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Research paper

Experimental study of a new type of high-strength
monolithic square-section concrete columns

with spiral stirrups

Zheng Xianchao1, Fan Liyun2, Jun Zhao3

Abstract: In this paper, four full-scale concrete columns with high-strength spiral stirrups (HSSS)
are constructed and tested under low-cycle repeated loading. The specimens consisted of two cast-
in-place columns and two precast concrete columns encased by a partly square steel pipe and bolt
bars.The structural analysis of the HSSS columns of precast concrete conducted here is novel, and
past experimental data for this are not available.To assess the seismic behavior and failure mechanisms
of the new connections, quasi-static tests were carried out on columns prefabricated with them and
cast-in-place specimens.The responses of all columns were compared, and the results showed that the
failure modes of all columns are the large eccentric damage, and the destruction of all specimens occur
at the column foot. The anti-seismic property of the precast HSSS concrete columns was comparable
to that of the HSSS cast-in-place columns. A comparison of such performance parameters as energy
dissipation and coefficient of ductility revealed that the precast HSSS concrete columns are suitable for
use in earthquake zones.
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1. Introduction

The structure-destructive testing and collapse mechanisms of buildings show that the
deformation capacity of frame columns is a major factor influencing the performance of
frameworks designed to resist major earthquakes [1]. For HSSS columns, the boundary
between large and small eccentric compressions ranges from 0.35 to 1.0 or higher, which
improves the ductility of concrete columns with high-strength spiral stirrups [2]. The prob-
lem of controlling section size using the axial compression ratio can thus be solved. An
experimental study of the behaviour of the concrete columns confined by helical reinforce-
ment of 500 MPa and with 500 MPa longitudinal reinforcement has been presented. With
this variation in design, a higher strength, yet more ductile column can be achieved [3].
Based on the test results of concrete columns confined by high-strength stirrups under
lateral cyclic loading, it is found that stirrup yield strength could not be used directly in
calculating bearing capacity, because the high-strength stirrup could not yield at the peak
point. The concrete columns confined by high-strength stirrups exhibited higher bearing
capacity and better deformation ability [4, 5].
The use of HSSS columns in current architectural designs has been limited to cast-

in-place columns. Precast concrete provides high-quality structural elements, construction
efficiency, and savings in terms of time and cost of investment [6]. The performance and
capacity of specially designed connections have been evaluated to validate these benefits
and help expand the market for precast concrete structures in seismic zones [7].
By use of the comparable full scale model test method, two confined concrete columns

with horizontal strengthened bars spliced by grout sleeves and two cast-in site column
with plain stirrups were designed and constructed. Through reversed low cyclic loading
test, compared with the cast-in site column with plain stirrups, the bearing capacity and
the seismic performance of the confined concrete column with horizontal bar was studied.
This connection type is reliable [8]. A connections between precast concrete column and
foundation can be achieved by inserting the extended longitudinal reinforcement in pre-
cast concrete column into the corrugated pipe with high-strength filler. The low-frequency
cyclic loading test was conducted for eight precast concrete columns and one integral
cast-in-place column for comparison [9]. Two prefabricated structural columns with slurry
anchor lapping of corrugated pipe restrained by spiral stirrup were designed and manu-
factured. The quasi-static load test was carried out to analyze the failure mode, hysteretic
curve, skeleton curve, bearing capacity, ductility, stiffness degradation curve and energy
dissipation capacity of the structural columns [10].
A column–column dry connection of a prefabricated concrete frame structure was re-

ported byChina College of Civil Engineering in Southeast University [11].Weldingwas the
basic technique used for this type of connection. Themethod of connection is one where the
vertical load transfers through concrete, whereas shear transfers through the stirrup and con-
crete cogging. The transfer paths of the forces become clearer as paths of shear and the bend-
ing moment are separated. Many precast concrete structures have been heavily damaged
by recent earthquakes, and the poor performance of their connections might have been the
primary reason for this [12,13]. It is useful to investigate the reaction to earthquakes of pre-
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fabricated columns with HSSS to determine whether they can provide satisfactory support
in comparison with the cast-in-place specimens. A research program concerning the per-
formance of column–column connections of precast concrete was pursued in China’s Xi’an
University of Arch. and Tech. A new type of column-to-column connection with a square
steel pipe and bolt bar (SSPBB) has also been reported. TwoHSSS columnswere connected
using a square steel pipe, and the gap between the pipe and the columnswas filledwith grout.
To ensure the reliability of the connection of the prefabricated column, transverse reinforce-
ment passes through the prefabricated column, and the reinforcement and steel pipe are
welded together. The integrity of the prefabricated columns is not less than that of the cast-
in-place columns–the so-called “square steel pipe and bolt bars column joint” (SSPBB). The
prefabricated HSSS columns with SSPBB connection are shown in Fig. 1. This program
was funded by China’s Hebei Hechuang Building Technology Material Co. Ltd.

Fig. 1. SSPBB connection in practical project

2. Research significance
To assess the seismic behavior and failure mechanisms of the new connections, quasi-

static tests were carried out on columns prefabricated with them and cast-in-place speci-
mens. The test results can provide a better understanding of the shear capacity and hysteretic
behavior of the prefabricated columns. Moreover, they can be used to validate whether
the desired failure modes occur when they are designed according to building codes for
full-scale connection specimens. All test specimens in this research program are detailed
according to the governing building codes or the available literature [14].

3. Experimental procedure
The specimens in this test were two prefabricated columns and two cast-in-place com-

parison columns. Themeasurements (length, width and height) of all prefabricated columns
were 400 mm×400 mm×1800 mm, and those of the foundationswere 1400 mm×500 mm×
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700 mm, as shown in Fig. 2. To research the anti-seismic property of the two prefabricated
specimens, two cast HSSS concrete columns of the same size were made for comparison.

3.1. Design of specimens

Figs. 2 and 3 show details of the prefabricated specimens (Y01, Y02), and Fig. 4 shows
the two cast columns (C01, C02). All the concrete columns with the HSSS contained eight
main bars (HRB335) 22 mm in diameter arranged symmetrically along the perimeter. The
horizontal bolt reinforcements of the prefabricated specimens (Y01, Y02) were composed
of eight longitudinal bars (HRB335) of 20 mm in diameter each. The reinforced concrete
columns with high-strength spiral reinforcement exhibited excellent behavior when sub-
jected to loads. The HSSS in all columns consisted of four limbs steel wires (Φ𝑅) 5 mm
in diameter, with a 50 mm spacing, as shown in Figs. 2 and 4. The yield strength of the
high-strength reinforcement was over 1100 MPa. The thickness and the length of the steel
pipe for the prefabricated columns (Y01, Y02) were 5 mm and 850 mm, respectively. To
prevent the local yielding of the steel pipe, two 100 mm steel plates were welded on the

(a) (b)

Fig. 2. The size in mm of the prefabricated specimens Y01, Y02: (a) the assembly of columns,
(b) the reinforcement of columns

Fig. 3. Square steel pipe
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east and west sides of the steel pipe. The joint between the two pre-sections was 800 mm
from the bottom.

Fig. 4. The size in mm of the cast columns C01, C02

3.2. Materials

The test results for the steel and reinforcementsmaterials are summarized in Table 1.The
compressive strength (average) of the concrete cube at 28 dayswas 29.27 MPa. The concrete
cube and all the concrete columns were cured for 28 days in a standard curing chamber,
under a temperature of 20 ± 3◦C, a relative humidity > 90% [15, 16].

Table 1. Material Properties (Yield Strength/Ultimate Strength)

Material, diameter
(mm)

HRB335
Φ22

HRB335
Φ20

HPB235
Φ8

HSSS
Φ𝑅5

Square
steel pipe

Yielding strength (MPa) 360 360 290 1170 320

Tensile strength (MPa) 442.5 415 302.5 – –

3.3. Experimental setup

The experiment was a pseudo-static test and the setup is shown in Fig. 5. Constant
vertical load was applied by a vertical hydraulic actuator to the specimens by means
of a link beam. Force transfer between the link beam and the top of the specimen was
carried out by a roller bearing with negligible frictional force. Lateral load was applied by
a horizontal hydraulic actuator with a maximum capacity of 2000 kN. The loading point
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of the horizontal load was 1800 mm from the bottom of the column parallel to east/west.
The actuator was connected to a rigid and strong reaction wall that transferred forces to the
strong floor. The horizontal actuator was set to force–displacement mixed control mode and
the vertical actuator was set to constant force control mode during the test. All actuators
had built-in displacement meters and load cells connected to a digital control unit.

Fig. 5. Test setup

3.3.1. Instrumentation
Ten linear variable displacement transducers (LVDTs) were used for each specimen.

An LVDT (S01) was installed to measure horizontal displacement on top of the specimen.
Three LVDTs (S02, S03, and S04) were installed to measure rotation at three elevations:
100 mm, 200 mm and 300 mm, above the foundation on the east side of the specimen. Two
LVDTs (S05, S06) were arranged to measure the bottom shear deformation of the column
above the foundation on the north side of the specimen. Four other LVDTs (S07, S08, S09,
and S10) were used to measure slip at the bottom and on top of the specimen. They were
fixed to the concrete, and could measure movements of the square steel pipe. Figure 6
shows the arrangement of the LVDTs.

Fig. 6. Typical LVDTs arrangement on specimens
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3.3.2. Test procedure
The force–displacement mixed loading process was used in tests as shown in Fig. 7.

Displacement-controlled loading was used in the tests because it was not possible to study
columnar behavior load capacity if a force-controlled loading scheme was used. Both yield
load and yield displacement were calculated during the test. The process was as follows:
When a small load was imposed on the specimens, the connections remained in an elastic
state and the force–displacement relationshipswere linear.With the increase in applied load,
an inflection point occurred and the force–displacement relationship changed to nonlinear.
The rigidness of the specimen decreased at the point of inflection, and the corresponding
load and displacement are referred to as the yield load and yield displacement, respectively.
Three fully reversed cycles were applied at each drift ratio, and the drift ratios were
set according to the yield displacement. This sequence was intended to ensure that the
displacements increasing gradually in such steps were neither too large nor too small. The
test was terminated before the specimen’s bearing capacity dropped to below 85% of the
ultimate bearing capacity [17, 18].

Fig. 7. Schematic view of loading history

3.3.3. The parameters of the experiment
The parameters of the experiment are shown in Table 2. The axial loads (𝑁) were

calculated by the axial pressure ratio (`𝑛) and the concrete compressive strength ( 𝑓𝑐) [19].
The ratios of reinforcement were calculated using Formula (3.2). The ratios ratios of shear
span to effective depth (_) were calculated using Formula (3.3). The volumetric ratio of
the spiral reinforcement (𝜌𝑣 ) was calculated using Formula (3.4).

𝑁 = `𝑛 𝑓𝑐𝑏𝑐ℎ𝑐(3.1)

𝜌𝑠 =
𝐴𝑠𝑙

𝑏𝑐ℎ𝑐
(3.2)

_ = 𝑙𝑛/ℎ𝑐(3.3)

where ℎ𝑐 is the depth of the concrete-assembled monolithic column; 𝑏𝑐 is the thickness of
the concrete column; 𝐴𝑠𝑙 is cross-section area of the eight main bars; 𝑙𝑛 is the length of the
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local outsourced steel tube.

(3.4) 𝜌𝑣 =
𝐴𝑠

(𝐷𝑐 − 𝑑)𝑠

where 𝐴𝑠 is cross-section area of spiral reinforcement; As shown in Fig. 8, 𝐷𝑐 is di-
ameter of core concrete; 𝑑 is diameter of spiral spiral reinforcement; and 𝑠 is pitch of
spiral reinforcement which is the centerline-to-centerline distance between adjacent spiral
reinforcement [19].

(a) (b)
Fig. 8. The spiral reinforcement

Table 2. Parameters of the specimens

Marks of the
specimens

axial-
pressure
ratio `𝑛

Ratio of
reinforcement

𝜌𝑠

Ratio of shear
span to

effective depth
_

Volume ratio
of spiral

reinforcement

Axial
pressure
load N (kN)

C01 0.3 0.39% 4.5 0.79% 857.6

C02 1.0 0.39% 4.5 0.79% 2572.8

Y01 1.0 0.39% 4.5 0.79% 2572.8

Y02 0.3 0.39% 4.5 0.79% 857.6

4. Analytical procedure

4.1. Experimental observations of full-scale columns

Similar crack patterns were observed in all specimens up to a drift ratio of four times the
yield displacement. Three concrete cracks developed at the three elevations. The first set of
cracks were at the bottom of each column, whereas the second occurred at approximately
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half the depth of the first cracks. The third set of cracks were at approximately the full
depth of the first cracks. It is visually clear that the first cracks played a key role in the
total deformations of the specimens. In the C02 and Y01 specimens (experimental axial
pressure ratios were one), the first cracks were the most active, with larger openings. The
third cracks were more active than the second cracks and had a trend of inclination, such
as flexure shear cracks. In the C01 and Y02 (experimental axial pressure ratios were 0.3)
specimens, the first cracks were similarly the most active, as in the C01 and Y02 specimens.
However, the second cracks were more active than the third set of cracks, and exhibited
a trend of inclination such as flexure cracks.
Fig. 9 shows the damaged specimens after the test. Damage was caused at the bottom

of each column. Concrete at the bottom of each column was crushed and flaked off the
column surface, and the stirrups were thus exposed as shown in Fig. 9. The test results show
that flexural failure occurred in the destructive processes of both the cast-in-place columns
and the prefabricated columns. The failure modes and responses under lateral loads for
specimen C01 were similar to those of specimen Y02, whereas those of C02 were similar
to Y02. During tests of specimens Y01 and Y02, the steel pipe, bolt reinforcement, and
concrete at the joint did not yield, and slip between the steel pipe and the concrete column
was not observed.

(a) (b) (c) (d)
Fig. 9. The damage of columns: (a) C01, 9b) C02, (c) Y01, (d) Y02

4.2. Evaluation of test results

In contrast to the experimental results of the two different axial-pressure ratio precast
specimens with the cast ones, the anti-seismic property of these prefabricated specimens
is not worse than the cast-in-place specimens. The following is the process of this contrast.

4.2.1. Specimen Y01 and C02

Fig. 10a shows the experimental responses of specimens Y01 and C02. The hysteretic
response curve of Y01 was very similar to that of C02. The response curve of C02 was
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approximately linear up to a displacement of 16.527 mm, and then entered the nonlinear
phase. At a displacement of 37.19 mm, the curve gained its horizontal ultimate load of
298.8 kN, and then degrades with a constant slope of −2.75 kN/mm up to a displacement
of 84.88 mm, where the loading gain was 167.5 kN. The response curve of Y01 was
approximately linear up to a displacement of 14.578 mm, and then entered the nonlinear
phase. At a displacement of 31.15 mm, the curve gained its horizontal ultimate load of
304.5 kN, and then degraded with a constant slope of 2.36 kN/mm up to a displacement of
97.08 mm where the loading gain was 149 kN. It is worth noting that in the loading phase
of all specimens, the first cycle was similar to the second and third, but in the unloading
phase, the first cycle was different from the second and third cycles. A comprehensive
analysis of the hysteresis curve shows that those of Y01 and C02 were plump with slight
pinching, which indicates that square steel pipe and bolt bar column joint was reliable. The
two specimens were thus satisfactory in terms of ductility and energy dissipation.
In Fig. 10b, the backbone curves are plotted together. 1) The specimen’s backbone

curves are symmetric about the origin. 2) The backbone curves are divided clearly into the
elastic stage, intensive stage, and strength degradation stage. 3) It is clear that the curves
of C02 and Y01 began degrading at +40 mm on the positive, and at –40 mm and –30 mm
on the negative sides, respectively. 4) The slope of degradation of the curve of Y01 is not
smaller than that of C02.

(a) (b)
Fig. 10. Load-displacement response of C02 and Y01

All parameters pertaining to anti-seismic capability are summarized in Table 3. In
Fig. 10b, the backbone curves are plotted together. 1) The specimen backbone curves are
symmetric about the origin. 2) The backbone curves are divided clearly in the elastic stage,
intensive stage and strength degradation stage. 3) It can be observed that the curves of C02
and Y01 degradation begin at +40 mm on the positive, while at –40 mm and –30 mm on
the negative sides, respectively. 4) The curve degradation slope of the Y01 isn’t less than
C02. All the parameters of anti-seismic ability are summarized in Table 3.
The ultimate displacement (Δ𝑢) is the displacement which corresponds to 85% of the

maximum force (𝑝𝑢). It has been experimentally demonstrated and explained [20,21] that
the energy equivalent principle of the skeleton curve is used to determine the yield load
(𝑝𝑦) and yield displacement (Δ𝑦). The energy equivalent principle is shown at Fig. 11. The
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Table 3. Parameters of anti-seismic ability of C02 and Y01

Marks of the
specimen

Yield load
(𝑃𝑦) (kN)

Yield dis-
placement
(Δ𝑦) (mm)

Horizontal
ultimate load
𝑝𝑢 (kN)

Angle of
elastic-
plasticity
deflection
(𝛿)

Coefficient
of ductility
(`)

C02 257.8 16.527 298.8 1/32 3.2

Y01 258.9 14.578 304.53 1/34 3.6

maximum load point A is taken as the horizontal line AC, and then the oblique line OD is
led by the origin O to cross the horizontal line AC at the point D, and the point D moves
on the AC so that the area of the shaded part 1O in the figure is equal to that of the shaded
part 2O. Then, point D is used as the vertical skeleton curve to point B, and point B is the
obtained yield point.

DC Apmax
pu
py B

y u
o

p
u
=
0
.8
5
p
m
a
x

2

1

Δ Δ

Fig. 11. The energy equivalent principle

The angle of elastic-plasticity deflection (𝛿) and coefficient of ductility (`) are calculated
as following equations:

𝛿 =
Δ𝑦

𝐻
(4.1)

` =
Δ𝑢

Δ𝑦

(4.2)

where 𝐻 is the height from loading point to the column bottom.
It appears that the seismic performance parameters for C02 and Y01 are similar. The

information in Table 3 can give a quantitative evaluation of the seismic performance of
two specimens with the same reinforcement area ratios and axial compression ratio. So
under high axial compression ratio, the cast-in-place column can be replaced by assembled
monolithic column with SST+BB.
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4.2.2. Specimen Y02 and C01

Fig. 12 shows the experimental responses of specimens Y02 and C01. All parame-
ters pertaining to their anti-seismic capability are summarized in Table 4. The full load-
displacement responses of Y02 and C01 under an axial compression ratio of 0.3 are shown
in Fig. 12a, where the strength was developed and sustained as shown again by the back-
bone curves in Fig. 12b. Due to the same failure modes, the two specimens showed similar
load–displacement behavior. Compared with Fig. 9 for columns Y01 and C02, it is clear
that column specimens with low axial compression ratios showed different shapes of the
load–displacement curve.

(a) (b)
Fig. 12. Load-displacement response of C01 and Y02: (a) hysteretic curve,

(b) backbone curve

Table 4. Parameters of anti-seismic ability of Y02 and C01

Marks of the
specimen

Yield load
(𝑃𝑦) (kN)

Yield dis-
placement
(Δ𝑦) (mm)

Horizontal
ultimate
load 𝑝𝑢
(kN)

Angle of
elastic-
plasticity
deflection(𝛿)

Coefficient
of ductility
(`)

C01 187.1 20.1 218.9 1/16 5.3

Y02 215.2 20.0 239.4 1/14 6.0

Under an axial compression ratio of 0.3, the bearing capacity of the precast column
(Y02) with SST + BB was similar to that of the cast-in-place column, but its angle of
elastic–plastic deflection and ductility coefficient were significantly greater than those of
the cast-in-place column. The overall performance of specimen Y02 was better than that of
specimen C01. The influence of the SST + BB joint of the pre-cast columns was difficult to
identify owing to limited data. However, the information in Table 4 can give a quantitative
evaluation of the seismic performance of the assembled monolithic specimens and cast-in-
place specimens.
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5. Experimental results and discussion

5.1. Energy dissipation capacity

The energy dissipation capacity criterion is among the customary criteria for the esti-
mation of the robustness of structural members against earthquakes. The hysteresis energy
dissipation coefficient is calculated based on the normalization of the hysteretic dissipation
energies of two equivalent triangular areas shown in Fig. 13 [22].

Fig. 13. Illustration of 𝐸 Fig. 14. Energy dissipation coefficient

In Fig. 14, the hysteresis energy dissipation coefficient of the specimens is shown with
displacement. The coefficient shows the value of hysteresis energy dissipation in each cycle,
which was normalized to the energy dissipation of an equivalent elastic cycle to provide
a good criterion for a quantitative comparison of pinching. In general, the hysteresis energy
dissipation coefficient increased with increasing drift (Fig. 14). The trends for specimens
C02 and Y01 were very similar. The response of the assembled monolithic specimens in
terms of energy dissipation was as satisfactory as that of the cast-in-place specimens.

(5.1) 𝐸 =
𝑆 (ABC+CDA)
𝑆 (OBE+ODF)

5.2. Secant stiffness

The secant stiffness (𝐾) calculated at each cycle of each successive displacement was
used for a comparison of stiffness degradation among the test specimens. Secant stiffness
is defined as the slope of a straight line between the maximum displacement levels of the
given load cycle. The following formula was applied to calculate cyclic secant stiffness at
different cycles. It was proposed by Ricles et al. [23]. Parameters for the calculation of
cyclic stiffness are shown in Fig. 15.

(5.2) 𝐾𝑖 =
|+𝐹𝑖 | + |−𝐹𝑖 |
|+𝑑𝑖 | + |−𝑑𝑖 |

The cyclic stiffness curves of the specimens are shown in Fig. 16. It is clear that the
stiffness degradation of specimens C02 and Y01 were very similar, especially at higher
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Fig. 15. Cyclic stiffness calculation parameters

drift levels. The loss of initial stiffness for these two columns was approximately 75–80% at
the end of the previous cycle (Fig. 16). The stiffness of specimen Y01 was smaller than that
of C02 for the third cycle of 30 mm drift because of the small slippage between the steel
pipe and the concrete columns. However, the degradation in stiffness was slow at higher
drift levels. The rough surface of the checkered steel plate was inward, which enhanced the
cohesion between the surface of concrete and the steel plate.

(a) (b)

(c)

Fig. 16. The cyclic stiffness: (a) the first reversal, (b) the second reversal, (c) the third reversal
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5.3. Node force transmission mechanism analysis

There was no slip between the concrete members and the local outsourced steel tube in
the experiments. The connections can thus be seen as concrete-filled steel tube structures,
and a crossing bolt bar for shear connection keys. The bonding force between steel tube
and concrete helped prevent slip between the concrete members and the local outsourced
steel tube. Thus, the load transfer of the concrete members with the steel tube (rod bolt
connection) joints was as shown in Fig. 17. The moment-based resistance of the composite
connection, 𝑀𝑢 is given by

(5.3) 𝑀𝑢 = 𝑀1 + 𝑀2

An empirical method of calculation based on the test results was used to predict he
shear bonding capacity between concrete members and local outsourced steel tube. This
was proposed by [24]:

(5.4) 𝜏𝑢 = 0.1 𝑓 0.4𝑐𝑢

where: 𝜏𝑢 (MPa) represents the shear bonding capacity as shown in Fig. 17 and 𝑓𝑐𝑢 (MPa)
represents the compressive strength of concrete.
A method to predict the shear capacity of single-bolt reinforcement is proposed here.

It assumes that:

(5.5) 𝑉𝑠 = 𝐴𝑠𝑡 𝑓𝑦/
√
3

where: 𝑉𝑠 represents shear capacity as shown in Fig. 17, 𝑓𝑦 represents the yield strength of
the steel bar, and 𝐴𝑠𝑡 represents the cross-section of single-bolt reinforcement.

(a) (b)

Fig. 17. The force and the components of the composite joint
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The moment-based resistance of the composite connection 𝑀1 is given by:

(5.6) 𝑀1 =

(
𝑉𝑢 + 1

2
𝜏𝑢 𝑙𝑛𝑏𝑐

)
ℎ𝑐

where: ℎ𝑐 is the depth of the concrete-assembled monolithic column; 𝑙𝑛 is the length of
the local outsourced steel tube; 𝑏𝑐 is the thickness of the concrete column; 𝜏𝑢 is the shear
capacity of the bolt reinforcements; and𝑉𝑢 = 𝑛1𝑉𝑠 , 𝑛1 is the number of bolt reinforcements.
We assumed that the lateral compressive stress of the concrete columns was a rectan-

gular distribution at connection failure. In Fig. 17b, the moment-based resistance of the
composite connection 𝑀2 is given by

(5.7) 𝑀2 = 𝐹3

(
𝑙21 −

1
2
𝑥2𝑙21

)
− 𝐹4
2

(1 − 𝑥2) 𝑙21

The shear capacity of the composite connection 𝑉0 is

(5.8) 𝑉0 = 𝐹3 − 𝐹4

and:

(5.9) 𝑀2 = 𝑉0 (𝑙21 + 𝑙22) = 𝐹3
(
𝑙21 −

1
2
𝑥2𝑙21

)
− 𝐹4
2

(1 − 𝑥2) 𝑙21

where 𝑙21 is half the length of the local outsourced steel tube; and 𝑙22 is the length of the
local outsourced steel tube to the inflection point; and 𝐹3, 𝐹4 is the lateral compression of
the concrete columns when 𝛼 = 0.8, then,

𝐹3 = 0.8 𝑓𝑐𝑥2𝑙21𝑏𝑐(5.10)
𝐹4 = 0.8 𝑓𝑐 (1 − 𝑥2)𝑙21𝑏𝑐(5.11)

where 𝑓𝑐 is the design value of concrete strength, such that:

𝑥2 =

√︃
(𝑙21 + 2𝑙22)2 + 𝑙221 − 2𝑙22

2𝑙21
(5.12)

𝑉0 = 0.8 𝑓𝑐
(√︃

(𝑙21 + 2𝑙22)2 + 𝑙221 − (𝑙21 + 2𝑙22)
)
𝑏𝑐(5.13)

𝑀2 = 𝑉0 (𝑙21 + 𝑙22) = 0.8 𝑓𝑐
(√︃

(𝑙21 + 2𝑙22)2 + 𝑙221 − (𝑙21 + 2𝑙22)
)
𝑏𝑐 (𝑙21 + 𝑙22)(5.14)

In this experiment, the steel bar was 22 mm in diameter, and single shear capacity of
the steel bar was:

(5.15) 𝑉𝑠 = 𝐴𝑠𝑡 𝑓𝑦/
√
3 =
1
4
× 3.14 × 222 × 360/

√
3 = 78.97 kN

When 𝑓𝑐 = 29.27 MPa, 𝑙𝑐 = 850 mm, 𝑛1 = 4, 𝑏𝑐 = 400 mm, then:

𝑀1 = (4 × 78970 + 0.5 × 0.1 × 29.270.4 × 850 × 400) × 400 = 152.60 kN ·m
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When 𝑙22 = 1200 − 200 = 1000 mm, 𝑙21 = (850 − 50)/2 = 400 mm, then:

𝑀2 = 𝑉0 (𝑙21+𝑙22) = 0.8 𝑓𝑐
(√︃

(𝑙21 + 2𝑙22)2 + 𝑙221 − (𝑙21 + 2𝑙22)
)
𝑏𝑐 (𝑙21+𝑙22) = 432.7 kN·m

The comparison between the test results and those from the methods above is shown
in Table 5. The results show that the moment capacity (585.32 kN·m) of the composite
connections was larger than the test results for the specimen (𝑀𝑡𝑢 = 𝑉𝑡0 (𝑙21 + 𝑙22) =

304.53 × 1.4 = 426.342 kN·m). So, damage was initiated at the bottom of each column,
and thus an adequate moment capacity of the composite connection can be achieved.

Table 5. Comparison of test results and the proposed method for moment capacity of the composite
connection

Marks of the
specimen

Horizontal
ultimate
load 𝑉𝑡0
(kN)

Test results
𝑀𝑡𝑢 (kN·m)

Calculated
results

𝑀1 (kN·m)

Calculated
results

𝑀2 (kN·m)

Calculated
results

𝑀𝑐𝑢 (kN·m)

Y01 304.53 426.342 152.60 432.7 585.32

Y02 239.4 335.16 152.60 432.7 585.32

6. Conclusions

Based on the test results and observations made during the reverse cyclic test, the
following conclusions can be drawn:
1. The failure modes of all columns are the large eccentric damage, and the destruction of
all specimens occur at the column foot.

2. The hysteresis curves of the assembly column were plump with slight pinching. Both
cast-in-place HSSS columns and the assembled monolithic HSSS columns under high
axial pressure ratios exhibited good ductility. Under a uniform reinforcement ratio and
axial compression ratio, the seismic performance of the prefabricated concrete columns
with SST + BB joints was similar to that of the cast-in-place columns.

3. The trends of increase in the hysteresis energy dissipation coefficient with increasing
drift of C02 and Y01 were very similar. The influence of the SST + BB joint of the
precast columns was minor.

4. The degradation in the stiffness of specimens C02 and Y01 was very similar, indicating
that the connections can be applied to seismic districts.

5. Comparisons of performance parameters, such as the yield load, ultimate load, coeffi-
cient of ductility, and energy dissipation capacity of the assembled monolithic HSSS
columnswith SST +BBwere similar to or better than those of the cast-in-place columns.
Thus, precast HSSS concrete columns may be suitable for use in earthquake zones.
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