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Abstract: A new numerical method based on vector form
intrinsic finite element( VFIFE) is proposed to simulate the
integral lifting process of steel structures. First, in order to
verify the validity of the VFIFE method, taking the steel
gallery between the integrated building and the attached
building of Nanjing Mobile Communication Buildings for
the static analysis was and the
corresponding results were compared with the results achieved
by the traditional finite element method. Then, according to
the characteristics of dynamic construction of steel structure

example, carried out

integral lifting, the tension cable element was employed to
simulate the behavior of dynamic construction. The VFIFE
method avoids the iterative solution of the stiffness matrix and
the singularity problems. Therefore, it is simple to simulate
the complete process of steel structure lifting construction.
Finally, by using the VFIFE, the displacement and internal
force time history curves of the steel structures under different
lifting speeds are obtained. The results show that the lifting
speed has influence on the lifting force, the internal force, and
the displacement of the structure. In the case of normal lifting
speed, the dynamic magnification factor of 1.5 is safe and
reasonable for practical application.
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element steel whole process of

n recent years, novel space structures with long-spans
Iare becoming more prevalent. The integral lifting con-
struction technology as one of the key technologies of
building and installing long-span space structures has been
widely used, such as the integral lifting of the main truss
in Macao Comprehensive Gymnasium''', Shanghai Pud-
ong Boeing Hangar Roof'”', and the International Exhibi-
tion in Zhuhai Cross Gate'”. Integral lifting refers to a
process that initially assembles constructional elements on

Received 2016-07-03.

Biography: Zhu Mingliang (1982—), male, doctor, lecturer, zhum-
ingliang@ seu. edu. cn.

Foundation item: The National Natural Science Foundation of China
(No. 51308105) .

Citation: Zhu Mingliang, Chen Xueqi, Guo Zhengxing. Construction
analysis on integral lifting of steel structure by the vector form intrinsic fi-
nite element[J]. Journal of Southeast University (English Edition), 2016,
32(4):451 —456. DOL: 10. 3969/]. issn. 1003 —7985.2016. 04.010.

the ground, and then lifts them integrally to the design-el-
evation. Compared to the traditional steel structure instal-
lation scheme, the integral lifting dispenses with the erec-
tion of high and large scaffolding, and aerial work is
greatly reduced. Therefore, construction quality and safe-
ty are strictly ensured. Meanwhile, integral lifting has
many other advantages, such as a short construction peri-
od and high work efficiency. However, this method is
suitable for the installation projects under a tight sched-
ule, high weight and high installation. More importantly,
the lifting of the steel structure is a dynamic process,
which involves the displacement of a rigid body, so the
risk of the lifting the construction into the air is greater.

Therefore, it is necessary to carry out a detailed analy-
sis of the construction process. Guo et al. ""'used the AN-
SYS software to analyze several intermediate states in the
integral lifting process of the main truss, and observed the
change tendency of the internal force and deformation in
the full-process. Chen et al. * adopted the MIDAS soft-
ware to simulate integral lifting, and analyzed the change
regulations of the internal force and the displacement of
the nodes in the two lifting process. The static analysis of
the steel gallery was carried out by using the ANSYS soft-
ware in Ref. [4], and the non-synchronization problem in
the lifting process was checked. Most of these simulations
are based on the traditional finite element theory only for
linear static analysis. In order to take the dynamic effect
into account, the internal force and deformation of the
structure can be obtained, and then they are multiplied by
the corresponding dynamic amplification factor. Howev-
er, this is an approximate method, and it cannot track
and simulate the whole process of lifting. In addition, the
safety and effectiveness of the power amplification factor
have not been verified.

VFIFE was first put forward by Ting et al. " at Pur-
due University, which is a new finite element analysis
method based on a combination of vector mechanics and
numerical calculation. The VFIFE can effectively deal
with continuum geometric deformation, nonlinear and
discontinuous material constitutive relationships, rigid
body motion and the coupling behavior of all types of
complicated situation. Thus, there is a good application
prospect in the study of engineering problems involving
large deformations, fractures, collisions and other strong
nonlinearities. Currently, this method has some related
applications in the field of structural analysis based on the
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concepts of Ting et al. "™, Wu et al. "’ who analyzed the
nonlinear behavior of the planar flexible truss structure.
Wang et al. "' studied the elastoplastic large deformation
behavior of the three-dimensional truss. Zhu et al. '™
analyzed the static space structure and the whole process
of the steel strand rupture using the VFIFE method. Yao
et al. """ adopted C ++ language to compile the VFIFE
calculation program for the structure of the bar system,
obtained the wind-induced response of the transmission
tower, and then analyzed the collapse mechanism of the
transmission tower under wind loads.

The steel gallery is very popular in modern high-rise
building design due to its capability to connect two inde-
pendent buildings and its attractive design. Therefore, the
steel galleries have gained popularity among many domes-
tic and foreign designs, for instance, the steel gallery in
Shanghai Jinhonggiao International Center'' and the steel
gallery in Changsha Zhongtian Plaza. In this paper, the
integral lifting of a steel gallery is simulated using the
VFIFE program in Matlab and the corresponding results
are compared with those obtained by the traditional finite
element method. The impact of the internal force and dis-
placement in the whole lifting process of the steel gallery
is discussed. Moreover, the value of the dynamic magni-
fication factor is studied for practical application.

1 Assumptions of VFIFE

VFIFE is a generalized and systematic calculation
method, which can be used to compute the position
change caused by internal/external force and geometric
deformation. In the VFIFE model, the structure is regar-
ded as a collection of multiple particles with masses and
elements without masses. The basic concepts of this
method, which is the description of the point value and
path element, greatly simplify the motion description of
the structure. Meanwhile, the structure behavior is de-
scribed by a clear physical model and a particle motion
control equation. A numerical calculation method is intro-
duced to avoid complex iterative calculations. There is a
great advantage in the nonlinear and discontinuous behav-
ior of the structure without establishing a stiffness matrix
in the solution process.

1.1 Equations of motion

Every component of the structure is divided into two
particles and a spatial connecting element, as shown in
Fig. 1.

Element

Particle

Fig.1 The VFIFE model

According to classical mechanics, the motion equations
can be expressed as

md+ad=F (1)
I6+af=M (2)

where « is the damping factor; m, d, d and F represent
the mass, velocity, acceleration of the particle and result-
ant force vectors, respectively; and I, §, ¢ and M are the
mass moment of inertia, angular velocity, angular accel-
eration and resultant bending moment vector. According
to the central difference formulas, we obtain
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n = Zh ( )
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where d,, 0,, h are the displacement of a particle at ¢,
the angular rotation at #,, and the time increment, respec-
tively; ¢, =1/(1 +ah/2); and ¢, =c,(1 —ah/2).

The computational procedure of the VFIFE is illustrated

in Fig. 2.

Establish a discrete structure model

!

Input the information of the structure and load

!

Calculate the next particle
displacement using Eqgs.(3) and (4)

!

Derive the internal force by the
displacement of the particle

Convergence

| Post processing |

No

End

Fig.2 Computational procedure of the VFIFE

1.2 Internal force of tension cable element

Assuming that element AB moves from the initial loca-
tion A, B, to the adjacent location A,B, (see Fig. 3), the
full process includes translation vector # and rotation vec-
tor . The internal force at A,B, is expressed as
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Fon = (fun +EA T ern (9)

AB,

where e, , is the directional vector of A,B,.

Fig.3 Virtual inverse motion of tension cable element

After obtaining the internal force of the element, ac-
cording to the law of actions and reactions, the force of
each particle can be obtained. The external force acting
on the structure is loaded on each particle according to the
principle of equivalent force. Therefore, we obtain the
resultant force of a particle. Then, the resultant force F
and M are substituted into Eqs. (7) and (8) to calculate
the position of the particle.

Assume that A, B, is the state of the element without
prestress before tensioning. Due to the fact that the de-
formation of cable in the tension process is always within
the elastic range, ignoring the change of section, Eq. (9)
is simplified as

Loy —1
Fon = (B 5o (10)

A B,
where [, is the length of the initial state of the element;
A, is the initial state section; and E, is the elastic modu-
lus. The cable element cannot be compressed, so when
Sfap, >0, E;=0.

In the whole lifting process, the effective length of the
steel wire is shortened, and the VFIFE model is corre-
spondingly shortened to the original length of the steel
strand, which can reflect the change in the force and
shape of the steel strand in the tension process:

(11)

where v is the tension speed, and n is the total time steps
in the tension process.

l, =vnh

2 Static Analysis of the Steel Structure
2.1 Project description

As shown in Fig. 4, there is a steel gallery between the
integrated building and the attached building of Nanjing
Mobile Communication Buildings. The span of the gallery
is 47 m, width is 8.375 m and the total weight is 170 t.
The composite floor with the profiled steel plate is used,
and the H-bar with the maximum size of HI000 mm x
400 mm x 24 mm x 35 mm is employed in the upper and
lower chord bars, and also the horizontal bars of the gal-
lery. The square steel tube is used in the vertical bar.

Main building

35.6

TR . 4

Steel gallery

47.

L]

Main building

22.6

31.7

Fig. 4

Layout of the steel gallery (unit: m)

Due to the fact that the section size, structural weight
and the span of the engineering components are large, the
approach of dispersed assembly at high altitude may lead
to a high risk. After the field analysis of the construction,
assembling the steel structure gallery in the basement roof
can be directly realized with the auto crane. The upper
lifting point is arranged in the concrete bracket, and the
corresponding lower lifting point is arranged in the gallery
of bottom I-beam end of the steel structure. The lifting
sketch is shown in Fig. 5.

Upper b
lifting point
\i/Lifting jack

Steel gallery Steel

strand

Lower/
lifting point

Steel strand 1 Steel strand 2

7

Steel strand 3 Steel strand 4

(b)
Fig 5. Sketch of integral lifting and lifting point. (a) Integral
lifting; (b) Lifting point

2.2 Static analysis

The static analysis is carried out directly by the tradi-
tional finite element method. The influence of the dynam-
ic response in the lifting process is simulated by the dy-
namic magnification factor. In the ANSYS model,
BEAMI188 is used to simulate the beam element, while
LINKI1O0 is used to simulate the steel strand element. The
VFIFE method is applied to establish the static analysis
model, and truss rods are simulated by the beam ele-
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ments. While the steel strand is simulated by the tension
steel strand element, the time step is 2 x 10 5. In order
to make the calculation converge to the stable solution as
soon as possible, the virtual damping coefficient of 23 is
used. Based on the above settings, the static analysis re-
sults under gravity are calculated.

The calculation comparison on displacement and inter-
nal force by VFIFE and ANSYS is shown in Tab. 1 and
Fig. 6. The maximum vertical displacement is 85.45 mm,
and the internal forces of the steel strand are around 402
and 419 kN, respectively. Fig.7 illustrates the time history
curves of the internal force in the process of lifting the

Tab.1 Calculation comparison of the displacement and inter-

nal force
Disol W ;nternalf Internal force of steel strands/kN
Methods 2isPlacemen o'rce 0
mm midspan
clement/kN  SS1 SS2 SS3 SS4
ANSYS 85.447 628.0  402.0 402.0 419.0 419.0
VFIFE 85.452 625.8 401.4 401.4 418.5 418.5

Vertical displacement/mm

-85.447
-75.953
-66.459
-56.964
-47.470
-37.976
-28.481
-18.987
-9.493

(a)

Vertical displacement/mm
—-85.447
-75.953
-66.459
-56.964
| -47.470
-37.976
—28.481
—18.987
| -9.493

(b)

Fig 6. The comparison of the vertical displacement by AN-
SYS and VFIFE. (a) ANSYS; (b) VFIFE
4801
400
z
E ol
5 L - Strands 1 and 2 (ANSYS)
B - Strands 3 and 4 (ANSYS)
£ 160F - Strands 1 and 2 (VFIFE)
2 . ~Strands 3 and 4 (VFIFE)
0 1 L L L 1 1 L )
0 0.2 0.4 06 0.8 1.0 1.2 1.4 1.6
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Fig.7 Time history curves of internal force of steel strands

steel strands. Owing to the virtual damping coefficient,
the internal force and vertical displacement of the VFIFE
model converge rapidly to a stable solution. The internal
force curve is coincident with the ANSYS results.

3 Dynamic Response to the Whole Process of
Integral Lifting

According to the actual construction process, the steel
gallery is assembled on the ground frame first. Then the
steel strand is hung on the lifting point, and the integral
lifting is carried out through the jack in the upper lifting
point. In practice, the lifting speed of the jack is general-
ly 1.5 to 2.5 min per stroke. The jack stroke is 200 mm,
so the lifting speed is approximately 2 mm/s. The lifting
process is divided into many stages according to the jack
stroke, and the first stroke and the second stroke of the
lifting of the jack is selected to be tracked and simulated
in this paper. Then, we can establish the VFIFE model,
and the time step is 2 x 10 s. Due to the large number
of elements, the dynamic response of each element cannot
be separately considered. In addition, the small internal
force does not have a representative. We examine rods
with large internal forces in the whole structure and the
rods are located in the mid-span. The internal forces of
steel strands, the time history curves of the internal forces
and the vertical displacements in the mid-span are also
obtained (see Fig.8 and Fig.9).

The entire analysis process lasts 204 s. To be specific,
the first stroke is divided into four stages. The first stage
is the initial stage, and the gallery is only under the gravi-
ty load, which is on the lower part of the temporary sup-
ports. At this stage, the initial lifting state is obtained by
setting the virtual damping. The internal force and verti-
cal displacement of the mid-span, and the internal forces
of the steel strands are equal to zero in this procedure ( see
Fig. 8 and Fig.9). The second stage is the beginning of
the lifting stage. Without the virtual damping coefficient,
the whole dynamic lifting process can be tracked by grad-
ually changing the initial length of the steel strand ele-
ment. In this stage, when the jack starts working, the
steel strands are tensioned, and then elastic deformation
occurs. Since the internal force of the steel strand has not
been sufficient to enhance the steel gallery yet, the verti-
cal displacement of the mid-span is still equal to zero ( see
Fig. 8), and the steel gallery remains motionless ( see
Fig.9). The third stage is the lifting stage. The internal
force of the steel strand increases to the same weight of
the steel gallery. The maximum stress of the steel strand
increases to 420.9 kN. The lifting of the steel gallery rea-
ches a speed of 2 mm/s. The fourth stage is the holding
stage. The jack stops moving, and the steel structure
stops rising. The maximum internal force of the steel
strand is 418. 5 kN in static balance. The second stroke
starts from the end of the second stage of the first stroke.
The process of lifting and unloading is repeated. The
maximum internal force of the steel strand is 420.9 kN.
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Fig.9 Vertical displacement and internal force of the mid-

span. (a) Vertical displacement; (b) Internal force
4 Influence of Lifting Speed

In the integral lifting construction process of steel struc-
tures, the lifting speed is an important parameter. In or-
der to ensure the safety of the construction process, the
structure should be lifted within a certain speed range. To
theoretically verify the relationship between speed and dy-
namic response in the actual construction process, three
speeds of 2, 10 and 100 mm/s are considered in this pa-
per. We track the integral lifting construction process of
the steel structure at these three different speeds, respec-
tively.

Figs. 10(a) and (b) are the time history curves of the
internal forces and vertical displacement of the mid-span
in the integral lifting construction of the steel gallery at
the speed of 10 m/s. Figs. 11(a) and (b) are the time
history curves of the internal forces and the vertical dis-
placement of the mid-span at the speed of 100 m/s. It is
apparent that the relationship between the line-type and
lifting speed is basically the same as that at 2 mm/s.
However, the peak value of the internal force of the steel
strand is different at various speeds. The maximum inter-
nal force of the steel strand is 428.3 kN when the lifting
speed is 10 mm/'s; in contrast, it is 516.9 kN when the
lifting speed is 100 mm/s. However, the maximum inter-
nal force of the static state is all 418.5 kN. The internal

forces of the steel gallery rods are 841. 1, 842. 9 and
883.5 kN, respectively, at three different speeds ( see
Fig. 12). It can be found that the influence of the lifting
speed is limited to the internal force, and the dynamic
magnification factor is no more than 1.5.
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Fig. 10 Internal forces and vertical displacement at 10 mm/s.
(a) Internal forces of steel strands; (b) Internal force of the mid-span

550

— Steel strands 1 and 2
— Steel strands 3 and 4

Internal force/kN
[ )
G
S

150
50
-50 L L 1 1 1 1 )
0 1 2 3 4 5 6 7
Time/s
(a)
350

N

W

(=3
T

Vertical displacement/mm
vy
S
T

0 10 20 30 40 50

50+
-50 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7
Time/s
(b)
Fig.11 Internal forces and vertical displacement at 100 mm/s.
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Fig.12 Internal forces of the mid-span at different speeds
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5 Conclusions

1) Based on the basic theory of the VFIFE, we derive
the formulae for the internal force of the tension steel
strand element. A program is then developed to simulate
the tension steel strand elements and beam elements using
Matlab. The results of the internal force and displacement
are consistent, which verifies the validity of the theoreti-
cal derivation and the program.

2) The whole process of the steel gallery lifting con-
struction is realized. It is simple to achieve the displace-
ment and internal force time history curves of the whole
construction integral lifting process of the steel gallery.
Thus, the VFIFE is effective and accurate in the analysis
of both traditional structures and unconventional struc-
tures, including the construction procedure with mecha-
nisms and rigid body motions.

3) Different lifting speeds are selected to analyze the
static performance. It can be found that the impact of the
lifting speed on the internal force of the steel strand is sig-
nificant. The preliminary analysis shows that the safety
factor 1.5 can meet the engineering requirements in the
case of normal lifting speed.
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