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In a large spatial structure, normally the important members are of special type and are the safety key for the global structure. In
order to study the mechanical behavior details of the local member, it is difficult for the common test method to realize the
complex spatial loading state of the local member. (erefore, a local-fine finite element model was proposed and a large-space
vertical hybrid structure was numerically simulated. (e seismic responses of the global structure and the Y-type S-SRC column
were analyzed under El Centro seismic motions with the peak acceleration of 35 gal and 220 gal.(e numerical model was verified
with the results of the seismic shaking table test of the structure model. (e failure mechanism and stiffness damage evolution of
the Y-type S-SRC columnwere analyzed.(e calculated results agreed well with the test results. It indicates that the local-fine FEM
could reflect the mechanical details of the local members in a large spatial structure.

1. Introduction

(e spatial structures have been widely used in gymnasium,
exhibition center, airport terminal, railway station, high-rise
building, and bridge structures in China [1]. From the last
century, some kinds of the spatial structures had been de-
veloped and researched deeply, including the thin-shell
structure, cable structure, and space-truss structure. Till
now, some modern spatial structures, such as the cable-
membrane structure, beam string structure, and suspended-
dome structure, will further promote the design theory and
construction technique for the spatial structure system.
(erefore, the mechanical performance of the complex
structures and new members has become the research focus.

In this paper, themechanism of a vertical hybrid structure of
beam string roof and RC frame was analyzed. In this structure,
a Y-type-steel steel-reinforced concrete column (Y-type S-SRC
column) was used to strengthen the stiffness of the roof. (e
Y-type S-SRC column supports the roof by two slant steel pipe
columns and transmits the loads to the ground by SRC column.
(us, the Y-type S-SRC column, which bears complex loads, is

very important to ensure the safety of the roof and the whole
structure. Lu [2] studied the seismic performance of this hybrid
structure and analyzed the mechanical behavior of the Y-type
S-SRC column through the static loading test. (ere are some
similar experimental researches, for example, Fang et al. [3]
studied the mechanical behavior of the steel-beam-SRC-column
joint and RC-beam-circle-steel-pipe-column joint. Although the
experiment is a goodmethod to study the member’s mechanical
behavior, the actual loading and boundary conditions of the
members are very difficult to be realized in the experiments for
the limitations of experimental equipment. (erefore, there are
some differences between the experiments and the realities of the
load bearing states of the spatial member.

In a real structure, the loading and boundary conditions of
the spatial member changes hand in hand with the responses of
the whole structure. Similarly, in a finite element model of
a structure, the mechanical responses of a member change
synchronously with the global structure. It indicates that the
FEM can simulate the loading and boundary conditions of the
localmember in a global structure. Obviously, it makes up some
limitations of the test. Based on this understanding, this paper
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studies themechanical behavior of the Y-type S-SRC column by
a local-fine finite element model. According to some experi-
mental research results [2], the damagemechanism and stiffness
damage of this type of column were analyzed in this paper.

2. The Vertical Hybrid Structure

(is vertical hybrid structure (Figure 1), with the longitu-
dinal span of 181.65m and horizontal span of 64m, consists
of three-part continuous beam string roof and RC frame
structure. (e roof system includes the roof beams, box steel
beams, I-type beams, and braces. At the axis 1 (Figure 1), the
roof structure is supported by the Y-type S-SRC column.(e
top ends of the Y-type columns are hinged to the roof.

(e details of the Y-type S-SRC column are shown in
Figure 1. It consists of the Y-type steel tube and SRC column.
(e section width and height of the Y-type steel tube were
300–650mm and 400–700mm, respectively. (e section of
the SRC column was 1500×1500mm2.(e square section of
the embedded steel tube was 650× 700mm2.

(e cross-sectional width of the beam string was from
300mm to 1622mm and the height was from 768mm to
2288mm.(e three spans of the continuous roof beam were
46.85m, 89m, and 46.85m, respectively. (e truss rod of
the roof was the welded box tube with the width of 300mm
and height from 200mm to 600mm. (e bottom chord of
the roof was the cable steel rod with the diameter from
100mm to 180mm. (e compressive strength of concrete
was 19.1MPa, and the elastic modulus of concrete was
32500MPa. (e yield strengths of steel reinforcements were
210MPa, 300MPa, and 360MPa, respectively.

As shown in Figure 2, the seismic behavior of the global
structure model with 1 : 35 geometric scale parameter was
tested on the shaking table [4]. (e three-directional waves
of El Centro seismic motion were used as the input of the
shaking table test.(e ratio of the input waves in the x, y, and
z directions was 1 : 0.85 : 0.65. Two case results of the test

[2, 4] were compared in this paper. In case 1, the value of
peak acceleration of the input wave was 35 gal. In case 2, the
value of peak acceleration of the seismic wave was 220 gal.
More details about this experiment can be found in [2, 4].

3. Local-Fine FEM

(ere were a lot of members in the structure, so the global
structure was better simulated by simple elements, such as
beam elements and truss elements [5, 6]. In order to capture
the mechanical details of the Y-type S-SRC column, the
Y-type S-SRC column in axis 1 was simulated by the local-fine
FEM (Figure 3).

In this local-fine FEM of the column (Figure 3), the steel
tube was modeled by the S4R elements, and the steel
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Figure 1: Draft of the structure and details of the Y-type S-SRC column.

Figure 2: Experimental model of the structure [2, 4].
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reinforcement was modeled by the T3D2 elements which
were embedded in the concrete elements. (e material
behavior of steel was assumed as the ideal plastic-elastic
model. (e concrete was modeled by the C3D8R elements.
(e concrete behavior was described by the concrete plastic
damage model in ABAQUS software [7]. (e other SRC
columns were simulated by the B31 elements, and the
concrete material behavior was described by the smeared
cracking constitutive model, in which the steel elements
were coupled with the concrete elements. In the global
structural FEM, the total element number was 71747 and the
total number of nodes was 75285.

4. Material Behavior of the Confined Concrete

(ematerial behavior of the concrete in the SRC columnwas
described by the stress-strain relation for the confined
concrete and the plastic damage model. According to the
modified method of the yield criterion and flow rule [8, 9],
the second invariant stress ratio of the tensile and com-
pressionmeridian plane is 0.725, and the angle of dilatancy is
56.4°. Under monotonic loading, the stress-strain relation
(Figure 4) of the confined concrete is described by the
Mander model [10] as follows:

σc �
fcc′ λ εc′/εcc′( 

λ− 1 + εc′/εcc′( 
λ,

λ �
Ec

Ec − fcc′ εcc′( 
,

(1)

where σc is the compressive stress of the concrete, fcc′ is the
compression strength of the concrete, εc′ is the compressive
strain, and εcc′ is the compressive strain corresponding with
fcc′ .(e elastic modulus of the concrete was calculated by the
following equation:

Ec � 5000
��

fc′


. (2)

(e compression strain εcc′ corresponding with fcc′ of
the unconfined concrete is calculated by the following
equations:

fcc′ � fc′ −1.254 + 2.254
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and if the cross section is square,

Ke �
1− 

n
i ωi
′( 
2
6bcdc   1− s′2bc(  1− s′2dc( 

1− ρcc
,

(4)

wherefl
′ is the compressive transverse confined press of the core

concrete, εc′ is the compressive strain corresponding with the

compressive strengthfc′ of the concrete,fyh is the yield strength
of the longitudinal reinforcement, ρcc is the reinforcement ratio,
n is the number of reinforcements, bc is the separation distance
of the stirrup in the direction of the section width, dc is the
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Figure 4: Stress-strain relations of the confined concrete.

Table 1: Comparisons of the structural dynamic behavior.

Mode 1 2 3
T (s) T (s) T (s)

Calculated 1.75 1.40 1.00
Test [2] 1.68 1.12 0.98

(a)

(b)

(c)

Figure 5: (e calculated structural vibration modes. (a) (e first
vibration mode. (b) (e second vibration mode. (c) (e third
vibration mode.
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separation distance of stirrup in the direction of the section
length, ρs is the stirrup ratio, s′ is the clear space of the stirrup,
and ds is the separation distance of the stirrup on cross section.

5. Seismic Responses of the Local-Fine FEM

e calculated �rst three modes of the structure were
compared with the test results in Table 1. e calculated �rst

three vibration modes of the structure are shown in Figure 5.
e �rst vibration mode is the translational motion of the
global structure in the x direction. e second vibration
mode is the translational motion in the y direction mixed
with torsional motion of the global structure. e third
vibration mode is the torsional motion of the roof. ese
characteristics of the vibration modes agree well with the test
results [2, 4].
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Figure 6: Comparisons of calculated and test results of case 2. (a) Displacement response of point D in the y direction. (b) Acceleration
responses of point A in the y direction.
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Figure 7: e damage states of the global structure: (a) case 1 and (b) case 2.

4 Advances in Materials Science and Engineering



Under the seismic ground motion (El Centro seismic
wave) with the peak acceleration of 220 gal, the calculated
displacement responses of point D and acceleration re-
sponses of point A were compared, respectively, with test
results as shown in Figure 6. (e comparisons showed that
the calculated results agreed well with the test results.

(e global structural damage states can be described by
the mechanical parameter plastic strain. Figure 7 shows the
plastic strain distributions of the global structure in case 1
and case 2, respectively. In case 1 (Figure 7(a)), the damage
mainly occurred at very few beams of the second floor of the
RC frame structure, and the maximum plastic strain was
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Figure 8: Damage comparisons. Calculated results in (a) case 1 and (b) case 2 and (c) test damage [2].

Advances in Materials Science and Engineering 5



about 1.638 × 10−9. It indicates that the structure almost kept
the elastic mechanical behavior global under the El Centro
seismic motion with the peak acceleration of 35 gal. In case 2
(Figure 7(b)), the damage occurred at many beams of the
second and third �oors of the RC frame structure, and the
maximum plastic strain was about 2.968 × 10−4. It shows
that the structure damaged seriously, but it probably did not
collapse for almost all damages occurred at the beams of the
RC frame.

6. Mechanical Behavior of Y-Type
S-SRC Column

e Y-type S-SRC column was subjected to the forces from
the roof by two connected points. e responses of the two
points were very di�erent under the same seismic motion.
Based on the proposed local-�ne FEM method, the me-
chanical behavior of the Y-type S-SRC column can be an-
alyzed here. e calculated damage of the Y-type S-SRC
column was compared with the test results as shown in
Figure 8.

In case 1 (Figure 9), the concrete at the top and bottom
ends of the SRC column damaged slightly, and the maximum
damage value of concrete was 0.613. e maximum value of
the von Mises stress of the steel column was 53.6MPa at the
bottom end. e maximum value of the von Mises stress of
the longitudinal reinforcements was 43.8MPa. It indicates
that the column damaged slightly under the El Centro
seismic wave with the peak acceleration of 35 gal.

In case 2 (Figure 9), the concrete at the top end of SRC
column damaged seriously, the maximum value of the
concrete damage was 0.971. e maximum value of the von
Mises stress of the steel column was 249.8MPa at the bottom
end. e maximum value of the von Mises stress of the
longitudinal reinforcements was 115.7MPa. ese calcu-
lated damage results agreed with the test results (Figure 9).
According to the damage mode, the concrete at the top end
of the SRC column could be strengthened by some structural
measures in the actual engineering design.

e calculated sti�ness damage evolutions of the SRC
column in case 1 and case 2 were shown in Figure 9. In case
1, the maximum sti�ness damage value of the SRC column
was 0.05; thus, it means the SRC column damaged very
slightly. In case 2, the maximum sti�ness damage value of
the SRC column was 0.45. It means the SRC column

damaged seriously but not collapsed for concrete material
damage that mainly occurred on the top end and the lon-
gitudinal reinforcement did not yield. ese calculated re-
sults also agreed with the conclusion from the plastic strain
analysis results of the global structure.

7. Conclusions

In this paper, the seismic responses of a large-space vertical
hybrid structure and the mechanical behavior of the Y-type
S-SRC column were analyzed based on the local-�ne FEM.
e calculated local damage results agreed with the test
results and also the seismic responses of the global structure.
However, the damage states of the Y-type S-SRC are related
with the material strength, its con�guration, and the global
structure form. Another e�ected factor, that is, the second-
order e�ect on the local mechanical details of the Y-type
S-SRC column, was ignored in this paper. It shows that the
proposed numerical simulation method can be used to study
the mechanical behavior details of a local member of a large
spatial structure.
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