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Abstract: This paper presents the numerical investigation on the seismic performance of a
steel–concrete hybrid structure consisting of reinforced concrete (RC) tubular columns and steel
braced truss with A-shaped steel frames, which is a novel supporting structural system to house
air-cooled condensers (ACC) in large-capacity thermal power plants (TPPs). First, the finite element
(FE) modeling approach for this hybrid structure using the software ABAQUS was validated by a
range of pseudo-dynamic tests (PDTs) performed on a 1/8-scaled sub-structure. The failure process,
lateral displacement responses, changing rules of dynamic characteristic parameters and lateral
stiffness with increase of peak ground acceleration (PGA) were presented here. Then, nonlinear
time-history analysis of the prototype structure was carried out. The dynamic characteristics, base
shear force, lateral deformation capacity, stiffness deterioration and damage characteristics were
investigated. Despite the structural complexity and irregularity, both experimental and numerical
results indicate that the overall seismic performance of this steel–concrete hybrid supporting structure
meets the seismic design requirements with respect to the high-intensity earthquakes.

Keywords: hybrid structure; thermal power plant (TPP); seismic performance; pseudo-dynamic test;
numerical modeling

1. Introduction

In the past two decades, many studies on steel–concrete hybrid structures have been carried
out [1–3]. Compared to either traditional steel or reinforced concrete (RC) structures, steel–concrete
hybrid structures are more efficient and economical since they can effectively combine the advantages
of structural steel and RC components. In practice, a huge number of high-rise buildings applied the
steel–concrete hybrid structural system [4–7]. Moreover, for industrial buildings, due to the limits of
industrial requirements and special loads characteristics, the steel–concrete hybrid structural system
has the unique priority to realize more flexible structural layouts [8,9]. With the development of society
and economy, more and more novel steel–concrete hybrid structural systems have been developed.

RC tubular column-steel braced truss structure is a novel steel–concrete hybrid supporting
structural system to house air-cooled condensers (ACC) in large-capacity thermal power plants (TPPs).
As a water-saving cooling process in TPPs, ACC technique is widely applied in the coal-rich but
water-shortage regions [10,11]. Compared with the traditional supporting structure that consists of a
series of A-shaped steel frames resting on a steel truss platform supported by an array of RC tubular
columns, the novel supporting structure utilized steel diagonal braces to connect the steel truss and
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columns so as to further upgrade the structural safety performance. Figure 1 shows the photos of a
practical supporting structure with steel diagonal braces. As a type of special and complex industrial
structure, its main characteristics could be summarized as follows:

(1) Long-span and heavy-load structure. The height is about 60~70 m and the span is about
100~120 m. The vertical load is above 10,000 tons due to the large industrial units.

(2) Steel–concrete vertical hybrid structure consisting of different substructures made of different
materials. The lower parts are a series of RC tubular columns. The middle part is a steel braced
truss, where steel diagonal braces are set between the lower chords of truss and the corbels of
columns. The upper parts are a series of A-shaped steel frames, above 10 m-height.

(3) Rigid-upper-flexible-bottom structure. Due to the characteristics of structural components and
industrial requirements, the stiffness and mass are mainly distributed in the upper structure,
resulting in the uneven distribution of stiffness and mass along the vertical direction.
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Figure 1. Photos of a practical supporting structure with diagonal braces: (a) Global structure;
(b) A-shaped steel frames resting on the steel truss.

Taking these complexities and irregularities into account, in order to apply ACC technology in
large-capacity TPPs located in strong earthquake prone regions, it is necessary to conduct a thorough
study on the seismic performance of this hybrid structure. As we know, the pseudo-dynamic test
(PDT) method is an effective way to investigate the seismic resistant capacity of building structures
subjected to earthquake waves, and it involves online computers that are net worked with each other
to control the input forces [12,13]. With the PDT techniques, we can not only simulate the responses of
large-scale structures subjected to earthquake, but also observe closely the seismic-resistant capacity
of structures using slow loading procedures [14,15]. In view of this, a series of pseudo-dynamic
tests were performed on a 1/8 scaled sub-structure, and the general experimental results have been
introduced [16]. However, due to the peculiarities of the structural system and limitations of the
scaled model sub-structural test method, the seismic performance of this hybrid structure hasn’t been
clarified yet.

It is known that the numerical simulation is another effective approach to investigate the seismic
performance of structures, and significant progress has been made in the development of nonlinear
analysis programs for evaluating the seismic performance of steel–concrete hybrid structures [17–21].
Accordingly, on the basis of experimental results, the numerical investigation on the seismic
performance of this hybrid structure was conducted in this study. At first, a finite element (FE)
simulation of the test specimen was conducted by using the software ABAQUS so as to validate
the numerical modeling approaches. In addition, some experimental results not reported before
were presented here together with the FE simulation results. Then, the numerical model for the
prototype structure was developed to further investigate the seismic behavior through nonlinear
time-history analysis.
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2. Structure Description

The prototype structure is a 66 m-height air-cooled condenser supporting structure assumed
to be located in high seismic zone of China. The plan layouts and elevation views of the prototype
structure are shown in Figure 2. Table 1 summarizes the cross sectional properties of the main
structural components.
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Table 1. Cross sectional properties of structural components.

Component Material Location Cross Section (mm)

Tubular column

Concrete (C40)
External diameter 4000

Wall thickness 400

Steel rebar
Longitudinal rebar Φ25 (HRB400)

Circular stirrup Φ10 (HPB300)

Truss Steel (Q345B)

Web member
Diagonal Φ273 × 10

Vertical Φ180 × 6

Chord member
Lower HW300 × 305

Upper HW350 × 350

Diagonal brace Steel (Q345B) – �450 × 450 × 30

A-shaped frame Steel (Q345B)
Horizontal beam HN390 × 300 × 10

Diagonal column HM300 × 200 × 8

The seismic precautionary intensity of the located area for the prototype structure is 8-degree
and the site condition is site-class II. According to the China seismic design code [22], all structures
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should satisfy the seismic demands under three hazard levels, that is, the structure should keep elastic
under the frequent earthquake with 63.3% probability of exceedance in 50 years (Level 1), should be
in use after repairment under the basic earthquake with 10% probability of exceedance in 50 years
(Level 2), and should not collapse under the rare earthquake with 2% probability of exceedance in
50 years (Level 3). In addition, for the major construction projects, such as the air-cooled condenser
supporting structure presented in this study, should not collapse under the very rare earthquake with
10−4 probability of exceedance in one year (Level 4) recommended by the seismic ground motion
parameters zonation map of China [23]. For the 8-degree of seismic precautionary intensity for the
hybrid structure presented in this study, the peak accelerations corresponding to the four seismic
hazard levels as introduced above are 0.10, 0.20, 0.40 and 0.60 g, respectively.

3. Pseudo-Dynamic Tests and Numerical Analysis of Model Structure

3.1. Introduction of Test Program

Due to limitation of the test field, a scaled sub-structure was selected from the prototype structure,
as shown in Figure 3. The scaling factor for length L was determined as 1/8. Other scaling factors can
be obtained by the principle of dimensional analysis [24]. Figure 3 shows the layouts and dimensions
of test specimen. Figure 4 shows the steel arrangements of the RC tubular column. Considering there
were no proper shaped steel to simulate the scaled steel truss, square hollow steel tubes were selected
to fabricate the steel truss used in the specimen. The cross section details of the steel truss are shown in
Figure 5. Table 2 provides the material properties of steel used in the specimen. The actual compressive
and tensile strength of concrete used for the tubular columns were 28.3 and 2.5 MPa, respectively.
The modulus of elasticity of concrete was 3.22 × 104 N/mm2.
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Figure 3. Layouts and dimensions of test specimen (unit: mm): (a) Sub-structure selected from the
prototype structure; (b) Plan layout of reinforced concrete (RC) tubular columns; (c) Elevation view
along the direction of A-shaped frames.
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Figure 5. Cross sections of members in steel truss (unit: mm): (a) Elevation view of plane trusses in 1©,
5©, A, E axises; (b) Elevation view of plane trusses in 2©, 4©, B, D axises; (c) Elevation view of plane

trusses in 3©, C axises (The axises were designated in Figure 3).

Figure 6 shows the test setup. Two hydraulic actuators were fixed respectively at the middle
part of steel truss platform (6.563 m) and the top of A-shaped frame (8.106 m). The lower actuator
located on the middle part of steel truss was set as the main control point. The loading protocol of
each actuator was controlled by an online computing system capable of operating the PDT procedures.
The input forces provided by the actuators was calculated by the Newmark-β method during the
online PDT procedure [16].
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Table 2. Material properties of steels used in the test specimen.

Material Position of Sampling Section
(mm)

Yield Strength Fy
(MPa)

Ultimate Strength
Fu (MPa)

Modulus of
Elasticity (N/mm2)

Steel
rebar

Tubular
column

Stirrup ϕ8 325 435

2.0 × 105

Longitudinal rebar ϕ10 532 656

Steel tube

Truss

Diagonal web
member

40 × 2.5 432 463

40 × 2.0 380 445

Vertical web
member

50 × 2.5 400 430

50 × 2.0 382 453

Chord member 50 × 2.5 400 430

Diagonal brace 70 × 3.5 365 420

A-shaped
frame

Horizontal beam 30 × 1.5 323 403

Diagonal column 40 × 1.5 375 480
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The initial 8 s of El-Centro (NS) record was selected as the input ground motion for its ample
spectral components and adaptability to the sites. Based on the time scaling factor of 1/

√
8, the duration

and time interval of the input ground motion were determined as 2.8 s and 0.0035 s, respectively. Seven
intensity levels of PGAs with 0.05, 0.10, 0.20, 0.30, 0.40, 0.60 and 0.80 g were used to simulate different
hazard levels of earthquakes. In addition, free vibration with duration of 1.75 s was added for each
loading case to investigate the changing rules of dynamic characteristics with the increase of PGA.
Therefore, each PGA level was finally loaded by 800 steps (2.8 s) and subsequent 500 steps (1.75 s).

The loading ratio between the two actuators was 1:1.28, which was derived by the first mode
vibration and mass matrix [16]. During the whole loading process, lateral displacements were recorded
by the displacement meters (e.g., D-1) laterally installed on the top of A-shaped frame, middle part of
steel truss, corbel, middle part of column and ground beam, as shown in Figure 6.

3.2. Finite Element Modeling Program

3.2.1. General

To further enhance the understanding of the seismic behavior for this steel–concrete hybrid
supporting structure, nonlinear finite element analysis was carried out on the basis of experimental
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study. A full 3D fiber-based FE modeling approach for this hybrid structure was developed by
the software ABAQUS. Meanwhile, through the comparative analysis between the numerical and
experimental results, the modeling approaches for this peculiar steel–concrete hybrid structure were
validated, which can be adopted to develop the numerical model of prototype structure.

3.2.2. Model Elements and Constitutive Relationships of Materials

A three-dimensional beam element B31 was employed to model the steel truss and diagonal
braces. It has two nodes and each node has 6-degree-of-freedom. Shear deformation and finite axial
strain are considered. For different types of cross sections, multiple integration points are used to
export the stress and strain. In this paper, box-, I-, circular- and L-shaped cross sections were used, and
the number of the corresponding integration points are 16, 13, 8 and 9 respectively. A quadrilateral
shell element with reduced integration S4R was used to model the RC tubular columns. It is a general
shell element with 4 nodes and each node has 6-degree-of-freedom. It could consider the transverse
shear deformation. It follows the Mindlin shell theory with increase of the thickness, while follows
the Kirchhoff shell theory with decrease of the thickness. It considers the finite membrane strain and
arbitrarily large rotation, suitable for the large deformation analysis. The numerical integration method
is adopted to calculate the stress and strain for each cross-sectional point along the thickness direction
of the shell element. 5 integration points are assigned in the thickness direction so as to simulate the
progressive failure process of the shell element [25–28].

For steel components including the truss, A-shaped frames and diagonal braces, the stress-strain
relationship of steel was simulated by the bilinear kinematic hardening model, which takes into
account the Bauschinger effect under cyclic loading. The material parameters of the steel are given in
Table 2.

For concrete tubular columns, the concrete damaged plasticity (CDP) model provided in
the material library of ABAQUS was adopted to simulate the mechanical behavior of concrete.
The compressive strength, tensile strength and Young’s modulus were introduced in Section 3.1.
The uniaxial tensile and compressive damaged stress-strain relationships expressed by Equations (1)–(7)
were used to determine the parameters of the damaged plasticity model of concrete according to the
China design code of concrete structures [29].

σ = (1− dt)E0ε (1)

x = ε/εt0 (2)

dt =

1−
(
1.2− 0.2x5) x ≤ 1

1− 1
αt(x−1)1.7+x

x > 1
(3)

σ = (1− dc)E0ε (4)

x = ε/εc0 (5)

dc =

{
1− n

n−1+xn x ≤ 1
1− 1

αc(x−1)2+x
x > 1 (6)

n =
Ecεc0

Ecεc0 − fc
(7)

where dt and dc are respectively the uniaxial tensile and compressive damage evolution parameters for
concrete; E0 is the initial elastic modulus of concrete; εt0 and εc0 are respectively the peak strains of
the uniaxial tensile and compressive stress-strain curves for concrete; αt and αc are respectively the
descending stage parameters of the uniaxial tensile and compressive stress-strain curves for concrete,
equal to 1.95 and 1.94, respectively; f c is the uniaxial compressive strength of concrete.



Appl. Sci. 2018, 8, 294 8 of 20

The energy equivalence hypothesis was adopted to establish the damage evolution rules, and it
supposed that the elastic complementary energy of the damaged material has the same form with
the undamaged material, except that the stress of the undamaged material should be replaced by the
effective stress of the damaged material [30]. The elastic complementary energy corresponding to the
undamaged material and the damaged material can be expressed by Equations (8) and (9), respectively.

W0 =
σ2

2E0
(8)

WD =
σ2

2E0
=

σ2

2E0(1− D)2 =
σ2

2ED
(9)

where σ is the effective stress; σ is the Cauchy stress; D is the scalar damage variable.
According to the energy equivalence hypothesis, the following equation can be obtained.

ED = (1− D)2E0 (10)

Then, the CDP law can be described as follows:

σ = (1− D)2E0ε (11)

Herein, we assumed that there is no damage before the stresses reach the peak values for both of
the tensile and compressive cases. Finally, compare Equation (11) with Equations (1)–(7), the damage
model of concrete in this paper can be expressed by the following equations.

Dt =

 0 ε ≤ εt0

1−
√

1
αt(ε/εt0−1)1.7+ε/εt0

ε > εt0
(12)

Dc =

 0 ε ≤ εc0

1−
√

1
αc(ε/εc0−1)2+ε/εc0

ε > εc0
(13)

3.2.3. Numerical Model Description

Figure 7a shows the whole FE model of the test specimen. In practice, the steel diagonal braces
were connected with the column through corbels in the specimen, as shown in Figure 7b. However,
in order to simply the FE modeling procedure, the steel diagonal brace was connected with the column
directly. Four pieces of steel plates were added on the four elements around the brace-to-column
connection point to avoid the stress concentration. Figure 7c shows the simplified brace-to-column
connection of the FE model. The tie constraint was used as the general interaction law for all the
welded steel components, i.e., the welded connections in the A-shaped frames, steel truss, A-shaped
frame-to-truss connections and truss-to-brace connections, and hence possible relative displacements
and rotations of the welded connections were fully neglected. Integral modeling method was adopted
to simulate the concrete and steel rebars in RC columns, where the embedded constraint was used for
the steel rebars. The pin-connected joint was used to simulate the column-to-truss connection, which is
between the rigid and pin connections in the test specimen where the top of column and steel truss was
connected through the welded connections between the embedded steel plate in the top column and
the steel truss, as shown in Figure 7d. Meanwhile, in order to transfer the actions from the steel truss to
the columns uniformly, the three-dimensional truss element T3D2 was used to realize the load transfer
process, as shown in Figure 7e. It has two nodes, and each node has 3-degree-of-translational freedom.
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3.3. Experimental and Numerical Results

3.3.1. Cracking Process and Failure Modes

In general, cracks mainly occurred on the tubular columns during the PDTs, however, the steel
components including the truss, diagonal braces and A-shaped frames kept elastic. Figure 8 shows the
measured strains of the steel truss members and diagonal brace during the final PDT case with PGA of
0.8 g. It can be found that the steel truss and diagonal braces did not yield. Moreover, it was observed
that all of the four tubular columns exhibited similar failure modes. Table 3 summarizes the cracking
details of column C1 as designated in Figure 3a under PDTs. Initially, no noticeable cracks occurred
at peak acceleration levels of 0.05 and 0.1 g, indicating that the tubular columns were nearly under
elastic stage. When PGA came up to 0.20 g, the initial cracks were observed on the bottom of column.
Figure 9 shows the observed cracking patterns of columns after PDTs. Figure 10a,b respectively show
the numerical tensile damage distribution patterns of columns at the end of loading case with PGA
of 0.20 and 0.60 g, which agreed well with the test results. Both the experimental and numerical
results indicated that the cracks formed and developed on the bottom of column, lower part of corbel
and upper part of corbel successively with the increase of PGA. Analysis showed that the observed
damage coincided with the expected design results. Because the steel truss and A-shaped frames
bear the important plants directly due to the technological requirements in TPPs, are expected to
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suffer negligible damage under earthquakes. In addition, as the strengthening components to improve
the overall stiffness and the structural integrity, the steel diagonal braces should not failure ahead of
other components.
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Figure 10. Numerical results of tensile damage patterns of tubular columns: (a) At the end of loading
case with PGA (peak ground acceleration) of 0.20 g; (b) At the end of loading case with PGA of 0.60 g.

3.3.2. Lateral Displacement Responses

Table 4 summarizes the test results of maximum lateral displacements and drift ratios on the top
of A-shaped frame. Figure 11 presents the comparison of time-history lateral displacement responses
between the FE simulation and test results. It can be found that there was a good agreement between
the numerical and experimental results. Both the peak values and phases of the lateral displacements
exhibited the reasonable accuracy. This indicated that the proposed FE simulation approaches could
reasonably simulate the seismic behavior of this hybrid structure. In addition, it can be seen that the
occurring moments of peak displacements were delayed with increase of PGA, as shown in Figure 11d.
This was due to the fact that the accumulated damage of the specimen with increase of PGA, resulting
in the stiffness deterioration.

Table 4. Test results of maximum lateral displacements and drift ratios on the top of A-shaped frame.

PGA (g)
Forward Loading Direction (+) Backward Loading Direction (−)

Maximum Lateral
Displacement (mm)

Maximum Roof
Drift Ratio (%)

Maximum Lateral
Displacement (mm)

Maximum Roof
Drift Ratio (%)

0.05 1.28 0.02 0.97 0.01
0.10 2.05 0.03 1.52 0.02
0.20 8.23 0.10 8.07 0.10
0.30 10.70 0.13 9.77 0.12
0.40 12.72 0.16 11.73 0.14
0.60 17.99 0.22 16.66 0.21
0.80 29.07 0.36 32.29 0.40

Appl. Sci. 2018, 8, 294 11 of 20 

 

  
(a) (b) 

Figure 10. Numerical results of tensile damage patterns of tubular columns: (a) At the end of loading 

case with PGA (peak ground acceleration) of 0.20 g; (b) At the end of loading case with PGA of 0.60 g. 

3.3.2. Lateral Displacement Responses 

Table 4 summarizes the test results of maximum lateral displacements and drift ratios on the top 

of A-shaped frame. Figure 11 presents the comparison of time-history lateral displacement responses 

between the FE simulation and test results. It can be found that there was a good agreement between 

the numerical and experimental results. Both the peak values and phases of the lateral displacements 

exhibited the reasonable accuracy. This indicated that the proposed FE simulation approaches could 

reasonably simulate the seismic behavior of this hybrid structure. In addition, it can be seen that the 

occurring moments of peak displacements were delayed with increase of PGA, as shown in Figure 

11d. This was due to the fact that the accumulated damage of the specimen with increase of PGA, 

resulting in the stiffness deterioration. 

Table 4. Test results of maximum lateral displacements and drift ratios on the top of A-shaped frame. 

PGA (g) 

Forward Loading Direction (+) Backward Loading Direction (−) 

Maximum Lateral 

Displacement (mm) 

Maximum Roof Drift 

Ratio (%) 

Maximum Lateral 

Displacement (mm) 

Maximum Roof Drift 

Ratio (%) 

0.05 1.28 0.02 0.97 0.01 

0.10 2.05 0.03 1.52 0.02 

0.20 8.23 0.10 8.07 0.10 

0.30 10.70 0.13 9.77 0.12 

0.40 12.72 0.16 11.73 0.14 

0.60 17.99 0.22 16.66 0.21 

0.80 29.07 0.36 32.29 0.40 

  
(a) (b) 

0 1 2 3 4 5
-15

-10

-5

0

5

10

15

 

 

L
at

er
al

 d
is

p
la

ce
m

en
t 

(m
m

)

Time (s)

 Test

 FE simulation

0 1 2 3 4 5
-15

-10

-5

0

5

10

15

 

 

L
at

er
al

 d
is

p
la

ce
m

en
t 

(m
m

)

Time (s)

 Test

 FE simulation

Figure 11. Cont.



Appl. Sci. 2018, 8, 294 12 of 20

Appl. Sci. 2018, 8, 294 12 of 20 

 

  
(c) (d) 

Figure 11. Comparison of time-history lateral displacement responses between the FE simulation and 

test results: (a) Top of A-shaped frame under 0.40 g; (b) Middle part of truss under 0.40 g; (c) Middle 

part of column under 0.40 g; (d) Top of A-shaped frame under 0.20 g, 0.40 g and 0.60 g. 

3.3.3. Changing Rules of Dynamic Characteristic Parameters and Lateral Stiffness 

With the increase of PGA, the structural damage generated and accumulated, resulting in the 

elongation of fundamental period, the increase of the damping ratio and the decrease of dynamic 

magnification factor. Meanwhile, the lateral stiffness gradually deteriorated with the accumulation 

of structural damage. 

Table 5 shows test results of the fundamental period, damping ratio, dynamic magnification 

factor and lateral stiffness of the specimen under PDTs. The dynamic magnification factor was 

defined as the ratio between the maximum acceleration response and input PGA. The lateral stiffness 

Ki was calculated by the following formula [16]: 

ii

ii

i
XX

FF
K




  (14) 

where +Fi and −Fi are respectively the peak load under the ith loading case of the PDTs in two opposite 

directions; +Xi and −Xi are respectively the displacement corresponding to the peak load under the 

ith loading case of the PDTs in two opposite directions. 

Table 5. Dynamic characteristic parameters and lateral stiffness of the specimen subjected to different 

PGAs. 

PGA (g) 
Fundamental 

Period (s) 

Damping Ratio 

(%) 

Dynamic Magnification 

Factor 

Lateral Stiffness 

(kN/mm) 

0.05 0.31 4.78 1.60 9.63 

0.10 (Level 1) 0.35 4.93 1.59 9.04 

0.20 (Level 2) 0.46 6.95 1.52 6.47 

0.30 0.48 6.96 1.50 6.18 

0.40 (Level 3) 0.49 6.97 1.44 5.78 

0.60 (Level 4) 0.53 8.57 1.29 4.98 

0.80 0.59 12.19 1.18 3.95 

In order to investigate the changing rules of dynamic characteristic parameters and lateral 

stiffness of the specimen with the increase of PGA, the relative ratio γd was defined as the ratio 

between the dynamic characteristic parameter, i.e., fundamental period, damping ratio and dynamic 

magnification, under one specific loading case of the PDTs to that under the first loading case with 

PGA of 0.05 g. Specially, when PGA is 0.05 g, the relative ratios of the dynamic characteristics 

parameters are 1. Similarly, the relative stiffness ratio γs was defined as the ratio between the lateral 

0 1 2 3 4 5
-15

-10

-5

0

5

10

15

 

 

L
at

er
al

 d
is

p
la

ce
m

en
t 

(m
m

)

Time (s)

 Test

 FE simulation

0 1 2 3 4 5
-30

-20

-10

0

10

20

30

 

 

L
at

er
al

 d
is

p
la

ce
m

en
t 

(m
m

)

Time (s)

 0.20g (Test)   0.40g (Test)   0.60g (Test)

 0.20g (FE simulation)   0.40g (FE simulation)

 0.60g (FE simulation)

Delayed margin of 

peak response

Peak response at 

the same moment

Figure 11. Comparison of time-history lateral displacement responses between the FE simulation and
test results: (a) Top of A-shaped frame under 0.40 g; (b) Middle part of truss under 0.40 g; (c) Middle
part of column under 0.40 g; (d) Top of A-shaped frame under 0.20 g, 0.40 g and 0.60 g.

3.3.3. Changing Rules of Dynamic Characteristic Parameters and Lateral Stiffness

With the increase of PGA, the structural damage generated and accumulated, resulting in the
elongation of fundamental period, the increase of the damping ratio and the decrease of dynamic
magnification factor. Meanwhile, the lateral stiffness gradually deteriorated with the accumulation of
structural damage.

Table 5 shows test results of the fundamental period, damping ratio, dynamic magnification factor
and lateral stiffness of the specimen under PDTs. The dynamic magnification factor was defined as
the ratio between the maximum acceleration response and input PGA. The lateral stiffness Ki was
calculated by the following formula [16]:

Ki =
|+Fi|+ |−Fi|
|+Xi|+ |−Xi|

(14)

where +Fi and−Fi are respectively the peak load under the ith loading case of the PDTs in two opposite
directions; +Xi and −Xi are respectively the displacement corresponding to the peak load under the
ith loading case of the PDTs in two opposite directions.

Table 5. Dynamic characteristic parameters and lateral stiffness of the specimen subjected to
different PGAs.

PGA (g) Fundamental
Period (s)

Damping Ratio
(%)

Dynamic
Magnification Factor

Lateral Stiffness
(kN/mm)

0.05 0.31 4.78 1.60 9.63
0.10 (Level 1) 0.35 4.93 1.59 9.04
0.20 (Level 2) 0.46 6.95 1.52 6.47

0.30 0.48 6.96 1.50 6.18
0.40 (Level 3) 0.49 6.97 1.44 5.78
0.60 (Level 4) 0.53 8.57 1.29 4.98

0.80 0.59 12.19 1.18 3.95

In order to investigate the changing rules of dynamic characteristic parameters and lateral stiffness
of the specimen with the increase of PGA, the relative ratio γd was defined as the ratio between the
dynamic characteristic parameter, i.e., fundamental period, damping ratio and dynamic magnification,
under one specific loading case of the PDTs to that under the first loading case with PGA of 0.05 g.
Specially, when PGA is 0.05 g, the relative ratios of the dynamic characteristics parameters are 1.
Similarly, the relative stiffness ratio γs was defined as the ratio between the lateral stiffness under one



Appl. Sci. 2018, 8, 294 13 of 20

specific loading case of the PDTs to that under the first loading case with PGA of 0.05 g. It is 100%
when PGA equals to 0.05 g.

Figure 12 presents the relative stiffness ratio γs and relative ratios γd of dynamic characteristic
parameters of the specimen subjected to different PGAs. It can be found that the specimen had obvious
stiffness deterioration characteristics, due to the cracks occurring and propagation on RC tubular
columns. When PGA was less than 0.20 g, the stiffness deteriorated sharply due to the initial cracking
of concrete. Then, the speed of stiffness deterioration slowed after PGA came up to 0.20 g. When PGA
equaled to 0.40 g which referred to the seismic hazard level 3 as introduced in Section 2, the stiffness
was about 60% of its initial value, indicating that the lateral stiffness performance of the specimen was
good enough to meet the design requirement of “not collapse under rare earthquake” in the China
seismic design code [22]. Correspondingly, with the increase of PGA, the fundamental period and
damping ratio increased, while the dynamic magnification factor decreased.
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Figure 12. Relative stiffness ratio and relative ratios of dynamic characteristic parameters under PDTs.

4. Numerical Analysis of Prototype Structure

4.1. FE Model of Prototype Structure

The FE model of the prototype structure was developed through the modeling approach which
has been validated with test results. The layouts and dimensions of the prototype structure are shown
in Figure 2. The cross sectional and material properties of structural components are given in Table 1.
Figure 13 shows the whole FE model of the prototype structure.
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4.2. Dynamic Characteristics

The dynamic characteristics of the prototype structure are shown in Table 6. Figure 14 shows
the vibration modes of first three modes. As shown in Table 6, it can be found that the accumulated
participating mass coefficients of the first three vibration modes can reach above 0.97. In addition,
the first fundamental period was 1.216 s and the corresponding vibration mode was torsion, as shown in
Figure 14a. The plan layouts are regular and symmetric (as shown in Figure 2), however, the stiffness
and mass mainly distribute on the upper part of the structure along the vertical direction, easily
generate the torsional effect which is adverse to the seismic design. According to the China seismic
design code [22], the period ratio between the first torsional mode and the first translation mode should
not be larger than 0.85 so as to prevent excessive structural torsion. The calculated result showed that
the period ratio of this structure was about 1.02, which was larger than 0.85. This indicated that the
torsional effect should not be neglected in the structural design for this hybrid structure.

Table 6. Numerical results of dynamic characteristics.

Mode Number Period (s) Vibration Mode
Participating Mass Coefficient

X Direction Y Direction RZ Direction

1 1.216 Torsion 0.023 0.000 0.964

2 1.194 Y-direction
translation 0.950 0.000 0.026

3 1.185 X-direction
translation 0.001 (0.974) 1.000 (1.000) 0.000 (0.990)

Note: The value in the bracket is the accumulated participating mass coefficient.
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4.3. Nonlinear Time-History Analysis

In this section, nonlinear dynamic time-history analyses were carried out on the FE model of
prototype structure. As introduced in Section 2, the prototype structure was located in 8-degree seismic
precautionary intensity region. According to the China seismic design code [22], when conducting the
time-history analysis, the peak acceleration of input ground motion should be respectively scaled to
0.70, 0.20 and 0.40 g to reflect the three seismic hazard levels (frequent, basic and rare earthquakes)
corresponding to the 8-degree seismic intensity. In this study, EL-Centro (NS) wave was selected as the
input ground motion. The duration is 30 s and the time interval is 0.02 s. In addition, considering the
importance of the lifeline engineering, the ground motion with the PGA of 0.62 g was added to further
investigate the seismic performance of this hybrid structure under more severe earthquakes, which
is in accordance with the rare earthquake hazard level corresponding to 9-degree seismic intensity
recommended by the China seismic design code [22]. Furthermore, it also could be regarded as the
very rare earthquake hazard level corresponding to 8-degree seismic intensity with 10−4 probability of
exceedance in one year. Because the peak acceleration of ground motion for the very rare earthquake
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could be taken as the 2.7–3.2 times of the PGA corresponding to the basic earthquake recommended
by the seismic ground motion parameters zonation map of China [23], equals to 5.4–0.64 g.

Figure 15a,b show the time-history base shear force curves and roof lateral displacement curves
subjected to different seismic hazard levels. Table 7 summarizes the maximum base shear forces
and shear-weight ratios. The shear-weight ratio λ of the structure was calculated by the following
formula [22]:

λ =
VEK

G
(15)

where VEK is the maximum base shear force; G is the representative value of gravity load.
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Figure 15. Time-history response curves subjected to different PGAs: (a) Base shear force; (b) Roof
lateral displacement.

Table 7. Base shear forces and shear-weight ratios under different earthquake intensity levels.

Hazard Level
(PGA)

Frequent Earthquake
(0.07 g)

Basic Earthquake
(0.20 g)

Rare Earthquake
(0.40 g)

Very Rare Earthquake
(0.62 g)

Loading
direction

Positive
(+)

Negative
(−)

Positive
(+)

Negative
(−)

Positive
(+)

Negative
(−)

Positive
(+)

Negative
(−)

Base shear force
(kN) 19,823 17,730 32,253 35,736 43,745 43,732 60,916 63,447

Shear-weight
ratio 0.065 0.058 0.105 0.117 0.143 0.143 0.199 0.207

Both time-history base shear force and displacement curves showed that the occurring moment of
peak responses were delayed with increase of PGA, due to the accumulation of the structural damage.
In addition, according to the China technical specification for concrete structures of tall building [31],
the floor shear-weight ratio of structures under the frequent earthquake should be no less than 0.032
for those structures with significant torsion effects or whose fundamental periods are less than 3.5 s.
The calculated results showed that the shear-weight ratio of this hybrid structure was 0.058, which
was larger than 0.032. This indicated that the shear force distribution of this hybrid structure meets the
requirements of the design code.

Figure 16 shows the displacement nephograms of RC tubular columns and the steel truss under
the rare earthquake with PGA of 0.40 g at the moment when the displacements reached the maximum
values. Figure 17 shows the maximum lateral displacement versus height curves under different
hazard levels. It can be found that the lateral deformation pattern of this hybrid structure was shear
mode. The deformation of steel truss could be recognized as the global translation, because the in-plane
deformation of steel truss was very small, as shown in Figure 16b, the difference between the maximum
and minimum displacements was only 22 mm. This was due to the rigid-upper-flexible-bottom
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characteristics of the stiffness distribution along the vertical direction for this kind of hybrid structure.
The plastic deformation of this hybrid structure mainly occurred in the RC tubular columns. Therefore,
RC tubular columns are the main energy dissipating components for this kind of hybrid structure.
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Table 8 summarizes the maximum lateral displacements and drift ratios. The numerical results
showed that the maximum roof drift ratios were respectively 0.06%, 0.13%, 0.22% and 0.40% under the
frequent earthquake, basic earthquake, rare earthquake and very rare earthquake. Figure 18 shows the
maximum stress of steel components, i.e., A-shaped steel frames, steel diagonal braces and steel truss,
subjected to different hazard levels of earthquakes. The results indicated that the steel components did
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not yield, which were in accordance with the PDT results of the model structure. Figure 19 shows the
relative stiffness ratios and damage indexes of the structure. It can be found that the lateral stiffness
of the structure decreased with the increase of PGA, however, it was still 36% of the initial stiffness
under the very rare earthquake. With the increase of PGA, the damage gradually generated and
accumulated. When the PGA equaled to 0.62 g which referred to the very rare earthquake having
10−4 probability of exceedance in one year, the maximum tensile damage index was 0.95, indicating
that the structure damaged severely but still not collapse. Actually, it is not feasible to evaluate its
performance states for this peculiar hybrid structure by reference to general buildings (e.g., frame
structures, shear structures) due to lack of the specified allowable limits of maximum drift ratios for this
kind of hybrid structure recommended by the seismic design code [22]. However, despite the structural
complexity and irregularity, both the experimental and numerical investigations demonstrated that the
RC tubular column-steel braced truss hybrid structure could satisfy the seismic design requirements in
high intensity regions. Nevertheless, further analysis is needed in order to propose the performance
objectives and the criterion for this peculiar steel–concrete hybrid supporting structure. Moreover,
damping and dissipative devices, such as the hysteretic dampers, friction dampers, viscous dampers,
or any other dissipative devices having a rigid-plastic behavior, might be properly located in the
structure to increase the energy dissipative capacity and avoid the yielding of the primary structure
constituted by the RC columns and steel truss with A-shaped steel frames [32,33].
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Figure 19. Relative stiffness ratios and maximum damage indexes of the structure subjected to different
hazard levels.
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Table 8. Summary of maximum lateral displacements and drift ratios.

Hazard Level (PGA)
Maximum Lateral Displacement (mm) Maximum Drift Ratio (%)

Top of A-Shaped
Frame

Top of
Truss

Top of
Column

Top of A-Shaped
Frame

Top of
Truss

Top of
Column

Frequent earthquake
(0.07 g) 36.55 28.74 28.79 0.06 0.05 0.06

Basic earthquake
(0.20 g) 82.94 73.55 70.38 0.13 0.13 0.14

Rare earthquake
(0.40 g) 142.49 140.91 138.85 0.22 0.26 0.28

Very rare earthquake
(0.62 g) 262.12 257.28 250.93 0.40 0.47 0.50

5. Conclusions

The experimental and numerical researches were conducted to investigate the seismic
performance of a steel–concrete hybrid supporting structure consisting of RC tubular columns and
steel braced truss with A-shaped steel frames. The following conclusions can be drawn:

(1) The FE numerical results of the test model structure were in good agreement with the
experimental results, indicating that the proposed FE modeling approaches are reasonable to
simulate the seismic behavior of the steel braces truss-RC tubular column hybrid structure.

(2) PDTs and FE numerical results showed that the cracks occurred and developed successively on
the bottom of column, the lower part of corbel and the upper part of corbel with the increase of
PGA. The measured strains showed that the steel truss and diagonal braces did not yield during
the PDTs, which coincided with the expected design results.

(3) PDTs results showed that the specimen had obvious stiffness deterioration characteristics resulted
from the cracks occurring and propagation on RC tubular columns. When PGA was greater
than 0.20 g, the speed of stiffness deterioration then slowed. When the PGA came up 0.40 g,
the stiffness was about 60% of the initial stiffness. After PGA equaled to 0.80 g, the stiffness
was about 41% of the initial value. Correspondingly, with the increase of PGA, the fundamental
period and damping ratio increased, while the dynamic magnification factor decreased.

(4) The FE numerical results of the prototype structure showed that the first fundamental period
was 1.216 s and the corresponding vibration mode was torsion. The period ratio between the
first torsion period and the first translation period of this hybrid structure was about 1.02, which
was larger than specified limit value of 0.85 in China seismic design code. This indicated that the
torsion effect should not be neglected in the design of this kind of hybrid structure. In addition,
the numerical results showed that the shear-weight ratio of this hybrid structure is 0.058, which
was larger than 0.032, indicating that the shear force distribution of this hybrid structure meets
the requirements of the design code.

(5) The overall lateral deformation pattern of this hybrid structure was shear mode. The maximum
drift ratios of this hybrid structure subjected to different hazard levels of earthquakes were
obtained. Under the very rare earthquake, the structure damaged severely, however, the stiffness
was still 36% of the initial stiffness and the maximum tensile damage index was about 0.95 which
was less than 1, indicating that this hybrid structure could keep upright and not collapse under
the severe earthquake. Overall, the RC tubular column-steel braced truss hybrid structure could
meet the seismic design requirements with respect to the high-intensity earthquakes.

(6) Further analysis is needed in order to propose the performance objectives and the criterion for this
peculiar steel–concrete hybrid supporting structure. Moreover, damping and dissipative devices,
such as the hysteretic dampers, friction dampers, viscous dampers, or any other dissipative
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devices having a rigid-plastic behavior, might be properly located in the structure to increase the
energy dissipative capacity and avoid the yielding of the primary structure constituted by the
steel truss and RC columns.
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