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Abstract: In general, the lateral confinement capacity of RC columns is influenced by the strength
and configuration of transverse reinforcement. In this study, performed antisymmetric flexural
moment experiments that simulated seismic loads, with the configuration and yield strength of
the transverse reinforcement of RC square columns as main variables. The eight specimens were
square cross-sections measuring 250 x 250 mm, and the lateral confinement effect in relation to main
variables was examined by inducing flexural failure in the plastic hinge zone under a shear span-to-
depth ratio (a/D) of 3.0. Transverse reinforcements comprised a square and octagonal S-series and
tie-based H-series. The yield strengths of the transverse reinforcements were 453 MPa and 1053 MPa,
respectively. Compared to the H-series, the S-series, whose configuration of transverse reinforcement
is closer to a circular form, exhibited more prominent ductile behavior after flexural yield with
increasing yield strength of transverse reinforcement, which indicates greater lateral confinement.

Keywords: RC member; confinement; configuration; transverse reinforcement; yield strength

1. Introduction

RC members designed to undergo flexural failure will develop a plastic hinge at the
critical section, located away from the end of a member by a length corresponding to
the effective depth (d), when the longitudinal reinforcement experiences flexural yield
under repeated loads like seismic loads. According to past research, flexural RC members,
exhibit ductile behavior through moment redistribution after plastic hinge formation [1-3].
However, they may not engage in ductile behavior if concrete undergoes compressive
failure due to insufficient lateral confinement at the critical section, located away from the
end by a length corresponding to the effective depth (d).

The ductile behavior of RC columns, which are subject to axial force, is dominantly
influenced by the lateral confinement effect of concrete near the plastic hinge zone. Proper
lateral confinement of RC members by transverse reinforcement will prevent buckling
of longitudinal reinforcement and, at the same time, ensure effective moment redistribu-
tion [4-7].

Past studies have showed that the lateral confinement capacity of columns is influ-
enced by the amount and configuration of transverse reinforcement surrounding the core
concrete, and by the yield strength, with circular cross-sections having better lateral con-
finement than square cross-sections [8-12]. However, columns are usually designed to
have square cross-sections to enable joining with beams, and for more convenient longi-
tudinal reinforcement configuration at the column-beam joints. While RC members with
circular cross-sections can provide lateral confinement to the core concrete using hoop
reinforcement, square cross-sections provide lateral confinement to the core using square
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ties for an arrangement of longitudinal reinforcement. However, the square tie will only
have the central part of the square column to be laterally confined, thus reducing the lateral
confinement effect. Buckling of longitudinal reinforcement occurs under axial force and
lateral force, and this in turn results in brittle failure [13]. As such, there have been many
cases of columns with square ties being destroyed in earthquakes.

Extensive research has been conducted on transverse reinforcement configuration
of square RC columns from the 1980s to the early 2000s. Studies have confirmed that
transverse reinforcement with more circular shapes has increased lateral confinement
capacity. [14-18]. According to a study of Samra et al. in 1996 [19], it has been reported that
spiral transverse reinforcements can improve the strength and ductility of RC columns, and
the need for research on spiral transverse reinforcement applicable to square cross-sections
has been highlighted.

In past research, the authors of this study developed spiral transverse reinforcement
with alternating squares and octagons for use in square RC columns [20]. Compared to
existing ties, spiral transverse reinforcement not only improves constructability and lowers
costs, but also offers excellent structural performance. However, more systematic research
is needed on the yield strength and axial force ratio, which are key factors affecting lateral
confinement capacity.

This study presents the results of performed experiments with the configuration
of transverse reinforcement, yield strength of transverse reinforcement, and axial force
ratio as main variables to assess the lateral confinement performance of spiral transverse
reinforcement, comprised of alternating squares and octagons, designed to be close to
a circular shape. Based on the experimental results, the effects of yield strength and
reinforcement configuration on lateral confinement were evaluated, and the relationship
between main variables and ductile behavior was examined.

2. Experimental Plan

Figure 1 and Table 1 show the fabricated eight RC column specimens having stubs
at the ends. The main variables were configuration of transverse reinforcement (tie: H-
series, spiral reinforcement: S-series), yield strength of transverse reinforcement (Normal:
453 MPa, Ultra: 1053 MPa), and axial force ratio (20%, 30%). The specimens were named
in the form of NH20 (example), as shown in Figure 2. Here, N is the yield strength of
transverse reinforcement, H is the transverse reinforcement of ties, and 20 represents an
axial force ratio of 20%.

Table 1. Properties of specimens (1 MPa = 145 psi, 1 mm = 0.0394 in.).

f{ e ;e?§§;:::;‘:it Transverse Reinforcement A, ?Xiz]
i a 2 0a
Specimens ‘ A fy Ay S fyt pt Pifye (mm?) (kN)
(mm?) (MPa) (mm?) (mm) (MPa) (%)  (MPa)
NH20 453 543 450
Hoop NH30 63.3 453 5.43 62.500 675
type UH20 (S;=1680mm) 1050 12.6 ’ 450
UH30 71.3 300 28 1050 12.6 675
NS20 36 (12D10) (g, =0.0017)  (D6.1) 453 120 543 450
Spiral NS30 453 453 543 38.680 675
type US20 (S =754mm) 1050 12.6 " 450
US30 1050 12.6 675

A| = Area of longitudinal reinforcement; A; = Area of transverse reinforcement; A, = Effective area of cross-section; f/ = Compressive
strength of concrete (MPa); f,; = Yield strength of longitudinal reinforcement (MPa); fy = Yield strength of transverse reinforcement (MPa);
s = Spacing of transverse reinforcement (mm); s; = Perimeter of transverse reinforcement per 1 pitch (mm); p; = Transverse reinforcement
ratio (At - 51/ Aes); pt fyr = Amount of transverse reinforcement.

The concrete used to fabricate the specimens had a compressive strength of 35 MPa;
the longitudinal reinforcement was 12-D10 (71.3 mm?) with a yield strength of 300 MPa.
The transverse reinforcement used in specimens was D6.1 (28.27 mm?) regardless of
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configuration, and the yield strengths of the transverse reinforcement were 453 MPa and
1053 MPa, respectively, as shown in Figure 3.

As shown in Figure 1, the square cross-sections measure 250 x 250 mm, and the height
of the experimental section was set as 1500 mm for a shear span-to-depth ratio (a/D) of 3.0.
The H-series were spaced at 63.3 mm intervals in the experimental region, and the S-series
were spaced 45.3 mm intervals. The total length of transverse reinforcement per spacing
was 1680 mm for the H-series, and 745 mm for the S-series. That is, the S-series had 55%
less transverse reinforcement.

The loading was designed with an antisymmetric flexural moment to simulate seismic
loads. A constant axial load was applied using an actuator of 1000 kN capacity, as shown in
Figure 4a, and lateral load was applied twice according to the drift angle using an actuator
of 500 kN capacity, as shown in Figure 4b.
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Figure 1. Details of specimens: (a) H-series; (b) S-series (1 mm = 0.0394 in.).

N H 20

LRatio of axial force ( N/b-D-f".)

- Type of transverse reinforcement (H: Hoop type, S: Spiral type)

———Yield strength of transverse reinforcement (Normal: 453, Ultra:1,053)

Figure 2. Name of specimen.
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Figure 4. Test setup of specimen: (a) View of test setup; (b) Loading history; (c) Measurement of displacement.

The drift angle was calculated based on displacement (Ay) of specimens at the time of
yield of longitudinal reinforcement. As shown in Figure 4c, the displacement according to
the lateral load of specimens was measured from the average of an LVDT with a range of
200 mm installed symmetrically at the mid-height of the specimen. A strain gauge was
attached, as shown in Figure 1, to measure the longitudinal reinforcement and transverse
reinforcement of specimens.

3. Experimental Results
3.1. Relationship of Lateral Load-Drift Angle

Figure 5 shows the relationship of lateral load-drift angle of specimens based on
the experimental results. As shown in Figure 5, the longitudinal reinforcement of the
H-series specimens experienced flexural yield at a drift angle of 0.5% regardless of the axial
force ratio or yield strength of transverse reinforcement. Specimens with an axial force
ratio of 30% had a higher yield load compared to those with an axial force ratio of 20%,
but the change in initial flexural rigidity was not large. The yield strength of transverse
reinforcement did not cause significant differences in flexural yield load. The peak load of
specimens was high when the axial force ratio increased from 20 to 30%, but the difference
due to yield strength of transverse reinforcement was not significant. Regardless of yield
strength, after reaching the peak load, specimens with an axial force ratio of 30% showed a
rapid decrease in strength compared to those with an axial force ratio of 20%.

Similar to H-series specimens, S-series specimens underwent flexural yield of lon-
gitudinal reinforcement at a drift angle of 0.5%. The yield load of specimens increased
with axial force ratio, but was not significantly influenced by yield strength of transverse
reinforcement. The peak load of specimens increased with axial force ratio, but was not
influenced by yield strength of transverse reinforcement. The difference in yield strength
according to transverse reinforcement configuration averaged around 3%, while peak load
differed by only about 4%. As shown in Figure 5, the rigidity of yield load and failure
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of specimens after reaching the peak load were similar regardless of configuration of

transverse reinforcement.
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Figure 5. Relationship of lateral load-drift angle of specimens: (a) NH20; (b) NH30; (c) UH20; (d) UH30; (e) NS20; (f) NS30;

(g) US20; (h) US30.
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3.2. Crack Patterns and Failure Shapes

As shown in Figure 6, all specimens developed a plastic hinge in the critical section,
located away from the end at a length corresponding to the effective depth (d), and
exhibited typical flexural failure caused by concrete peeling. Delamination after concrete
crushing at both ends of the critical section was prominent in H-series specimens, but axial
force ratio did not result in significant differences in failure behavior. In particular, the H-
series specimens showed buckling of longitudinal reinforcement in the plastic hinge zone,
and loosening of sub-ties used for lateral confinement of longitudinal reinforcement within
cross-sections. The S-series specimens did not have buckling of longitudinal reinforcement
in the plastic hinge zone, and provided more effective lateral confinement to longitudinal
reinforcement and core concrete compared to the ties used in the H-series.

(e) (f) (8) (h)

Figure 6. Failure mode of specimens: (a) NH20; (b) NH30; (c) UH20; (d) UH30; (e) NS20; (f) NS30;
(g) US20; (h) US30.
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Distance from stub (mm)

4. Analysis of Experimental Results
4.1. Strain Distribution in the Reinforcement

In this study, the failure behavior of the specimen was analyzed using the strain
distribution of strain gauges attached to the longitudinal and transverse reinforcement.
Figure 7 shows the strain distributions of longitudinal reinforcement in relation to lateral
load. Regardless of yield strength of transverse reinforcement, configuration of transverse
reinforcement, and axial force ratio, all longitudinal reinforcement of specimens experi-
enced yield at the critical section (d = 250 mm) of both ends under a drift angle in the
range of 0.45 to 0.6%. After reaching the peak load, the strain of longitudinal reinforcement
increased at the critical section, which indicates plastic hinge formation at both ends of the
critical section.

Although the configuration and yield strength of transverse reinforcement did not
influence strain distribution of longitudinal reinforcement, longitudinal reinforcement
showed greater strain in the plastic hinge zone with increasing axial force ratio.

Figure 8 shows the strain distribution of transverse reinforcement in relation to lateral
load. Regardless of yield strength of transverse reinforcement, configuration of transverse
reinforcement, and axial force ratio, the transverse reinforcement of all specimens did
not experience yield before reaching the peak load. Transverse reinforcement strain was
more prominent at the critical section, where the plastic hinge develops, than the center of
specimens. As a result, flexural failure occurred at the critical section due to the yielding of
longitudinal reinforcement at the critical section.

All specimens showed greater strain of transverse reinforcement at the critical section
with higher axial force ratio. Compared to the H-series, the S-series specimens exhib-
ited greater strain of transverse reinforcement at the critical section with higher yield
strength of transverse reinforcement and axial force ratio. In particular, the transverse
reinforcement of NS30 specimen experienced yield after the peak load. The proposed
spiral transverse reinforcement with alternating squares and octagons was thus verified as
providing effective lateral confinement within the critical section even under high axial
force ratio, and lateral confinement grew more pronounced with increasing yield strength
of transverse reinforcement.
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Figure 7. Strain distributions of longitudinal reinforcement: (a) NH20; (b) NH30; (c) UH20; (d) UH30; (e) NS20; (f) NS30;

(g) US20; (h) US30.
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Figure 8. Strain distributions of transverse reinforcement: (a) NH20; (b) NH30; (c) UH20; (d) UH30; (e) NS20; (f) NS30;

(g) US20; (h) US30.

4.2. Flexural Strength and Ductility

To test the reliability of the experimental results, this study compared the maximum
flexural strength of specimens to the ACI318-19 code [21]. The equation from ACI318-19 is
as follows.

h a L h
My =Pye=085ab( =~ — = | + Y (Asify) | 5 — di (1)
2 2 = 2

As shown in Table 2, the maximum flexural strength of specimens was, on average, 1.8
times the flexural strength of specimens predicted based on ACI318-19, and the coefficient
of variation was approximately 3%, thus demonstrating the reliability of the experimental
results. The configuration of transverse reinforcement, axial force ratio, and yield strength
of transverse reinforcement did not affect the comparison between experimental results
and analysis.
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Table 2. Test results (1 kN = 4.45 kips, 1 MPa = 145 psi, 1 mm = 0.0394 in).

Vy.exp Vu.exp My.exp Mu.exp M
. u Ml’.fx
Specimens vy, Drift Viep Drift My.exp " My.exp A %y (kﬁf’;ﬁ) Mol
(kN) angle (A,) (kN) Angle (A,) (kN-m) y (kN-m) "

0.5% 1.3% . s

NH20 81 (7.6 mm) 101 (18.8 mm) 61 7.2 x 10 76 22 x 10 31 62 1.23
0.6% 1.0% e s

NH30 102 (8.6 mm) 117 (15.0 mm) 77 6.3 x 10 88 22 x 10 3.4 77 1.14
0.5% 1.3% » s

UH20 90 (7.6 mm) 105 (18.8 mm) 68 6.0 x 10 79 4.1 x 10 6.8 62 1.27
0.5% 1.1% » s

UH30 102 (7.8 mm) 121 (17.0 mm) 77 5.9 x 10 91 2.1 x10 3.4 77 1.18
0.5% 12% » s

NS20 84 (7.5 mm) 99 (185 mm) 63 3.1 x 10 74 14 x 10 3.8 62 1.19
0.5% 1.1% » s

NS30 102 (8.6 mm) 117 (15.0 mm) 77 6.4 x 10 88 2.0 x 10 3.2 77 1.14
0.5% 1.3% » s

US20 82 (7.4 mm) 97 (19.0 mm) 62 5.1 x 10 73 6.9 x 10 11.8 62 1.18
0.45% 0.8% » s

US30 98 (6.5 mm) 116 (11.9 mm) 74 7.0 x 10 87 5.3 x 10 7.6 77 1.13

Vyexp: Yield strength of specimen (kN); A,: Displacement of specimen at yield (mm); V,: Peak strength of specimen (kN); Ay exp:
Displacement of specimen at Peak (mm); My xp: Yield moment of specimen (kN-m); My ¢xp: Peak moment of specimen (kN-m); My ana:
Peak moment of ACI318-19 (kN-m); ¢,: Curvature at yield moment; ¢,,;: Curvature at peak moment.

This study calculated curvature at yield and maximum flexural strength using Equa-
tion (2) [22]. The curvature of specimens was obtained from the strain gauge bonded to the
critical sections. e 1o

sc st
p= @

As shown in Table 2 and Figure 9, the curvature ductility factor of specimens (¢ / ¢y)
was 1.1 to 2.2 times higher for the S-series than for the H-series, with the exception of US20.
Here, ¢y represents the curvature ductility at yield of longitudinal tension reinforcement,
and ¢y is the curvature ductility at flexural failure. The difference in curvature ductility fac-
tor in relation to configuration of transverse reinforcement was larger at higher axial force
ratio, and the curvature ductility factor of US30, with high-strength transverse reinforce-
ment, was 2.2 times greater than that of UH30. Compared to the H-series, the proposed
S-series transverse reinforcement was thus found to exhibit outstanding ductility due to
effective lateral confinement of core concrete and longitudinal reinforcement under high
axial force, except the NS30 specimen. Such ductile behavior improved with increasing
yield strength of transverse reinforcement.

15 -
—o—H-series| | | |
" o— S-series Ultra/strength
9
-
=
\V—A
< 64
Al
q
3 L
Increase in transverse
0 reinforcement vield strength
N20 N30 uU20 U30
Specimens

Figure 9. Ductility factors of specimen.
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4.3. Plastic Hinge Length

The plastic hinge length was calculated using the model proposed in past research, as
shown in Table 3, to evaluate the lateral confinement performance of specimens [13,16,23,24].
Since the curvature of the plastic hinge zone serves as a basis for measuring the ductility of
RC members, this study shows the plastic hinge zone-curvature relationship, as shown
in Figure 10.

Table 3. Previous studies of plastic hinge length for RC columns.

Researcher Reference Plastic Hinge Length Model
Paulay and Priestley (1992) 0.08z + 0.022dy, f, (for RC columns)
Sheikh and Khoury (1993) 1.0k (for columns under high axial loads)
Panagiotakos and Fardis (2001) 0.18z + 0.021d}, fy (for RC beams and columns)

Ip/h = [0.3(p/ po) +3(As/ Ag) —0.1] (z/h) +0.25 > 0.25

Bae and Bayrak (2008) (for columns)

Ag: Gross area of concrete section; As: Area of tension longitudinal reinforcement; dj,: Diameter of longitudinal
reinforcement; f,: Yield stress of longitudinal reinforcement; h: Overall height of member; P: Applied axial force;
P,: Nominal axial load capacity as per ACI318-19; z: Distance from critical section to point of contraflexure.
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Figure 10. Cont.
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Figure 10. Relationship of plastic hinge-curvature of specimens: (a) NH20; (b) NH30; (c) UH20; (d) UH30; (e) NS20; (f) NS30;

(g) US20; (h) US30.

Regardless of the configuration of transverse reinforcement, the specimens developed
a plastic hinge with a rapid increase in curvature after the yielding of longitudinal rein-
forcement at 250 mm (width) away from the 0 on the horizontal axis (stub end). This is
similar to the plastic hinge proposed by Sheikh and Khoury in 1993 [16]. H-series spec-
imens with an axial force ratio of 20% saw an increase in curvature after the peak load,
but those with an axial force ratio of 30% did not show any increase in curvature after the
peak load. As such, H-series transverse reinforcement with ties were unable to provide
effective lateral confinement under high axial force, and eventually experienced failure.
On the other hand, the curvature of S-series specimens increased after peak load in the
plastic hinge zone (0-250 mm), and specimens having transverse reinforcement with a
yield strength of 1050 MPa had a large curvature even when the axial force ratio was 30%.
Spiral transverse reinforcement with alternating squares and octagons provided more
effective lateral confinement to the core concrete and longitudinal reinforcement within the
plastic hinge zone even with 55% less transverse reinforcement; the use of high-strength
transverse reinforcement in RC members under high axial force is expected to significantly
improve lateral confinement performance.

4.4. Energy Dissipation

Figure 11 shows the accumulated energy dissipation capacity of specimens. The
energy dissipation capacity of specimens was calculated by accumulating the total area
of the lateral load-displacement curve, following the method of Elmenshawi and Brown,
2010 [25]. Compared to the H-series, the S-series except US30 had a higher energy dissi-
pation capacity by 1.01 to 1.12 times. Regardless of configuration and yield strength of
transverse reinforcement, the ductility of specimens dropped with increasing axial force
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ratio (Figure 9), resulting in a decrease in energy dissipation capacity. Compared to the
H-series, the S-series, having an axial force ratio of 20%, showed a more distinct trend in
energy dissipation capacity with increasing yield strength of transverse reinforcement.
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Figure 11. Calculate of energy dissipation (kN-mm).

5. Conclusions

In this study, an experiment was performed on RC columns with variables affecting
the lateral confinement of the RC member, such as the configuration of the transverse
reinforcement, the yield strength of the transverse reinforcement, and the axial force
ratio. The main variables were configuration of transverse reinforcement, yield strength
of transverse reinforcement, and axial force ratio. The conclusions obtained from the
experiments are as follows.

1. S-series specimens with alternating square and octagonal shapes showed maximum
strength values similar to those of the H-series confined with square ties, even with
a 55% decrease in transverse reinforcement amount. The spiral S-series transverse
reinforcement effectively prevented buckling of longitudinal reinforcement and pro-
vided lateral confinement to the core concrete, thereby allowing specimens to exhibit
ductile behavior.

2. Compared to the H-series, the S-series had a 1.1 to 2.2 times higher ductility factor.
The S-series showed superior ductile performance even under high axial force ratio
when the yield strength of transverse reinforcement was increased. The curvature
in the plastic hinge zone was high for the S-series, comprised of high-strength trans-
verse reinforcement. The use of high-strength spiral transverse reinforcement in RC
members subject to high axial force is expected to significantly improve the lateral
confinement, and improve the ductility.

3. Compared to the H-series, the S-series specimens except US30 showed similar or
higher energy dissipation capacity, and were thus verified as effective against seis-
mic loads.
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Notations

a = Depth of equivalent rectangular stress block

A = Area of longitudinal reinforcement

A, = Effective area of cross-section

Ag = Gross area of concrete section

As = Area of tension longitudinal reinforcement

Ag; = Cross-sectional of longitudinal reinforcement in each layer
A; = Area of transverse reinforcement

b = Width of compression face of member

d = Distance from extreme compression fiber to centroid of longitudinal tension reinforcement
dp = Diameter of longitudinal reinforcement

d; = Distance from extreme compression fiber to centroid of longitudinal compression reinforcement
fL = Compressive strength of concrete (MPa)

fy1 = Yield strength of longitudinal reinforcement (MPa)

fyt = Yield strength of transverse reinforcement (MPa)

h = Overall height of member

i = Layer of longitudinal reinforcement

P = Applied axial force

P, = Nominal axial load capacity as per ACI318-19

s = Spacing of transverse reinforcement (mm)

s; = Perimeter of transverse reinforcement per 1 pitch (mm)

z = Distance from critical section to point of contraflexure

£sc = longitudinal strain of compression zone

g5t = Longitudinal strain of tension zone

pt = Transverse reinforcement ratio (A; - s;/ Aes)

ptfyt = Amount of transverse reinforcement

¢ = Curvature of specimen
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