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INTRODUCTION
Early in the 20th century the concept of 
confined concrete was proposed, which 
utilises external lateral confinement to 
improve the brittleness of concrete itself, 
and enhance its strength and increased 
ductility (Mander et al 1988). It has become 
an important measure to improve the 
mechanical properties of components 
in engineering (Cao et al 2019; Jing et al 
2020). As is well known, concrete can sig-
nificantly enhance its strength and ductil-
ity under effective lateral confinement.

The use of spiral stirrups to provide 
lateral restraint for core concrete was 
one of the common ways to improve the 
strength and deformation performance of 
concrete (Mander et al 1988). Zongping 
Chen et al (Chen 2021a; 2021b; 2022a; 

2022b; 2022c; 2022d) conducted extensive 
experiments, numerical simulations, and 
theoretical studies on reinforced concrete 
columns with built-in circular spiral hoops. 
The presence of spiral hoops improved 
the confinement on the concrete core, 
significantly improving the bearing capa
city and deformation resistance of concrete 
columns. In addition to circular spiral 
stirrups, rectangular spiral stirrups are also 
a form of spiral reinforcement. Rectangular 
spiral stirrups have the advantages of 
simple binding and good cross-sectional 
adaptability, and can be applied to vari-
ous regular structures. The built-in spiral 
stirrups not only provide effective con-
finement for concrete, but also facilitate 
construction, eliminating hooks at corners, 
and optimising steel usage. Guo et al (2001) 
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first conducted low-cycle repeated tests 
on frames with rectangular spiral stirrups, 
and the results showed that square spiral 
stirrups, especially composite square spiral 
stirrups, can effectively avoid the loosening 
and straightening phenomenon of ordinary 
stirrups, prevent lantern-shaped damage, 
and effectively improve the hysteresis 
performance of frame columns after peak 
load. On this basis, the axial compression 
and seismic resistance of concrete columns 
confined by rectangular spiral stirrups 
were studied, and the research by Xue 
et al (2016; 2019; 2020) and Chen et al 
(2015) demonstrated that, compared with 
ordinary stirrups, spiral stirrups provide 
stronger lateral confinement, and thus 
the reinforced concrete column has better 
deformation performance. Furthermore, 
they also proved that the ultimate bearing 
capacity of specimens with rectangular 
spiral stirrups increases as the con-
crete strength and volumetric stirrup 
ratio increase.

However, in order to meet the demands 
of practical engineering, the columns of 
bridges and super-high-rise buildings need 
to bear significant loads. As a result, the 
cross-section of these structures will be 
larger, which may compromise aesthetics 
and pose challenges in actual construction. 
It is necessary to replace ordinary strength 
steel bars with high-strength steel bars 
(Aboukifa & Moustafa 2021; Yang et al 

2022). Su et al (2014) used high-strength 
stirrups in concrete and found that the 
use of high-strength stirrups can reduce 
the amount of steel bars used. Zhang et 
al (2013) conducted seismic tests on four 
high-strength spiral reinforced concrete 
columns to investigate the impact of axial 
compression ratio and stirrup strength. 
The experimental findings suggest that 
high-strength stirrups enhance the ductil-
ity and energy dissipation capacity of con-
crete columns, even when subjected to the 
same axial compression ratio. This is due 
to the increase in steel bar strength and the 
constraint of rectangular spiral stirrups. 
In addition, Zhao et al (2019) conducted 
seismic performance tests on reinforced 
concrete walls equipped with high-strength 
rectangular spiral stirrups. Compared to 
traditional steel, high-strength steel typi-
cally exhibits lower ductility. However, the 
above studies have shown that the ductility 
of reinforced concrete columns can still 
meet Chinese standard GB 50011-2010 
(Chinese Standard 2010b) by using high-
strength rectangular spiral stirrups.

While rectangular high-strength spiral 
stirrups show promise in their application, 
there has been limited research conducted 
on them. Therefore, it is crucial to investi-
gate the influence of various factors such as 
axial compression ratios, shear span ratios, 
spacing of rectangular spiral stirrups, and 
the diameter of rectangular spiral stirrups 

on the seismic performance of reinforced 
concrete columns. In order to further study 
the seismic performance of rectangular 
high-strength spiral reinforced concrete 
columns, finite element (FE) analysis 
methods were adopted. Firstly, the experi-
ment conducted by Zhang et al (2013) 
was modelled and validated using their 
experimental results. On the basis of a reli-
able model, 19 specimens (including 2 test 
specimens and 17 numerical simulation 
analysis specimens) were thoroughly ana-
lysed. The axial compression ratio, shear 
span ratio, stirrup spacing, and stirrup 
diameter were studied as key factors, and 
the effects of different variables on the seis-
mic behaviour of rectangular high-strength 
spiral reinforced concrete columns were 
revealed. A large number of verification 
calculations have been carried out, and the 
matching relationship between the axial 
compression ratio limit and the shear span 
ratio has been proposed, aiming to provide 
reference for engineering.

INTRODUCTION TO 
PREVIOUS EXPERIMENTS
Two rectangular high-strength spiral 
stirrup reinforced concrete columns with 
axial compression ratios of 0.18 and 0.55 
were designed by Zhang et al (2013), and 
the cross-sectional design is shown in  
Figure 1. The calculation method for axial 
compression ratio n and shear span ratio λ 
is shown in Equations 1 and 2, respectively. 
Table 1 provides detailed design parameters 
for the specimens and FE simulation speci-
mens. The cross-sectional dimensions of 
all specimens were designed to be 400 mm 
× 400 mm; the height from the centre of 
the electro-hydraulic servo actuator to the 
surface of the ground beam was designed 
to be 1 800 mm. Eight HRB400 grade steel 
reinforcement with a diameter of 22 mm 
were used as longitudinal steel bars, and 
high-strength steel bars with a diameter 
of 5 mm were used as internal rectangular 
spiral stirrups. The reinforcement ratio and 
hoop ratio are designed according to the 
GB 50010-2010 (Chinese Standard 2010a), 
meeting the minimum requirements. The 
basic mechanical properties of the test 
material are shown in Table 2.

n = 
N

Ac ∙ fc
� (1)

λ = 
L
a

� (2)
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Figure 1 �Structural diagram of specimen (adapted from Zhang et al 2013)
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Where:
	 N	 is the applied axial pressure
	 n	 is the axial compression ratio
	Ac and fc	� are the cross-sectional area and 

axial compressive strength of the 
concrete, respectively

	 λ	 is the shear span ratio
	 L	� is the height from the loading 

point to the surface of the base
	 a	� is the side length of the section.

The base of the specimen was fixed to the 
ground through high-strength screws to 
minimise horizontal displacement of the 
base. The vertical load was applied by a 
hydraulic jack at the top of the column 
to the designed axial compression ratio, 
and it remained stable throughout the 
entire test process. After the vertical load 
had been applied, the horizontal load 
was then applied by the electro-hydraulic 
servo actuator. The horizontal load adopts 
a joint control loading scheme of force 
and displacement. A horizontal load in 
increments of 50 kN is applied using load 
control until the specimen begins to yield. 
After the specimen yields, displacement 
control loading is applied, with each 
loading increment being a multiple of the 
yield displacement. For instance, if the 
yield level displacement of the specimen 
is denoted as Δy, the loading is conducted 

Table 1 �Parameters and results of the specimen

Specimen 
no

Axial 
compression 

ratio n

Calculated 
length 
L/mm

Shear 
span 

ratio λ

Spiral 
stirrup 

spacing 
S/mm

Spiral 
stirrup 

diameter 
dst/mm

Pp/kN μ Notes

HSSC-01 0.18 1 800 4.5 50 5 218.89 5.43
Reference (Zhang et al 2013)

HSSC-02 0.55 1 800 4.5 50 5 284.80 2.90

FE-1 0.18 1 800 4.5 50 5 215.2 5.60

Change in axial pressure ratio

FE-2 0.4 1 800 4.5 50 5 211.3 4.01

FE-3 0.6 1 800 4.5 50 5 203.3 2.73

FE-4 0.8 1 800 4.5 50 5 195.0 2.53

FE-5 0.9 1 800 4.5 50 5 190.9 2.47

FE-6 0.18 1 000 2.5 50 5 412.0 4.51

Change in shear span ratio
FE-7 0.18 1 400 3.5 50 5 283.4 5.41

FE-8 0.18 2 600 6.5 50 5 134.3 5.28

FE-9 0.18 3 400 8.5 50 5 96.4 3.48

FE-10 0.18 1 800 4.5 30 5 216.5 5.95

Change in spacing of spiral stirrups
FE-11 0.18 1 800 4.5 70 5 211.6 5.05

FE-12 0.18 1 800 4.5 100 5 210.6 4.60

FE-13 0.18 1 800 4.5 150 5 209.7 4.38

FE-14 0.18 1 800 4.5 50 8 225.6 6.86

Change in diameter of spiral stirrups
FE-15 0.18 1 800 4.5 50 10 231.7 6.88

FE-16 0.18 1 800 4.5 50 12 241.6 6.91

FE-17 0.18 1 800 4.5 50 14 243.6 6.97

Table 2 Properties of materials

Material type
Yield 

strength 
fy/MPa

Ultimate 
strength 
fu/MPa

Elastic 
modulus
E0/GPa

Cube 
compressive 

strength 
fcu/MPa

Cylinder 
compressive 

strength 
fc/MPa

HRB400 490 663 201 - -

high-strength stirrup 1 052 1 173 206 - -

concrete - - 31.1 43.8 29.3

Figure 2 Loading system
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at 2Δy, 3Δy, 4Δy, and so on. The loading 
rate is 2 mm/min. The loading and 
unloading of each stage were repeated 
three times. The loading system is shown 
in Figure 2.

FINITE ELEMENT ANALYSIS

General
The FE software of Abaqus/Standard was 
employed to build the FE models. The 
concrete and steel reinforcement were 
combined into an FE model. The size of 
each component is consistent with the 
experiment. Figure 3 presents a compari-
son of calculation results obtained using 
different mesh sizes. It is evident from the 
figure that the calculation results exhibit a 
high level of consistency when the model 
is divided into mesh with a size of 50 mm. 
Longitudinal bars, stirrups, and rectan-
gular spiral stirrups were embedded in 
concrete, and the bond slip between them 
was ignored. Table 3 shows the element 
types selected for each part.

Materials

Steel
The bilinear model of strain hardening 
was adopted as the constitutive model of 
steel in ABAQUS/CAE, without consider-
ing large deformation of the material. 
Equation 3 provides the calculation formu-
la for the constitutive relationship of steel. 
The schematic diagram of the constitutive 
relationship is shown in Figure 4 (Chen 
et al 2021; 2022). The required values for 
ABAQUS were obtained through experi-
mental measurements, and the values are 
shown in Table 2.

σ = 
E0ε				    (0 ≤ ε ≤ εy)

fy + Es(ε – εy)	 (εy ≤ ε)
� (3)

Concrete
In this paper, the concrete plastic dam-
age model (CDP) in ABAQUS 2020 was 

adopted. The stress-strain relationship of 
concrete proposed in the GB50010-2010 
Code for Design of Reinforced Concrete 
Structures (GB50010-2010) was adopted, 
as shown in Equations 4 and 5 where 
fc and εc are the ultimate compressive 

stress and strain of concrete, and αa and 
αd are parameters for the rising and fall-
ing segments, respectively. According to 
GB50010-2010, when using C40 grade 
concrete, they are taken as 2.03 and 1.36 
(Chinese Standard 2010a).

Table 3 Element type selection

Materials Concrete Reinforcement

Strength 
grade

C40
HRB400 / High-
strength steel

Selected 
element

C3D8R T3D2

P/
kN

300

200

100

0

–100

–200

–300
–150 –100 –50 0 50 100 150

∆/mm

HSSC-01-Test 25 mm 50 mm 100 mm

Figure 3 Comparison of calculation results with different mesh sizes
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Figure 4 Elastic-plastic model (adapted from Chen et al 2021; 2022)
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y = 

aax + (3 – 2aa)x2 + (aa – 2)x3 

� 0 ≤ x ≤ 1ε 
x

ad(x – 1)2 + x
� x ≥ 1

� (4)

y = 
ó
fc

, x = 
ε
εe

 � (5)

Numerical model
In the construction of the numerical 
model of the seismic test, the loading 
beams and ground beams can be omitted. 
The top of the test column was equipped 
with a coupling reference point that can 
simultaneously constrain the torsion angle 

and horizontal displacement. Therefore, 
the length of the model was calculated 
as 1 800 mm, as was shown in Figure 1. 
Horizontal displacement and constant axial 
pressure were applied to the top of the 
column, while the boundary condition at 
the bottom of the column was fixed against 
translation and rotation. The constant axial 
pressure at the top of the column is 843 kN 
when the axial compression ratio is 0.18, 
and 2 578.4 kN when the axial compression 
ratio is 0.55. The model establishment was 
completed as shown in Figure 5.

Model validation
The experimental results obtained from 
Zhang et al (2013) were used to validate the 

numerical models used in this research. 
Figures 6 and 7 provide a comparison of 
the hysteresis and skeleton curves between 
the experiment and simulation. The hyster-
esis curve calculated using the FE method 
is consistent with the experimental results, 
showing a similar pinching effect, that is, 
the hysteresis curve is shuttle-shaped. The 
simulated hysteresis curve’s wrapping area, 
loading stiffness, and unloading stiffness 
are basically consistent with the experi-
mental results. The simulated skeleton 
curve trend was highly consistent with the 
ultimate shear bearing capacity. The reason 
for a certain deviation between the bearing 
capacity and initial stiffness and the test 
results may be that the bond slip was not 

Concrete

High-strength 
rectangular spiral stirrup

High-strength stirrup Longitudinal reinforcement

Bottom fixed
UR1 = UR2 = UR3 = 0

Reciprocating displacement
Constant axial pressure

(a) Components of the model (b) Boundary

Figure 5 Mesh generation and boundary conditions of FE model
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Figure 6 Comparison of experimental and simulated hysteresis curves
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considered. On the other hand, the simu-
lated boundary conditions assume that the 
bottom of the column is completely rigid, 
and there will inevitably be slight deforma-
tion during the experimental process. The 
model conditions perfectly ignored the 
gaps between the loading devices, resulting 
in a higher loading stiffness.

Figure 8 compares the tensile damage 
of concrete calculated by the model with 
the development of concrete cracks in 
the experiment. It can be seen from the 
figure that the tensile damage contour of 
concrete obtained from the FE results was 
very similar to the crack diagram of the 
test results. There were interval cracks in 
the concrete, and it was observed that the 
distance between the cracks was close to 
the distance between the spacing of spiral 
stirrups. On the other hand, concrete col-
lapse at the column base under high axial 
compression ratio was also observed, simi-
lar to the concrete peeling in the experi-
ment. Due to the inability of ABAQUS 
software to consider concrete cracking, 
concrete cracking can only be considered 
by defining the tensile damage of concrete. 
Therefore, it can be seen in the hysteresis 
curve and skeleton curve that the simulated 
stiffness will be slightly greater than the 
experimental value. The measured ultimate 
bearing capacity and ductility of HSSC-01 
and HSSC-02 are shown in Table 1. The 
ultimate shear bearing capacity of HSSC-01 
and HSSC-02 measured in the FE analysis 
was 215.2kN and 257.8kN, respectively, 
and the ductility coefficients were 5.60 and 
2.85, respectively. The average error was 
within 10%, indicating that the model can 

P/
kN
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–200
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0

100

200

300

–150 –100 –50 0 50 100 150
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P/
kN
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–150 –100 –50 0 50 100 150
∆/mm

–400

–200
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(a) HSSC-01 (b) HSSC-02

Figure 7 Comparison of experimental and simulated skeleton curves
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Figure 8 Comparison of failure modes (adapted from Zhang et al 2013 with permission)
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reliably simulate the seismic performance 
of these reinforced concrete columns.

Stress analysis
Figures 9(a) and 9(b) show the stress curves 
of the longitudinal steel bars and high-
strength spiral stirrups extracted from the 
FE model. The data points taken were the 
stress of the steel reinforcements under 
forward loading and compression. The lon-
gitudinal reinforcement stress curve was 
symmetric about the coordinate axis, while 
the stress-strain curve of rectangular high-
strength spiral stirrups yields on the com-
pressive side. This indicates that during 
the entire stress process, the high-strength 
rectangular spiral stirrups mainly increase 
the confinement on the compression 
side, and the tensile stress on the tension 
side is provided by the longitudinal bars. 
Within the experimental range, the yield 
rate of longitudinal steel bars and spiral 

stirrups increases with the increase of axial 
compression load. This is because of the 
existence of the Poisson effect. When the 
column is compressed, it tends to expand 
transversely in tension, which is resisted by 
the confinement provided by the stirrups. 
Conversely, when the column is in tension, 
the transverse direction experiences com-
pression (column width gets narrower), and 
the core of the column provides sufficient 
restraint and therefore the stress in the 
stirrups is lower.

Figures 9(c) and 9(d) show the stress 
cloud diagrams of steel bars at peak load 
for specimens. As shown in the figure, 
when the peak load was reached, the rec-
tangular spiral stirrups of the small axial 
compression ratio specimens did not yield, 
while the high axial compression ratio 
specimens yielded due to the confinement 
provided by the stirrups, indicating that the 
high-strength spiral stirrups can fully exert 

their material properties under high axial 
compression ratios.

PARAMETER ANALYSIS
The model HSSC-01 specimen was selected 
as the reference model, and 17 models were 
designed and calculated with the axial 
compression ratio n, shear span ratio λ, 
stirrup spacing S, and stirrup diameter dst 
as the variable parameters. Specific param-
eters and characteristic points of calcula-
tion results are shown in Table 1.

Hysteresis curve and skeleton curve
Figures 10 and 11 show the comparison of 
hysteresis curves and skeleton curves for 
each specimen. By comparing different 
variation parameters, the following conclu-
sions can be drawn:
1.	 The ultimate bearing capacity and 

hysteresis curve shape of the specimen 
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Figure 9 Stress variation curve and stress cloud diagram
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are not significantly affected by the 
axial compression ratio, but an increase 
in the axial compression ratio leads to a 
greater slope in the descending section 
of the curve, resulting in significant 
degradation of ductility.

2.	 As the spacing of spiral stirrups increas-
es, the envelope area of the hysteresis 
curve decreases, resulting in a decrease 
in the ultimate bearing capacity. This 
is due to the reduced constraint on the 
core concrete caused by the increased 
spacing of spiral stirrups. Consequently, 
the energy dissipation capacity and 
bearing capacity are negatively affected. 
The shape of the hysteresis curve of 
the specimen becomes fuller with the 
increase of the diameter of the rec-
tangular high-strength spiral stirrup, 
indicating better energy dissipation 
capacity. Increasing the diameter of rec-
tangular spiral stirrups is more effective 

in improving seismic performance 
than reducing the spacing diameter of 
rectangular spiral stirrups.

Shear capacity and ductility
The average values of positive and negative 
bearing capacity and ductility coefficient 
of all specimens are shown in Table 1. The 
effects of different variables were com-
pared, and the following conclusions were 
obtained:
1.	 The ultimate bearing capacity of the 

specimens with n = 0.4, 0.6, 0.8 and 
0.9 decreased by 1.9%, 5.6%, 9.4% and 
11.3%, and the ductility decreased 
by 28.4%, 51.3%, 54.8% and 55.9%, 
respectively, compared to the specimens 
with n = 0.18. The axial compression 
ratio is a key influencing factor on the 
seismic performance of rectangular 
high-strength spiral reinforced concrete 
columns. According to the requirement 

of ductility coefficient greater than 
3 in the specification GB 50011-2010 
(Chinese Standard 2010b), the limit 
value of the experimental axial com-
pression ratio is n = 0.4 ~ 0.6.

2.	 The ultimate bearing capacity degrada-
tion of reinforced concrete columns 
with λ = 3.5, 4.5, 6.5 and 8.5 reached 
31.3%, 47.8%, 67.5% and 76.7%, com-
pared to specimens with λ = 2.5. The 
ductility shear span ratio increases first 
and then decreases, reaching its maxi-
mum value at λ = 4.5, indicating that 
the shear span ratio is optimal for rec-
tangular high-strength spiral reinforced 
concrete columns.

3.	 Compared with specimens with S = 
30 mm between stirrups, the ultimate 
bearing capacity of specimens with 
S = 50 mm, 70 mm, 100 mm and 
150 mm decreased by 0.7%, 2.3%, 2.8% 
and 3.2%, respectively, and the ductility 
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decreased by 5.9%, 15.2%, 22.7% and 
26.4%. Overall, the change in stirrup 
spacing has little effect on the bearing 
capacity, mainly because when the 
shear span ratio is 4.5, the specimen 
undergoes bending failure, and its bear-
ing capacity is mainly provided by the 
longitudinal reinforcement. The reason 
for the significant decrease in ductility 
may be that spiral stirrups have a strong 
confining effect on concrete, and the 
reduction in stirrup spacing enhances 
the crack resistance of concrete, thereby 
improving the ductility of the specimen. 
The reduction in the stirrup spacing 
also increases the effective core area 
that is confined due to the arching 
action between the stirrups

4.	 As the diameter of the rectangular 
high-strength spiral stirrup increases, 
the ultimate bearing capacity and duc-
tility of the specimen gradually increase. 

Compared with the specimen with dst = 
5 mm, the ultimate bearing capacity of 
the specimen with dst = 8 mm, 10 mm, 
12 mm and 14 mm increases by 4.8%, 
7.6%, 12.2% and 13.1%, respectively, and 
the ductility increases by 22.5%, 22.8%, 
23.3% and 24.4%, respectively. Overall, 
when the diameter of the rectangular 
high-strength spiral stirrup increases 
from 12 mm to 14 mm, the efficiency 
of increasing the bearing capacity of 
the specimen is the lowest, only 0.9%, 
and the increase in ductility is between 
22.5% and 24.4%. Therefore, it is recom-
mended that the diameter of the stirrup 
be between 8 mm and 12 mm (at this 
time the volumetric reinforcement ratio 
is between 1.0% and 2.2%).

Stiffness degradation
The stiffness degradation curves of all 
specimens are shown in Figure 12. The 

calculation method is to take the secant 
stiffness at the peak point of each level of 
the skeleton curve as the shear stiffness of 
that level:

K = 
|+Pi| + |–Pi|
|+∆i| + |–∆i|

� (6)

Where: Δi and Pi are the maximum displace-
ment and load corresponding to the level 
i cycle, respectively, and + and – indicate 
forward and reverse loading, respectively.

The following conclusions can be 
drawn by comparing different variation 
parameters:
1.	 The larger the n, the greater the initial 

stiffness, but the faster the degradation 
rate. When the horizontal displace-
ment is greater than 50 mm, the secant 
stiffness decreases as the n increases.

2.	 As the λ increases, the failure of the 
specimen changes from shear failure 
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to bending failure. Therefore, when the λ 
is small, the shear stiffness is greater, 
while the secant stiffness decreases at 
the same horizontal displacement.

3.	 The stiffness curves of the spacing and 
diameter of different rectangular spiral 
stirrups are basically similar, and the 
initial stiffness is almost coincidental, 
indicating that the contribution of 
rectangular spiral stirrups to the 
stiffness of the specimen is not 
significant at this time. This is consistent 
with the conclusion in existing literature 
that the influence of circular spiral 
stirrups on the stiffness of concrete 
columns is not significant (Xu 2021).

RESEARCH ON SIZE EFFECT
In order to make the numerical analysis 
more reliable, the seismic performance 
of specimens with larger and smaller 

cross-sections was calculated. Figure 13 
shows the comparison of hysteresis curves 
and concrete tensile damage for three 
different cross-sections. As shown in 
Figure 13(a), the plastic hinge zone of the 
small cross-section specimen is higher, 
which is due to the larger shear span ratio 
and the occurrence of compression bending 
failure. The collapse zone of the large cross-
section specimen is higher because the 
shear span ratio is small and compression 
shear failure occurs. The above conclusion 
can also be seen in Figure 13(b) where the 
hysteresis curve of the small cross-section 
specimen is flatter, while the hysteresis curve 
of the large cross-section specimen is fuller.

LIMIT VALUE OF AXIAL 
COMPRESSION RATIO
Through the above parameter research, 
it can be seen that under different axial 

compression ratios and shear span ratios, 
the deformation capacity of rectangular 
high-strength spiral reinforced concrete 
columns will be greatly affected. To ensure 
the deformation capacity of the columns, it is 
necessary to propose a matching relationship 
between the two. This paper is based on the 
standard that the ductility of reinforced con-
crete structures should not be less than 3.00 
(Chinese Standard 2010b), and, through the 
trial calculation of nearly 100 specimens, the 
matching relationship between the final test 
axial compression ratio, design axial com-
pression ratio, and shear span ratio is shown 
in Figure 14. Considering the load combina-
tion coefficient and material strength partial 
coefficient of 1.625, the design axial com-
pression ratio limit value can be calculated. 
As shown in Figure 14, the critical axial 
compression ratio of the composite column 
gradually decreases as the shear span ratio 
increases. This can be attributed to the fact 
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that a larger shear span makes the column 
more slender, increasing its susceptibility to 
buckling. Therefore, an increase in the shear 
span ratio leads to a decrease in column 
stability. It is important to note that the 
degradation of the critical axial compression 
ratio is faster when the shear span ratio is 
between 2.5 and 4.5. This could be due to a 
change in the buckling mode of the column 
within this range. Specifically, the column 
may transition from a non-buckling state to 
a single- or hyperbolic-buckling state. Such 
a change in buckling mode results in a rapid 
decline in the bearing capacity of the column, 
and consequently a rapid decrease in the 
limit value of the axial compression ratio.

CONCLUSIONS
In this paper, the seismic performance FE 
analysis of 17 rectangular high-strength 
spiral reinforced concrete columns and the 
ductility analysis of nearly 300 specimens 
with different axial compression ratios and 
shear span ratios were completed, and the 
following conclusions are drawn:
1.	 Two specimens from previous literature 

were simulated and validated, and the 
reliability of the model was verified from 
failure modes, hysteresis curves, and 
skeleton curves. The stress analysis of the 
test specimen found that the longitudinal 
reinforcement stress curve is symmetric 
about the coordinate axis, while the 

stress-strain curve of rectangular high-
strength spiral stirrups yields on the com-
pressive side. This indicates that, during 
the entire stress process, the high-strength 
rectangular spiral stirrup mainly increases 
the confinement on the compression side, 
while the tensile stress on the tension side 
is provided by the longitudinal reinforce-
ment. The higher the axial compression 
ratio, the earlier the yield of the longitudi-
nal reinforcement and spiral stirrup.

2.	 The bearing capacity and ductility of the 
specimen exhibit significant degradation 
due to the increase in axial pressure. 
When the axial compression ratio is not 
greater than 0.4, the ductility require-
ment of greater than 3 can be met. 
As the shear span ratio increases, the 
bearing capacity of the specimen gradu-
ally decreases, and the ductility is best 
when the shear span ratio is around 4.5. 
The changes in spacing and diameter of 
rectangular high-strength spiral stirrups 
have little impact on bearing capacity, 
but have a significant impact on ductil-
ity. It is recommended to have a stirrup 
ratio between 1.0% and 2.2%.

3.	 The initial shear stiffness increases 
with the increase of axial compression 
ratio, but the degradation rate is faster 
after reaching the peak. The greater the 
shear span ratio, the smaller the secant 
stiffness of the specimen at the same 
horizontal displacement. The changes 
in spacing and diameter of rectangular 
high-strength spiral stirrups have little 
effect on the specimen.

4.	 The simulation of about 100 specimens 
was completed to meet the criterion 
of ductility coefficient not less than 3. 
The matching relationship between the 
experimental axial compression ratio 
and the design axial compression ratio 
and the shear span ratio was proposed.

5.	 Due to the limited functionality of finite 
element software, it is not possible to 
consider more comprehensive and prac-
tical engineering situations. Therefore, 
it is recommended that the dynamic 
response or mechanical performance 
response of this type of composite 
column in frame structures should be 
studied further in future research.
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Figure 14 Matching relationship between n and λ
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