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1. Introduction 

 
It is desirous to design reinforced concrete structures 

(hereinafter, RC) to avoid collapse or critical damage under 
extreme conditions. However, it is uneconomical to design 
RC structures to behave within the elastic range against the 
inertial force caused by earthquakes (Shamin and Shafik 
1993). Current seismic design codes, therefore, allow RC 
structures to be designed to undergo inelastic deformation 
during seismic events. A column in an RC structure is a 
critical structural component that supports beams and slabs 
and transmits load to the foundation; thus, column design 
should guarantee ductile behavior of columns against 
seismic loads. 

Core concrete in an RC column subjected to axial 
compression load and flexural moment expands laterally 
after the spalling of cover concrete. Transverse reinforce-
ment in an RC column constrains the buckling of 
longitudinal rebars and the lateral expansion of core 
concrete. Thus, adequate lateral restraints in concrete cores 
can increase the strength and ductility of RC columns. It is 
well known that spiral reinforcement has a better lateral 
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confinement effect on concrete than hoop reinforcement, 
making it advantageous for improving ductility of columns. 
However, due to difficulties in construction, spiral 
reinforcement is used less frequently than hoop 
reinforcement. In addition, placing a large number of 
internal sub-ties is more effective in terms of the ductility 
improvement of the column than narrowing the transverse 
reinforcement because sub-ties increase the core concrete’s 
confinement area and effectively prevent buckling of 
internal longitudinal rebars (Marinez et al. 1984, Moehle 
and Cavanagh 1985, Mander et al. 1988, Yong et al. 1989, 
Muguruma and Watanabe 1990, Muguruma et al. 1991, 
Razvi 1992, Sheikh and Toklucu 1993, Cusson and Paultre 
1994, Razvi and Saatcioglu 1999). 

Recently, various types of external strengthening 
methods to improve the lateral deflection and the 
compressive strength of RC columns have been proposed. 
Existing experimental studies on externally confined RC 
members (Ding et al. 2019, Moretti 2019, Wang et al. 2019, 
Raoof et al. 2020, Zhang et al. 2020, Elsamak and Fayed 
2021) showed that steel tubes, FRP jackets, aluminum 
plates and CFRP sheets are effective in confining concrete 
and reducing the length of plastic hinge, resulting in 
improving ductility and energy dissipation capacity of the 
RC members. However, it is important to predict the 
flexural strength of a pure column without external 
confinement at the design stage. Over-reinforcement of RC 
columns may cause brittle fracture due to concrete crushing 
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Abstract.  The amount and configuration of transverse reinforcement are known as critical parameters that significantly affect 
the lateral confinement of concrete, the ductility capacity, and the plastic hinge length of RC columns. Based on test results, this 
study investigated the effect of the three variables on structural indexes such as neutral axis depth, lateral expansion of concrete, 
and ductility capacity. Five reinforced concrete column specimens were tested under cyclic flexure and shear while 
simultaneously subjected to a constant axial load. The columns were reinforced by two types of reinforcing steel: rectangular 
hoops and spiral type reinforcing bars. The variables in the test program were the shape, diameter, and yield strength of 
transverse reinforcement. The interactive influence of the amount of transverse reinforcement on the structural indexes was 
evaluated. Test results showed that when amounts of transverse reinforcement were similar, and yield strength of transverse 
reinforcement was 600 MPa or less, the neutral axis depth of a column with spiral type reinforcing bars was reduced by 28% 
compared with that of a column reinforced by existing rectangular hoops at peak strength. While the diagonal elements of spiral-
type reinforcing bars significantly contributed to the lateral confinement of concrete, the strain of diagonal elements decreased 
with increases of their yield strength. It was confirmed that shapes of transverse reinforcement significantly affected the lateral 
confinement of concrete adjacent to plastic hinges. Transverse reinforcement with a yield strength exceeding 600 MPa, however, 
increased the neutral axis depth of normal-strength concrete columns at peak strength, resulting in reductions in ductility and 
energy dissipation capacity. 
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before longitudinal reinforcements reach the yield strength. 
The ACI-318 code (2019) suggests using sub-ties with 

135-degree and 90-degree hooks to prevent buckling of 
longitudinal rebars. However, conventional sub-ties may 
result in poor filling of concrete due to overcrowding of 
reinforcement, and deterioration of constructability. For 
example, the loosening of 90-degree hooks causes a 
decrease in effective lateral confinement for concrete and 
buckling of inner longitudinal rebars, which result in abrupt 
decreases in strength and ductility of the column. For this 
reason, many existing studies have experimentally and 
analytically examined the effects of the axial load ratio, 
shape, and volumetric ratio of transverse reinforcement on 
the lateral confinement of concrete and the ductility of RC 
columns. Based on the ACI code, Sheikh and Shafik (1997) 
proposed a modified equation for determining the amount 
of transverse reinforcement considering the effect of the 
shape of the transverse reinforcement and the axial load 
ratio. They reported that column ductility is affected by the 
axial load ratio and confinement degree of longitudinal 
rebars; and, when the axial load ratio is high, at least three 
internal longitudinal rebars should be constrained to secure 
the sufficient ductility of the column. 

Shin et al. (2010) conducted an experimental study on 
the flexural performance of RC columns with ultrahigh-
strength concrete. They adopted the axial compression ratio, 
the shape of transverse reinforcement, and the transverse 
reinforcement volumetric ratio as experimental variables. 
Through regression analysis of experimental results, they 
proposed a volumetric ratio of transverse reinforcement to 
make ultrahigh-strength reinforcement concrete columns 
subjected to an axial load below 40% or more than 40% of 
the sectional strength have a ductility higher than 4. In 
addition, for a more rational design of RC columns, they 
suggested that the shape of the transverse reinforcement and 
distribution of the longitudinal rebars should be considered 
in addition to the axial load ratio in calculating the 
volumetric ratio of the transverse reinforcement. 

Yi et al. (2012) investigated the effect of axial load 
ratio, loading path, and location of transverse reinforcement 
on the confining stress distribution of RC columns; they 
also used a flexural test to look at the length of plastic 
hinges for circular RC columns without cover concrete. 
They found that in an RC column subjected to reversed 
cyclic loading, the transverse reinforcement provided 
confinement stress on both the tension and compression 
sides in the section before concrete crushing; they also 
found that the maximum lateral strain of the transverse 
reinforcement in the plastic hinge region was independent 
of the section location. 

Pam and Ho (2011) mentioned that an RC column 
designed according to the existing design codes that ignored 
lateral confinement by transverse reinforcement could 
suffer shear failure due to the increase in flexural strength. 
Based on existing experimental data for square columns 
subjected to axial load and bending moment, they proposed 
a flexural strength enhancement factor considering lateral 
confinement by transverse reinforcement. They analytically 
demonstrated that the flexural strength of RC columns, 
obtained from standard flexural analysis, increased as much 

as 1.4 times due to the lateral confinement of hoops. By 
applying the proposed flexural strength enhancement factor, 
it was possible to predict the flexural strength of laterally 
confined RC columns with high enough accuracy to be 
utilized in the practical design. 

Shanan et al. (2019) experimentally and analytically 
investigated the effects of the volumetric ratio, spacing, and 
yield strength of transverse reinforcement on concrete 
confinement in normal and high-strength concrete columns. 
They found that the number of sub-ties in the existing 
rectangular hoops significantly affects the strength and 
ductility of normal and high-strength concrete columns. The 
experimental results showed that transverse reinforcement 
with a yield strength exceeding 500 MPa decreased the 
ultimate compressive strain of concrete in RC columns. 

In many existing studies (Shin et al. 2010, Domenico et 
al. 2019, Shanan et al. 2019, Chitra and Rugmini 2021, Jing 
and Huang 2019, Wang et al. 2020, Yang et al. 2021, 
Zakerinejad and Soltani 2021, Bai and Li 2021, Halim et al. 
2021), it was reported that the performance of RC columns 
depends on the configuration and amount of transverse 
reinforcement and spiral reinforcement is the most effective 
in the confinement of concrete. However, the interactive 
influence of the volumetric ratio and yield strength of 
transverse reinforcement on the confined concrete under 
flexural moment remains unclear. In general, the yield 
strength of the transverse reinforcement is limited to 500-
600 MPa in design codes. This limitation is intended to 
secure the ductile behavior of the structural members by 
inducing yielding of the transverse reinforcement before 
concrete crushing and the usability of the structural 
members by preventing the expansion of diagonal crack 
width due to increases in rebar spacing. This study 
evaluated the effects of shape, diameter, and yield strength 
of transverse reinforcement on lateral confinement of 
concrete and length of plastic hinges formed at both ends of 
flexure-dominated RC columns. Moreover, the lateral 
confinement effects of existing rectangular hoop and the 
spiral-type transverse reinforcing bars were assessed 
through the evaluation of the neutral axis depth, the strain 
distribution of reinforcing steels, the ductility capacity, and 
the damage degree of the columns. 

 
 

2. Description of K-type transverse reinforcing bar 
 
As shown in Figs. 1(a) and (b), spiral-type transverse 

reinforcing bars (hereafter called the K-type transverse 
reinforcement) are composed of continuous rectangular-
shaped hoops and octagonal-shaped sub-ties. K-type 
transverse reinforcement is made in one piece, so there is no 
problem loosening the sub-ties due to the buckling of 
longitudinal rebars. Furthermore, this structure has the 
advantage of more than halving the time required for 
reinforcement compared to the existing hoop method. Kim 
et al. (2020) confirmed that when amounts of transverse 
reinforcement (𝜌 𝑓 ) were similar, columns made of K-
type transverse reinforcement in grade 500 MPa had 
flexural strength and ductility more than equivalent to those 
of columns using conventional rectangular transverse 
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reinforcement. Furthermore, increases in yield strength 
helped increase flexural strength and ductility when 
transverse reinforcement ratios were the same. 

 
 

3. Experimental program 
 
3.1 Descr pt on of spec mens 
 
A total of four specimens were prepared to evaluate the 

effects of shape, diameter, and yield strength of transverse 
reinforcement on lateral confinement and flexural behavior 
of normal- strength concrete columns. Table 1 presents a list 
of specimens, while Fig. 2 shows specimen details and 
locations of strain gauges. H and K in the specimen labels 
in Table 1 indicate specimens reinforced by existing hoop 
and K-type transverse reinforcement, respectively. F5, F6, 
F7, F8, and F10 refer to the grades of transverse 
reinforcement (for example, F5 = 500 MPa), and numbers 
8, 9, and 10 are diameters of transverse reinforcing bars. All 
specimens had width (𝑏) of 400 mm, height (ℎ) of 400 mm, 
and length (𝑙) of 2100 mm, and shear span-to-depth ratio 
(𝑎/𝑑) of 3.11. 

Twelve D19 deformed bars of grade SD400 were used 
as longitudinal rebars for all specimens. The spacing of 

 
 

 
 

transverse reinforcement was set to 150 mm. For specimen 
H-F5-10, 135° and 90° standard hooks were distributed in 
the width and height directions of the section. In the design 
stage, 𝜌 𝑓  of all specimens was set in a similar range of 
2.38-2.86. When calculating the transverse reinforcement 
ratio (𝜌 =𝐴 / 𝑏𝑠 ), the effective sectional areas of the 
transverse reinforcement (𝐴 ) of the reference specimen H-
F5-10 and the K series specimens were obtained by 
multiplying the cross-sectional area of the transverse 
reinforcement (𝐴 ) by 4.0 and 3.41, respectively (Park and 
Pauley 1975). In this study, specimens to which K-type 
transverse reinforcement with a yield strength of 500 MPa 
was applied were excluded from the experimental program 
by referring to the experimental results of Kim et al. (2020). 

 
3.2 Mater als 
 
Material properties of concrete and reinforcement are 

presented in Tables 2 and 3. The design strength of the 
concrete was 30 MPa, and the maximum diameter of coarse 
aggregate was 25 mm. For the transverse reinforcement of 
H-F5-10, D10 deformed bars of grade SD500 were used. 
The transverse reinforcement of the K series specimens has 
a different yield strength, and surface-treated steel with 
diameters from 8.2 to 10 mm was used, as shown in Fig. 

 

 
(b) Cross section 

 

 

(a) 3D view (c) Steel surface processing 

Fig. 1 Rectangular and octagon-shaped spiral (K-type transverse reinforcing bar) 

Table 1 List of specimens 

Specimens 
Sectional properties Transverse reinforcement 𝑏 

(mm) 
h 

(mm) 
𝑎/𝑑 
(-) 

d 
(-) 

𝐴  
(mm2)

s 
(mm)

𝜌  
(-) 

𝑓 * 
(MPa) 

𝜌 𝑓 * 
(-) 

1 H-F5-10 

400 400 3.11

D10 71.3 150 0.00475 500 2.38 

2 K-F6-10 ∅10 71.3 150 0.00405 600 2.43 

3 K-F7-9 ∅9.2 59.4 150 0.00338 700 2.37 

4 K-F8-8 ∅8.2 50.2 150 0.00286 800 2.29 

5 K-F10-8 ∅8.2 50.2 150 0.00286 1000 2.86 
 

※𝐻: column with hoops, K: column with K-type transverse reinforcement, 𝑏: width, ℎ: height, 𝑎/𝑑: shear span-to-depth ratio, 𝑑: diameter of transverse reinforcement, 𝑠: spacing of transverse reinforcement, 𝜌 : transverse reinforcement ratio, 𝑓 *: yield strength of transverse reinforcement at the design stage 
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1(c). Except for K-F10-8, 𝜌 𝑓  values of specimens, 
calculated from the actual yield strengths of the steel 
obtained through tensile test, were in the range of 2.45-2.54, 
similar to the values set during the experimental plan. 

 
3.3 Load ng and measurement plans 
 
Fig. 3 shows a schematic of the loading devices and test 

setup installed for the quasi-static cyclic loading test of the 
column specimen. Horizontal and vertical loads were 
applied to specimens by 1000-kN-capacity actuators. In 
specimens, an axial load equivalent to 10% of the axial 
compressive strength (𝑛  = 0.1) was introduced. Loadings 

 
 

 
 

 
 

of two cycles each were applied at 2, 4, and 6 times 
displacement (∆ ) at the yield of the longitudinal rebars per 
specimen in each deformation stage, as with the example of 
the loading protocol for H-F5-10 shown in Fig. 4. Loading 
was continued until the applied load dropped below 80% of 
the maximum load. The displacements and drift ratios were 
measured with two LVDTs installed on the upper and lower 
stubs. As shown in Fig. 2, strain gauges were installed to 
evaluate the strain distribution of the longitudinal rebars and 
transverse reinforcing bars, the lengths of the plastic hinges, 
and the lateral confinement of the concrete on the 
compression sides of the section. 
 

(a) H-F5-10 (b) K series specimens 

Fig. 2 Details of specimens (unit: mm)

Table 2 Material properties of concrete 

Curing period 
(days) 

𝐺  
(mm) 

𝑓  
(MPa) 

𝑓  
(MPa) 

𝐸  
(MPa) 

𝜀  
(-) 

𝜀  
(-) 

28 25 28.7 26.7 18840.4 0.0027 0.0032 
 

※𝐸 : elastic modulus of concrete, 𝜀 : maximum compressive strain, 𝜀 : ultimate compressive strain 

Table 3 Material properties of reinforcement 
Specimens Type 𝐴 (mm2) 𝑓  (MPa) 𝜀 (-) 𝐸  (MPa) 

Longitudinal reinforcement D19 286.5 453.9 0.0024 189,112 

Transverse 
reinforcement 

H-F5-10 D10 71.3 534.4 0.0030 177.601 

K-F6-10 ∅10 71.3 624.8 0.0043 162,292 
K-F7-9 ∅9.2 64.2 744.2 0.0047 164,680 
K-F8-8 ∅8.2 50.3 855.6 0.0055 152,068 

K-F10-8 ∅8.2 50.3 1162.3 0.0081 140,916 
 

※𝐴: cross sectional area, 𝑓 : yield strength, 𝜀 : yield strain, 𝐸 : elastic modulus of reinforcement 
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Fig. 3 Schematic of loading devices and test setup
 
 
 

Fig. 4 Example of loading protocol for H-F5-10
 
 
 

4. Experimental results 
 
4.1 Load-d placement relat on 
 
Table 4 summarizes the experimental results for the vital 

loading stages and corresponding displacement; Fig. 5 
shows load-displacement hysteretic curves of the 
specimens. In all specimens, the first flexural cracks 
developed at the drift ratio of 0.25%, equivalent to a 
displacement (∆) of 5.25 mm. For specimens other than K-
F6-10, longitudinal rebars reached their yield strength at a 
drift ratio of 0.72-0.99%. The yield displacement (∆ ) of K-
F6-10 was 15.1 mm, which was the smallest value among 
all specimens. Yielding of the transverse reinforcement in 
the flexure-dominated column specimens did not appear 
until the experiment was terminated. The average absolute 
values of the maximum strength (𝑃 ) in the positive and 
negative loading directions were in a range of 275.8-285.4 
kN, and ultimate load ( 𝑃 ) values were also similar 
regardless of the shapes of the transverse reinforcement. As 
the displacement increased after 𝑃 , the strengths of all 
specimens gradually decreased due to spalling and crushing 
of concrete at both ends. 

For specimen H-F5-10, the applied load dropped below 𝑃  at an average displacement equivalent to about 4.7∆ , 
and the K series specimens reached 𝑃  at an average 
displacement equivalent to or greater than 5∆ . The average 
displacement of K-F6-10 at 𝑃  was 98.3 mm, which was 
the smallest value among all specimens. However, this 
value was equivalent to 6.5 times the yield displacement, 
showing that K-F6-10 had the largest deformation capacity 
among all specimens. The load-displacement relation of 
specimens showed that though the shape of the transverse 
reinforcement had a slight effect on the maximum strength 
of the columns, it significantly affected their deformation 
capacity. In addition, for specimens with similar value of 
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Table 4 Results of cyclic loading tests 

Specimens 
Loading 
direction 

At yielding of 
reinforcement At peak load At 80% of 

peak load Failure 
mode 

No. & Name 𝜌 𝑓  
(-) 

𝑃  
(kN) 

∆  
(mm)

𝑃
(kN) 

∆
(mm)

𝑃  
(kN) 

∆  
(mm) 

1 H-F5-10 2.54
Positive 

257.4 20.6 
286.4 39.5 229.1 109.6 

Flexural
Negative -284.3 -38.0 -227.4 -82.9 

2 K-F6-10 2.53
Positive 

233.6 15.1 
276.5 29.8 221.2 94.7 

Flexural
Negative -275.1 -35.7 -220.1 -101.9 

3 K-F7-9 2.52
Positive 

-261.4 -19.9
278.8 35.7 222.8 106.1 

Flexural
Negative -291.1 -39.5 -232.8 -103.5 

4 K-F8-8 2.45
Positive 

253.7 20.8 
280.6 32.3 224.5 108.4 

Flexural
Negative -278.6 -32.9 -222.9 -106.3 

5 K-F10-8 3.32
Positive 

250.7 19.9 
283.1 39.5 226.5 104.6 

Flexural
Negative -282.9 -39.1 -226.3 -97.4 

 

※𝑓 : yield strength of transverse reinforcement measured from tensile test, 𝑃 : yield load, 𝑃 : maximum load, 𝑃 : ultimate load (= 0.8𝑃 ), ∆ : yield displacement, ∆ : displacement at 𝑃  and ∆ : ultimate displacement
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 𝜌 𝑓 , the deformation capacity of the specimen decreased 

as the transverse reinforcement ratio (𝜌 ) was reduced. This 
was because, compared to existing hoops, K-type transverse 
reinforcement effectively constrained core concrete in the 
plastic hinge region, delaying crushing and preventing 
buckling of longitudinal rebars. This result can be 
confirmed through the crack patterns of specimens and the 
strain distributions in reinforcement. 

 
4.2 Fa lure modes 
 
Fig. 6 shows crack patterns of specimens at failure. In 

all specimens, initial flexural cracks occurred at both ends 
at a drift ratio of 0.25%. New flexural cracks facing centers 
of specimens and flexure-shear cracks connected with them 
occurred at drift ratio of 0.5%. For H-F5-10, spalling of 
cover concrete occurred at both ends at a displacement 
equivalent to 2∆ , and concrete crushing occurred at a 
displacement equivalent to 4∆ . In addition, buckling of the 
corner and inner longitudinal rebars, as well as loosening of 
a 90º hook, was observed at both ends. 

 
 
For K-6F-10, whereas the pattern and distribution of 

cracks were similar to those in the reference specimen, the 
crushing of concrete occurred at both ends at a 
displacement equivalent to 6∆ . Spalling of cover concrete 
in K-F7-9, K-F8-8, and K-F10-8 occurred at a displacement 
equivalent to 4∆ . Crushing of concrete appeared at a 
displacement equivalent to about 5∆ . No buckling of 
longitudinal rebars was found in any of the K series 
specimens. The delay of concrete crushing and no buckling 
of longitudinal rebars in the K series specimen show that, 
compared to the existing hoops, the continual octagon steel 
in the K-type transverse reinforcement effectively 
constrained the core concrete and longitudinal rebars. 

 
4.3 Stra n d str but on 
 
4.3.1 Stra n d str but on n long tud nal rebar 
Fig. 7 shows the strain distribution in the longitudinal 

rebar for the specified positive and negative displacement 
levels. After the yielding of the longitudinal rebar, the strain 
of the tension side longitudinal rebars of the K series 

(a) H-F5-10 (b) K-F6-10 
 

(c) K-F7-9 (d) K-F8-8 
 

(e) K-F10-8

Fig. 5 Lateral load-displacement relations
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specimens rapidly increased. Meanwhile, the increase in the 
strain of the tension side longitudinal rebars of the reference 
specimen slowed or decreased. The plastic hinge length for 
each specimen is the distance from the location where, after 
maximum strength, the strain of the longitudinal rebar 
reached the yield strain until the upper or lower stub of the 
column, as shown in Fig. 7. The plastic hinge of H-F5-10 
was about 600 mm at ∆ , and 704 mm at 2∆ , an increase 
of 17%. The length of the plastic hinge of the K series 

 
 
specimen was about 420 mm at ∆ , which was 1.24 times 
the effective depth (d = 338 mm). After that, despite the 
increase in displacement, the length of the plastic hinge did 
not increase significantly. It was found that when 𝜌 𝑓  
values of columns are similar, the shape of transverse 
reinforcement has a significant effect on the length of the 
plastic hinge. 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

(a) H-F5-10 (b) K-F6-10 (c) K-F7-9 (d) K-F8-8 (e) K-F10-8

Fig. 6 Crack patterns in specimens at failure 
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(a) H-F5-10
 

(b) K-F6-10
 

(c) K-F7-9
 

(d) K-F8-8
 

(e) K-F10-8

Fig. 7 Strain distribution in longitudinal rebars
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(a) H-F5-10
 

(b) K-F6-10
 

(c) K-F7-9
 

(d) K-F8-8
 

(e) K-F10-8

Fig. 8 Strain distributions of vertical and horizontal elements in transverse reinforcement 
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4.3.2 Stra n d str but on n transverse re nforcement 
Fig. 8 presents the strain distribution of vertical and 

horizonal elements in the transverse reinforcement for the 
specified positive displacement levels. In the case of the 
reference specimen, they exhibited a strain distribution of 
transverse reinforcements placed in the loading direction 
(the bottom side of the cross-section) and perpendicular to 
the loading direction (the right side of the cross-section). 
Fig. 9 presents strain distributions of transverse reinforce-
ments placed in diagonal direction for K series specimens. 

All specimens showed highest strains in transverse 
reinforcements located as far as the effective depth (d) from 
both ends. In the reference specimen, the maximum strain 
of the transverse reinforcement placed in the loading 
direction was 0.00164, which corresponds to about 55% of 
the yield strain (𝜀  = 0.003). Meanwhile, the maximum 
strain of the transverse reinforcement placed perpendicular 
to the loading direction reached the yield strain. This 
indicates that the transverse reinforcement placed 
perpendicular to the loading direction could not sufficiently 
resist the buckling of longitudinal rebars and the lateral 
expansion of concrete subjected to the axial load flexural 
moment. In the case of the K series specimens, the strain of 
the transverse reinforcement placed in all directions did not 
reach the yield strain until failure, implying that it had a 
sufficient resistance to shear force, axial compression load, 
and flexural moment. Furthermore, the strain of the 
octagon-shaped reinforcement placed in the diagonal 
direction was higher than that of the transverse 
reinforcement placed in other directions. This shows that 
the octagon-shaped sub-ties contributed significantly to 
resisting the applied shear force and the lateral expansion of 
core concrete. 

 
 

5. Discussion and analysis 
 
5.1 Neutral ax s depth rat o 
 
The volumetric ratio and shape of transverse 

reinforcement affect the flexural strength of RC columns. 
This section demonstrates the effect of each variable 
employed in this study on the neutral axis depth (𝑐) of 
square columns based on experimental results. Fig. 10 
compares the neutral axis depth formed on the cross-section 
below the top stubs of specimens. The X and Y axes in the 
figure present the names of specimens and the neutral axis 
depth ratios (𝑐/𝑑), respectively. The strain distribution of 
the internal longitudinal rebars was assumed to be linear 
until the displacement reached 2∆ . The distance from the 
compression edge to the neutral axis was estimated using 
the strains of tensile and compressive-side longitudinal 
rebars and the cross-sectional properties of specimens. 

 
 

Fig. 10 Neutral axis depth ratio of specimens at specified 
displacement levels 
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Fig. 9 Strain distributions of diagonal element in K-type transverse reinforcement 
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5.1.1 Effect of shape of transverse re nforcement 
(H-F5-10 vs. K-F6-10) 

The neutral axis depth ratios of H-F5-10 and K-F6-10 
showed a decreasing trend as displacement increased. 
Except for when the displacement was equivalent to ∆ , 
the neutral axis depth ratios of K-F6-10 were lower than 
those of H-F5-10. Meanwhile, the decrement of 𝑐/𝑑 was 
higher in H-F5-10 until ∆  than K-F6-10. While 𝑐/𝑑 of 
K-F6-10 was about 28% smaller than that of H-F5-10, the 
strength of H-F5-10 at 2∆  was about 4% higher than that 
of K-F6-10. This indicates that when 𝜌 𝑓  was similar 
and the yield strength was 600 MPa or less, concrete on the 
compression side with a relatively small area constrained by 
K-type transverse reinforcement could resist the same level 
of flexural moment. 

 
5.1.2 Effect of amount of transverse re nforcement 

(K ser es spec mens) 
The average maximum strength (𝑃 ) of K-F6-10 and 

K-F7-9, having the same shape and values of 𝜌 𝑓 , were 
similar (see Table 4); however, 𝑐/𝑑  of K-F7-9 at 
maximum strength was more than two times higher than 
that of K-F6-10. Moreover, 𝑐/𝑑 of K series specimens other 
than K-F6-10 after a drift ratio of 0.25% was larger than 
those of the reference specimens. This indicates that even if 
the K-type transverse reinforcement had a shape that was 
effective for lateral confinement of concrete compared to 
existing hoops, lateral confinement for concrete decreased 
when amount of transverse reinforcement decreased to 
lower than a specific amount. Moreover, the lateral 
confinement effect  depended on the transverse 
reinforcement ratio rather than on the yield strength of the 
transverse reinforcement. It can be seen that the minimum 
transverse reinforcement ratio (𝜌 ) required for lateral 
confinement of the column specimens used in this study 
was about 0.00338. According to the research results of 
JICE (1990), when the compression strength of concrete 
was less than 50 MPa and the volumetric ratio of the spiral 
reinforcement was less than 1%, the lateral confinement 
effect was significantly affected by the compressive 
strength of concrete, rather than by the yield strength of the 
spiral reinforcement. Therefore, in the case of increasing the 
yield strength instead of reducing the amount of confining 
steel in the K-type transverse reinforcement, the concrete 
should also have a high compressive strength if lateral 

 
 

Fig. 11 Strain rate between concrete and transverse 
reinforcement 

confinement effect by K-type transverse reinforcement is to 
be expected. 

 
5.2 Stra n rate 
 
Strains of the concrete on the compression side in the 

plastic hinge regions and the transverse reinforcements 
were compared to investigate the effects of the design 
parameters on the lateral confinement of concrete with the 
increase in displacement. Fig. 11 compares the strain rate 
(𝜈′ = 𝛼/𝛾) for the specified displacement levels. 𝛼 is the 
ratio of the measured strain (𝜀 ) to the yield strain (𝜀 ) of 
the transverse reinforcements and 𝛾  is the ratio of the 
compressive strain of concrete (𝜀 ) to the strain of concrete 
at peak compressive stress (𝜀 ). 𝜀  was estimated via 
linear analysis of the strain distribution of longitudinal 
rebars, as shown in Fig. 9. The strain of the transverse 
reinforcement placed perpendicular to the loading direction, 
in Fig. 8, was employed as 𝜀 . 𝜈′ of the reference specimen H-F5-10 at 0.25% drift 
ratio was 0.14, at least 2.3 times higher than that of the K 
series specimens. 𝜈′ of H-F5-10 increased almost linearly 
until 2∆ , and 𝜈′ at that point was about 0.32. 𝜈′ of the K 
series specimens at 0.25% drift ratio was in the range of 
0.02-0.06. Unlike the reference specimen, 𝜈′  of the K 
series specimens was found to be less than 0.1 until 2∆ . 
Furthermore, 𝜈′ of K-F10-8 was the lowest among the K 
series specimens. However, it should be noted that the 
diagonal elements of the octagon-shaped sub-ties in the K-
type transverse reinforcement significantly contributed to 
the lateral confinement of the concrete in the plastic hinge 
regions. In addition, 𝛼 for the diagonal elements decreased 
with increase of yield strength of the transverse 
reinforcement, as shown in Fig. 8. This clearly showed that 
the shape of transverse reinforcement significantly affected 
the lateral confinement of concrete. 

 
5.3 Duct l ty capac ty 
 
In this section, the ductility capacity of column 

specimens for reversed cyclic loading was evaluated 
through the displacement ductility ratio (𝜇 = ∆ /∆ ). 𝜇 
for flexural-dominated columns can be defined as the ratio 
of maximum displacement (∆ ) to yield displacement (∆ ). 
Fig. 12 shows a comparison of 𝜇 for each specimen. ∆  
and ∆  of H-F5-10, shown in Table 4, were 20.6 mm and 

 
 

Fig. 12 Displacement ductility 
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109.6 mm, respectively; 𝜇 of this specimen was 5.32. 𝜇 
of K-F6-10, calculated with the same method, was 6.27, an 
approximately 1.18 times increase compared to the 
reference specimen. This shows that when 𝑓  is less than 
600 MPa and 𝜌 𝑓  is 2.53 or more, the K-type transverse 
reinforcement can effectively improve the ductility capacity 
of RC columns compared to the existing hoops. On the 
other hand, other specimens in the K series showed an 
average of 1.8% lower ductility capacity compared to the 
reference specimen. 𝜇  of K-F10-8 increased by 1.1% 
compared with that of K-F7-9. It can be seen that the effect 
of the shape and amount of transverse reinforcement on the 
ductility capacity of the columns, shown in Fig. 11, had an 
opposite trend to the neutral axis depth ratio shown in Fig. 
9. This shows that, when the transverse reinforcement ratio 
is reduced below a certain level, increasing the yield 
strength of transverse reinforcement has no influence on the 
ductility capacity of normal-strength concrete columns. 

In Figs. 8 to 11, it can be inferred that the stress of 
concrete on the compression side of the K series specimens, 
except for K-F6-10, reached the ultimate compressive 
strength early, before the strain of the longitudinal rebars 
reached 2∆ . This would eventually lead to decreases in 
ductility capacity of K-F7-9, K-F8-8, and K-F10-8. 
Differences in shape, diameter, and yield strength of 
transverse reinforcement significantly affected the neutral 
axis depth, the lateral confinement of concrete, and the 
ductility capacity of RC columns. However, it should be 
noted that even though the shape of K-type transverse 
reinforcement is more effective for the lateral confinement 
of concrete, a decrease in the diameter or an increase in the 
yield strength of transverse reinforcement reduces the 
lateral confinement effect of a normal-strength concrete 
column, resulting in a decrease in ductility capacity. 

 
5.4 Energy d ss pat on and damage assessment 
 
5.4.1 Energy d ss pat on 
Table 5 shows a comparison of the cumulative hysteretic 

energy dissipation (Σ𝐻𝐸 ) of each specimen up to the 
specified displacement. 𝛴𝐻𝐸 at a given cycle is calculated 
as the summation of the hysteretic energies dissipated 
during the specified and preceding cycles. 𝐻𝐸  can be 
determined from the area enclosed by the hysteretic loop at 
each cycle. Σ𝐻𝐸  values of the K series specimens up to the 
displacement of 10.5 mm were more than double that of the 

 
 

reference specimen. This was because, even under a 
displacement smaller than 𝛥 , the K-type transverse 
reinforcement effectively constrained the core concrete so 
that the initial strength increased. On the other hand, among Σ𝐻𝐸  values of specimens up to the displacement 
equivalent to 4∆ , the highest value found was for the 
reference specimen, while K-F6-10, which showed the 
highest ductility, absorbed minimum strain energy. This was 
because, when K-F6-10 reached 𝛥 , the maximum strength 
had the lowest values among all specimens, as shown in 
Table 4. Meanwhile, differences of Σ𝐻𝐸  between 
reference specimen and K series specimens at 6∆  were 
lower than 7%, and differences of Σ𝐻𝐸  between K series 
specimens were below 3%. This shows that when the 
amount of transverse reinforcement in K-type transverse 
reinforcement was lower than a certain amount, the energy 
dissipation capacity was not significantly affected by the 
shape or yield strength of the transverse reinforcement. 

 
5.4.2 Damage degree level of RC columns under 

cycl c load ng 
Damage to specimens by cyclic loading was examined 

using load and displacement of specimens observed during 
the test. The damage index model (𝐷𝐼) and damage degree 
level proposed by Park and Ang (1985) were used for 
damage degree assessment. PA damage index was 
calculated using Eqs. (1) and (2). The five damage degree 
levels and damage index for reinforced concrete members 
are presented in Table 6. 

 𝐷𝐼 = ΔΔ + 𝛽 Σ𝐻𝐸𝑃 Δ  (1)

 𝛽 = 0.7 −0.447 + 0.073 𝑙𝑑 + 0.24𝑛 + 0.314𝜌 (2)
 

where 𝛥 : maximum displacement at each drift ratio; 𝛽: a 
non-negative parameter based on cyclic loading effect; 𝜌 : 
volumetric ratio of confining steel; 𝜌 : longitudinal 
reinforcement ratio as a percentage (= 0.75% if 𝜌 < 0.75%); 𝑛 : normalized axial stress (= 0.2 if 𝑛 < 0.2); 
and 𝑙/𝑑: shear span ratio (=1.7 if 𝑙/𝑑 < 1.7).  

Fig. 13 shows the damage degree of each specimen with 
respect to the increase in displacement. Overall, as 
displacement increased, the PA damage index of K-F6-10 
was the lowest among specimens, and the PA damage 
indexes of the remaining specimens were similar. For 

 
 

Table 5 Cumulative hysteretic energy dissipation 

Specimens 
Σ𝐻𝐸  at ∆  (kN·m) 

Up to 
5.25 mm 

Up to 
10.5 mm 

Up to ∆  
Up to 2∆  

Up to 4∆  
Up to 6∆  

H-F5-10 1.26 1.62 9.16 31.64 97.34 198.51 
K-F6-10 1.34 4.10 8.93 23.46 66.03 188.34 
K-F7-9 1.22 3.85 10.88 31.36 92.27 191.44 
K-F8-8 1.22 3.92 10.10 27.69 80.57 184.77 

K-F10-8 1.47 4.34 11.52 32.68 94.06 192.76 
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Table 6 Five damage degree levels and damage index for 
RC members 

Damage 
degree level 

Damage Index 
(DI) Damage state 

Slight DI < 0.1 No damage or minor cracking 

Minor 0.1 < DI < 0.25 Minor damage, light 
cracking throughout 

Moderate 0.25 < DI < 0.4 Extensive large cracks, 
spalling of concrete cover 

Severe 0.4 < DI < 1.0 Extensive crushing of concrete,
visible buckling of reinforcement

Collapse DI > 1.0 Partial or total collapse 
of RC members 

 

 
 

Fig. 13 Damage degree levels based on PA damage index
 
 

displacement in the range of 15-20 mm, equivalent to ∆ , 
the PA damage indexes of specimens were 0.16-0.19, 
indicating minor damage. PA damage indexes until 
displacement in the range of 66-94 mm, equivalent to 4∆ , 
were different; however, all specimens had severe damage. 
Specimens having displacements in the range of 188-123 
mm, equivalent to 6∆ , showed damage at a level of 
collapse, except for K-F6-10. Figs. 11 and 12 show that 
when values of 𝜌 𝑓  were similar, H-F5-10, K-F7-9, K-
F8-8, and K-F10-8 had similar levels of displacement 
ductility and damage degree. These structural performance 
indexes of H-F5-10 were affected by the shape of transverse 
reinforcement; however, the indexes of K-F7-9, K-F8-8, 
and K-F10-8 were affected by the amount or diameter of 
transverse reinforcement. This shows that even when the 
amount of reinforcing steel used was reduced by 30~40%, 
the structural performances of columns with K-type 
transverse reinforcement were similar to that of a column 
with existing hoops. 

 
 

6. Conclusions 
 
Based on an experiment using RC column specimens 

with existing hoop and K-type transverse reinforcement 
under cyclic loading, the effects of shape, diameter, and 
yield strength of transverse reinforcement on lateral 
confinement and ductility capacity of columns were 
investigated. The experimental results show that K-type 
transverse reinforcement was more effective for lateral 

confinement of concrete than existing hoops. For columns 
with K-type transverse reinforcement, increasing the yield 
strength of reinforcing steel instead of reducing its diameter 
resulted in similar performance of RC columns in terms of 
strength, ductility, and energy dissipation capacity. The 
diagonal elements of the K-type transverse reinforcement 
contributed significantly to the lateral confinement of 
concrete. It was found that the shape and amount of 
transverse reinforcement, rather than its yield strength, play 
an important role in increasing the lateral confinement of 
concrete. However, when applying K-type transverse 
reinforcement with a yield strength exceeding 600 MPa to a 
normal-strength concrete column, the stress of concrete on 
the compression side reaches the ultimate compressive 
strength early, resulting in a decrease in ductility capacity 
and in energy dissipation. It is considered that concrete used 
for columns should have high compressive strength of 50 
MPa or more to induce lateral confinement effect by K-type 
transverse reinforcement having yield strength exceeding 
600 MPa. High-strength concrete is being widely used in 
prestressed concrete members. Recently high-strength 
concrete is widely used in prestressed concrete members. 
K-type transverse reinforcement with high constructability 
is expected to be an alternative for improving the seismic 
performance of prestressed concrete columns. 
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