the position elements and their constraints. For example, the pylon is divided
into segments considering a casting plan (LOT module). A dataset for the modeling of the
pylon is generated and will be used for the construction stage. At each node of the plane
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Figure 8. Algorithm and datasets for design development stage.

The stiffening girder has a segment length that considers the construction equipment
and conditions of the construction site. After segmentation of the girder, the reference
points for the generation of girder objects are generated as shown in Figure 9. At each
reference point, a normal vector is defined representing a surface of the section that is also
utilized as nodes for the analysis and geometry control. Variable sections can be generated
by two section profiles at each end node. Datasets for the generation of the stiffening
girder can be stored as a database. Constraints for the section definition are defined by the
node coordinates. A cable object consists of a part of the guide pipes and free-length parts.
Reference coordinates for the generation of cable objects are obtained from the models of

the stiffening girder and the pylon.
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Inspected coordinates

3.4. Construction Stage

One of the most crucial tasks in the construction of a cable-stayed bridge is the con-
struction geometry control. The bridge is flexible, and deformation occurs according to
each erection step. The digital models for the detail design stage are based on the para-
metric modeling with constraints to accommodate the deformation. By capturing the cur-
rent knowledge on the geometry control through the expert’s opinion, multiple measur-
ing points are added in the models, as represented in Figure 10. When the measuring data
are obtained, the geometry of the digital models is revised in real-time. The sliding form
of the setting coordinates are also determined from the comparison with the designed
alignment and the measured geometry. Construction engineers can accumulate the pro-
cess with more systematic information with respect to deformation and cable forces. In
the utilized precast segmental construction method, the preassembly simulation is useful
for the geometry control using fabrication models. The obtained data on the cable forces
and deformation are used for the operation and maintenance tasks.

-A @ ‘.’; -2 * [T

= 3

Tolerance control

, LOT n-5

"F7L0Tn6

design model cross-section  cross-section during construction

P,

Coordinates of the Inspection coordinates for each

Py [
. L

P s

LOT n-6

N Tnspection points in the center of the segment

Geometry control of a pylon Geometry control of a segment

Figure 10. Consideration of geometry measurement during construction stages.

Conventionally, the free cantilever method is utilized for the cable-stayed bridge. The
structural safety is assured by the strict geometry control and measurements. After the
initial equilibrium state under a dead load at the final stage is determined, the construc-
tion geometry is decided by a construction stage analysis based on the initial equilibrium
state. During the construction stage, the adjustment of cable forces is continuously per-
formed by comparison with the measured geometry and analytical results. The camber
values from fabrication and erection are considered for the geometry control. As shown
in Figure 10, the measuring points that are determined by construction engineers, are in-
cluded in the modeling algorithm for rapid revision of the digital models. For the 3D
frame analysis of the construction stages, the locations of nodes are control points to ac-
commodate the deformation by the analysis. The deflection and rotation of each member
are used for the generation of the bridge model during the construction stage, as shown
in Figure 11. The measuring positions for the cables are ends of the guide pipes. From the
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defined constraints between the anchorage locations in the pylon and the stiffening girder,
the cable objects are automatically revised. These extension values are used for the calcu-
lation of cable forces.

The suggested modeling algorithm was provided to improve BIM practices in a do-
mestic bridge construction (Goduck Bridge in Seoul). The bridge has a main span of 540
m and six lanes. Stiffening girders of concrete box section uses high strength concrete. The
international bridge construction project in Myanmar (Dala Bridge in Yangon) is a 690 m
long cable-stayed bridge. Digital models for this bridge were created by the proposed al-
gorithm. Through these pilot applications, engineers utilized the digital models with min-
imum delay to follow the construction stages. Construction engineers only create datasets
from measurements of geometry, then they obtain revised digital models.
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(back — Stay cable)T,

4. Definition of a Mechanical Behavior of a Cable

In the design stage of a cable-stayed bridge, only the deformed shape of a cable struc-
ture under dead loads is predetermined. The deformed shape of a bridge under dead
loads is referred to as the target configuration under dead loads (TCUD) or the initial
equilibrium configuration [23-26]. In this paper, a practical determination method, which
was suggested by Song and Kim [24], is adopted for the calculation of cable forces. The
initial cable forces were used as reference values for the convergence criterion of the New-
ton-Raphsons in the TCUD analysis and derived unstrained lengths of the cables. The
model generation algorithm added the calculation of TCUD analysis to derive cable forces
from the deformation of the cables.

In the TCUD analysis, temporary supports at the anchorages in the stiffening girder
are assumed, as described in Figure 12. Vertical reactions at each support are obtained by
the three moment theorem. Considering cable geometry and the obtained reaction forces,
cable forces and horizontal reactions are calculated. The assumptions cause large defor-
mation at the location of the pylon because the ratio of span length between a main span
and side spans and loading conditions are different. In order to solve this issue, temporary
support conditions are additionally assumed to minimize lateral deformation of the py-
lon. An elastic catenary cable element by Irvine [25] was used for calculation of cable
forces and unstrained lengths considering the dead load in TCUD analysis. Equation (1)
presents the compatibility equations of the catenary cable element.

FiLy Fi( . F, +wl . F;
x(Ly) = — - —{smh‘1 (—) —sinh™ (== }
0 EA w F,

Fy M
FL, wi3 1
z(Ly) = _ﬁ - ﬂ - W F% + (F, + wLy)? — F% + F% (2)

where F1 and F: denote x- and y-component of nodal forces, Lo denotes the unstrained
length, w is the weight of the cable per unit length, E is the elastic modulus and A is the
area of the cable.

[ al
az

Figure 12. Temporary support method.

In the TCUD analysis, the unstrained lengths and cable forces are unknown. Figure
13 presents a flow chart of the analysis under the initial equilibrium state. After assuming
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the initial values, an iterative analysis using the cable compatibility conditions, flexibility
matrix, and stiffness matrix, is performed to derive the incremental cable forces. The as-
sumed variables are adjusted by the incremental process [15]. In this analysis, the conver-
gence criteria for the cable force and the unstrained length were 105 and 1077, respectively.
The unstrained length is used for the initial equilibrium state.

| Calculate elastic catenary equation,
flexibility matrix and Stiffness matrix

I

START
Calculate increment AF;, AF,
F; = F; + AF;
FZ = F2 + AFZ

Convert anchorage to
temporary support

AF;, AF, < 0.00001

A

Calculate the vertical force(P;)
at support using
theorem of 3 moment

K, Matrix(Element Stif fness of Cable)
l Calculate Al

Lo = Lo + Al

Calculate the
horizontal force(P,)
at support with
vertical force & cable angle

I

Suppose the initial cable
force(F4, F,)and length(Ly)

|Alg|< 0.0000001

Lo(unstrained length)

C w0

Figure 13. Flow chart for initial equilibrium state of cable-supported bridges.

A bridge example is shown in Figure 14 [27]. This was selected for this study to apply
the proposed process for the interoperability between the digital models and the TCUD
analysis. The bridge has a total length of 540 m and main span length is 300 m. There are
28 cables, including two back-stay cables. Table 1 summarizes the material properties,
section properties, and loading conditions. The digital models for this bridge were gener-
ated based on the proposed modeling algorithm. A 2D frame model was also generated
using the information of the digital models.
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Figure 14. Example bridge layout.

Table 1. Material and geometric properties.

Properties Member Value UNIT
Girder and Pylon 127.2 3
Dead load(w1) Cable 0.78 kN/m
Modulus of Girder and Pylon 2.0x 108 KN /m*
Elasticity(E) Cable 2.0x 108
Stiffening girder 1.06
Area(A) Pylon 1.21 m?
Cable 0.01
Moment of Stiffening girder 1.00 mt
inertia(I) Pylon 1.30
Additional dead load(w2) Stiffening girder 40 kN/m

As explained in this study, the TCUD analysis was conducted by the iterative process
of the Newton-Raphson’s algorithm. The unstrained length and tension forces of the ca-
bles under the initial equilibrium state were derived and were compared with the previ-
ous studies [24,27,28], as shown in Figure 15. The calculated cable forces of this study
showed less than 1% difference from the previous improved initial force method [24] and
approximately 5-6% difference relative to the study conducted by Kim and Chang [27].
The unstrained lengths of the cables in this study were approximately equal to the values
as the previous studies [24,28]. The L.IFM was used as an elastic parabolic cable element,
while the . TCUD was used as an elastic catenary cable element. Using the derived values,
deformation of the cable-stayed bridge was calculated and the digital model was revised.
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Figure 15. Cable forces and unstrained length in initial state of a cable-stayed bridge: (a) Cable tension force; (b) Cable
unstrained length.

Vertical displacement(mm)

-3

The deflections of the stiffening girder and the pylon were obtained from the analy-
sis, as shown in Figure 16a,b. Axial forces from the cable forces were considered as mem-
ber forces to evaluate the final deformed shape of the bridge. The maximum deflections
at the main span and at the side span were 7.32 mm and 2.1 mm, respectively. Lateral
deformation of the pylon was 10.735 mm at the top. In the analysis model, the definition
of nodes and elements is the same as that in the digital models, considering the construc-
tion stages. Therefore, the deformed shape can be directly imported to the algorithm for
revision of the digital cable-stayed bridge, as shown in Figure 16c¢. The visualization of the
deformed shape of the bridge requires enlargement by a certain scale factor to magnify

the small deformation. In this modeling algorithm, the scale factor was 1000.

Vertical deflection of stiffening girder

X LIFM(Song, etal) A LTCUD(Kim, etal)  ===This Study

0 20 40 60 80 100120140160 180200220240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540

Distance from the left pier(m)
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Distance from the bottom pylon
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Alignment in initial equilibrium state
Alignment of BIM MODEL ‘ -

BIM MODEL BIM MODEL reflecting deflection in initial state

(c)

Figure 16. Two-way interoperability between BIM and finite element analysis (FEA): (a) Vertical deflection of stiffening
girder in initial equilibrium; (b) Horizontal deflection of pylon in initial equilibrium; (c) Deformed shape revision using
analysis results.

5. Conclusion

A data-driven design is supported by digitalized models and the corresponding data.
The data-driven modeling of bridges enables engineers to capture the essential domain
knowledge in the design, construction, operation, and maintenance. In this study, a data-
driven algorithm of cable-stayed bridges with datasets was developed to improve the cur-
rent BIM practices. The methodology can improve the BIM practices in terms of the fol-
lowing issues:

1. The data-driven digital model generation algorithm for cable-supported bridges im-
proves the limitation of interoperability issues among the different commercial BIM
solutions. Engineers share datasets for their own uses of the digital model. Data de-
livery between the different construction stages can be realized by the modularized
and shared algorithms and the control parameters.

2. Positioning elements and constraints between the digital objects enable engineers to
generate multiple models for the design, fabrication, geometry control, and analysis.
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Different LODs are utilized for the construction stages considering the use-cases of
the models. Design alternatives can be actively realized by the suggested algorithms.
3D geometry control of the cable-stayed bridge can be supported by the digital model
algorithms. The design parameter datasets are useful for the deliverables at the hand-
over stage.

3. Integrating the mechanical analysis of the cable-stayed bridge—using TCUD analy-
sis—into the digital models, enables two-way interoperability during the design and
construction stages. A cable model for the analysis was integrated with the digital
model definition. Meshing the element for the analysis considered segmentation dur-
ing the construction stage for the interoperability of the deformed shape.

4.  Combining the TCUD analysis with digital model algorithms, engineering experts
can easily handle the digital models by themselves, without much experience of the
modeling technology. From comparison with previous studies, the developed algo-
rithm showed good agreement with respect to the cable forces, unstrained length,
and deflection.

In addition to the proposed methodology on digital models for cable-stayed bridges,
the agreement on the sharing of algorithm and datasets among project participants is an
essential and challenging task. Through a pilot implementation of the system to a domes-
tic and an international bridge project, it was proven to be of considerable value to the
engineers for handling the digital models in real-time. Expanding the model use-cases and
datasets for the operation and maintenance is a necessary process. Eventually, the pro-
posed algorithms can be used to develop digital twin models of bridge components and
cable-stayed bridge systems.
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