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Abstract. This paper aims to investigate the seismic behavior and influence parameters of the large-scaled thin-walled
reinforced concrete (RC) tubular columns in air-cooled supporting structures of thermal power plants (TPPs). Cyclic loading
tests and finite element analysis were performed on 1/8-scaled specimens considering the influence of wall diameter ratio, axial
compression ratio, longitudinal reinforcement ratio, stirrup reinforcement ratio and adding steel diagonal braces (SDBs). The
research results showed that the cracks mainly occurred on the lower half part of RC tubular columns during the cyclic loading
test; the specimen with the minimum wall diameter ratio presented the earlier cracking and had the most cracks; the failure mode
of RC tubular columns was large bias compression failure; increasing the axial compression ratio could increase the lateral
bearing capacity and energy dissipation capacity, but also weaken the ductility and aggravate the lateral stiffness deterioration;
increasing the longitudinal reinforcement ratio could efficiently enhance the seismic behavior; increasing the stirrup
reinforcement ratio was favorable to the ductility; RC tubular columns with SDBs had a much higher bearing capacity and
lateral stiffness than those without SDBs, and with the decrease of the angle between columns and SDBs, both bearing capacity
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and lateral stiffness increased significantly.
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1. Introduction

In the past, the build location of thermal power plants
(TPPs) is restricted by water resource since the
conventional cooling technique depends directly on the
water. With the development of technology, a novel cooling
technique named direct air-cooled system has been
invented, which is widely adopted for TPPs in water-
deficient regions (Odabaee and Hooman 2011, O’Donovan
and Grimes 2014, Bustamante et al. 2015). So as to support
air-cooled condensers in the direct air-cooled system,
several supporting structural systems have been developed,
such as steel braced frame structure, reinforced concrete
(RC) frame structure, steel solid web girder-RC tubular
column structure, steel truss-RC tubular column structure,
steel braced truss-RC tubular column structure and so forth.
Among them, the latter two types of structural systems have
been widely applied in TPPs with large-capacity units over
600 MW, as shown in Fig. 1. Fig. 2 shows the schematics of
these two structural systems with main dimensional
characteristics. In general, there is an array of large-scale
thin-walled RC tubular columns under the spacial steel truss
platform to support upper A-shaped steel frames and
technological equipment. The steel braced truss-RC tubular
column structure is a novel supporting structure with larger
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seismic capacity compared to the traditional steel truss-RC
tubular column structure, in which steel diagonal braces
(SDBs) are used to connect the corbels of RC tubular
columns and the lower chords of steel truss.

Recently, the overall seismic performance of these two
steel truss-RC tubular column hybrid structures has been
studied based on pseudo-dynamic tests and numerical
analysis (Jiang et al. 2011, Wang et al. 2018, 2019). The
research results indicated that this kind of hybrid supporting
structure has the sufficient ductility and good energy
dissipation capacity to satisfy the seismic requirements in
strong earthquake prone regions. However, it is a single
aseismic fortification structural system, and RC tubular
columns are the main energy dissipation components which
directly affect the safety and reliability of the whole
supporting structure. Accordingly, it is necessary to
investigate the seismic behavior of RC tubular columns on
the basis of the whole structural analysis. In last decades,
several researches regarding RC hollow columns were
carried out (Mokrin 1988, Tayem and Najmi 1996, Yeh et
al. 2002, Han et al. 2014, Lee et al. 2015), however, most
of them focused on bridge piers with rectangle or circle
hollow sections in the field of highway engineering whose
characteristics are different from the RC tubular columns in
air-cooled supporting structures. Due to the production and
functional requirements in TPPs, RC tubular columns in air-
cooled supporting structures always have large size and
bear heavy loads caused by the upper truss platform and
equipment. The height of column is above 30~50 m. The
external diameter of column is about 4~5 m, while the wall
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Fig. 1 Practical photos of two types of steel truss-RC tubular column supporting structures
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Fig. 2 Schematic diagrams of two types of steel truss-RC tubular column supporting structures

thickness is only about 1/10~1/5 of the external diameter, as
shown in Fig. 2(a).

In this study, the seismic behavior and its influence
parameters of RC tubular columns in air-cooled supporting
structures of TPPs were investigated. Firstly, cyclic loading
tests on three 1/8 scaled specimens were conducted. Then,
the finite element modeling approaches were validated by
the cyclic loading tests results. Finally, parametric analysis
was made based on the experimental results and finite
element analysis (FEA) of numerical models with variable
parameters including axial compression ratio, longitudinal
reinforcement ratio, stirrup reinforcement ratio and adding
SDBs.

2 Experimental program and results
2.1 Experimental program

2.1.1 Test specimens

RC tubular column in a practical air-cooled supporting
structure of TPPs located in high seismic region of China
was taken as the prototype. According to the China seismic
design code (GB 50011-2010, 2016), the seismic
precautionary intensity is 8-degree with the peak ground
acceleration (PGA) of 0.20 g. The site condition is class II.

The height, external diameter and wall thickness of the
prototype column was 40 m, 4 m and 0.4 m, respectively.
Considering the limitation of test field, the model scale
factor for length was determined as 1/8. The external
diameter and wall thickness of specimen were 500 mm and
50 mm, respectively. It is noted that the theoretical height of
specimen calculated by scale factor was 5 m. However, due
to the restraint of laboratory conditions, the actual height of
the specimen was taken as 3070 mm. Although the
corresponding slenderness ratio was reduced, the specimens
still belong to the long column. There is no essential
difference in stress mechanism, failure pattern and seismic
behavior between the prototype and specimens. In addition,
since the wall thickness of specimen is too small, in order to
ensure construction quality, longitudinal steel rebars were
arranged in a single row and distributed evenly in the
annular section of specimens, resulting in a single layer
stirrups in specimens.

The wall diameter ratio, axial compression ratio and
longitudinal reinforcement ratio were selected as variable
parameters of specimens. The designed parameters of
specimens are shown in Table 1. Fig. 3 shows the
dimensions and steel reinforcement details of three
specimens. For the convenience of loading, the top 300 mm
of specimens was designed as rectangular section.
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Table 1 Design parameters of specimens

- External Internal Wall thickness  Wall diameter Axial Lpngltudlnal
Specimen - - - - . reinforcement
diameter (mm) diameter (mm) (mm) ratio compression ratio ratio
TC-0.1 500 400 50 0.10 0.14 1.66%
TC-0.14 500 360 70 0.14 0.20 1.66%
TC-0.2 500 300 100 0.20 0.14 1.00%

*TC: Tubular Column; the number 0.1, 0.14 and 0.2 following “TC”: wall diameter ratios of specimens

Table 2 Material properties of specimens

Diameter

Yield strength fy Ultimate strength fu  Yield strain

Elastic modulus

Material (mm) Strength grade (MPa) (MPa) &y (1) E. (MPa)
Steel rebar 8 HPB235 315.9 506.7 1524.9 207120
10 HRB400 461.7 688.3 2115.1 218268

Sﬁjfr:g:eern Strength grade fouk (MPa) fox (MPa) fc (MPa) Elasérlc(li/lngg)u lus
Concrete TC-0.1 C40 38.1 25.5 18.2 28083.7
TC-0.14 C40 46.4 311 220 30159.0
TC-0.2 C40 42.0 28.1 20.1 29113.1

*fouk: the standard value of cube compressive strength of concrete; fu: the standard value of axial
compressive strength of concrete; fc: the design value of axial compressive strength of concrete
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Fig. 3 Dimensions and steel reinforcement details of specimens (Unit: mm)

Moreover, the top 150 mm of specimen was cast with solid
section to avoid the local compression failure. The bottom
of specimens was fixed to the rigid base. Table 2 provides
the test material properties of specimens.

2.1.2 Loading program

Fig. 4 shows the test setup and instrumentation of
specimens subjected to a constant axial load and cycling
lateral load. The axial load was applied by a hydraulic jack
which can move laterally together with the specimen. The
lateral load with displacement control method was applied
to the top of the specimen by hydraulic actuator fixed to the
reaction wall. Displacement meters were laterally installed
at the top, 1/3 and 2/3 height of the specimen. Strain gauges
were mounted on longitudinal steel rebars and stirrups at

the bottom of the specimens, measuring steel strains during
the tests (Fig. 4).

The axial loads of specimens TC-0.1, TC-0.14 and TC-
0.2 determined by axial compression ratio were 180 kN,
420 kN and 360 kN, respectively. Cyclic loading tests
conducted in this paper were aiming to investigate the
damage characteristics and failure mechanism of RC
tubular columns. Parameter analysis on seismic behavior of
RC tubular columns was carried out through the simulation
method based on the test results. Therefore, differed from
conventional loading sequences with the constant value of
displacement increment and cycle number (Tsonos 2007,
2014, Kakaletsis et al. 2011), an exploratory lateral loading
protocol was adopted for this special RC tubular column, as
shown in Fig. 5(a).



584

= for longitudinal rebars
= for stirrups

Hydraulic jack

c (B 4

Bo Wang, Ke Yang, Huijuan Dai, Guoliang Bai and Chaogang Qin

Hydraulic actuator

Load sensor

—> Specimen

20 mm

DM: Displacement meter

II‘ I

7777777777777 7771/7777777777777

Strong floor

Fig. 4 Test setup and instrumentation

Displacement increment (mm)

— A=1 A=2 A= 6.9. -. 487

100 4 -3.26
) Yielding
) 50 - Initial cracking 1.63 g
= =
B ol dohTiil 5
S d=maasssd AN 0.00 £
k| R ALY s
5 3
5 -50 F-1.63=
o

)
=

-100 +-3.26

= =; =3
pepd 2L w2 L 489
Cycle number
(a) Loading protocol
Displacement increment (mm)

150 A1 A3 A=G i Tam] 480

100
E
E
< 50 g
1= =3
(5] 12 mm| =)
Y T L) 2
I 1 5
= 11 mm =
5 50 2 <
[=3
S
[_

-100 4

n=1 n=2 n=3
-150 -4.89

Cycle number

(c) TC-0.14

Displacement increment (mm)

130 A-1a=2 A=3 A6 489
115 mm.
100 ol L3.26
=
g
S50 | ¢ FL63 O
e R LI - =
g asabddl) ! I 3
g 0 Y i i \‘- i \“\‘1‘\ ‘\l\‘”\w‘”‘\“\““ ““M‘ ‘ “ \H] +0.00 %
g 149 ¢ | ‘ )
B -50 B F-1.63<
&
=
-1004 F-3.26
. l()ﬂmﬂ‘
150 otm=2 n=3 | 459
Cycle number
(b) TC-0.1
Displacement increment (mm)
150 5 = = 4.89
lllmm
1004 F3.26
= 69 mm|
£
£ 504 3mm ” H rLes
= B 3
153 E =
E 0_‘" A H\uu\H\l\\M!hHh.luIllIl‘Illl”'”H‘HH ‘ L 0.00 =
T £
& g s
5 -50 L1632
g
[_
-1004 F-3.26
A150 Lt = -4.89

Cycle number

(d) TC-0.2

Fig. 5 Loading protocols of specimens

3-mm initial cyclic lateral displacement was exerted
through the MTS actuator at first. Then, the value of the
target displacement increased with increment of 1 mm each
cycle until visible cracks were observed on the specimens.
The displacement increment value and the cycle number
then increased to 2 mm and 2 times until the tensile
longitudinal steel rebars yielded. After that, the

displacement increment value and the cycle number were
adjusted as 3 mm, 6 mm, 9 mm, etc. and 3 times according
to the propagation of cracks during the loading process.
When the bearing capacity of a specimen dropped to 85%
of its ultimate load or the specimen failed, the loading
process was terminated.

Every excursion in the inelastic range causes cumulative
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damage in the structural elements. In the adopted loading
program, emphasis is given in the repetition of the inelastic
excursions per loading step. The cycle number was 2 times
after the occurrence of visible cracks, and changed to 3
times after the yielding of tensile longitudinal steel rebars.
The increase of the cycle number in the inelastic range was
applied for the complete propagation and development of
cracks on the specimens. Meanwhile, the target
displacement at each step was increased regularly. Cyclic
loading tests adopted on three specimens all followed the
above loading protocol. Figs. 5(b) - 5(d) present the
practical loading sequences applied for three specimens
during the tests.

2.2 Experimental results
2.2.1 Damage observation

Test results showed that the cracks mainly occurred on
the lower half part of specimens during the cyclic loading

test. Fig. 6 shows the crack patterns on the out-surface of
specimens at the end of cyclic loading test. The four parts of
out-surface (4, B, C and D) are indicated in Fig. 4. It can be
observed that the horizontal cracks extended in the
circumferential direction, and the diagonal cracks mainly
occurred at the sides perpendicular to the loading direction
(B-side and D-side). The crushing of concrete (shown in
Fig. 6(d)) was observed at the bottom of C-side in all three
specimens. Among three specimens, the specimen TC-0.1
presented the most cracks due to the minimum wall
diameter ratio.

2.2.2 Strain analysis and failure mechanism

Fig. 7 shows the steel strains obtained from the strain
gauges (Fig. 4) at the bottom of the specimens during the
tests, including the strain variation of longitudinal steel
rebars and the maximum strains of longitudinal steel rebars
and stirrups. Where dashed lines are the yield strain of
longitudinal steel rebars and stirrups listed in Table 2. It can
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Fig. 7 The strain of steels at the bottom of specimens

be found that longitudinal steel rebars at 4-side and C-side
of specimens were in the states of tension and compression
alternately with the change of loading direction, while the
longitudinal steel rebars at B-side and D-side were only
tensioned throughout the whole loading process. That might
because that B-side and D-side were in tensile regions after
the concrete cracking, as a result of the migration of the
neutral axis.

It can also be observed that the strains of longitudinal
steel rebars in all tensile regions were larger than those in
the compressive regions. And all the longitudinal steel
rebars in tensile regions yielded, while most of longitudinal
steel rebars in compressive regions did not yield. That was

because the longitudinal steel rebars played a vital role in
tensile regions to bear the tensile stress, while the stress in
compressive regions was mostly borne by the concrete. In
addition, it can be seen that the strains of stirrups at all four
sides were far from the yield strain, showing sufficient
shear resistance of RC tubular columns.

Moreover, so as to further investigate the stress status of
longitudinal steel rebars, the lateral loading displacements
corresponding to the first yielding of longitudinal steel
rabars at four sides of specimens were summarized, and the
yielding order of longitudinal steel rebars was also listed, as
shown in Table 3. It should be noted that all longitudinal
steel rebars at four sides exhibited tensile yielding. And the
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Table 3 The applied lateral displacements corresponding to the first yielding of longitudinal steel rebars

Loading displacement

Yielding order of longitudinal steel

(mm) Aside  B-side  C-side  D-side rebars at four sides of specimen
TC-0.1 16.0 31.0 -22.0 34.0 A—C—B—D
TC-0.14 18.0 57.0 -42.0 48.0 A—C—D—B
TC-0.2 24.0 33.0 -18.0 -33.0 C—A—B—D
Drift ratio (%)
0.00 1.63 3.26 4.89
100 L L
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Fig. 8 Characteristic loading steps of specimens

longitudinal rebars at the sides along the loading direction
(4-side and C-side) yielded first in all three specimens, then
those at B-side and D-side yielded.

Based on the damage observations and strain analysis
results, it can be concluded that all of the three specimens
exhibited large bias compression failure modes, that is, the
tensile longitudinal steel rebars yielded first while the
compressive longitudinal steel rebars may not yield during
the failure process, then the compressive concrete at the
bottom of RC tubular column crushed with the buckling of
longitudinal steel rebars.

2.2.3 Bearing capacity and characteristic loading
steps

Fig. 8 shows the characteristic loading steps of
specimens during the cyclic loading test corresponding to
four damage states. The four damage states were defined as
“initial cracks occurred”, “yielding of bottom tensile steel
rebars”, “maximum load-carrying capacity” and “failure”,
referring to Pagni and Lowes (2006). It can be found that
TC-0.1 exhibited the earlier concrete cracking and
longitudinal steel rebars yielding than the other specimens.
This can be attributed to the small wall diameter ratio. The
smaller the wall thickness (i.e., the concrete area), the
sooner the concrete cracked. After the concrete cracking,
the tensile stress was borne only by longitudinal steel rebars,
resulting the earlier yielding of steel rebars.

Moreover, TC-0.14 presented the later initial cracking,
the maximum bearing capacity, but the earlier failure
among all specimens. This was owing to the large axial
compression ratio. Although TC-0.2 had the largest wall
diameter ratio, the crack resistance and the bearing capacity
were restricted by the small axial compression ratio and
longitudinal reinforcement ratio.

3. Numerical simulation approach and validation
3.1 General

In order to further investigate the seismic behavior of
RC tubular columns under the effect of influence
parameters, the FEA of numerical models was adopted
based on the experimental study. The finite element models
with fiber section for RC tubular columns were established
through OpenSEES (McKenna and Fenves). Furthermore,
the modeling approaches were validated through the
comparative analysis between numerical and experimental
results, to ensure the accuracy and availability of the
numerical simulation for RC tubular columns.

As shown in Fig. 9(a), RC tubular columns without
SDBs were simulated as a plane (two-dimensional) model.
The influence parameters of seismic behaviors could be
investigated by varying relevant setting parameters of the
numerical models.

Among all the variable parameters, adding SDBs had a
significant influence on the mechanical mechanism of RC
tubular columns. Therefore, it is necessary to re-establish
the numerical model for RC tubular columns with SDBs.
Wang et al. (2018) found that the steel truss in novel air-
cooled supporting structures is approximately on a plane
motion under excitation. Accordingly, the steel truss could
be simplified into a rigid plane. The three-dimensional
model which has 6-degree-of-freedom nodes was applied to
simulate RC tubular columns with SDBs, as shown in Fig.
9(b). The top node 3 is the main node. Nodes 6 - 11 are
slave nodes whose degree-of-freedom in certain directions
were constrained by Rigid Diaphragm Command. In
addition, the SDBs were connected with columns directly
instead of through the corbels, as a simplified modeling
procedure.
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3.2 Model of element

Nonlinear Beam-Column Element in OpenSEES was
employed to simulate the RC tubular columns. P-A effect
was taken into consideration owing to the large slenderness
ratio of RC tubular columns. Five corresponding integration
points were employed to calculate the stiffness and
resistance. Considering the bond-slip behavior of steel
rebars, the zero-length section element was inserted at the
fixed bottom of column (Giuriani et al. 1991, Zhao and
Sritharan 2007). The section of tubular column was divided
into core area and cover area due to the confine of stirrups,
as shown in Fig. 10.

For the RC tubular columns with SDBs, Nonlinear
Beam-Column Element was selected to model the elements
between slave nodes. And the SDBs were simulated as
Truss Element, whose parameters should be consistent with
measured material properties.

3.3 Constitutive model of material

The stirrups in RC tubular columns were arranged with
reasonable configuration and sufficient amount, providing
appropriate constraint to the core concrete. The behavior of
the core concrete exhibited different characteristics with the
cover concrete. Therefore, the Concrete01 Material in
OpenSEES was adopted to predict the behavior both of the
core concrete and the cover concrete. Fig. 11 shows the
constitutive relationships of this concrete material. This
model is based on Kent-Scott-Park uniaxial stress-strain
model (Kent 1969, Scott et al. 1982) with no tensile
strength, considering the confinement effect of stirrup on
ultimate strain, peak strength and ductility of the concrete.
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(b) Stress-strain hysteretic curves of concrete
Fig. 11 Concrete01 Material model in OpenSEES

As an important component of RC tubular columns, the
steels (including longitudinal steel rebars and stirrps) has a
significant influence on the seismic behavior of the whole
structure. Hence, the model of steels directly effects the
accuracy and validity of the structural numerical
simulations. The Steel02 Material in OpenSEES
(Menegotto and Pinto 1973, Filippou et al. 1983) was
adopted to model the behavior of both longitudinal
reinforcement and stirrups. This model is a uniaxial Giuffré-
Menegotto-Pinto model taken isotropic hardening into
account, exhibiting high computational efficiency and well
simulation of the Bauschinger effect. Fig. 12 shows the
stress-strain relationships of this steel model.
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Fig. 14 Hysteretic and skeleton curves of specimen TC-0.14

3.4 Validation of numerical simulation method

Figs. 13 - 15 illustrate hysteretic and skeleton curves for
base shear force versus top displacement of specimens
obtained by cyclic loading tests and numerical simulation.
The characteristic points designated on skeleton curves are
listed in Table 4. The yield point was determined through
the equivalent energy method (Park 1988), as shown in Fig.
16.

It can be observed that the numerical simulation results
showed a good agreement with the test results in the shape
of hysteretic curves, hysteretic loop area and characteristic
points on skeleton curves. Both of the numerical and
experimental skeleton curves consisted of the elasticity,
elasto-plasticity, plasticity developing and softening phases.
This indicated that the proposed finite element modeling
approaches were reasonable to predict the seismic behavior
of RC tubular columns.
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Fig. 16 Determination of the yield point through the equivalent energy method
Table 4 Characteristic points on skeleton curves
Yield point Peak point Ultimate point
Specimen Disp. Load Disp. Load Disp. Load
(mm) (KN) (mm) (KN) (mm) (KN)
Test Positive 30.70 49.88 54.97 59.10 108.97 51.67
TC-01 Negative -28.88 -43.91 -49.00 -52.18 -108.99 -45.31
’ Simulation Positive 26.03 50.39 58.02 56.68 109.02 49.23
Negative -28.98 -46.13 -72.98 -51.67 -108.98 -51.76
Test Positive 30.12 62.15 65.99 74.40 86.99 69.55
TC-0.14 Negative -36.16 -61.78 -86.96 -74.58 -86.96 -74.58
' Simulation Positive 24.57 65.30 75.03 74.50 87.03 73.84
Negative -23.69 -60.63 -65.97 -69.05 -86.97 -68.93
Test Positive 21.76 56.80 44.98 67.35 113.99 60.74
TC-02 Negative -27.21 -56.49 -86.95 -66.08 -113.97 -62.91
' Simulation Positive 21.98 59.71 87.01 66.76 114.01 65.73
Negative -21.55 -55.32 -77.99 -61.27 -113.99 -59.93

*Disp.: Displacement

Additionally, compared TC-0.14 with TC-0.1, it can be of RC tubular columns was uncertain. Therefore, it is
found that increasing the wall diameter ratio and axial necessary to conduct the independent study on each
compression ratio could lead to an increase in bearing influence parameter.
capacity and a decrease in residual deformation and
hysteretic loop area. And compared TC-0.2 with TC-0.1,
bearing capacity and hysteretic loop area both increased as 4. Influence parameters of seismic behavior
a result of the increase of wall diameter ratio and the
decrease of longitudinal reinforcement ratio. Since the 4.1 Analysis method
variable parameters in the tested specimens were coupled,
and the influence law of parameters on the seismic behavior The following sections present the parametric analysis
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Table 5 The designed values of variable parameters in parametric analysis

Variable parameters

Designed values of variable parameters

Axial compression ratio n
Longitudinal reinforcement ratio p
Stirrup reinforcement ratio psv (Stirrup spacing)

0.14;0.27;0.40
1.00%; 1.66%; 2.44%
0.68% (150mm); 1.01% (100mm); 2.05% (50mm)

Steel truss

SDBs XM 15/

Corbel —[] []

RC tubular column —

(a) With the same SDB-truss connecting position

Steel truss

30/45°.- %602 -~
g Mg = N

SDBs~

Corbel

RC tubular column —|

(b) With the same SDB-column connecting position

Fig. 17 Different setting positions and angles of SDBs

results based on the FEA of numerical models with variable
parameters including axial compression ratio, longitudinal
reinforcement ratio, stirrup reinforcement ratio and adding
SDBs. Each variable parameter was investigated
independently with three models, taking TC-0.1 as the
standard specimen. The designed value of variable
parameters are shown in Table 5. In addition, the
mechanical and numerical analysis were conducted to
reveal the influence of setting positions and angles of SDBs
on seismic behavior of RC tubular columns, the setting
details of SDBs are shown in Fig. 17.

The hysteretic behavior, bearing capacity, energy
dissipation performance and lateral stiffness deterioration
behavior of RC tubular columns were mainly compared
based on the numerical analysis results to investigate the
influence law of various parameters.

The cumulative hysteresis dissipated energy, calculated
by the area enclosed by the force-displacement hysteretic
loops, was employed to evaluate the accumulation of
energy dissipation during the cyclic loading procedure. In
addition, a useful indicator evaluating the energy dissipation
capacity per loading cycle, the equivalent viscous damping
coefficient (., (Karayannis and Golias 2018), was also
adopted for comparing the energy dissipation capacity of
RC tubular columns with different parameters. It can be
derived from Fig. 18 and Eq. (1). The larger the equivalent
viscous damping coefficient, the better the energy
dissipation capacity.

_ i Sasc T Scoa
27 Soge + Sopr

Ceq 1)

Where, S4zc and Scpa are the upper and lower halves of the
hysteretic loop area (S4zcp) separated by the Displacement
axis, respectively; Sopr and Sopr are the areas of triangles
OBE and ODF, respectively. O is the origin of coordinates;

Force

&

|
|
|
|
|
F' 0 C  E Displacement

Fig. 18 Calculation diagram of equivalent viscous damping
coefficient

E and F are the projection points on the Displacement axis
corresponding to the hysteretic loop vertices B and D,
respectively.

Besides, the lateral stiffness of RC tubular columns
gradually deteriorated with the accumulation of damage,
i.e., the cracks occurring and propagation. It can be
calculated by Eq. (2).

Tl rAl @
Where, +A; and -A; are respectively the applied

displacement amplitude of the i-th cyclic loading case of the
cyclic loading tests in two opposite directions; +P; and -P;
are respectively the load corresponding to +A; and -A;.

4.2 Axial compression ratio

Figs. 19(a) and 19(b) show the hysteretic and skeleton
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Fig. 19 Hysteretic behaviors under different axial compression ratios

Table 6 Characteristic points under different axial compression ratios

Axial . " n=0.14 n=0.27 n=0.40

x1al compression Tatio Positive Negative Positive Negative Positive Negative

Yield Displacement (mm) 26.03 -28.98 2251 -20.94 21.04 -19.28

Yield Load (kN) 50.39 -46.13 50.19 -45.76 52.91 -49.03

Peak Displacement (mm) 58.02 -102.98 34.05 -42.95 31.05 -30.95

Peak Load (kN) 56.68 -51.96 57.74 -52.93 61.40 -57.39

Ultimate Displacement (mm) 109.02 -108.98 98.77 -114.95 57.87 -66.69

Ultimate Load (kN) 49.23 -51.76 49.08 -46.27 52.20 -48.81

curves for base shear force versus top displacement
corresponding to different axial compression ratios.
Characteristic points designated on skeleton curves are
listed in Table 6. It can be found that the bearing capacity
was enhanced with increase of the axial compression ratio,
while the descending branch of the specimen with larger
axial compression ratio became to be steeper, indicating that
increasing the axial compression ratio would weaken the
ductility.

As the axial compression ratio increased, the depth of
compression region on cross section increased, while the
tensile stress of longitudinal steel rebars decreased.
Therefore, the yielding of longitudinal steel rebars required
a larger lateral load, resulting the enhancement of the
bearing capacity. And the concrete in compression regions
would crushed before the yielding of tensile longitudinal

steel rebars, which could accounted for the weaker ductility
as the increase of axial compression ratio.

Fig. 19(c) shows the calculated equivalent viscous
damping coefficients and the cumulative hysteresis
dissipated energy under different axial compression ratios.
It can be observed that the equivalent viscous damping
coefficient had nearly no change in the first stage, then it
increased quickly due to the occurrence and propagation of
cracks. Especially, when the loading displacement was
larger than 40 mm, the equivalent viscous damping
coefficient of RC tubular column with larger axial
compression ratio had a significant larger value than that
with lower axial compression ratio. It can also be found that
the cumulative hysteresis dissipated energy gradually
increased with the increase of applied displacement, as a
result of damage accumulation and plastic development.
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Fig. 20 Hysteretic behaviors under different longitudinal reinforcement ratios

Table 7 Characteristic points under different longitudinal reinforcement ratios

- . . »=1.00% p=1.66% p=2.44%

Longitudinal reinforcement ratio Positive Negative Positive Negative Positive Negative
Yield Displacement (mm) 22.71 -21.61 26.03 -28.98 28.14 -30.90
Yield Load (kN) 33.99 -29.12 50.39 -46.13 62.93 -57.95

Peak Displacement (mm) 67.02 -69.98 58.02 -102.98 55.02 -84.98
Peak Load (kN) 38.00 -32.38 56.68 -51.96 69.49 -65.28
Ultimate Displacement (mm) 109.02 -114.98 109.02 -108.98 109.02 -114.98
Ultimate Load (kN) 37.40 -31.52 49.23 -51.76 61.11 -61.74

When the axial compression ratio changed from 0.14 to 0.4,
the cumulative hysteresis dissipated energy was enhanced
by around 20.4%. These indicated that the increase of axial
compression ratio was favorable to the energy dissipation
capacity of RC tubular columns.

Fig. 19(d) shows the lateral stiffness deterioration
curves under different axial compression ratios. It can be
found that the initial lateral stiffness increased with the
increase of the axial compression ratio, while the speed of
stiffness deterioration also increased. At the later loading
stage, RC tubular columns with larger axial compression
ratio had a smaller lateral stiffness than those with smaller
axial compression ratio.

4.3 Longitudinal reinforcement ratio

Figs. 20(a) and 20(b) show the hysteretic and skeleton
force-displacement curves corresponding to different
longitudinal reinforcement ratios. Characteristic points
designated on skeleton curves are listed in Table 7. It can be
seen that the longitudinal reinforcement ratio had a large
positively correlated impact on the hysteretic behavior of
RC tubular columns. As shown in Fig. 20(a), increasing the
longitudinal reinforcement ratio led to an increase in
hysteretic loop area and a reduction in pinching effect. It is
obvious in Fig. 20(b) that the skeleton curves were divided
into elastic (line-OA), hardening (line-4P) and softening
(line-PU) phases by characteristic points. The bearing
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Fig. 21 Hysteretic behaviors under different stirrup reinforcement ratios
Table 8 Characteristic points under different stirrup reinforcement ratios
. . . =0.68% =1.01% =2.05%
Stirrup reinforcement ratio P > P > P 2
Positive Negative Positive Negative Positive Negative
Yield Displacement (mm) 26.86 -27.82 27.36 -29.84 29.67 -30.12
Yield Load (kN) 48.74 -44.67 50.03 -45.57 51.44 -45.75
Peak Displacement (mm) 52.02 -72.98 52.02 -84.98 85.02 -114.98
Peak Load (kN) 54.26 -49.60 55.71 -51.57 57.39 -51.79
Ultimate Displacement (mm) 109.02 -114.98 109.02 -114.98 109.02 -114.98
Ultimate Load (KN) 47.15 -46.32 50.53 -50.70 57.17 -51.79

capacity provided an extraordinary enhancement of around
82.9% when longitudinal reinforcement ratio increased
from 1.00% to 2.44%.

Fig. 20(c) shows the calculated equivalent viscous
damping coefficients and the cumulative hysteresis
dissipated energy under different longitudinal reinforcement
ratio. It can be observed that the equivalent viscous
damping coefficients of RC tubular columns provided an
increase with the increase of longitudinal reinforcement
ratio, especially when the loading displacement was larger
than 60 mm. And the cumulative hysteresis dissipated
energy had a remarkable growth of around 96.8% when the
longitudinal reinforcement ratio increased from 1.00% to
2.44%.

There was an improvement of both lateral bearing
capacity and energy dissipation capacity with the increase
of longitudinal reinforcement ratio. After concrete cracking

in tension region, due to the increase of steel rebars tension
strain and the migration of neutral axis, the stress states of
partial longitudinal steel rebars were changed from
compression to tension. Accordingly, the increase of
longitudinal reinforcement ratio was actually the increase of
tensile longitudinal steel rebars, which enhanced the tensile
behavior of RC tubular columns after the concrete cracking.

Fig. 20(d) shows the lateral stiffness deterioration
curves under different longitudinal reinforcement ratios. It
can be seen that the longitudinal reinforcement ratio had a
significant effect on lateral stiffness deterioration. The
larger the longitudinal reinforcement ratio, the larger the
lateral stiffness. Moreover, it can be found that the lateral
stiffness deteriorated sharply in the first stage due to the
concrete cracking. Then, it deteriorated slowly in the second
stage, this might be caused by the accumulated damage with
the increase of applied displacement.
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4.4 Stirrup reinforcement ratio

Figs. 21(a) and 21(b) show the hysteretic and skeleton
force-displacement curves corresponding to different stirrup
reinforcement ratios. Characteristic points designated on
skeleton curves are listed in Table 8. As shown in Fig. 21(b),
the stirrup reinforcement ratio had almost no influence on
the skeleton curves before the yield point. After that, the
softening segment, i.e. the strength deterioration, was
moderated with the increase of stirrup reinforcement ratio,
indicating that increasing the stirrup reinforcement ratio
was favorable to the ductility.

Fig. 21(c) shows the calculated equivalent viscous
damping coefficients and the cumulative hysteresis
dissipated energy under different longitudinal reinforcement
ratio. It could be observed that there was a reduction of
equivalent viscous damping coefficient at later loading
stage as increasing the stirrup reinforcement ratio. And the
cumulative hysteresis dissipated energy curves had little
change varying the stirrup reinforcement ratio. That might
be attributable to the thin wall thickness and the limited
confined concrete region of RC tubular columns.

Fig. 21(d) shows the lateral stiffness deterioration
curves under different stirrup reinforcement ratios. It can be
observed that the stirrup reinforcement ratio had a little
influence on lateral stiffness. In the first stage, the curves
showed an almost linear descending owing to the cracks
occurrence. Then, the lateral stiffness deteriorated slowly
with the increase of applied displacement in the second
stage, caused by the damage cumulation.

As shown above, the stirrup reinforcement ratio had
little effect on the seismic behavior of RC tubular columns,
including bearing capacity, energy dissipation capacity and
stiffness deterioration. In fact, the confinement effect of
stirrups in hollow section columns is different from that in
solid columns. In the hollow column section, the confined
concrete could move toward the section center because of
the hole. While in the solid section, the core confined
concrete is under compression in three directions. As the
hole size increases, the effect of stirrup confinement is
smaller (Lignola et al. 2008). Moreover, transverse
reinforcement configuration of two layers stirrups with
cross ties provides stronger confinement effect on the
concrete than a single layer stirrups (Xiao and Sritharan
2018). Therefore, with the wall diameter ratio of 0.1,
stirrups had small restriction on the concrete in RC tubular
columns of air-cooled supporting structures. Furthermore, a
single layer of stirrups were arranged in the specimens and
numerical models, providing less confinement effect on the
concrete than two layers stirrups with cross ties in the
prototype.

4.5 Adding SDBs

Fig. 22 shows the hysteretic and skeleton force-
displacement curves of RC tubular columns with the same
SDB-truss connecting position. Characteristic points
designated on skeleton curves are listed in Table 9. It can be
observed that the columns with SDBs exhibited a larger
initial slope of skeleton curves than those without SDBs, as
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Fig. 22 Hysteretic and skeleton curves of RC tubular
columns with the same SDB-truss connecting position

well as a larger hysteretic loop area and peak load,
indicating that adding SDBs could enhance the lateral
stiffness, energy dissipation capacity and bearing capacity
of RC tubular columns.

Moreover, it can be found that decreasing the setting
angle was beneficial to the seismic behavior for RC tubular
columns with the same SDB-truss connecting position. The
lateral stiffness, energy dissipation capacity and bearing
capacity were all enhanced with the decrease of the setting
angle.

Fig. 23 shows the hysteretic and skeleton force-
displacement curves of RC tubular columns with the same
SDB-column connecting position. Characteristic points
designated on skeleton curves are listed in Table 10. It can
be observed that the SDBs setting angle had little influence
on the seismic behavior for RC tubular columns with the
same SDB-column connecting position.

Figs. 24 - 25 present the load transfer paths and the
bending moment distribution patterns of RC tubular
columns with and without SDBs subjected to the lateral
force. It can be found that the load transfer paths from steel
truss to the upper column changed after adding the SDBs.
As shown in Fig. 24, all the forces were directly transferred
to column through the truss-to-column joint for RC tubular
columns without SDBs. Nevertheless, for RC tubular
columns with SDBs, except the forces directly transferred
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Table 9 Characteristic points of tubular columns with the same SDB-truss connecting position

Setting angle of SDBs 30° sk 00" No braces
gang Positive Negative Positive Negative Positive Negative Positive Negative

Yield Displacement (mm)  26.05 -26.19 27.73 -27.17 30.68 -30.02 26.76 -28.98
Yield Load (kN) 10522 -10366 11514 -11255 10353 -10132 5083  -46.13
Peak Displacement (mm) ~ 4600 ~ -4600  37.00  -37.00 4300  -4300 5802  -102.98
Peak Load (kN) 11454 -11431 12514 -12283 11276 -11061 5668  -51.96
Ultimate &'ﬁ%’“eme“t 109.00 -109.00 109.00 -109.00 109.00 -109.00 109.02  -108.98
Ultimate Load (kN) 11093  -109.79 11041  -109.42 9854  -97.44 4923 5176
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Fig. 23 Hysteretic and skeleton curves of RC tubular columns with the same SDB-column connecting position

Table 10 Characteristic points of tubular columns with the same SDB-column connecting position

Setting angle of SDBs 30° 45° 60° No braces
gang Positive Negative Positive Negative Positive Negative Positive Negative

Yield Displacement (mm) _ 26.05 26.19 2773 2717 30.68 -30.02 26.76 28.98
Yield Load (kN) 10522  -103.66 11514  -11255 10353  -101.32  50.83 -46.13
Peak Displacement (mm)  46.00 -46.00 37.00 3700 43.00 -43.00 5802  -102.98
Peak Load (kN) 11454  -11431 12514  -122.83 11276  -110.61  56.68 -51.96
Ultimate (?n';%'aceme”t 109.00  -109.00  109.00  -109.00  109.00  -109.00  109.02  -108.98
Ultimate Load (kN) 11093  -109.79 11041  -109.42 9854 97.44 4923 -51.76

to the column, part of the forces could be transferred
through SDBs, as shown in Fig. 25. This can explain why
the bearing capacity of RC tubular columns with SDBs was
larger than that without SDBs.

For RC tubular columns with the same SDB-truss
connecting position, with the decrease of setting angle, the
position of corbels moved down, as shown in Fig. 17(a).
Correspondingly, the position of inflection point for the RC
tubular column moved down (see Fig. 25), and the bending
moment distributed at the bottom of column (M)
decreased. Therefore, the failure of tubular column required
a larger lateral force, which means that the bearing capacity
of tubular column could be enhanced with the decrease of
the setting angle. However, for RC tubular columns with the
same SDB-column connecting position, varying the SDBs
setting angle nearly has no change in the position of corbel
and inflection point, indicating that the SDB-truss
connecting position nearly has no influence on the seismic
behavior of RC tubular columns.

5. Conclusions

In this paper, the seismic behavior and its influence
parameters of large-scale thin-walled RC tubular columns
in air-cooled supporting structure of TPPs were investigated
through experimental and numerical analysis. The
following conclusions can be drawn:

* The cracks mainly occurred on the lower half part of

specimens during the cyclic loading test. The specimen

with the minimum wall diameter ratio presented the
earlier cracking and the most cracks on the out-surface.

The failure model is large bias compression failure

induced by the concrete crushing at the bottom of

columns.

e The numerical simulation results exhibited a good

agreement with experimental results, indicating that the

proposed finite element modeling approaches are
reasonable to predict the seismic behavior of thin-walled
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RC tubular columns in air-cooled supporting structures
of TPPs.

* The axial compression ratio shows a great effect on the
seismic behavior of RC tubular columns. Increasing the
axial compression ratio could lead to the increase of
lateral bearing capacity and energy dissipation capacity,
but also aggravate both of strength and lateral stiffness
deterioration after the peak point, i.e. weaken the
ductility. This could be attributed to the increase of
compression region depth on cross section.

* The longitudinal reinforcement ratio has a significant
influence on the seismic behavior of RC tubular
columns. Increasing the longitudinal reinforcement ratio
could effectively enhance the lateral stiffness, bearing
capacity and energy dissipation capacity. This is caused
by the enhancement of tensile behavior of RC tubular
columns after the concrete cracking.

* Due to the thin wall thickness and the limited confined
concrete region, the stirrup reinforcement ratio slightly
affects the seismic behavior of RC tubular columns. The
strength deterioration after the peak point is moderated
with the increase of stirrup reinforcement ratio,

indicating that increasing the stirrup reinforcement ratio
is favorable to the ductility.

« Adding SDBs exhibits extraordinary effects on the
seismic behavior of RC tubular columns. RC tubular
columns with SDBs have a much higher bearing
capacity and lateral stiffness than those without SDBs.
That is because part of forces could be transferred
through SDBs, except the forces directly transferred to
the column. The SDB-column connecting position has a
great impact on seismic behavior of RC tubular
columns, while the SDB-truss connecting position
nearly has no influence on the seismic behavior. And
decreasing the angle between columns and SDBs could
significantly enhance the lateral stiffness, bearing
capacity and energy dissipation capacity.
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