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The comprehensive utilization of prefabricated components (PCs) is one of the features of industrial construction. Trial assembly
is imperative for PCs used in high-rise buildings and large bridges. Virtual trial assembly (VTA) is a preassembly process for PCs
in a virtual environment that can avoid the time-consuming and economic challenges in physical trial assembly. In this study, a
general framework for VTA that is performed between a point cloud, a building information model (BIM), and the finite element
method is proposed. In obtaining point clouds via terrestrial laser scanning, the registration accuracy of point clouds is the key to
building an accurate digital model of PCs. Accordingly, an accurate registration method based on triangular pyramid markers is
proposed. This method can enable the general registration accuracy of point clouds to reach the submillimeter scale. Two al-
gorithms for curved members and bolt holes are developed for PCs with bolt assembly to reconstruct a precise BIM that can be
used directly in finite element analysis. Furthermore, an efficient simulation method for accurately predicting the elastic de-
formation and initial stress caused by forced assembly is proposed and verified. The proposed VTA method is verified on a
reduced-scale steel pipe arch bridge. Experimental results show that the geometric prediction deviation of VTA is less than 1/1800
of the experimental bridge span, and the mean stress predicted via VTA is 90% of the measured mean stress. In general, this
research may help improve the industrialization level of building construction.

1. Introduction

Large-scale building components are manufactured in fac-
tories in industrial construction. Assembly line production
and a stable environment ensure that the prefabricated
components (PCs) of a building exhibit reliability. The
prefabricated construction method is widely used in large
buildings and bridges. Compared with the on-site pouring
method, the prefabricated assembly method demonstrates
the advantages of fast construction and being environment
friendly [1, 2]. However, the premise for a successful
implementation of the prefabricated assembly method is
that all PCs must be assembled accurately. When a
manufacturing deviation of PCs causes an assembly failure

or unacceptable effects, PCs must be returned to the factory
for adjustment or remanufacturing. In many projects, the
prefabrication factory is located far from the assembly site,
and thus, rework or reconstruction will considerably in-
crease project duration, cost, and risk. Therefore, conducting
physical trial assembly (PTA) is necessary before trans-
porting PCs to large-scale prefabricated assembly projects,
although this process is not mandatory in accordance with
the specifications. PTA can be considered actual assembly in
advance in a factory. It requires equipment, workers, and site
similar to field assembly; hence, it increases the cost and
duration of a project. For large structures, such as bridges,
PTA can only verify the assembly effect of adjacent segments
due to site constraints. In addition, new dimension deviation
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may occur during transportation, making the results of the
physical trial assembly in the factory invalid. The use of
digital models for virtual trial assembly (VTA) can avoid the
problems experienced during PTA [3]. An accurate geo-
metric dimension is a precondition of VTA for detecting
geometric deviation. Previous studies used manual mea-
surement to obtain the feature point coordinates of PCs [3].
However, with the development of photogrammetry tech-
nology, computer vision has been used to obtain more
comprehensive geometric information [4-6]. Image cali-
bration and distortion correction make the efficiency and
reliability of the computer vision method insufficient. Ter-
restrial laser scanning (TLS) is a new technology for quickly
and accurately capturing the 3D shape of physical objects.
TLS is currently used in structure monitoring [7, 8], reverse
modeling [9], and dimension inspection [10]. Considering
the capability of TLS to acquire the 3D model of physical
objects quickly, 3D scanning has been used to replace
manual measurement when checking the assembly interface
of PCs [10]. Further research has combined TLS and BIM
technology for the dimension inspection and quality
management of PCs, demonstrating progress from point
cloud to BIM [11, 12]. However, the measurement error of a
point cloud has not received sufficient attention in the re-
verse modeling process. A single scan can only obtain the
point cloud of a part of the surface of a 3D component. To
obtain the complete 3D digital model of a PC, the point
clouds obtained by scanning in different directions around a
PC must be registered. The geometric error of a point cloud
typically has two parts: (1) the measurement error of a single
point and (2) the registration error of multiple point clouds.
The measurement error of a single point is a type of random
noise. After implementing the point cloud noise reduction
algorithm [13] and feature fitting (e.g., plane fitting and
circle fitting), the single point measurement error can be
significantly reduced [14]. Therefore, the registration error
of a point cloud is the primary error source when measuring
the size of PCs by using TLS. In VTA, the use of point clouds
with registration errors may cause incorrect assembly re-
sults. For the forced assembly method that uses bolts or
interference fit, small geometric deviations may cause force
angular displacement that cannot be disregarded and may
result in the redistribution of structural stress after assembly
[15]. Therefore, the reduction of the registration error of a
point cloud and assembly simulation that considers stress
redistribution are two key points for the accurate prediction
of engineering structures via VTA. This research contributes
to the body of knowledge by providing a general method-
ological framework for VTA that uses TLS. In this frame-
work, a registration method with submillimeter accuracy is
proposed to eliminate the geometric errors of point clouds in
the registration process and a virtual assembly method that
combines reverse BIM and 3D finite element method (FEM)
is developed to accurately predict the geometric shape and
structural stress state of multiple PCs with manufacturing
deviations after forced assembly.

In this paper, comparative experiments are first per-
formed to verify whether the accuracy of the proposed
point cloud registration method can meet the
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requirements of VTA. This condition is the prerequisite
for accurate VTA that uses TLS. Then, the reverse
modeling method of steel structure components and
splicing parts is introduced from the point cloud by using
a scaled arch bridge as an example. Furthermore, an
experiment is conducted to verify whether the accuracy of
the proposed simulation method has considered stress
redistribution. Finally, the virtual assembly of the scaled
arch bridge is realized in accordance with the proposed
VTA framework. Physical assembly is simultaneously
performed. The results of the physical and virtual as-
semblies are compared to prove the reliability of the
proposed VTA method.

2. Related Work Background

2.1. Registration of Point Cloud. Point cloud registration can
be divided into two methods: (1) real-time registration (2)
and accurate registration of point cloud in different periods.
Real-time registration refers to sensing the surrounding
environment while scanning and then registering the real-
time scanning point cloud with the acquired point cloud.
Real-time registration is typically used in mobile laser
scanning, and the widely adopted method is simultaneous
localization and mapping [16-18]. Real-time registration is
mostly used for fast modeling and indoor navigation; it is a
low-precision point cloud registration method. For the
accurate registration of different periods obtained using
fixed scanners (such as TLS), the primary methods are
registration based on markers [19, 20] and registration based
on point cloud data [21, 22]. The common marker is the
standard sphere, which has been widely used in terrestrial
scanning systems. However, the reflection angle of the laser
increases and the point coordinates are distorted near the
edge of the sphere. This phenomenon is called edge drift.
Therefore, problems in point cloud registration based on
spherical markers still exist. The data-based registration
method that has received widespread concern is the iterative
closest point (ICP) method [21]. The principle of this
method is to find the nearest point pair in two point clouds
and use the distance matrix of the nearest point pair to
estimate the rotation and translation parameters of the point
cloud. However, if the overlap of point clouds is insufficient,
then the success rate of the correct convergence of ICP is
considerably reduced; that is, more scans are required in
VTA. In addition, the distance function of ICP largely de-
pends on the distance between points. In large scenes, ex-
cessively small point spacing will substantially increase the
amount of point cloud data, increasing the scanning time
and data processing cost. Therefore, ICP registration errors
will accumulate during VTA in civil engineering, particu-
larly for shape deviations caused by angle errors due to the
large distance between points. Consequently, the registra-
tion error of point clouds is expected to be in submillimeter
even in large structures. Although the ICP method has many
variants [23, 24], most algorithms focus on efficiency, and
thus, they cannot meet the submillimeter accuracy re-
quirements of a VT'A program.
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2.2. Virtual Assembly. Building information models (BIMs)
have been widely used in infrastructure construction in recent
years [25-27]. BIMs are digital models of physical objects that
can be used for visual display, rendering, progress simulation,
and space inspection. Therefore, BIMs are used for the virtual
assembly simulation of PCs [28]. Geometric parameters in
BIMs are typically derived from design. Virtual assembly
based on BIMs is limited to the rationality verification of the
scheme, and it cannot be used in actual PC geometric de-
tection and shape prediction. Recently, a large number of
studies have focused on the reverse construction of BIMs
from point clouds [29-32]. In accordance with the mode of
model generation, reverse modeling can be divided into mesh
encapsulation and feature extraction. Mesh encapsulation
refers to the use of triangular meshes to connect adjacent
points and form a space surface or shell. The accuracy of a
mesh model is low due to the existence of point cloud noise,
and the volume of data is not reduced. Thus, mesh models are
unsuitable for VTA. Feature extraction refers to obtaining the
feature parameters (e.g., centerline, corner, and radius) of
physical objects by using the fitting algorithm in the point
cloud and then reconstructing the BIM on the basis of the
feature parameters [31]. At present, major research focuses on
the calculation of section parameters and the axis extraction of
typical components, such as walls, columns, and beams.
Meanwhile, research on the assembly parts of PCs is less.
Virtual assembly can be performed once a digital model
acquires complete geometric information. Virtual assembly
necessitates strictly using the geometric constraints of real
components, such as face to face and center alignment. The
result of an assembly with multiple constraints is not unique,
and thus, a reasonable assembly pose must be determined. In
the automobile and industry fields, many software programs
use a tree diagram [33], which depicts the assembly rela-
tionship among different parts to evaluate the results of
various assembly methods. Bolts are widely used in fabricated
steel structures, and the generalized Procrustes analysis is
adopted to determine the optimal posture for connections
with multiple bolts [3]. Several recent studies have exerted
effort to implement conventional VTA that uses TLS [34, 35].
The plane and line feature fitting algorithm is adopted to
obtain the position coordinates of assembly points, and the
least squares method is used to solve the optimal assembly
parameters, which are only applicable to the rigid assembly
process. For steel structures with multiple spliced ends, such
as trusses, forced restraint will result in additional defor-
mation that may be more significant than the shape deviation
caused by manufacturing errors. When a PC is the primary
load-bearing structure, forced restraint will generate addi-
tional stress and reduce structural safety. These conditions are
not considered in the design. Therefore, solving the virtual
assembly problem with stress redistribution for the structure
to be loaded is essential.

3. Accurate Registration of Point Cloud

3.1. Triangular Pyramid Marker Design. The use of a marker
is necessary because data-based registration methods are
currently unable to achieve the submillimeter registration

accuracy required by VTA. Although they are commonly
used, spherical markers have disadvantages in VTA. The
high accuracy of sphericity makes manufacturing and
maintenance more demanding, and thus, registration
spheres are frequently expensive. A registration sphere is
typically small for portability and accuracy. The number of
point clouds on a marker sphere is sparse in the scanning
process of large steel structures. This situation leads to an
increase in fitting error. Edge drift caused by an excessively
large laser reflection angle inevitably occurs, as shown in
Figure 1, due to the characteristics of the sphere. Edge drift is
a nonuniform random noise because it is concentrated on
the edge of the sphere. Thus, the calculation error of the
spherical center coordinates cannot be disregarded. A new
triangular pyramid marker is designed to overcome the
shortcomings of a registration sphere, as shown in Figure 2.
This triangular pyramid consists of detachable plates and
brackets connected by universal ball hinges. Each plate can
be adjusted at different angles in accordance with the
scanning angle. This method solves the problem in which the
reflection angle of the registration sphere is excessively large.
In 3D space, three surfaces that are not parallel to one
another can determine a unique coordinate system.
Therefore, the accurate registration of a point cloud can be
theoretically accomplished by using only one triangular
pyramid marker.

3.2. Registration of a Triangular Pyramid Marker. During
VTA, point clouds A and B, which have the same triangular
pyramid markers, are obtained by scanning the same object
from different scanning angles. Point cloud A is defined as
the reference point cloud. Point cloud B is defined as the
registered point cloud. After achieving accurate registration,
point cloud B is converted into the coordinate system of
point cloud A, and thus, it now coincides with point cloud A.
First, the triangular pyramid point cloud is segmented in
point clouds A and B. The plates of the triangular pyramid
are separated from one another; hence, the point cloud of
each plate is separated easily. The point cloud of each plate of
the triangular pyramid is fitted via plane fitting. The next
step is to make the fitting plane in point cloud B strictly
overlap with the fitting plane in point cloud A. However,
directly calculating rotation parameter R and translation
parameter T converted from B to A on the basis of the
characteristic parameters of the fitted plane is impossible due
to random errors in plane fitting based on point clouds. The
ICP algorithm estimates the best transformation parameters
in two point clouds; this process is simple and easy. The ICP
algorithm is widely used in commercial software. The pri-
mary steps of this algorithm are (1) sampling in point cloud
A to obtain point set P, (2) finding the nearest point set Q of
P in point cloud B, and (3) using the distance function
between P and Q as the objective function. The objective
function is minimized by iteratively calculating the optimal
transformation parameters. Given that point clouds A and B
are not exactly the same, no point set Q completely cor-
responds to point set P in point cloud B. Therefore, the ICP
algorithm must have a registration error that depends on the
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FiGure 1: Edge drift of a spherical marker: (a) laser path of a registration sphere, (b) front view of a spherical point cloud, and (¢) side view of

a spherical point cloud.

(a)

(®)

FIGURE 2: Triangular pyramid marker: (a) physical picture of a triangular pyramid marker and (b) point cloud of a triangular pyramid

marker.

density of a point cloud. The improved ICP algorithm is
proposed for accurate registration of triangular pyramid
markers. The complete process of using a triangular pyramid
marker to register a point cloud accurately is illustrated in
Figures 3 and 4. The method for generating point sets P and
Qis depicted in Figure 3. In contrast with the ICP algorithm,
set A is randomly generated on the fitting plane of a flat point

to obtain point set Q. The detailed iterative process of
calculating the transformation parameters is shown in
Figure 4.

Suppose that the coordinate matrix of point set P is Xp.
Then, the coordinate matrix of point set Q is X,. The
conversion of Q into P can be calculated as follows:

cloud of point cloud A. The generation range is limited Xp=RXq+T. (1)
within the area of the plate. Then, point set A is projected In formula (1),
onto the fitting plane of the flat point cloud of point cloud B
cos 3 cosy cosf3siny —sin 8
R=| —cosasiny —sinasinffcosy cosacosy+sinasinffsiny sinacosf |,
(2)

sinasiny + cosasinffcosy —sinacosy —cosasinfsiny cosacosf3

T=[tyt,t,].

The symbols «, 3, and y are the rotation angles around
the X-axis, Y-axis, and Z-axis, respectively. The symbols t,,
t,, and t, are the translation distances along the X-axis, Y-
axis, and Z-axis, respectively. The singular value

decomposition method is used to calculate the rotation
matrix R and the translation vector T. First, the centroids
Cp and Cq of point sets P and Q are calculated using
formula
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FIGURE 4: Iterative process of the transformation parameters.

(3)

where n is the number of point sets. Then, the covariance
between point sets P and Q is calculated.

4)

The symbol E is decomposed as follows: E= UV". Then,
the rotation and translation matrices can be calculated using
formula

R=UV,
(5)
T=C,-RC,

The distance function F can be described by the sum of
the square of the point distance, the average point distance,
and the maximum point distance. Point sets P and Q are
generated on the fitting plane; thus, determining the final
registration accuracy by using the maximum point spacing is
more intuitive and accurate than using the iterative con-
vergence standard e.

3.3. Accuracy Verification Experiment. An experiment is
designed to verify accuracy by using the proposed method.
In the experiment, a triangular pyramid marker, a spherical
marker, and ICP are used. Figure 5(a) shows the experi-
mental objects, which are three typical geometries (cylin-
der, sphere, and cube). The triangular pyramid and
spherical markers are placed in approximately the same
position, as shown in Figure 5(b). Three groups of regis-
tration markers are placed around the experimental ob-
jects. One scan is performed on each side of the
experimental objects, as shown in Figures 6(a) and 6(b).
The point clouds of the three groups of markers are
completely collected in both scans. The registered point
cloud is depicted in Figure 6(c).

In general, resolution is defined as the distance between
points on a spherical surface 10 m away from the scanner. In
this experiment, three types of contrast scanning with dif-
ferent resolutions (1.6, 3.1, and 6.3 mm) are performed. The
actual dimensions of the experimental objects are accurately
measured using a vernier caliper. The measured radius of the
cylinder is 37.14 mm, the radius of the sphere is 83.16 mm,
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FIGURE 5: Verification experiment on registration accuracy: (a) three typical geometries used to verify registration accuracy and

(b) triangular pyramid and spherical markers.

and the side length of the cube is 149.94 mm. The experi-
mental objects are separated from the point cloud after using
three different methods to register the point cloud. Cylinder,
sphere, and plane fitting algorithms are used to calculate the
geometric dimensions of the experimental objects. The
geometric deviations of the three registration methods are
determined at different resolutions by comparing the geo-
metric dimensions obtained via point cloud calculation with
the measured dimensions, as shown in Figure 7. The in-
accurate registration of the point cloud will change the
geometric shape of the experimental objects, resulting in
errors in the calculation of geometric dimensions. Therefore,
geometric errors can reflect the registration accuracy of the
point cloud. As shown in Figure 7, achieving submillimeter
registration accuracy is difficult for the ICP algorithm. In
addition, when the original point cloud is used directly for
registration, ICP always fails due to insufficient overlap. In
this experiment, a large number of nonoverlapping parts of
the point cloud are artificially deleted, and thus, ICP can
converge to the correct result. Therefore, the ICP algorithm
is not applicable to VTA. Compared with ICP, the regis-
tration accuracy of the spherical marker is significantly
improved. However, the geometric errors of all three ex-
perimental objects exceed 1 mm when the resolution is
6.3mm. Compared with those of existing registration
methods, the registration accuracy of the proposed regis-
tration method is significantly improved. Under the three
resolution conditions, the geometric deviation of all the
experimental objects is less than 1 mm. Overall, the pro-
posed registration algorithm and triangular pyramid
markers can make the prediction result of VTA more ac-
curate and reliable.

4. Accurate Simulation of Mechanical
State in VTA

4.1. Case Introduction. For some large-scale structures with
complex loads, such as arch bridges, the shape and stress of
the structure must be strictly controlled after assembly. The
initial stress deviation directly causes structural safety to
decrease. Therefore, a complete VTA should have the ca-
pability to predict the initial stress and shape deviation of the
assembled structure. A reduced-scale steel tube arch bridge
is designed to simulate the actual bridge assembly process.
The detailed dimensions are presented in Figure 8. The arch
bridge is composed of five identical prefabricated segments
connected by bolts. Each connection end has four bolts.

Similar to the actual structure, geometric deviations may
occur in each prefabricated segment due to the welding
process. The proposed VTA procedure has three important
contents: (1) the acquisition of high-precision point clouds
of prefabricated segments, (2) the precise construction or
modification of the BIM of a prefabricated segment on the
basis of the scanned point cloud, and (3) the use of Abaqus to
simulate the actual assembly process accurately on the basis
of the accurate BIM. A Leica P50 scanner is used to obtain
the point cloud of a prefabricated segment of the experi-
mental arch bridge. The prefabricated segments are placed as
shown in Figure 9(a). Four scans with a scan resolution of
3.1 mm are performed around the prefabricated segments.
The scan scene is shown in Figure 9(b). Three triangular
pyramid markers are placed in the scanning field of view.
The complete point cloud obtained using the proposed point
cloud registration method is shown in Figure 9(c). Mean-
while, Figure 9(d) presents a prefabricated segment point
cloud segmented from the overall point cloud.

4.2. Creating BIM Based on Point Clouds. A BIM of the
prefabricated components is necessary in VTA. Although
BIMs have been adopted in many projects, they are ideal
unbiased models. Updating or reconstructing BIM on the
basis of point clouds is essential. When the existing BIM
cannot be driven by parameters, the BIM for VTA should be
completely derived from point clouds through reverse en-
gineering. During the assembly process, the geometric pa-
rameters (e.g., shape and attitude) of PCs will change.
Therefore, the use of a parametric modeling method is
suggested in reverse engineering. For common slender
components in steel structures, the design centerline is
typically a specific function curve, such as a straight line, a
catenary, and a circular arc. The centerline deviation caused
by welding deformation and nonlinear effect during physical
assembly is irregular. However, the parametric form used to
describe the idealized design intent in conventional BIM
software (e.g., Autodesk Revit, SolidWorks, Rhino3D, and
ArchiCAD) is not conducive to the irregular shape of the
centerline.

Therefore, a parameter-driven modeling method that
can approximate any curve should be developed when
establishing the BIM of curved components. The suggested
method is using a multipoint spline curve. Figure 10 il-
lustrates the modeling steps of the experimental arch bridge.
The detailed algorithm steps are as follows:
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FIGURE 6: Scanning point cloud of verification experiment: (a) scanning point cloud 1, (b) scanning point cloud 2, and (c) point cloud after
accurate registration.
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FIGURE 8: Design drawing of the scaled arch bridge.
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(d)

FIGURE 9: Scanning of the scaled arch bridge: (a) prefabricated segment, (b) on-site scanning, (c) registered point cloud, and (d) pre-

fabricated segment point cloud segmentation.

Step 1: The point cloud of the curve component is
segmented from the overall point cloud.

Step 2: A high-order polynomial is used to prelimi-
narily fit the curve shape of the point cloud of a curve
component.

Step 3: The tangential vector of any point (x;, y;, and z;)
can be obtained on the fitting polynomial curve. At (x;,
v, and z;), a point cloud is cut along the tangential
vector.

Step 4: The local coordinate system is established by the
normal plane of the tangential direction and the tan-
gential vector.

Step 5: The point cloud is projected onto the normal
plane in the local coordinate system. Then, the point
cloud is fitted with a plane circle to obtain the coor-
dinate parameters of the center point i and the radius
parameters R of the circle.

Step 6: In the BIM software, the BIM of the curve
component is constructed using spline curves based on
point i and radius R.

In a steel structure connected by bolts, the assembly
method of PCs is typically face to face with multiple bolts.
The alignment of the center of all the bolt holes and the
surface-to-surface fit constitute the mandatory geometric
constraints of the connection joints. Therefore, the BIM of
the connection joints of a PC should be accurately con-
structed before virtual assembly. In general, the number of
bolts that connect joints is large; thus, an automated pro-
gram is required to calculate the center coordinates of the

bolt holes from the point cloud. Li et al. proposed a method
for segmenting circular holes in laser point cloud data for
precast concrete stair components [36]. Their method de-
termines the boundary points of the bolt holes by traversing
and calculating the geometric relationship between each
point and the points in its adjacent area. Although the
method of Li et al. is simple and effective, traversing all
points consumes considerable computing resources. The
current study proposes a more efficient algorithm, and its
key steps are presented in Figure 11. First, grid points are
generated in the point cloud. The spacing of the grid points is
d, as shown in Figure 11(a). The best value of d is the di-
ameter of the bolt hole to ensure that each possible bolt hole
area has a grid point. Then, the nearest points A, B, C, and D
of each grid point M; are calculated in the X-direction and
the Y-direction to obtain the two chords AB and CD of the
bolt hole. When M; is located in the bolt hole area, at least
one of the lengths of AB and CD is greater than v/2/2d, and
neither is greater than d. The bolt area can be searched
quickly on the basis of these geometric characteristics. In
accordance with the geometric characteristics of a circle, the
intersection Oy of the vertical lines EF and GH of AB and
CD is the center of the bolt hole, as shown in Figure 11(b).
However, Oy is only calculated on the basis of four random
points A, B, C, and D, and it may have excessive random
errors. Furthermore, the point cloud is converted into a
polar coordinate system with Oy as the origin. The coor-
dinates of each point in the point cloud are transformed into
(0, r). In the interval of @ + A0, the point with the smallest r is
the boundary point of the circular hole. Finally, circle fitting
is performed on the boundary points to obtain the



Advances in Civil Engineering

Polynomial curve

Tangent vector

Point i

Spline curve

Tangent vector -~
-
-

e (% yi» 7))

A
\
|
I
I
|
|
|
|
I
I
|
|
|
|
I
I
1

FiGure 11: Example of the calculation process of the bolt hole center: (a) generate grid points, (b) calculate the circle center Og, and

(c) calculate the circle center (O).

calculation center O of the bolt hole, as shown in
Figure 11(c). The advantage of the proposed method is that
the bolt hole area can be searched quickly, and the boundary
point is searched only in the area near the bolt hole. The
algorithm considerably improves computational efficiency
while ensuring accuracy.

When the BIM of connecting joints is constructed
reversely, the central coordinates of bolt holes should be
parameterized. The models of bolt holes are updated
automatically when the central coordinates of bolt holes
are updated. For the flange plate wherein the bolt hole is
located, determining the position and spatial inclination
of the plane through the point cloud fitting plane is
necessary.

4.3. Forced Assembly Simulation Method. If the connection
joints of PCs have machining errors, then the structure
inevitably deforms during the process of installing bolts.
Figure 11 shows a schematic of the bolt assembly process.
When no geometric deviation of a PC occurs, the adjacent
flange plate will fit naturally and tightening the bolts will
exert no effect on the shape of the assembly, as shown in
Figure 12(a). When geometric deviations occur in the
connection joints of the PC, as shown in Figure 12(b), the
process of tightening the bolts will cause the gaps e, e,, €3,
and e, between the joints to disappear gradually. Finally,
the flange plate is fitted fully and causes additional de-
formation, as shown in Figure 12(c). When only the BIM
is used, gaps e;, e, e;, and e, cannot become zero
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simultaneously during rigid transfer even if the BIM is
accurately constructed. Therefore, an accurate simulation
of elastic deformation is essential. Before the simulation of
elastic deformation, a rigid transformation is imple-
mented in the BIM system to achieve preliminary joint
alignment. The process of aligning a large number of bolt
holes is similar to the point cloud registration process. The
use of formulas (3)-(5) can accelerate the initial assembly
process.

As early as 1996, Choi et al. developed a simple and
effective contact algorithm for simulating the interaction
between flanges. At present, contact boundary has been
widely integrated into mainstream finite element analysis
systems (e.g., Ansys and Abaqus FEA). The existing common
method for simulating bolt tightening is to apply a pre-
tightening force to the bolt and use the surface-to-surface
contact of the flange plate as the boundary condition. Al-
though this method reduces the difficulty in preprocessing
the finite element model, the time of the finite element
solution increases considerably, and the iterative solution is
difficult to converge. In particular, when virtual assembly of
multiple PCs is performed simultaneously, contact analysis
requires considerable computing resources and may enter
the wrong state of convergence. The suggested method is to
simulate the assembly gap with the connection displace-
ment. The geometric parameter transfer and transformation
are clear during the entire process because the coordinates of
the bolt holes on the flange plate are accurately obtained
using the point cloud and the initial assembly is completed
in the BIM system. That is, the gap between the bolt pairs at
any connecting joint is known. Simultaneously, the geo-
metric model used in Abaqus is a BIM after preliminary
assembly. Therefore, only setting the displacement of the
connecting element to the negative of the gap is necessary.
Using Figure 12(b) as an example, a connecting element is
established in Abaqus between each pair of bolt holes; the
displacement values of the connecting element are —e;, —e,,
—e;3, and —e,. The actual gap in the model will be zero when
the solution is completed. This state is essentially the same as
the surface-to-surface contact of the flange plate. Figure 13
shows the finite element model of the experimental arch
bridge. The bolts of each connection joint are simulated via
connection displacement. Given that the BIM is an accurate
solid model, solid elements are used directly to divide the
mesh.

A verification experiment is designed to prove the ac-
curacy of the proposed gap simulation method. First, all the
segments of the experimental arch bridge are assembled into
a whole and the bolts are tightened completely. The initial
shape of the experimental arch bridge is obtained via 3D
scanning, as shown in Figure 14(a). Then, metal gaskets are
added between the connection joints of the lower chord
between the second and third segments. The total thickness
of the gaskets is §, as shown in Figure 14(b). The bolts are
tightened again after adding the gasket. The experimental
arch bridge is rescanned to obtain the new shape of the arch
bridge. The measured change in arch rib shape is caused by
the forced displacement of & between the bolt pairs. Si-
multaneously, the corresponding connection displacement
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in the finite element is set to § to obtain the predicted shape
change, as shown in Figures 14(c) and 14(d). A unified
reference point is required to compare the measured shape
change with the predicted shape change. In the finite ele-
ment model, the upper arch foot on the left is set as a fixed
constraint. For the actual arch, the upper arch foot on the left
is also set as the zero points of translational deformation and
corner deformation.

Figure 15 shows the deformation caused by different
degrees of artificial forced displacement. When the forced
displacement is §=2mm, the deformation predicted by
the finite element and the deformation measured via
scanning are shown in Figure 15(a). The deformation
result of § =4 mm is presented in Figure 15(b). As shown
in the figure, the deformation predicted via FEM exhibits
good agreement with the actual deformation of the
structure. Within the range of 0-3m in the horizontal
direction, the predicted and measured deformation curves
nearly overlap completely. The largest deformation devi-
ation occurs in the right arch. When § =2 mm, the max-
imum displacement deviation is 1.9 mm, accounting for
7.6% of the total displacement. When d=4mm, the
maximum displacement deviation is 3.2 mm, accounting
for 6.4% of the total displacement. In addition, the mea-
sured deformations are all smaller than the predicted
values. Overall stiffness is stronger than that of the finite
element model because the thickness or elastic modulus of
the actual structure may be larger than the designed value.
In general, the proposed forced assembly simulation
method is proven to be reliable.

5. VTA Framework and
Experimental Validation

In accordance with the research conclusions presented in
this work, a general methodology framework of VTA is
proposed for steel structures with bolt forced assembly, as
shown in Figure 16.

Considering the manufacturing errors of the pre-
fabricated segments of the experimental arch bridge, virtual
assembly is performed in accordance with the proposed
process to verify the accuracy and reliability of the proposed
method. In particular, accuracy is verified by comparing the
VTA-predicted geometry with that of the actual assembly.
Figure 17(a) shows the geometry of the five prefabricated
segments of the experimental bridge after VTA and after
actual assembly. Figure 17(b) presents the shape deviation
after VTA and the actual assembly. The results indicate that
the prediction error of the proposed VTA method is within
0.003 m. The maximum prediction deviation value is only 1/
1800 of the bridge span. The primary causes of these pre-
diction deviations may be (1) the calculation errors of flange
plate inclination and bolt hole center coordinates and (2)
discrepancies in stiffness between the actual structure and
the finite element model. As shown in Figure 17(b), the local
peak noise is generated when calculating the centerline of the
arch rib based on the point cloud. It is mostly present in the
connections between the flange plate and the connecting
rod. However, these noises do not affect overall geometry.
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FIGURE 12: Bolt assembly process: (a) theoretical assembly, (b) assembly clearance, and (c) forced assembly.
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FIGURE 13: Finite element model of the experimental arch bridge.
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FIGURE 14: Gap simulation verification experiment: (a) overall scanning point cloud of the arch bridge, (b) gap o, (c) shape predicted via
FEM, and (d) connection displacement.

Minimal initial stress is generated in the structure after =~ method can accurately predict initial stresses induced
complete assembly given that the manufacturing errorsin  during forced assembly, metal gaskets with a thickness (6)
the prefabricated segments of the experimental bridge are ~ of 6 mm are artificially added by installing them in the
insignificant. To demonstrate that the proposed VIA  same position and manner shown in Figure 14. Stress
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FIGURE 16: Proposed VTA process.

sensors are arranged in the position shown in Figure 18(a)
to measure the initial stresses in the structure after as-
sembly. Meanwhile, Figure 18(b) presents the forecast
geometric error of VTA. For the experimental bridge,
significant elastic deformation is induced when & reaches
6 mm. Compared with that in Figure 17(b), no significant
increase in error occurs in VTA. Figure 18(c) depicts the
initial stress predicted via VTA and the measured value,
with a mean of 85.05MPa and 94.07 MPa, respectively.

The deviation of predicted stress may be accounted for by
the greater stiffness of the actual structure, which typically
causes less deformation under higher stress level. By
contrast, forced displacements are equal in VTA and in
practice, and thus, stress levels are higher in more rigid
structures. Overall, the mean value of stress predicted via
VTA reached 90% of the mean value of the measured
stress, indicating the high accuracy of stress prediction
using VTA.
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6. Conclusion

In industrial construction, the implementation of VTA
can effectively reduce the cost and time limit of PC
buildings and predict the risks involved in the assembly
process. The major contributions of this research include
the following: (1) a general methodology framework for
the VTA of forced assembly steel structures with bolted
connections is introduced, (2) an accurate point cloud
registration method based on a triangular pyramid that
can achieve submillimeter registration accuracy is de-
veloped, and (3) a simulation method that considers the
mechanical state for tightening bolts and that can accu-
rately predict the deformation and stresses caused by
forced assembly is proposed. The principal findings of this
study are as follows:

(1) The registration method of the point cloud exerts
a significant effect on registration accuracy. The
experimental results indicate that the accuracy of
the proposed registration method is better than
that of the registration sphere and ICP
algorithms.

(2) A detailed 3D finite element analysis is necessary for
structures with forced assembly. Accurately building
and correcting BIMs on the basis of point cloud
inversion are crucial. This study develops eflicient
parameter extraction algorithms for curved mem-
bers and bolted connection joints that help reduce
manual work in VTA.

(3) The use of connection displacements instead of
face contact boundaries to simulate flange plate
closure in finite elements can considerably reduce
time and computational resources required for
model analysis. This simulation method is not
limited to the use of connection displacements in
Abaqus. The same effect can be achieved by varying
the lengths of an element by using temperature
loads.

For the case in which multiple components are as-
sembled end to end, such as the arch bridge in this paper, a
small systematic error in a point cloud exerts a consid-
erable effect on the prediction results of VTA. This study
uses Leica P50 (a high-precision and heavy-duty TLS) and
a new point cloud registration method to reduce the
systematic error of point clouds. Therefore, mobile
scanners and light-duty TLS are not recommended for
accurate VTA due to the large systematic error of the
instrument itself. The proposed method is not limited to
bridge structures, but it is also applicable to steel struc-
tures in buildings. However, the feasibility of VTA still
requires further study for prefabricated concrete com-
ponents because of different assembly rules. In addition,
the individual programs of VTA still run independently.
In future applications, the development of systems that
integrate point cloud registration, model construction,
and virtual assembly will help improve the automation of
industrial construction.
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