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Abstract The current physical pre-assembly method of
large steel structures is time consuming and costly and
requires large sites. Thus, the pre-assembly of large steel
structures in a virtual way, starting from building
information modeling (BIM), is an interesting alternative
to the physical one. In this study, an innovative method for
virtual pre-assembly is proposed on the basis of BIM,
plane-line-point algorithm, and 3D measurement. This
method determines the optimal analytical least squares of
the various built components. The technique verifies the
feasibility of the steel structure assembly and the
fulfillment of the design geometries, starting from the
real data obtained by an accurate metric survey of the
fabricated steel elements. The method is applied to a real
case, and obtained results largely satisfy the prefixed
research objectives. Suggestions to improve the proposed
method are also discussed.

Keywords steel structure, pre-assembly, BIM, plane-line-
point, 3D measurement

1 Introduction

Large steel structures have been used widely in the
construction field since the 1980s due to their high
strength, stiffness, adequate deformation capacity, and
stress redistribution ability (Bjorhovde, 2012). Large steel
structure elements are usually pre-assembled at the factory
and then transported to the site for hoisting and welding to
accelerate construction progress (Case et al., 2014). The
shape and size of steel structures after molding seriously
affect the success or failure of subsequent assembling work
(Spence et al., 1993). Therefore, the steel components must
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be pre-assembled at the factory to check whether the
components can be assembled to ensure successful
assembly of these components in the construction site (Li
et al., 2016).

Detecting the steel structures is important not only
before but also during pre-assembly. The traditional
detection methods include steel ruler examination, pulling
wire, and lofting plumb line, which are used to detect
whether the steel structures satisfy the design require-
ments. The detection process is complicated and time
consuming. The traditional pre-assembly of large steel
structures is laborious and requires lifting equipment and
large sites (Ding et al., 2012). Some factories cannot
provide large-scale assembly sites, thereby making pre-
assembly work impossible; other factories can provide pre-
assembly sites, but a large number of assembly jigs need to
be set before the pre-assembly of steel components; this
process is laborious and time consuming, requires large
material resources, and harms the environment (Chen
et al., 2015). The process also requires high rigidity and
load-bearing capacity of the assembly jigs, thereby
complicating the pre-assembly work of steel components
(Liu et al., 2007).

Scholars have conducted considerable research and
proposed a digital simulated pre-assembly method to
reduce cost, reach high precision, shorten construction
duration, and avoid requirement of large sites of the pre-
assembly of large-scale steel structures. Tamai et al. (2002)
proposed the computerized assembly test system (CATS)
and used the system to a steel bridge in Japan. A method of
digital simulated pre-assembly was used in the annular
banded steel truss of the Shanghai Center Building by Ding
et al. (2012). The application of computer-simulated pre-
assembly method combined with the ATLAS (1 4+ 1)x600
MW superecritical coal-fired power station in Turkey was
also described by Lan et al. (2013). Wang et al. (2016) used
the similar digital simulation assembly method to Wuhan
Nijiang Lake Bridge.

These previous works reveal that the current digital
simulation pre-assembly technology is still in its infancy,
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and the ideas are nearly the same. Specifically, a 3D
designed model of the structure components is established
first. Then, all surfaces of the physical components are
measured with a total station, a camera, or a 3D scanner to
build the fabricated model of the physical components.
Finally, the fabricated model of the components is
compared with the designed model, corrected, and
simulated for pre-assembly. Coordinate alignment is the
precondition for the comparison of two models and related
to the precision of the entire virtual pre-assembly process.
However, previous pre-assembly studies have failed to
elaborate the method of coordinate alignment. Checking
whether the pre-assembly error of the model satisfies the
deviation requirement is the key to digital simulation pre-
assembly. The predecessors have also conducted many
different attempts to analyze this topic, but the ideas are the
same and all need to manually compare whether the
assembly data of the interface meet the allowable deviation
requirement. The deviation should be less than 2.0 mm for
steel beam, which is based on the national standard “Code
for Acceptance of Construction Quality of Steel Struc-
tures” in China. The benefits of the above-mentioned
digital simulation pre-assembly technology have been
rationalized, but the algorithm of coordinate alignment still
needs to be studied deeply because the precision of the
subsequent processes, such as inspecting errors and virtual
pre-assembly, is difficult to achieve (Meng, 2017). This
technology also requires new methods to reduce the time
of measuring the physical components and inspecting
errors manually because the number of feature points of a
large steel structure is large.

In the proposed virtual pre-assembly method of align-
ment, comparison and calibration (ACC) in this study, the
measurement work was performed synchronously with the
reconstruction of the real-time model of physical compo-
nents to avoid data conversion and huge workload.
Intuitive assembly graphics were provided to observe the
effect of the assembly easily. Plane-line-point (PLP)
algorithm was used to align coordinates. The maximum
of the deviation of the measuring tool was 0.43 mm, which
is considerably lesser than the allowable deviation
requirement (2 mm). The entire assembly process was
completed in the same software system, thereby providing
a convenient method for virtual assembly of large steel
structures.

2 Literature review

Building information modeling (BIM) has attracted
considerable attention in the construction industry (Azhar
et al., 2008a; Azhar et al., 2008b; Lu and Korman, 2010).
This technology is defined as a digital representation of
physical and functional characteristics of a facility (Smith,
2007). BIM, which contains all the up-to-date information
related to the facility, is a great tool used by all parts
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involved in the construction to make management
decisions during the entire lifecycle of the facility, from
the earliest conception to the demolition. A BIM can be
used for many purposes: renderings, various design
analyses, fabrication drawings, construction sequencing,
interference and collision detection, lifecycle cost analysis,
storage of the geometrical features of the as-built structure,
and checking of its assemblability.

The method of fabricated model rebuilding forms an
integral part of the virtual pre-assembly process.
Researchers have proposed various methods to transform
the physical object into a fabricated model in the pre-
assembly system. Barone et al. (2012) proposed a method
combining an optical scanner and a stereo vision system, in
which the optical scanner was used for block measurement
and the stereo vision system was utilized to remotely track
a 3D scanner and perform panoramic stitching. Paoli and
Razionale (2012) proposed a measurement method based
on optical scanners and mechanical tracking, which used a
scanner to measure large objects in blocks and then
performed panoramic stitching through mechanical track-
ing coordinates. The basic idea of the methods above is to
measure the large object multiple times and then splice the
3D point cloud. However, the methods above cannot be
used to measure large steel plates because they have a
curvature that changes inconsiderably and a texture that is
unstable and insufficient.

In Japan, CATS was proposed by Tamai et al. (2002).
The shop assembly system used a charge coupled device
camera to photograph each member of the completed
bridge. The member shapes were input into a computer as
3D data, and a simulated shop assembly was executed in
the computer after confirming the member shapes.
Measurement of the member with a length of 15 m took
50 min, and arrangement of the measuring equipment was
difficult. Moreover, data should be input into a computer in
the 3D CAD model conversion. Li et al. (2016) used the
TRITOP system to measure the feature points of
components and then assembled them with the general
algorithm. The method regarded coding points as the main
body. However, the number of coding points was limited,
and some locations were inconvenient to place the coding
points and encode. The thickness of the point would also
affect the measurement. The assembly process was mainly
based on the rods, and the outer contour was not checked.

Lan et al. (2013) used a total station to measure the
feature points of steel structures. Then, the coordinate was
transformed in CAD to form feature model through the
feature points. Finally, whether these points could be
assembled was determined through the connection rela-
tionship. Tang et al. (2009) hoisted the components onto
the assembly jigs first and then used the total station to
detect the control points. The control points were
compared to evaluate whether they could be assembled.
The parts of the non-control points were not measured, and
they still need to be hoisted and then compared. Case et al.
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(2014) first classified the components according to the
geometric shape of the structural components and then
measured the center position of the joint holes of each node
and pipe with the total station. Thereafter, the coordinates
of measurement points, associated with the design
coordinates, were stored into the matrix of nx3.
Topological relation analysis was used for alignment and
the general analysis method for assembly. Measuring the
coordinates of a component with a total station is a
traditional measuring method because the fabricated model
cannot be obtained directly from the measured coordinate
data. The fabricated model cannot be constructed only by
measuring the boundary points. Thus, a large number of
feature points, including the points on the plane, must be
measured. Measuring a large number of points of data
increases not only the measurement workload but also the
workload of the subsequent process of rebuilding fabri-
cated model. Notably, accidental errors will be produced
during the process of rebuilding fabricated model from the
coordinate data.

Coordinate alignment is necessary for the virtual pre-
assembly process. However, previous virtual pre-assembly
works have failed to describe the algorithm of coordinate
alignment. In the aircraft industry, scholars have conducted
considerable research on the coordinate alignment and
proposed three algorithms of alignment based on the shape
feature of the objects: three-point, one-plane and two-
point, and PLP algorithms. Li et al. (2017) aligned the
coordinates of two models by positioning the three points
of the scanned object that were not on the same straight
line. However, the three-point feature generally needs to be
obtained indirectly through other geometric features, such
as the center of the feature, cone, cylinder, and ridge
intersection. The extraction requirement of the three-point
alignment midpoint is realized through the construction
command. Chen et al. (2013) selected two cylindrical
positioning points and one web plate on the components.
First, the newly created reference information was
redefined by the spatial coordinate position. Then, the
corresponding reference coordinate information of the
CAD model was added to the created reference informa-
tion in the command box. Finally, the two-point coordinate
alignment command was used in the system to complete
the coordinate alignment. Ledo et al. (2017) chose a
bottom plate, a sideline on one web plate, and a point on
the top plate of the girder. The subsequent processes were
the same as the method of Chen et al. (2013). However, the
one-plane and two-point alignment algorithm is usually
used for objects with more than one evident bulge or
depression. During the measuring process, the relative
position of fabricated model and BIM will change when
the dynamic mode is not chosen. For the virtual pre-
assembly method proposed in this study, the curvature of
the large steel box girders changes inconsiderably and the
plates are smooth and thus have no evident feature
points. Therefore, three-point or one-plane and two-point

algorithm cannot be used. Meanwhile, the PLP algorithm
does not require feature points. The PLP algorithm can fix
the entire six degrees of freedom of the fabricated models
by choosing a plane, a line, and a point on the components.
Thus, they cannot move or rotate even when the physical
components are moved. The PLP algorithm can keep the
relative position of fabricated model and BIM stationary.
Therefore, the errors of coordinate alignment can be
decreased to reduce the accumulative errors of the entire
virtual pre-assembly. In other words, the precision of the
entire virtual pre-assembly will be improved.

3 Methodology

The proposed virtual pre-assembly method of ACC for
steel structures in this study can solve the separation
problem of measurement and virtual assembly of struc-
tures. The entire pre-assembly process is completed in the
same software system, thereby providing a convenient
method for offline pre-assembly of large steel structures.
The method is divided into two main parts: one is the
measurement and inspection process, and the other is the
virtual assembly process. The measurement and detection
process has two important steps. On the one hand, the
coordinates of the component to be measured and those of
the BIM should be aligned before the formal measurement
work begins. On the other hand, the actual model and BIM
should be counted after the component is measured. The
virtual assembly works as follows. First, the BIM is
modified before the formal virtual assembly to obtain the
real-time model of the physical components. Then, 3D and
2D comparisons of the virtual assembly process are
conducted. The BIM should be established on the basis
of the design values of the components. When using light
pens to measure components, the light pen should be kept
perpendicular to the plane where the measurement points
are located to achieve the best measurement effect. For
easy understanding, the entire method is represented in a
flowchart (Fig. 1).

3.1 Alignment by PLP algorithm

The BIM is constructed on the basis of the design values of
the components in the Revit software. The BIM is
parameterized for follow-up model revisions (Liu et al.,
2016).

After importing the BIM into the system, the measure-
ment object must be aligned with the coordinate system of
the BIM, which is the basis for subsequent measurement
work (Sun and Yao, 2008). For large steel structures, such
as those with large reference surface, the PLP algorithm
can be used for alignment. The PLP alignment algorithm is
an accurate alignment method because it limits the
components from all six degrees of freedom (Radowick,
2003). The method establishes the relationship between the
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Build the BIM model
by Revit according to
the design value

Choose a plain, line and a
point of the real component

L Output the model to
the pre-assembly
system

A4

Front. Eng. Manag. 2019, 6(2): 207220

A 4

Establish a common coordinate
for both BIM model and real
component

I

Scan the steel structures by
3D scanner

|

Measured model appears on
the screen

!

Comparison between the two
models

Correct the real
components according to
the theoretical value

f the errors within the
allowable deviation?

Fig. 1

real components and the coordinates of the BIM by
measuring the values of a plane, a line, and a point on the
component.

The PLP algorithm is used to set the same coordination
as the BIM model for the real-time model which is going to
be measured. Figure 2 shows the object and the BIM model
of the object. The bottom surface S of the BIM model is
chosen in the system. The plane S’ of the object is chosen
by the light pen in the actual environment, and then will be
displayed in the system. Values of the plane S are assigned
to the plane S’ to keep the real-time model of the object
and the BIM model on the same plane in the system.
Therefore, the real-time model will not pitch, roll or
translate up-down. In other words, the degrees of freedom
of the real-time model are reduced to three. Then the real-
time model can just yaw and translate left-right and
forward-back. Similarly, the line L of the BIM model and
L’ of the object are both chosen. Now the real-time model
will not translate forward-back or left-right either. The
degrees of freedom of the real-time model are reduced to
only one. Finally, the position of the real-time model will

L

The BIM model modified to
the real value model

A 4

Pre-assembly the real value
model

A 4

Output the detection report of
the pre-assembly

Correct the real
components according to

If the real value mode
can be pre-assembled?

Flowchart for the ACC pre-assembly method

the report
Direct the assembly in the site
according to the report
VA
S
P’ P
o —Y
S! L
L
[}
|
X
(a) (b)

Fig. 2 PLP algorithm works between (a) object and (b) BIM
model

be fixed by fixing one point. Thus, the vertexes P and P’
are chosen for they are easy to find.

PLP alignment is accurate. However, if the effective
combination of alignment is not satisfied, then PLP
alignment will not work. The combination of plane, line
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and point above is just one situation. Table 1 lists the
effective combination of the PLP algorithm.

Table 1 Efficient combination of coordination alignment of PLP

algorithm

Plane Line Point
YOZ XorY Any point
Xoz YorZ Any point
X0y ZorX Any point

Note: (1) The plane, the line and the point above in every efficient combination
are on the object and designed/BIM model correspondingly as shown in Fig. 2;
(2) the chosen line should be normal to the chosen plane; (3) the point should be
on the object and designed/BIM model but not be either on the chosen plane or
the chosen line.

Alignment of the coordinate system of the fabricated
model and the BIM can be achieved by the rotation matrix
R and the translation matrix 7 (MacWilliams et al., 1998).
The 3D rotation can make the coordinate systems of the
fabricated model and the BIM reach a spatially parallel
state; then, the two-coordinate system can be translated
once to completely overlap (Hara et al., 2009).

The derivation of the rotation matrix R can be set to
rotate y around the Z axis, rotate § around the Y axis, and
rotate o around the X axis. Specifically, the rotation
sequence is XYZ, and the rotation matrix R is

R(a7ﬁ’y) =R, 'Ry ‘R,

I 0 0 s, 0 —¢, s, —c, O
=10 s, —-¢ |10 1 0 |-|e. s, O
10 ¢ s, ¢ 0 s, 0 0 1
)82 —8,C; —¢y
= | —CCyS FScC G F8S: —GS, |, (1)
| SxCyS; + CC; =8 CyC; T CxS; 5,S),

where
¢, = sina, s, = cosa,
¢, = sinf, s, = cosp,
¢, = siny, s, = cosy.
Counterclockwise is defined as positive direction of all
angles. Correspondingly, the translational matrix T is used
to translate (x,y,z) to (x",»",z"). The projection distance in
three directions can be represented by .

The point-to-point transformation can be obtained as
follows:

!

X =XxX+1,
Yy =y+t, ®)
z' =z+t,

1 0 0 O
0 1 0

=Gy D0, ol ®
e t, 1

From the rotation matrix, the translational matrix, and
the common point, the second scanning point can be
describedas Q = R-P+ T.

0= (xyz) and P= (x",y',z") are points in different
coordinate systems. The mathematical expression above is
mainly used for the spatial transformation between two
point sets.

3.2 Comparison of designed and fabricated models

In this method, the measurement and detection process are
the premise of the subsequent virtual assembly (Crispin
and Rankov, 2007). In other words, this process is mainly
for the subsequent simulation assembly work (Li et al.,
2013). Therefore, when measuring components with a
light pen meter, the control section or point is mainly
measured.

Digital-to-analog comparisons are performed in a digital
simulation assembly system to verify whether the real
components are qualified (Fan et al., 2009). If the
component is unqualified, then the value of the offset
between the actual measured component and the design
drawing is determined and used as input. The measured
component is returned to the factory to correct the offset
value of the connection. If the component is qualified, then
the model is corrected. The digital-to-analog comparison
process includes 3D and 2D comparisons. Specifically, 3D
comparison is used to perform bias analysis on all data
measured by a certain unit to obtain the deviation
distribution, whereas 2D comparison is adopted to analyze
the deviation of the characteristic section. Before 2D
comparison is performed, the view needs to be pre-defined
on the basis of different perspectives, such as left and right
views.

After the light pen is used to measure the coordinates of
a certain characteristic point, the system processor starts
the digital-to-analog comparison. That is, the comparison
work is nearly synchronous with the measurement work.
After the measurement work is completed, the comparison
result is generated. This real-time comparison avoids the
operational stress caused by concentration comparisons on
the processor.

3.3 Calibration of BIM
Virtual assembly emphasizes the virtual environment of

the assembly environment, that is, the process of artificial
assembly is simulated by the system program (Jayaram
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et al., 1997). The real value model of the component
should restore the geometric features of the control section
or point of the component to the greatest degree to ensure
convincing assembly result.

In this method, the light pen instrument is used to
measure the feature cross section or point of the component
rather than performing a full scan. Therefore, the real value
model of the component does not directly form. After the
digital-to-analog comparison, the processor needs to be
modified on the BIM on the basis of such conditions for
components that meet the design specifications. Accord-
ingly, the BIM can restore the geometric features of the real
components.

In practice, the assembling process of components only
occurs at a certain section or even at a specific point.

As shown in Fig. 3, several points appear around a space
line. In the measurement work with a light pen, a large
number of points are measured around the shape of the
component. Therefore, a method of space straight line and
curve fitting is applied to the measurement point, and the
measurement is conveniently and intuitively processed.
For the straight line fitting of the measurement points, the
least square method is usually used. However, the fitting
effect can only maintain the best in one direction because
selecting different independent and dependent variables
will lead to different fitting straight lines. Here, the overall
least square method is used for fitting to obtain an accurate
fitting line and the best fitting effect (Han et al., 2017). This
study assumes m observation points and considers that the
coordinate value of the observation point and the
coefficient matrix have errors. The expression of the linear
equation for 2D space is

yi=ax,+b, i=12,..,m, 4)

where & is the slope estimate value, b is the intercept
estimate value, and (x;y;) is the coordinate of the
observation point. @ and b are the approximate values of

a and b, respectively.

Z-axis

2
X‘ax\S

>0

=5 -2

Fitting of 3D line

a=a+ Aa,
b = b+ Ab.

Considering that the observation point also has errors,
the linear condition equation is

Vi + vyi = &(X[ + vx,) + b’ i= 1>2a"'am5 (5)
where
Aa
v, =[x 1] + (ax; + b—y;).

The error equation can be described by the error-in-
variable (EIV) model as

A+ EN)AX =1+¢, 6)
where
x 1 axy; +b—y v,
A = x2 1 , l = ax2 +‘b7y2 , EA — Vyz S
X, 1 ax, +b—y, Y
Aa
AX = ,
Ab

and E, and ¢, are error vectors of 4 and /, respectively.
Equation (6) can be written as follows:

(B+D)Z =0, @)
where
1 1
B=[llA,D=[e|E ), Z=| " | = |Aa
AX Ab

The best-fitting straight line is solved using the total least
square method. In fact, solving a certain matrix minimizes
the norm of the perturbation matrix. In particular, once the
conditions are met, the best-fit straight line can be
obtained.
The 3D linear equation,
Z—2Zy

X=X _ Y=o

4 B  C’ ®
is a continuum equation and not a simple linear relation-
ship. Thus, this equation can be converted into a Gauss-
Markov model to solve the problem. When the matrix
formed by the observed value and the function model have
errors, the EIV is called. The EIV model is solved by the
least square method alone and thus cannot contain errors.
Other methods, such as overall least square method, mixed
least square method, weighted global least square method,
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robust overall minimum, and two-time solution, can also
be used. Considering that the gross errors are discriminated
and the data errors are prevented during discrimination,
this study selects the iterative algorithm of the overall least
square method, determines the conditions, and supple-
ments the computer program to improve the precision and
efficiency of data processing.
After the transformation, Eq. (8) has the form:

A
x= E(z—zo) +xy =az+b,

y )
y= E(Z*ZO) +yo=cz+d.

When multiple sets of observations are available, the
overall least square model is

A+E)X=L+V,, (10)
where
(X, ] [V, ] [zy 1 0 O]
yl Vyl 0 0 Zl 1
L: 9VL: 5A: s
Xm Vs, z, 1 0 O
L Vm LV, |0 0 z, 1]
[0 V., 0 0]
0 0 0 ¥, 4
. b
EA: ’X:
c
o vV, 0 O
m d
10 (U

L is the coordinate matrix of the measurement value of x
and y; V7, is the correction value of the measurement value
of x and y; A is the coordinate matrix of the measurement
value of z; E 4 is the revise value of the z value, that is, the
error revise of the coefficient matrix; and X is the unknown
parameter, that is, the coefficient matrix. Mathematical
expression Eq. (10) is written in the form:

L=A+E)X-V,. (11)

Evidently, the matrixes in Eq. (11) are linear. The least
square method ® = VTPV = min indicates that, if P is a
non-diagonal matrix, then the observed values are
correlated. Otherwise, the observed values are uncorre-
lated. The equation can be solved by

o=V'PY :plv% +p2v§ + - +p,,vﬁ =min. (12)
The problem can also be solved by
n ) i=n,j=t R )
Z (Li—L;)" + Z (4;-4;)” =min.  (13)

i=1 i=1,j=1

Therefore, the problem is transformed to obtain an
optimal solution of least square method. This problem has
been investigated by School of Geodesy and Geomatics in
Wuhan University. L is introduced into Egs. (2)—(17) for
simplification.

n 2 n
(Z t leijLt> + Z i (zzl,ij,»j)z = min
1

i=1 j= i=1 j=1

= min.

(14)

The left mathematical expression is defined equal to
Then, derivation calculus to 4, X is developed as follows:

OF . SN N
i (A —4n) + ZAUX}_LI X =0,
=

11

(15)
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nxt equations are available for 4;;, and 7 equations are
available for X;. 4, is an nx¢ matrix, and X; is a t-order
matrix. Thus, a unique solution of the equation exists.
However, the 3D lines are different from the 2D ones
because they are not simply linear. Accordingly, the
equations above should be simplified further as follows:

t
Ay —Ay + <ZA1]-X}—L1>XI -0
j=1

= A -4+ X (AAn)EH + A1 Xy 4 +AA1th)—L1X1 =0

= A 4‘1‘{11)512 + AKX+ A XX = A LK
(16)

Using the same simplification methods above, all
equations of the derivation calculus to 4 can be simplified
as follows:

(1 +X12)AA11 + X\ XA + o+ X XA, = A + LX),

X\ X4, + (1 +)222)A]2 o+ XX Ay = A + LK,

X XA\ + XX Ay, + -+ (1 +/YL‘2)AA1t = Ay, +LiX,

(1 +X22)A;1 + X\ Xodyy + o+ X1 X Ay = Ay + L)X,

XX Ay + XX dyy + -+ (14 X2) Ay = Ay + L, X,
(17)

All equations above can also be simplified in the form of
matrix as follows:

NAT = A" + XL, (18)

where N, = E+XXT. Then, all equations of the
derivation calculus to X can be simplified as follows:

t t
(ZAUXJ—L1>A11 + (ZAszj—Lz)Azl o

= =1

t A A A~
+( Y AyX-L, |4,y =0
j=1

= A3 X) + A AnXy + o+ ApA X, —Lidy + 43X,

F Ay A Xy + o+ Ay Ay X, — Ly Ay + +Aﬁ1/\}1

+ A ApXy + o+ Ay Ay X, ~ LAy =0
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= E :A?l)?l‘f' E ApAp X+ + E A Ay X, = E L.
i=1 i=1 =l i=1
(19)

The remaining equations can be simplified as follows:

n N R n R R R n R . n .
ZAZ'Z1X1 + ZAilAiZXZ +oe ZAilAit)(tzzLiAila
p p i1 i1

n n N R n R . n .
D AndpXy +) ALK + o+ Y ApdiX, =) Lidy,
i=1 i=1 i=1 i=1

D AndiXy +) ApdiXo o+ ) MK =) LAy
=1 i=1 i=1 i=1
(20)

All equations for X can be simplified in the form of
matrix as follows:
ATAX = A"L. Q1)
Therefore, the problem to find a unique solution from
equations with many parameters is converted to solve the
matrix equations below. Iterative methods can be used to
solve the equations.

NAT = A" + XL,
. , (22)
ATAX = A'L.

Iterative initial values can be obtained from the
measured data.

4 Experiment

Figure 4 shows the virtual pre-assembly method of ACC,
which was applied to a small steel box girder in the lab for
the first time. Figure 5 shows the size of the girder. The
designed model of the girder (DMQG) (Fig. 6) was built in
Revit in accordance with the design value. Thus, the two

Fig. 4 Steel box girder in lab
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Fig. 5 Drawing of DMG: vertical (unit: mm)

Fig. 6 Designed model of the girder

components of DMG were necessarily assembled. DMG
was imported to the virtual pre-assembly system.

PLP method was used to build the coordination for the
designed and fabricated models (Figs. 7 and 8). As the
coordination was prepared, the measurement of the small
steel girder started.

The fabricated model of the girder (FMQG) appeared on
the screen in real time while a laser was used to scan the
boundary points of the steel box girder. The data
comparison between FMG and DMG was accomplished
in the system (Fig. 9), and the errors between FMG and
DMG were given in real time. The entire pre-assembly
work including modeling, building the coordination,
scanning, data comparison, virtual pre-assembly, and
generating report was accomplished at approximately
1.5 h. The scanning process took nearly 10 min. In this
experiment, the errors were all within the allowable
deviation. Thus, the two components of FMG could be
assembled in the real environment. Thereafter, DMG could
be modified by least square principle in the system to be
similar to the real girder components. After the modifica-
tion, DMG was converted to calibrated value model. Then
the virtual pre-assembly work followed. Figure 10 displays
the assembly results in the form of a chromatogram on the
screen.

5 Case study

The investigated company is a steel structure manufactur-

ing enterprise in China’s central region. The steel structure
via duct project in Wuhan is a key project of the company.
In this bridge project, the steel box girder has a total length
of 5355 m, 6 two-way lanes, a bridge width of 2649 m, a
steel consumption of 90218 t, and a construction period of
30 months. The dimensions of each steel box girder
segment are 14.5 m long, 5.672 m wide, and 1.954 m high.

In the traditional assembly process, pre-assembly in the
factory is required to ensure the steel box beam meets the
on-site assembly requirements. The current study uses the
above-mentioned virtual assembly method for the steel box
girder section of the bridge project to verify the
practicability.

Figure 11 shows the prefabricated site of the steel
component factory, and Fig. 12 shows the cross section of
the steel box girder used in the bridge project.

5.1 Virtual pre-assembly of steel box girder segments

The bridge project has 1826 segments. If traditional pre-
assembly technology is used, then renting a large number
of sites and manpower will be time consuming and costly.
In this study, the above-mentioned virtual pre-assembly
method was used to virtually pre-assemble the two
components of the box girder segments. The BIM of the
steel box girder components was built. The BIM should
contain all the information of the steel structure compo-
nents, that is, the material and other information should be
included in addition to the dimensional design values.
Figure 13 shows the BIM of the steel box girder
component.

The BIM of the steel box beam components could be
assembled within the allowable deviation. The BIM was
introduced into the measurement system, and the coordi-
nates of the steel box girder unit were aligned with those of
the BIM. Then, the 3D scanning of the steel box girder was
measured. The scan data were transmitted to the computer
processor in real time, and the deviation value was
displayed in real time.
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If the error in the size of the steel box girder unit model
exceeds the allowable deviation, then a factory correction
is required. The model sizes of the two steel box girder
units measured this time were within the acceptable range.
Thus, the model was modified to minimize the size of the
real components. The correction process must still be
performed in the measurement system. After the BIM was

i .
g B s ooy o S TR Em——"

.

Fig. 11 Precast steel box girder in factory

modified to a true value model, the pre-assembly process
could be simulated in the system.



Ying ZHOU et al. Virtual pre-assembly for large steel structures based on BIM, PLP algorithm, and 3D measurement 217

Fig. 12

Cross sections of steel box girders
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1WG-2L2313-0-04-L01

1WG-2L2313-0-04-D01

Fig. 13 BIM of the steel box girder
5.2 Benefit evaluation of virtual pre-assembly

5.2.1 Financial aspects

(1) Cost of equipment and modeling

This project is mainly for the splicing of steel box
girders. The quotation of light pen measurement is
presented as follows. The BIM cost mainly includes
software, computer, modeling, development, and other
costs (Zhao and Yuan, 2015). Table 2 is based on market
conditions and actual costs.

In summary, the cost of equipment plus modeling is
1254781 CNY.

(2) Operation costs

Operating costs mainly include labor, training, data
archiving, and maintenance costs, which are approxi-
mately 3 h per week. In the operation process, system
maintenance and data collection are required. The use of a
pre-assembly method mainly reduces labor, mechanical,

Table 2 Virtual pre-assembly costs

and site use costs.

1) Space costs

According to market prices, the leasing price of the
factory is generally 1-2.8 CNY -d'-m™. According to the
regional and regional differences, the price in Wuhan is
approximately 1.4 CNY -d™'-m. The traditional field pre-
assembly takes nearly 15 d in accordance with the average
length and width of the bridge length and segment
(13mx4.5m), which are available at a site cost of
1.4x15x13x4.5x1826=2243241 CNY.

2) Labor costs

Following the information price of Wuhan City in 2016,
the median wage is taken, and the average salary of heavy,
electric welders, and general workers is considered. The
average wage is (1184 150.38 + 128.65)/3=132.34
CNY-d"', and all segments are completed. The pre-
assembly work takes 1080 d, and the saved available labor
cost is 142900 CNY.

In summary, the return on investment using virtual pre-
assembly technology can be described as R=1254781/
(2243241 + 142900)= 52.59%.

5.2.2  Product aspects

(1) Construction schedule

As shown in the Fig. 14, the pre-splicing on the
assembly jigs in the traditional process of this project takes
15 d. The production, hoisting, and demolition times for
assembly jigs are 2.5, 0.5, and 3 d, respectively. The on-site
measurement during the new process takes 21 d. A total of
7.5 d are spent on modeling and assembling.

The shortened section production period indicates that
the total time difference between subsequent processes
(segment transportation, hoisting, and welding) will be
long, and the relevant measures for taking off work will be
decreased. Meanwhile, the completion of the project in
advance will leave an excellent impression on Party 4 and
obtain relevant early completion reward.

(2) Quality

Before and after the application of virtual pre-assembly
technology, the qualification rate of manufactured steel
structural parts is 100%.

5.2.3 Organizational aspects

The survey indicates that, after the project has applied the

Aspects Details Uses Quantity  Unit price/CNY Total/CNY
Software Revit/Navisworks Modeling/presentation 1 Addition to consultation cost
Hardware Computers Saving/presentation 4 10000 40000
Consultation cost BIM technology Modeling/system developing/detection/ 1 500000 500000

software copyright/training
3D measurement  Measuring equipment/service Equipment/service/training/transport costs 1 714781 714781
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21.0 7.5

Fig. 14

offline assembly technology, the project management
personnel has a certain understanding of the offline
assembly technology and can apply this technology to
the next project.

5.2.4 Management aspects

(1) Communication

During manufacturing of steel structures, the process of
saving the splicing section on the assembly jigs and the
information request of the engineering assembling instruc-
tion in the pre-splicing process are decreased.

(2) Production efficiency

The traditional process requires no rework. Conversely,
some components are reworked during the process of using
offline technology to control the error of steel components.
The number of statistical welding corrections for plate
units in 1826 segments is approximately 40, and the rate of
rework increase is 2.19%.

5.2.5 Future development

(1) Competitive superiority

The virtual pre-assembly method of steel structural parts
can be used not only for the manufacture of beams for
bridge construction but also for the quality inspection of

Duration comparison between manual and virtual pre-assembly

steel structures in construction and municipal engineering,
especially for the control of errors in steel structures of
super high-rise buildings, effective storage of data, and
improvement in data utilization.

(2) Customer satisfaction

The project is completed on time, thereby reaching the
requirements of the owners and meeting the delivery
requirements.

6 Conclusions and discussion

This study proposes a virtual assembly method for steel
structures based on BIM technology, PLP algorithm, and
3D measurement. In this method, 3D measurement,
coordinate alignment, model correction, and virtual
assembly are all performed in the same processor to
avoid convergence between two programs. This method is
applied to practical projects, and its benefits are evaluated.
Under the ideal condition of applying this method, the new
technology reduces the flow of assembling and disman-
tling of components on the assembly jigs and saves
operating costs such as space rental (including mechanical
use) and welding labor. The proposed method provides a
new idea for the pre-assembly work of structures.

The proposed method can be a reference for future pre-
assembly work. However, the suitability of this method to
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other types of project is not discussed. Projects with
relatively small number of component units may still
suitably use traditional pre-assembly technology. There-
fore, the scale of the project should be considered when
using the proposed method.
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