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Abstract. At present, with the rapid development and application of seismic
isolation technology, compared with reinforced concrete columns, concrete-filled
steel tube columns have superior mechanical properties such as high strength,
light weight, good ductility, excellent bending performance, fatigue resistance
and impact resistance. At present, the failure modes of series isolation compo-
nents (SIS) composed of lead core rubber bearing (LRB) and steel tube concrete
(CFST) columns are not studied. In order to have a deeper understanding of the
failure mode of the series isolation components, 42 groups of refined SIS finite
element models with h/b, n and a parameters were established using ABAQUS
finite element software based on the 500mm diameter bearing model. By using
Pushover analysis method, the relationship curve between force and displace-
ment of series isolation system is studied, the damage process and failure mode
of series isolation system are discussed, and the influence of three parameters on
the failure mode is analyzed. The results show that the relationship between force
and displacement of the new series isolation system is trilinear. The axial com-
pression ratio mainly affects the bearing capacity of the steel pipe, and the higher
the axial compression ratio, the smaller the bearing capacity. The aspect ratio and
steel content mainly affect the stiffness and bearing capacity of the steel pipe.
When the aspect ratio is less than or equal to 4.2 and the steel content is greater
than or equal to 6.4%, the bearing capacity and stiffness are the best. The failure
mode mainly includes the failure of connecting plate, the failure of bolt, the fail-
ure of concrete filled steel tube column and the failure of steel tube. The failure
of concrete filled steel tube column is the main failure mode, and the standard
design of concrete filled steel tube column should be strengthened.

Keywords: Series isolation system, CFST column, Pushover analysis, failure
mode, parameter analysis Introduction.

1 Introduction

Concrete filled steel tube columns have superior mechanical properties such as high
strength, light weight, good ductility, fatigue resistance and impact resistance, etc. In
addition, they also have superior construction properties such as saving labor and ma-
terials, light erection and fast construction!'. As one of the measures to prevent
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earthquakes in cities in earthquake protection areas, isolation technology has become
the main means to improve the seismic toughness of single structures in the construc-
tion of resilient citiesl®®l. As a low layer isolation (referred to as series isolation struc-
ture) scheme, the isolation support (LRB) is placed between the top of the superstruc-
ture and the bottom cantilever column (CFST column) to form a series isolation com-
posite component (SIS), as shown in Figure 1.

Compared with the foundation isolation scheme, it has the advantages of reducing
the cost, good seismic performance and increasing the building space. In the past two
years, a large number of engineering buildings have adopted this type of isolation
scheme, which has potential application prospects.

]
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Fig. 1. Series isolation system[®]

Du Yong feng et al.[”) studied the nonlinear mechanical properties of SIS based on
experiments and found that the nonlinear mechanical properties of SIS are mainly af-
fected by the nonlinear mechanical properties of LRB and RC columns. Zhao Li jie et
al.®l conducted pseudo-static loading tests on series isolation components under differ-
ent slenderness ratios and axial compression ratios, and found that the failure phenom-
ena of the components were similar, and the transverse cracks were mainly concen-
trated in the area below 2/3 of the column height and were evenly distributed. Zhao Li
jie et al.”! conducted pseudo-static loading tests based on 5 groups of series isolation
components with different coaxial pressure ratios and slenderness ratios, and found that
the tensile and compressive damage of RC columns was mainly concentrated at the
column roots. Huang Xiao ning et al.l'% proposed a new type of connection node suit-
able for RC series roller isolation structural column in view of the stress and damage
characteristics of RC series roller isolation structure under earthquake action. Many
studies have been done on the mechanical properties of concrete-filled steel tube 1!,
Zhan Jie dong et al.l'? found that the damage form of the square specimen was four-
sided bulge, while the round specimen changed from a cylinder to a barrel-like shape.
Luo Shun xin et al.'3 used ABAQUS software to analyze the joint stress of eccentric
joints of concrete-filled steel tubular columns and steel beams. Li Xue ping et al.['4
studied the effects of different test parameters (including axial compression ratio, sec-
tion aspect ratio, steel content, loading direction, etc.) on the seismic performance of
rectangular CFST columns. The research results of Wang Jing feng et al.l'> show that
the failure modes of elliptical concrete-filled steel tubular columns mainly include local
buckling and tearing of the steel tube at the foot of the column and core cement crushing
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and other phenomena under horizontal and low cyclic cyclic loads. The failure mode
analysis of LRB and CFST column isolation components in series is still lacking.

Therefore, on the basis of the above research, this paper completed the finite element
simulation analysis of 35 groups of series isolation components with different aspect
ratio, axial compression ratio and 7 groups with different steel content. The failure phe-
nomena and characteristics of series isolation components under different aspect ratio,
axial compression ratio and steel content are analyzed.

2 Establishment of Abaqus finite element model

2.1  Material Constituency and Unit Setting

In order to have a deeper understanding of the failure mode of the series isolation com-
ponent, this paper uses the large general finite element software ABAQUS to establish
the solid model of the series isolation component. The finite element model of series
isolation component established by ABAQUS finite element software in this research
project is shown in Figure 2. LRB dimensions are shown in Table 1 and CFST column
dimensions are shown in Table 2. According to literature!'®l, the CDP model suitable
for ABAQUS cyclic load is selected as the constitutive model of concrete. C3D8R unit
is adopted. Poisson's ratio of concrete is set at 0.2, elastic modulus is 22980.7MPa,
expansion Angle of concrete is 35°, and eccentricity of plastic potential function is 0.1.
The ratio of biaxial ultimate compressive strength to uniaxial ultimate compressive
strength of concrete is 1.16, the ratio of the second stress invariant of the tension and
compression meridian is 0.667, and the viscosity coefficient is 0.005.Rubber adopts the
two-constant constitutive model Mooney-Rivlin'7, in which the two constants are
C10=0.18MPa and Cy;=0.045MPa respectively. The rubber adopts C3D8RH unit, the
rubber hardness is 47.1 degrees Shore, the shear modulus G=0.45, the first shape coef-
ficient S;=25.2, the second shape coefficient S,=5.3. The steel is made of C3DS8R unit,
the steel pipe, connecting plate and the inner connecting plate of the foundation beam
are all Q345 steel, the yield strength of the steel is 305MPa, and the bolts are made of
8.8 M22 bolts, the yield strength of the bolts is 640MPa.

2.2  Interaction and boundary conditions

The contact surface between the steel pipe and the internal concrete adopts the face-
surface contact, the tangential friction is expressed by the "penalty" friction formula,
the friction coefficient is 0.6!'8], the normal contact stress behavior is "hard contact",
and the embedded steel ring on the top of the connecting plate and CFST column, the
bottom end of the steel pipe and the foundation beam are defined by binding constraints.
The bottom of SIS adopts fixed constraints, which do not allow translation and rotation,
and the top of the support allows displacement and rotation in X, Y and Z directions.
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2.3  Loading system and load setting

The displacement control loading system is used for Pushover analysis of the series
components, and the unidirectional loading displacement ranges from 0 to 336mm
(600% shear deformation of the support). The SIS is based on SOOLRB diameter, and
the lower section is fitted with CFST columns of different n, h/b and o dimensions of
500mmx500mm. There are 35 combined models of axial compression ratio and aspect
ratio. There are 7 models with different o, which are SIS with the thickness of 4mm,
8mm, 10mm, 12mm, 14mm, 16mm and 18mm, respectively, when the aspect ratio is 3
and the axial pressure ratio is 0.243. The compressive stress limits of isolation supports
under the representative value of gravity load are 10MPa, 12MPa and 15MPa respec-
tively for special fortification buildings, key fortification buildings and standard forti-
fication buildings. The vertical loads of 8MPa (low load) and 18MPa (high load) are
added in this study. Shear deformation of 100% (force-proof earthquake), 250% (rare
earthquake) and 400% (extremely rare earthquake) of LRB is the control index of the
whole SIS. The effects of different aspect ratio, axial compression ratio 0.162 (vertical
load 8MPa), 0.203 (10MPa), 0.243 (12MPa), 0.304 (15MPa), 0.365 (18MPa) and dif-
ferent steel content on the failure mode of SIS were investigated. The basic parameters
and combination form of the model are shown in Table 1 to 2. n is the axial compression
ratio, h/b is the aspect ratio, and a is the steel content.

Table 1. LRB parameters

h/mm Dy/mm T¢ymm  Nyslayer T¢/mm  Ndlayer Tes/mm  Nes/layer
164 100 2.27 18 4.9 19 15 2
Note: D is the diameter of the lead core; h is the height of the laminated rubber bearing; 7 is the

thickness of the inner steel plate; Ns is the number of layers of the inner steel plate; 7+ is the
thickness of the rubber layer; N: is the number of layers of rubber; 7es is the thickness of the
sealing steel plate; Nes is the number of sealing steel plates.

Table 2. Geometric parameters of prefabricated CFST columns

Dimension Column length
h b Li L Ls La Ls Le L7
500 500 1000 1500 1700 1900 2100 2500 3000
Note: Li represents the length of the i-th column, where i ranges from 1 to 7; 4 is the cross-
sectional height of the CFST column; 4 is the cross-sectional width of the CFST column.

Fig. 2. SIS Finite Element Model Diagram
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3 Finite element analysis results

3.1 Parameter verification analysis of lead rubber bearings

In order to ensure the rationality of parameters for the lead-core rubber bearing in a
series isolation system, a finite element model was established based on relevant pa-
rameters from literature!*”). The key mechanical parameters including yield force, equiv-
alent stiffness, post-yield stiffness, and equivalent damping ratio were compared and
analyzed.

The yield force, equivalent stiffness, post-yield stiffness, and equivalent damping
ratio obtained from the hysteretic curve of the finite element simulation for a single
rubber bearing (as shown in Figure 3 and Table 3) are slightly lower than the design
values. However, these differences remain within a range of 10%, which effectively
reflects the actual parameters of the lead core rubber bearing.

150

100

-100

-150 L=
-100 -75 -50 -25 0 25 50 75 100
D/mm

Fig. 3. Hysteresis curve of LRB shear deformation at 100%

Table 3. LRB parameter comparison

Shear defor- yield force Egulvalent . Post yield qulvalent
mation 100% (kN) Stifthess stiffness (kN/ damping ra-
(kKN/mm) mm) tio(%)
Design 65.3 1.62 0.91 26
value
analog 64.5 1.54 0.84 24.6
value
error 1.2% 4.9% 7.6% 5.4%

3.2 The force-displacement curves of SIS

It can be seen from FIG. 4, 5 and 6 that the force-displacement variation relationship of
SIS, LRB and CFST columns is an obvious nonlinear variation relationship, and the
thrust curve of SIS presents a trilinear variation, in which the first yield point is the
yield of LRB and the second yield point is the yield of CFST columns. Two yield points
can divide the curve into three parts: initial section, first yield section and second yield
section. It can be seen from FIG. 4, 5 and 6 that the yield points of CFST column are
basically consistent with the two yield points of SIS, which more strongly indicates that
the two yield points of SIS are caused by the yield of CFST column.
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Fig. 4. h/b=3.8, 0=6.4%, force and displacement curves under different n values
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Fig. 5. Force and displacement curves at different h/b values, n=0.243(p=12MPa), 0=6.4%
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Fig. 6. h/b=3, n=0.243(p=12MPa), different a Force and displacement curve under

The bearing capacity of SIS, LRB, and CFST columns gradually decreases with an
increase in the axial compression ratio of the system when the aspect ratio remains
constant, as depicted in FIG. 4. The force-displacement curve of SIS exhibits a similar
trend to that of LRB but differs from that of CFST column, indicating that variations in
the force-displacement curve of SIS are primarily influenced by LRB when subjected
to changes in axial compression ratio under identical aspect ratios. The results depicted
in FIG. 5 demonstrate that, when the axial compression ratio remains constant, an in-
crease in the aspect ratio of CFST columns leads to a decrease in column stiffness,
earlier yielding of the column, and a gradual reduction in bearing capacity. Conse-
quently, the bearing capacity of SIS gradually decreases with increasing aspect ratio.
In FIG. 5, for aspect ratios below 4.2, SIS exhibits its highest load-bearing capacity and
its force-displacement relationship curve aligns closely with that of LRB. This indicates
that as the aspect ratio of CFST columns increases, their stiffness diminishes and
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increasingly influences the force-displacement relationship curve of SIS. The variation
in steel content primarily affects both the bearing capacity of SIS and the rigidity of
CFST columns. As can be seen in Figure 6, when the steel content of the steel pipe is
greater than or equal to 6.4% (thickness 8mm), the bearing capacity and column stiff-
ness of SIS are the largest; when the o of CFST column is greater than or equal to 6.4%
(thickness 8mm), the force-displacement relationship curve of SIS is basically con-
sistent with the change trend of LRB. Therefore, with the increase of steel content of
CFST column, the influence of LRB on the force-displacement relationship curve of
SIS becomes more obvious.

3.3  Enhanced analysis of the impact of three parameters on failure mode

The SIS system primarily consists of CFST columns, LRBs, and connectors, thus its
failure mode is predominantly determined by the failure mechanisms of these compo-
nents. These include buckling of the CFST column steel pipe, drum bending, concrete
crushing and cracking, as well as connector buckling failure. The failure sequence in
SIS begins with yielding at the four corners of the lower end of the steel pipe, followed
by tensile and compressive yielding of the connecting plate, and ultimately shear yield-
ing of the bolt; however, no cracking occurs within the concrete encased in the steel
pipe.

The bolt is extracted from the location where the stress on the lower connecting plate
reaches its maximum, while the connecting plate is taken from the lower connecting
plate of LRB. As depicted in Figure 7 (c) and (d), both bolts and connecting plates
experience yield failure prior to n=0.243 and a shear deformation of 300% on the sup-
port. The bolt stress cloud diagram in Figure 8 reveals that shear failure predominantly
occurs in bolts, which gradually weakens with an increase in aspect ratio. The stress
cloud diagram of the connecting plate in Figure 8 demonstrates that compression failure
initially occurs, followed by tensile yield failure as horizontal displacement of the sup-
port increases. The stress cloud diagram of the concrete column in Figure 8 indicates
that concrete failure concentrates at both ends of the column, with SIS having h/b=3
failing at its upper end, while SIS with h/b=4.2 and 5 fail at their lower ends. The con-
crete inside CFST columns for all three SIS remains undamaged, without reaching its
maximum cracking strain.

The CFST column is the most vulnerable component in SIS. Figure 7 (a) demon-
strates that for a given axis n, an increase in the h/b ratio of the steel pipe leads to faster
yielding. Similarly, Figure 7 (b) shows that for a constant n value, a larger h/b ratio
results in earlier yield time. FIG. 9 and 10 depict stress cloud diagrams of the steel pipe
within SIS. Considering the similarity in stress distribution and failure modes among
steel tubes with different h/b and n values in SIS, only two diagrams are presented in
FIG. 9 and 10. The stress cloud diagrams from FIG. 9 and 10 reveal that as horizontal
displacement load increases, buckling failure initiates at the lower end of the steel pipe
along the loading direction first, followed by buckling failure at the upper end. The
yield area of the steel pipe gradually increases with an increase in n under the same h/b,
as depicted in FIG. 9. Furthermore, the stress cloud diagram in Figure 10 reveals that
for a constant n, the yield area at the upper end of the steel pipe progressively decreases
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with an increase in h/b. It is noteworthy that when the aspect ratio exceeds 4.2, no
damage occurs at the upper end of the steel pipe anymore. Therefore, for aspect ratios
below 4.2, attention should be given to both upper and lower end yielding; whereas for
aspect ratios above 4.2, emphasis should be placed on lower end yielding instead. Ad-
ditionally, Figure 11 demonstrates that as o (steel pipe content) increases, there is a
gradual reduction in yield area at the upper end of the steel pipe until it no longer yields
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at all when o reaches or exceeds 9.6%.

Fig. 7. 0=6.4%, the relationship between stress and shear deformation of rubber bearing curve

350 350
300 D ST U P !
¥4y
250 i . 250
.
§200 v - §200
b=3
150 r : 150
% v " TR ® . 10162
100 : - hb=3.8 100 o 1=0203
o hb=42 e =043
50 < hb=s 50 v n=0.304
.  b=6 - +n=0365
0100 200 300 400 500 600 0 100 200 300 400 500
S/% S/%

(a)steel pipe n=0.243(p=12MPa)(b)steel pipe h/b=3.8

S/%

350
—pe—a
300 7
250
§200 e
o /b=3
B 120 s hb=34
v hb=338
+—hb=42
< b=
N > hb=6
0 100 200 300 400 500
S/%

(c)bolt n=0.243(p=12MPa)(d)connecting plate n=0.243(p=12MPa)

S, Mises

(Avg: 75%)
- +6.400e+02 [T
+5.912¢+02
+5.423e+02
+4.935¢+02
+4.446e+02
+3.958e+02
+3.470e+02
+2.981e+02
- +2.493e+02
+2.004e+02
+1.516e+02
+1.028e+02
+5.392¢+01

(a)h/b=3

S, Mises
(Avg: 75%)

+3.150e+02
+2.901e+02
+2.652¢+02
+2.403e+02
+2.154e+02
+1.905¢+02
+1.656e+02
+1.406e+02
+1.157e+02
+9.083e+01
+6.592¢+01
+4.101e+01
+1.610e+01

S, Mises S, Mises
(Avg: 75%) (Avg: 75%)

- +6.400e+02 +6.400e+02
+5.898e+02 +5.906e+02
+5.397e+02 +5.413e+02
+4.895e+02 +4.919e+02
+4.394e+02 +4.425¢+02
+3.892e+02 +3.932e+02

- +3.390e+02 +3.438e+02
+2.889e+02 +2.944e+02

- +2.387e+02 - +2.451e+02
+1.886e+02 +1.957e+02
+1.384e+02 +1.463e+02
+8.824e+01 +9.696e+01
+3.808e+01 +4.759¢+01

(b)h/b=4.2 (c)h/b=5
S, Mises .
N S, Mises
(Avg: 75%) (Ave: 75%)

+3.150e+02
+2.898e+02
+2.646e+02
+2.393e+02
- +2.141e+02
+1.889e+02
+1.637e+02
+1.384e+02
+1.132e+02
— +8.799¢+01
+6.276e+01
+3.754e+01
+1.232e+01

(e)h/b=4.2

+3.150e+02 13

- +8.871e+01
+6.357e+01
+3.842e+01
+1.328e+01

(f) h/b=5




Failure mode analysis of lead rubber bearings and CFST column 333

PEEQ PEEQ PEEQ
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+3.883¢-02 +4.593¢-02 +4.574¢-02
+3.550¢-02 +4210¢-02 L +41193¢-02
+32366-02 +3.828¢-02 +3811¢-02
- 42912602 +3.445¢-02 +3.430¢-02
+2.589¢-02 - +3.062¢-02 - +3.049¢-02
+2265¢-02 +2.679¢-02 +2.668¢-02
+1.941e-02 +2297¢-02 +2287¢-02
- +1.618¢-02 +1.914¢-02 +1.906¢-02
- +1.294¢-02 +1.531¢-02 +1.525¢-02
+9.707¢-03 - +1.148¢-02 +1.143¢-02
+6.471¢-03 - +7.655¢-03 +7.623¢-03
+3236¢-03 +3.828¢-03 +3:811¢-03  RQi
+0.000¢+00 +0.000¢+00 +0.000¢+00
(g)h/b=3 (h)h/b=4.2 (i)h/b=5

Fig. 8. Finite element simulation results of concrete inside bolts, connecting plates and steel
tubes under 0=6.4% and n=0.243

S, Mises S, Mises S, Mises
(Avg: 75%) (Avg: 75%) (Avg: 75%)
~ +3.050e+02 7 - +3.050e+02 +3.050e+02
+2.833e+02 - +2.828e+02 +2.827e+02
+2.616e+02 +2.606e+02 +2.604e+02
- +2.398e+02 +2.384e+02 +2.382e+02
+2.181e+02 +2.162e+02 +2.159¢+02
-~ +1.964e+02 - +1.941e+02 +1.936e+02
+1.747e+02 +1.719e+02 +1.713e+02
+1.529¢+02 +1.497e+02 - +1.490e+02
- +1.312e+02 - +1.275e+02 +1.268e+02
+1.095e+02 +1.053e+02 +1.045¢+02
+8.776e+01 +8.312¢+01 +8.221e+01
+6.604e+01 +6.093e+01 - +5.994¢+01
+4.431e+01 +3.874e+01 +3.766e+01
(a)n=0.162 (b)n=0.203 (c)n=0.243
S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
+3.050e+02 +3.050e+02
+2.834¢+02 +2.831e+02
+2.618e+02 +2.612¢+02
+2.401e+02 +2.393e+02
+2.185¢+02 +2.174e+02
+1.969¢+02 +1.955e+02
+1.753e+02 +1.736e+02
+1.536e+02 +1.516e+02
+1.320e+02 +1.297e+02
+1.104e+02 +1.078e+02
+8.876¢+01 +8.592e+01
+6.714e+01 +6.402e+01
+4.552¢+01 +4.211e+01
(d)n=0.304 (e)n=0.365
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Fig. 10. Stress nephogram of steel pipe with different h/b at n=0.243, 0=6.4%
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Fig. 11. Stress Cloud Map of Steel Pipe at h/b=3, n=0.243(p=12MPa)

4 Conclusions

The pushover analysis method is employed in this study to examine the failure mode
of a novel series isolation system comprising rubber bearings and concrete-filled steel
tube columns. The subsequent findings are as follows:

(1) The nappe curve of SIS is trilinear. When the aspect ratio and steel content are
constant, the bearing capacity of SIS decreases gradually with the increase of axial
compression ratio. When axial compression ratio and steel content are constant, the
column stiffness decreases and the bearing capacity of SIS decreases with the increase
of aspect ratio. When the ratio of height to width and axial compression is constant, the
bearing capacity of SIS increases gradually with the increase of steel content. The me-
chanical properties of SIS are optimal when the ratio of height to width is less than or
equal to 4.2 and the steel content is greater than or equal to 6.4%.

(2) The shear failure of bolts is mainly shear failure, and the shear failure of bolts is
gradually weakened with the increase of aspect ratio. The buckling failure of the con-
necting plate is caused by the tension and compression of the support, and the failure
weakens gradually with the increase of the aspect ratio. The failure of concrete is con-
centrated in the upper and lower ends of the column, and the compression failure. The
failure point of the steel pipe is at both ends, mainly the buckling failure and tension
failure.

(3)Under the same aspect ratio and steel content, the yield area of the steel pipe
gradually increases with the increase of axial compression ratio. Under the same axial
compression ratio and steel content, the yield area of the upper end of the steel pipe
decreases gradually with the increase of the aspect ratio. Under the same aspect ratio
and axial compression ratio, with the increase of o, the lower end of the steel pipe
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gradually no longer yields, and only the upper end of the steel pipe has a buckling
phenomenon.

(4)In the structural design, the height to width ratio and steel content of the column
should be specified. According to the research in this paper, it is suggested to set the
aspect ratio interval of CFST column to be less than or equal to 4.2, the steel content
interval of steel pipe to be greater than or equal to 6.4%, and the mechanical properties
of SIS are the best. There are still some shortcomings in the research content of this
paper, and further research will be carried out.
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