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Abstract: In order to reduce the self-weight of RC buildings and increase cost-savings, the seismic
performance of rectangular hollow sectioned columns was investigated by experimental and an-
alytical studies. Cyclic loading tests were carried out under compression axial force ratios from
0.16 to 0.3, and hysteresis curves, failure patterns, strain distributions of reinforcement, flexural
and shear deformations, and energy absorption capacity were discussed in detail. Based on the
experiments, under an axial force ratio of 0.16, the structural performances between hollow and solid
sectioned columns were found to be almost equivalent. When the axial force ratio increased to 0.3, the
structural performance was almost the same until the 2.0% drift angle; however, sudden deterioration
of the load-bearing capacity occurred, with concrete compressive failure at the plastic hinge region
near the column end. By means of numerical investigations by cross-sectional and FEM analysis, it
was found that such brittle failure was induced by the neutral axis location and the concrete stress
concentration on the hollow cross-section. Therefore, the appropriate separation of the hollow section
from the plastic hinge region is recommended when the neutral axis is located beyond the flange at
the ultimate flexural state.

Keywords: RC column; building structure; rectangular hollow cross-section; self-weight reduction;
flexural behavior; shear behavior; axial force ratio; neutral axis position; FEM analysis

1. Introduction

Reinforcement concrete (RC) buildings tend to have high self-weight due to their
member size and material characteristics. Thus, sometimes, the seismic force acting on
the building might become greater than other structural systems. Since the self-weight
of a building greatly relates to its seismic force, a reduction in self-weight will contribute
to a reduction in the seismic force, especially in RC buildings. Hollow cross-sections are
one of the promising methods for self-weight reduction. At the same time, they allow for
cost-saving and an environmentally sustainable society.

Many bridge structures have RC hollow piers, since larger flexural stiffness and
strength can be obtained compared to solid piers with the same materials and mass.
Accordingly, there are some previous studies which focused on the structural performance
of hollow bridge piers [1-20]. Chung et al. [1] carried out quasistatic tests to investigate the
seismic performance of circular hollow bridge piers under the experimental parameters of
confinement steel ratios, axial forces, and retrofitting effects by glass fibers. Lee et al. [2]
conducted cyclic loading tests under axial force ratios from 0.065 to 0.15, and the relationship
between axial compressive force and deformation capacity was studied. Osada et al. [3]
focused on the seismic strengthening of hollow circular piers with reinforced cut-off planes
and variable wall thickness. Ranzo et al. [4] conducted cyclic loading tests with large-scaled
specimens, and the shear strength degradation model and the failure mode of circular
hollow columns were investigated. Previous studies [5-7] have also focused on the seismic
capacity of circular hollow columns, and their load-bearing capacity and ductility were
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discussed. However, the cross-section shapes, in the previous studies mentioned above,
were circular, and those columns were mainly for the use of bridge structures. Besides, more
detailed discussions on the differences between solid and hollow cross-sections seem to be
required, and most studies consider somewhat small axial force ratios. Won et al. [8] carried
out an experimental study with circular hollow RC columns; however, they focused on the
structural performance under a uniaxial compressive load. Liang et al. [9] also investigated
the confinement effect of circular hollow concrete columns subjected to concentric axial
compressive loading by analytical study.

The structural characteristics and seismic capacity of the rectangular hollow cross-
section have been much less investigated than those of circular ones. For RC rectangular
cross-sections, Calvi et al. [10] employed hollow bridge pier specimens with different axial
force ratios, and the load-deflection curve was investigated by experimental and numerical
studies. Han et al. [11] carried out cyclic bilateral loading tests with hollow cross-sectioned
specimens and reported high ductility and a viscous damping ratio even under the bilateral
loadings. Previous studies [12,13] have also focused on rectangular hollow cross-sections,
and the seismic capacity of old bridge columns was investigated. Shen et al. [14,15] con-
ducted dynamic shaking table tests, and the seismic performance was investigated under
axial force ratios of 0.05 and 0.1. Mo et al. [16] and Yeh et al. [17,18] studied the evaluation
method of the load-displacement relationship for rectangular cross-sections, through ex-
perimental and analytical studies. Kim et al. [19] carried out an analytical study on the
structural performance of internally confined hollow RC columns with a polygonal cross-
section. Martinez-Martin et al. [20] studied the optimization design method of RC-elevated
water tanks under seismic loads, where the column had a rectangular hollow cross-section.
Nevertheless, in most cases, detailed comparisons of solid and hollow cross-sections have
seemed to be somewhat insufficient, and relatively small axial force ratios, less than 0.2,
were adopted. Moreover, the previous studies mentioned above mainly focus on bridge
piers, high-speed railways, wind towers, etc.; therefore, the cross-section details, such as
the arrangement and regulations of the reinforcement, the cross-tie, and the size, would be
quite different from the RC columns of building structures.

Focusing on RC buildings, conventionally, the reduction of self-weight has been
achieved by increasing the material strength and reducing the cross-sectional area of
members [21]. In the case of secondary members, the self-weight reduction has been
achieved by providing slabs with void space and using autoclaved lightweight aerated
concrete for non-structural walls [22,23]. However, few attempts have been made towards
self-weight reduction for major structural components such as columns and beams for
RC buildings. Therefore, in this study, to better understand the structural performance
of RC columns with rectangular hollow sections in building structures, cyclic loading
tests were conducted under compression axial force ratios from 0.16 to 0.3. Based on the
experimental data and relevant analysis, the hysteresis curves and failure processes of solid
and hollow sectioned columns were compared, and flexural behaviors, shear behaviors,
and deformation capacity were investigated in detail. The application scope of hollow RC
columns with rectangular cross-sections, to building structures, was also discussed, based
on the relationship between the axial compression load and neutral axis positions at the
ultimate flexural state.

2. Experimental Program

To investigate the structural performance of RC columns with rectangular hollow
cross-sections, cyclic loading tests were carried out. Five specimens were designed based
on three key parameters. Three key parameters are the axial force ratio, the hollow section
ratio (r: cross-sectional area excluding hollow section/full cross-sectional area), and the tip
position of the taper (see Figure 1b). The specimen details are explained below.
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Figure 1. Specimen details: (a) N-series; (b) S-series.

2.1. Specimen Details

Figure 1 shows the specimen details, and Table 1 summarizes the specimen properties.
Material characteristics are listed in Tables 2 and 3. The specimens are about 1/3 scale,
assuming columns at the lower level of a high-rise residential building (about 20-story).
Per the AlJ standard [24], more than 4 longitudinal bars should be placed in RC columns,
and the reinforcement ratio should be more than 0.8%. For the transverse reinforcement,
the reinforcement ratio should be larger than 0.2%, and its spacing should be less than
100 mm, within the range from column ends to 1.5D, where D is the cross-section height of
the column. 135 or 180 degree hooks are also required for transverse reinforcement.
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Table 1. Specimen properties.
Cross-Section Tio Positi Axial F &N
; i . ip Position Longitudinal Transverse xial Force
Series  Specimen HSolllld/ Lxa of Taper *b Reinforcement  Reinforcement  (7: Axial Force Ratio)
ollow
N CM1 solid 1.00 8-D13 U9.0@30 1400 (0.16)
CM2 hollow 0.81 0D (SD490) (SBPD1275) '
CM11 solid 1.00 1800 (0.28)
8-D13 D6 x 2@30
S CM12 hollow 0.84 0D (SD490) (UHY685) 1800 (0.30)
CM13 0.75D 1800 (0.28)
*a p Hollow section ratio. *? Distance from column end.
Table 2. Material characteristics of reinforcement.
Yield Strength (MPa) *2 Yield Strain (p) *2
D13 (SD490) 537 2944
D6 (UHY685) 700 5426
U9.0 (SBPD1275) 1373 8884
*2 Strength and strains by 0.2% offset method.
Table 3. Material characteristics of concrete.
Series Specimen Compressive Strength (MPa) Tensile Strength (MPa)
M1 74 4.47
N
CM2 93 4.85
CM11 78 411
S CM12 88 4.60
CM13 95 4.38

The specimens were scaled down and designed according to the AlIJ standard. The
hollow parts consist of square and taper sections, as can be seen in Figure 1, to reduce the
stress concentration. The hollow section ratio (r) of the specimen was set around 0.8, as
shown in Table 1. For the N-series with the axial force ratio of 0.16, two specimens were
fabricated, which are a solid-sectioned specimen (CM1) and a hollow-sectioned specimen
(CM2). In the S-series with the axial force ratio around 0.3, three specimens were fabricated:
one solid-sectioned specimen (CM11) and two hollow-sectioned specimens (CM12 and
CM13). The difference between the two hollow-sectioned specimens was the tip position
of taper sections. In CM12, the tip position started from both column ends. However, in
CM13, the tip position was planned at 0.75D away from both column ends. As explained
later, CM13 was planned after the experiment of CM12, because of an unexpected failure, a
concrete compressive failure, had developed in the plastic hinge region near the column
end of CM12. The higher strength concrete was used for hollow-sectioned specimens
so that the axial force ratios of solid and hollow-sectioned specimens became almost the
same. The concrete mix proportion is shown in Table 4, where the water—cement ratio
of solid-sectioned specimens was 36% and that of hollow-sectioned specimens was 28%.
The concrete mix proportion, generally employed for high-rise building construction in
Japan, was used. Although the hollow section reduces the moment of inertia and thus
the flexural stiffness, higher strength concrete usually has a higher Young’s modulus.
As a result, hollow-sectioned specimens have an equivalent flexural stiffness to solid-
sectioned specimens.
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Table 4. Concrete mix proportion (kg/m?3).
Sand
Series Specimen Cement Water 5, = s, b Gravel Admixture
M1 523 188 538 370 700 6.54
N CM2 672 188 387 264 850 8.74
CM11 523 188 538 370 700 6.54
S CM12 672 188 387 264 850 8.74
CM13 672 188 387 264 850 8.74

*a Land sand. ** Crushed sand.

Calculation results of the ultimate flexural strength (Qy) and the shear strength
(Qsu,mean) are listed in Table 5. As illustrated in Figure 2, to estimate Q,;;,, ultimate flexural
moment capacity at the positions of column ends (M,) and at full hollow sections (M,,")
were first calculated, based on the cross-sectional analysis with plane-section assumption.
Herein, the ultimate strain ¢, at the concrete compression fiber was set to 0.003, with
an equivalent rectangular stress block coefficient [24]. The stress—strain relationship by
Popovics [25] was employed for the concrete, and a bi-linear model was applied for the
steel. The smaller value of Q,,;,, which is either 2M,,/hy or 2M,,'/hy’, was adopted, in which
hy and hy' represent the clear height and the height between both full hollow sections,
respectively, as can be seen in Figure 2. In all specimens, Q,, was determined by 2M,,/hy.
Qsu,mean Was calculated based on Equation (1) by Arakawa [24], which is generally used for
shear capacity estimation in Japan. It should also be noted that the column cross-section
width excluding the hollow cross-section width (b’) was employed for the calculation of
Qsu,mean to consider the effect of the hollow cross-section.

0.115k,k,(18+F
Qsu,mean = { M/MQZ:-OJZ C) + 0.85,/pw0'zuy+0.100'0} 1

where k;, is the correction coefficient based on effective column cross-section height (0.75 for
N-series specimens and 0.85 for S-series specimens), ky is 0.82p;>%%, p is the longitudinal
tensile reinforcement ratio (%), F, is the compressive strength of concrete (MPa), py, is the
transverse reinforcement ratio, oy is the yield strength of transverse reinforcement (MPa),
0y is the axial stress (MPa), N is the axial force, b is the column cross-section width, D is the
column cross-section height, M/Q is the shear span ratio, j is the moment arm length from
compressive to tensile resultant forces calculated by 7/8d, and d is the effective column
cross-section height. In Equation (1), the value of M/Q should be between 1 and 3; namely,
when M/Q <1, M/Q=1,and when M/Q >3, M/Q =3.

It should be also noted that, as mentioned earlier, b* was used instead of b for hollow-
sectioned specimens, to consider conservative calculations of the shear capacity. From the
calculation results of Qs;,/Qyuy in Table 5, all specimens were designed to have flexural
failure mode and expected to have ductile behaviors.

Table 5. Strength calculation results.

Series Specimen Qumu (kN) Qsu,mean (KN) Qsu,mean! Qmu
CM1 305.3 598.7 1.96
N CM2 317.9 435.3 1.37
CM11 272.9 4420 1.62
S CM12 285.6 321.6 1.13

CM13 293.1 327.9 1.12
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2.2. Loading Program and Instrumentation

The loading system is drawn schematically in Figure 3. The lateral actuator was set at
the middle height of the specimen, and a pantograph was placed at the top of the specimen.
A constant axial force was introduced into the column using two vertical actuators at
symmetrical positions. The lateral load was applied as a displacement control with lateral
drift angles R of £0.25%, +0.5%, £1.0%, +1.5%, £2.0%, £3.0%, and £+4.0%, where 2 cycles
for each peak drift were imposed. Then, a pushover loading for R of +5.0% was planned.
Herein, the drift angel R was defined as “lateral deformation/column clear height”.

As shown in Figure 4, during the loading test, flexural and shear deformations were
measured by displacement transducers (LVDTs), respectively, at each column section. The
strains of longitudinal and transverse reinforcement were also measured by strain gages.
Especially, for the detailed investigation of the effect by the hollow cross-section on the
reinforcement, as well as to understand the differences between solid and hollow cross-
sections, a large number of strain gauges were attached to the reinforcement, as shown in
Figure 5. Flexural and shear deformations, as well as strain distributions on the longitudinal
and transverse reinforcement, will be discussed in Section 4.

@) O
Pantograph ™
\ \
e
Q O
B L

Specimen

Lateral actuator

Vertical actuator Vertical actuator

Figure 3. Test setup (example of CM11).
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Figure 5. Strain gauges on longitudinal and transverse reinforcement.

3. Experiment Results

Figure 6 shows the hysteresis curve of each specimen, and Figure 7 shows the crack
development of each specimen at the final loading stage. In Figure 7, the blue and red lines
represent the cracks that occurred during the positive and negative loadings, respectively.
The maximum strength by experiment results and calculations using cross-sectional analy-
sis is summarized in Table 6. The main failure process and noticeable characteristics on the
hysteresis curve of each specimen are as follows.
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Figure 6. Hysteresis curves: (a) N-series; (b) S-series.
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Table 6. Maximum strength by experiment and calculation (cross-sectional analysis).

) Experiment (kN) Calculation Experiment/Calculation
Series  Specimen (Cross-Sectional
Positive Loading Negative Loading Analysis) (kN) Positive Loading Negative Loading
CM1 310.5 —353.6 305.3 1.02 1.16
N
CcM2 328.5 —335.6 317.9 1.03 1.06
CM11 276.9 —284.8 272.9 1.01 1.04
S CM12 284.5 —288.8 285.6 1.00 1.01
CM13 297.3 —298.2 293.1 1.01 1.02

3.1. Failure Process and Hysteresis Curve of N-Series (17 = 0.16)

As shown in Figure 6, in the solid-sectioned CM1, the flexural cracks occurred at
R = +0.1%, following which stiffness degradation was observed. After that, the yielding
of tensile reinforcement was found at R = +0.76%, and that of compression reinforcement
was confirmed at R = +0.95%. A shear crack was observed at around the peak drift angle of
R = +1.0%, and the maximum strength was recorded with the spalling-off of cover concrete
near the column ends. At the loading stage of R = —1.0%, an axial force that was about 10%
larger than expected was introduced to the specimen; therefore, the peak strength at the
negative loading was higher than the positive loading. After the maximum strength, no
significant strength reduction was observed up to +5.0% loading.

The hollow-sectioned CM2 also had an initial stiffness which was substantially equiv-
alent to that of the solid-sectioned CML1, since higher strength concrete was employed in
CM2. Flexural cracks occurred at R = +0.1% and, at 0.5% loading, a flexural-shear crack
occurred in the tapered section near the column ends. Although a shear crack was observed
earlier than CM1, there was no significant change in the load-deflection curve. At the
loading stage of R = +0.82%, the tensile reinforcement yielded, and at R = —0.94%, the com-
pression reinforcement yielded, and the yielding timing of the longitudinal reinforcement
was found almost the same as CM1. The cover concrete was then slightly crushed near
R =1.0% and the maximum strength was recorded at R = +1.0% and —1.42%. After that,
until the extremely large deformation state of R = +5.0%, no significant strength degradation
was generated. The residual strength was maintained as larger than 80% of the maximum
strength, and almost the same hysteresis curve as for CM1 was exhibited. As mentioned
earlier, the maximum flexural strength (Q;,;,) was calculated based on the cross-sectional
analysis. As a result, the ratios of calculations to experiments of the maximum strength
were found in the range of 1.03~1.06, and it was found that the ultimate flexural strength
could be accurately evaluated from the plane-section assumption even in the case of hollow
cross-sections.

As can be seen in Figure 7, comparing the solid-sectioned CM1 and the hollow-
sectioned CM2, flexural and shear cracks were likely to concentrate on the region from the
column ends to 1.0D in both specimens, and the maximum flexural crack width occurred
in the column ends. In CM1 and CM2, the maximum flexural crack widths at the loading
peak were about 1.7 mm and 2.0 mm, and the maximum residual flexural crack widths
were about 0.45 mm and 0.35 mm, respectively. Also, the maximum shear crack width
was observed within 1.0D from the column ends, and there was no significant difference
in both specimens. The crack numbers, as well as the cracks developing patterns, in both
specimens, were found to be almost the same regardless of the presence of hollow sections.
It should be noted that, in CM2, some vertical cracks were observed in the hollow-sectioned
parts, which were considered to be induced by the axial compression force, as can be seen
in Figure 7. However, their widths, less than 0.03 mm, were extremely small until the final
loading peak, and they almost closed at the unloading stage.
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3.2. Failure Process and Hysteresis Curve of S-Series (5 = 0.3)

In the solid-sectioned CM11, with relatively high axial force, the flexural cracks were
found at R = +0.1%, and their propagation was initiated from this drift angle. At around
1.0% loading, a flexural-shear crack developed, and the maximum strength was recorded
with the cover concrete spalling near the column ends. During +1.0% loading, the yielding
of compression reinforcement was found at R = +0.66%, and that of tensile reinforcement
was confirmed at R = +1.0%. After that, the load-bearing capacity seemed to gradually
decrease, and at the final drift peak of +5.0%, it dropped to 67% of the maximum strength.
However, it should be noted that such a reduction in strength can be attributed to the
P-A effect, which is plotted by a dot-line in Figure 6, and it was not caused by structural
performance deterioration.

The hollow-sectioned CM12 also had a flexural crack during +0.1% loading, and
its initial stiffness was found to be substantially equivalent to that of the solid-sectioned
CM11. Similar to CM11, the compression yielding of longitudinal reinforcement was found
at R = +0.66%, and the maximum load was recorded at R = +0.91% with the covering
concrete spalling. In addition, the yielding of tensile reinforcement was observed at
R = +0.95% during +1.0% loading, and then the maximum strength at the negative loading
was recorded at R = —0.90%. Although the total number of cracks was found to be slightly
more than that for CM11, no significant change was observed in the hysteresis curve until
the peak drift angle of the maximum strength. Nevertheless, at the second loading cycle
of R = +2.0%, the sudden concrete crushing developed intensively at the position around
0.5D from the top end, where the hollow sections exist, and then the load-bearing capacity
abruptly reduced, as shown in Figure 6. The ratio of calculations to experiments of the
maximum strength was 1.00~1.01, and it showed good accuracy in the case of relatively
high axial force. As explained, CM12 had almost the same load-deflection relationship as
the solid-sectioned CM11 until the development of flexural failure. However, after that, the
brittle failure was followed by sudden concrete compressive failure near the plastic hinge
region, observed as approximately 0.5D, and at this time, the shear reinforcement yielding
did not occur. Because severe concrete crushing, which accelerated the partial loss of the
cross-sectional area, developed at the flange of the hollow section, the damaged hollow
section could not afford to sustain the high axial compression force. From this observation,
the application of the hollow-sectioned column is found to have an important relationship
with the compressive axial force level; therefore, the appropriate application scope will be
also explained in the next section.

Therefore, the hollow sectioned CM13 was designed to prevent such unexpected
compressive failure under a high compressive axial force by replacing the tip position of
taper sections at 0.75D away from both column ends, as mentioned earlier. During +0.1%
loading, CM13 also had flexural cracks exhibiting, an equivalent initial stiffness with CM11
and CM12. Until 1.0% loading, the total number of cracks was found to be less than that
for CM12, and the hysteresis curve was almost the same as for the solid-sectioned CM11.
During +1.0% loading, the longitudinal reinforcement yielded, and the maximum strength
was recorded at R = +0.96%, along with the cover concrete spalling near the column ends.
After that, at R = —1.00%, the lateral strength reached its maximum at the negative loading.
Although the load-bearing capacity seemed to gradually decrease due to the P-A effect,
78% of the maximum strength was kept until the final drift peak of R = +5.0%, which
is extremely large deformation. In addition, the evaluation accuracy for the maximum
strength was in the range of 1.00~1.02, which indicates a good agreement.

The crack patterns and damage conditions are shown in Figure 7. For all specimens
CM11~CM13, flexural-shear cracks propagated from the column end to 1.0D; however, this
tendency was initiated from the early stage in CM12. Compared to CM12, the concentration
of severe concrete damage on column ends could be prevented in CM13 by controlling the
hollow-section position. Some vertical cracks were also observed in the hollow-sectioned
parts of CM12 and CM13. Nevertheless, those crack widths were less than 0.03 mm until the
final loading peak, which can be ignorable, and they almost closed when unloaded. By con-
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trolling the hollow-section position, it is confirmed that the hollow-sectioned columns with
high compressive axial force can also have similar structural performances to solid ones.

4. Discussion

In this section, a more detailed discussion on the differences between solid- and
hollow-sectioned columns is carried out. Strain distributions of the reinforcement, the
flexural and shear deformations, and equivalent viscous damping ratios are compared in all
specimens. The application scope of hollow-sectioned RC columns to building structures is
also suggested, based on the experimental and analytical investigations.

4.1. Strain Distribution of Reinforcement

Figure 8 shows the strain distribution of the longitudinal reinforcement at R = 1.0%,
which is the peak drift angle just after the maximum strength in all specimens. As men-
tioned earlier, in this study, strain gauges were attached to five locations of the longitudinal
reinforcement, to examine the effect of hollow cross-sections. In Figure 8, the vertical axis
shows the positions of the attached strain gauges, and strain distributions at No.1~No.5 are
plotted as red, orange, gray blue, and light blue, respectively. If there were some significant
effects caused by the use of hollow cross-sections, the strains of No.1 and No.2, or those of
No.4 and No.5, would show quite different values from each other. In the hollow-sectioned
CM 2 of N-series, the strain values of No.1 and 2, as well as No.4 and No.5, are almost the
same as each other, and there is little difference in the strains of the longitudinal reinforce-
ment. The strains are likely to increase abruptly after yielding; therefore, slight differences
were found in a couple of the strains which were close to the column end. However, except
for such strains, the strain distributions of longitudinal bars are almost consistent in the
vertical direction of CM1 and CM2, which are solid and hollow-sectioned specimens. A
similar tendency was observed in both specimens until the end of the loading. Also, in
CM11~CM13 of S-series, the strain values of No.1 and No.2, as well as No.4 and No.5, are
almost the same as each other, and such results were found during the end of the loading.
Therefore, it can be said that the presence or absence of the hollow cross-sections has little
effect on the strains of the longitudinal reinforcement under the axial force ratio up to 0.3,
when the columns have ductile behaviors.

1700 1700

1360 1360

1020 1020

680 680 <> No.1

No.2
<+ No.3
* No4

<~ No.5
-8000 -4000 0 4000 8000 -8000 -4000 0 4000 8000 -=- Yield strain
Longitudinal Reinforcement Strain (n) Longitudinal Reinforcement Strain (p)

(a)

Figure 8. Cont.

Column height (mm)

340 340




Appl. Sci. 2023,13, 2234

12 of 22

Column height (mm)

. 1600
1600 ——— . 1600
~1
1400 \ﬁx | 1400 1400
[ ]
I I
1200 1 1 1200 1200
I I
1000 : : 1000 1000
] ]
800 \ \ ] 800 800
I I
600 ' 1 CMII 600 600
I I
400 ! ! 400 400
I |
200 ' § 200 200
0 : \ 0 0
-8000 -4000 0 4000 8000 -8000 -4000 0 4000 8000 -8000 -4000 ~ 0 4000 8000
Longitudinal Reinforcement Strain (p) Longitudinal Reinforcement Strain (1) Longitudinal Reinforcement Strain (p)
Figure 8. Strain distributions of longitudinal reinforcement (R = 1.0%): (a) N-series; (b) S-series.
Strain gauges were also attached to the transverse reinforcement to understand the
effect had by the use of hollow cross-sections. Figure 9 shows the strain distributions
of the transverse reinforcement in each specimen at R = 1.0%. Strain distributions at
No.1~No.3 are expressed in red, green, and light blue, respectively. Comparing CM1 and
CM2 of the N-series, with solid and hollow sections, the strain distributions were found
to be approximately the same in both specimens. Since CM11~CM13 of the S-series, with
a higher axial force ratio, showed the same tendency, the effects of hollow sections on
transverse reinforcement strains are also considered to be small when the columns fail in
the flexural dimension.
1700 1700
+, i
1360 1360 n n
_ 2 2
E ) 1 sl | |2 3
= 1020 1020 [ 9
5 : ZA
£ 680 680 ‘ :
E CM1 el
o - No.1
340 340
<= No.2
0 0 <+ No.3
-1500-1000-500 0 500 1000 1500 -1500-1000 -500 0 500 1000 1500
Transverse Reinforcement Strain (p) Transverse Reinforcement Strain ()
(a)
1600 1600 o 1600
1400 1400 4 1400
’é‘ 1200 1200 1200
N
% 1000 1000 Do 1000
= | |
o0 ' '
2 800 800 — 800
=
g 600 CMIT | ¢ X ﬂ 600
]
400 400 CM12 400
200 A 200 200
0 0 0

-1500-1000-500 0 500 1000 1500

Transverse Reinforcement Strain (p)

+1500-1000-500 0 500 1000 1500
Transverse Reinforcement Strain (p)

(b)

~1500-1000-500 0 500 1000 1500

Transverse Reinforcement Strain (p)

Figure 9. Strain distributions of transverse reinforcement (R = 1.0%): (a) N-series; (b) S-series.
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4.2. Flexural and Shear Deformation Distribution

To investigate the difference in deformation patterns between solid- and hollow-
sectioned columns, the flexural and shear deformation distributions were calculated as
follows. As mentioned earlier, the column height was divided into seven or five sections,
and the rotation angle (0) by flexural deformation and the shear strain (y) by shear defor-
mation, in each section, were calculated. Based on Figure 10, the rotation angle (¢) and the
shear strain () were calculated using Equations (2) and (3), respectively.

61— 0
=2 @
Va? + b?
Y :7(53 +04) 3)

where x is the distance between measurement points by LVDTs, §; and J; are the variation
value in each LVDT in the vertical direction, 2 and b are the horizontal and vertical distance
between measurement points by LVDTs, and é3 and J,4 are the variation value in each LVDT
in the diagonal direction, respectively.

7,
2 ’7/’&/ ///,’/
N _— N Ve
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Figure 10. Calculation method of deformation: (a) rotation angle by flexural deformation; (b) shear
strain by shear deformation.

Figure 11a shows the flexural and shear deformation distributions of N-series spec-
imens at R = 4.0%. From the flexural deformation distribution, it is confirmed that the
inflection points of both specimens were generally located in the middle of the column
height. Comparing the solid-sectioned CM1 and the hollow-sectioned CM2, the deforma-
tion at the hollow parts was expected to increase in CM2; however, the flexural deformation
distribution was almost the same as that of CM1. The shear deformation at both column
ends tended to become larger than other sections due to the damage concentration, and their
distribution was also found to be almost the same in both specimens. Although the moment
of inertia and cross-sectional area decreased at the hollow cross-sections, higher strength
concrete with a higher Young’s modulus was employed in CM2, and it is considered to
result in similar deformation patterns in both specimens.

Figure 11b shows the flexural and shear deformation distributions of S-series speci-
mens at R = 2.0%. For the flexural deformation, CM12 and CM13 had deformation distribu-
tions that were almost equivalent to that of the solid-sectioned CM11 in the same way as
the N-series. Moreover, for the shear deformation distributions, those of hollow-sectioned
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specimens were almost equal to that of the solid-sectioned one, as observed in the N-series.
As mentioned above, this similarity can be attributed to the concentration of damage on
the column ends, and the use of higher strength concrete in hollow-sectioned specimens
(CM2, CM12, and CM13). Also, it is concluded that, as long as severe damage on the hollow
sections can be avoided, the deformation patterns will not be changed.
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Figure 11. Deformation distribution: (a) N-series (R = 4.0%); (b) S-series (R = 2.0%).

4.3. Equivalent Viscous Damping Ratio

The difference in energy absorption capacity, between solid and hollow sectioned
columns, was inspected by comparing their equivalent viscous damping ratios ().
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Figure 12 shows the &, distributions along with the peak drift angles in all specimens.
Herein, h,; was calculated by using the second cycle loops of the hysteresis curves. The
values of e in CM1, CM11, CM2, and CM13 were calculated up to R = 4.0%, whereas that
of CM12 was calculated until R = 1.5%, which was the drift angle just before the sudden
drop in load-bearing capacity.

As can be seen in Figure 12, he; gradually increased with the increase in drift angles
in all specimens. Although slight differences in h,,; values, approximately within +1.5%,
were found between the solid- and hollow-sectioned specimens, their development and
tendency were almost the same. CM12 also exhibited the same ., values as CM11, until
the development of the unexpected failure. From these observations, before the brittle
failure, it is confirmed that no degradation in energy absorption capacity occurred even
in the cases with hollow cross-sections, which is attributed to equivalent hysteresis loops,
failure patterns, and deformation patterns.
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Figure 12. Equivalent viscous damping ratios: (a) N-series; (b) S-series.

4.4. Neutral Axis Location

As explained earlier, the hollow-sectioned CM12 of the S-series, having an axial
force ratio of 0.3, experienced an abrupt reduction in load-bearing capacity at the second
loading cycle of R = 2.0%, before the shear reinforcement yielding. At this time, concrete
compressive failure, at the plastic hinge region near the column end, suddenly occurred,
resulting in brittle failure. On the other hand, such a failure pattern did not develop in the
hollow-sectioned CM2 of the N-series with an axial force ratio of 0.16.

To comprehend the reason for this, the location of the neutral axis (x,), at the ultimate
flexural state, was investigated in the cross-sectional analysis, which was explained in
Section 2. The calculated x,, at the ultimate flexural state, in CM2 and CM12, are shown in
Figure 13. In CM2, with an axial force ratio of 0.16, the neutral axis has been found to be
located on the flange of the cross-section, which means the concrete compressive stress does
not work on the hollow section at the ultimate flexural state. Therefore, the compressive
stress distribution of the concrete, at the plastic hinge region, is expected to be similar
to that of a solid cross-section. However, in CM12, having an axial force ratio of 0.3, x,
increased due to higher compressive axial force, and the neutral axis has been estimated to
be located on the web beyond the flange, which means that the concrete compressive stress
acts on the hollow section at the ultimate flexural state. Therefore, if the neutral axis exists
on the web of plastic hinge regions, the concrete compressive stress on the hollow section is
likely to increase rapidly, due to the concrete crushing, at around the ultimate flexural state.
This is the reason why the deformation capacity was drastically improved in the CM13, in
which the position of the hollow sections was appropriately adjusted. Simultaneously, such
adjustment, avoiding hollow sections from plastic hinge regions, would be an effective
solution to ensure enough ductility against large compressive axial forces.

In the previous studies [2], the structural performance of cylindrical bridge piers with
circular hollow sections was investigated by introducing different axial force ratios. From
the experimental results, the deformation capacity tended to reduce, when the neutral axis
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location exceeded the flange of hollow cross-sections, which is consistent with the results of
rectangular cross-sections in this study. Although further study is required, the relationship
between the magnitude of the compressive axial force and the neutral axis location at
the ultimate flexural state is one of the important factors in determining the deformation
capability and the application scope of RC columns with rectangular hollow cross-sections.
If the neutral axis, at the flexural state, is expected to be located on the web of the hollow
cross-section, as confirmed by the results of the hollow-sectioned CM13, the failure mode
and ductility can be ensured by properly separating the hollow section from the plastic
hinge region. Therefore, it is recommended that the position of the neutral axis against
the design axial force, at the ultimate flexural state, be calculated and checked for the use
of hollow-sectioned columns. At the same time, focusing on the total collapse buildings
where the flexural hinges occur at the beam ends, these hollow-sectioned columns would be
applicable to the second floor or higher, since no flexural hinges develop in those columns.

| b | |
| | [ |

Ix,120.25D
x,=0.46D

(a) (b)

Figure 13. Neutral axis positions at ultimate flexural state by cross-sectional analysis: (a) CM2;
(b) CM12 and CM13.

4.5. Finite Element Analysis

In addition to the cross-sectional analysis above, a finite element (FEM) analysis was
performed to further grasp the seismic behaviors of the specimens.

4.5.1. Analysis Outline

The nonlinear FEM analysis was carried out by FINAL [26], which is commonly
used for RC structure analysis in Japan. Figure 14 shows the geometry of the FEM model
and meshing. The concrete was modeled as hexahedral elements, and truss elements
were assigned for the reinforcing bars. The bond-slip behavior between the concrete and
reinforcement was also considered. Since the hexahedral elements were assigned for the
concrete, the tapered shape of the hollow part was reproduced by a fine stair-stepped
shape, as shown in Figure 14. Half of the specimen was modeled by utilizing the symmetric
condition, and the displacement in the Y direction was constrained. The axial load was
provided as distributed axial forces in the Y direction on the top of the upper stub, and
then the lateral displacement was applied to the top of the upper stub, as was done in
the experiment.

Stress—strain hysteretic models of the concrete and steel, as well as the bond-slip
model between them, are shown in Figures 15 and 16, respectively. For the concrete,
the hysteresis curve described by Naganuma et al. [27] was employed, and the modified
Ahmad model [28,29] was used in the stress-increasing region up to the peak strength.
Regarding the characteristics of the softening region after the peak, the Nakamura-Higai
model [30] was assigned for the core concrete, while the constitutive model with sharp
stress degradation after the peak was employed for the cover concrete [26]. Ottosen’s four-
parameter model [31], adopting the coefficients of Hatanaka et al. [29], was used for the
failure condition under the triaxial stress. The tension behavior of the concrete was assumed
to be linear until the crack development, and after cracking, the tensile softening property
was modeled according to Izumo et al. [32]. Concerning the constitutive law of reinforcing
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bars, the modified Menegotto—Pinto model [33] was used for the hysteresis curve. The
envelope was set to be bilinear and the stiffness after the yielding was assumed to be
1/1000E;, in which E; represents Young’s modulus. The slip-bond relationship between the
concrete and longitudinal reinforcement was modeled according to Naganuma et al. [34]
and the AlJ guidelines [35].

Stub
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reinforcement

Column

Transverse

L

Z
reinforcement
X Y
Figure 14. Geometry of Finite element model and meshing.
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Figure 15. Stress—strain hysteretic model: (a) concrete; (b) steel.
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Figure 16. Bond-slip model between concrete and reinforcement.

4.5.2. Analysis Result

In Figure 17, the hysteresis curves obtained by the experiments and FEM analysis
are compared. The analysis results are shown up to the drift angle, where the maximum
strength was almost confirmed with stable analysis results. The drift angle of longitudinal
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reinforcement yielding is plotted with ¢. The maximum strength by experiments and FEM
analysis is summarized in Table 7. Comparing the analysis with the test results, the initial
stiffness was almost the same. In all specimens, the yielding of longitudinal reinforcement
occurred near the column end at around R = 1.0%, and the hysteresis curves agree well
with the experimental results. The ratios of experiments to calculations of the maximum
strength were found in the range of 0.83~1.07, and the FEM analysis showed reasonable
correspondence with the experiments.
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Figure 17. Comparison of hysteresis curves: (a) N-series; (b) S-series.
Table 7. Maximum strength by calculation (FEM analysis) and experiment.
. Calculation (FEM) (kN) Experiment (kN) Calculation (FEM)/Experiment
Series Spec1men
Positive L. Negative L. Positive L. Negative L. Positive L. Negative L.
CM1 332.7 —317.2 310.5 —353.6 1.07 0.90
N
CM2 308.9 —305.7 328.5 —335.6 0.94 0.91
CM11 253.6 —235.8 276.9 —284.8 0.92 0.83
S CM12 275.7 —255.4 284.5 —288.8 0.97 0.88
CM13 279.3 —246.3 297.3 —298.2 0.94 0.83

To understand the compressive stress state of the hollow-sectioned specimens with a
higher axial force ratio, the concrete stress of CM12 and CM13 was investigated from the
analysis. Figure 18 shows the minimum principal stress distribution of CM12 and CM13 at
R =1.0%, where the blue and the red colors represent the largest compressive and tensile
stress, respectively. In CM12, where the brittle failure occurred, the concrete compressive
stress was concentrated at the top of the hollow part, marked by a dotted circle, and
the value exceeded approximately 1.15 times the concrete compressive strength (uniaxial
compressive strength). The compressive stress seems to increase by multi-directional
compression, and it is confirmed that a severe stress concentration developed due to the
high axial load. However, in CM13, where the position of the hollow part was adjusted
from the column end, the compressive stress at the top of the hollow part was almost half
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of the concrete compressive strength, and the successful reduction of the compressive stress
was verified from the analysis.
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Figure 18. Minimum principal stress distribution of concrete (R = 1.0%): (a) CM12; (b) CM13.

5. Conclusions

In this study, detailed investigations on RC columns with rectangular hollow cross-

sections, in building structures, were carried out to understand their structural charac-
teristics and seismic performance. The following are the major findings obtained from
this study.

1.

Although the moment of inertia and cross-sectional area decreased in the hollow-
sectioned column, by using higher strength concrete with a higher Young’s modulus,
the initial lateral stiffness of the hollow-sectioned column could be reproduced as that
of the solid-sectioned column.

In the hollow-sectioned columns, the experimental maximum strength was 1.00~1.06 times
the ultimate flexural strength estimated by the cross-sectional analysis using plane sec-
tion assumption, and the calculations showed good agreement with the experiments.
Accordingly, the maximum strength evaluation by the plane section assumption is
also effective for the RC columns with rectangular hollow cross-sections.

Under an axial force ratio of 0.16, the structural performances between hollow- and
solid-sectioned columns were found to be almost equivalent, because their hystere-
sis curves, failure patterns, strain distributions of reinforcement, flexural and shear
deformations, and energy absorption capacity were almost the same.

In the hollow-sectioned specimen CM12 with an axial force ratio of 0.3, the structural
performance was almost the same until the 2.0% drift angle; however, sudden deterio-
ration of the load-bearing capacity occurred at the second loading cycle, with concrete
compressive failure occurring at the plastic hinge region near the column end. Such
brittle failure was induced by the location of the neutral axis at the ultimate flexural
state, which was estimated to exist beyond the flange of the hollow cross-section.
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5. In the hollow-sectioned specimen CM13 with an axial force ratio of 0.3, the position
of hollow sections was, therefore, planned at 0.75D from the column end, beyond
the plastic hinge regions. Then, the structural performance between the hollow- and
solid-sectioned columns was found to be almost the same.

6.  The relationship between the magnitude of the compressive axial force and the neutral
axis location at the ultimate flexural state was found to be one of the crucial factors for
the deformation capacity and the application scope of RC columns with rectangular
hollow cross-sections. If the neutral axis is located within the flange of the cross-
section, the concrete compressive stress does not work on the hollow section; therefore,
the compressive stress distribution of concrete, at the plastic hinge region, would be
similar to that of a solid cross-section. On the other hand, if the neutral axis exists
on the web of plastic hinge regions, the concrete compressive stress on the hollow
cross-section is likely to increase abruptly, due to the concrete crushing, at around the
ultimate flexural state.

7. The nonlinear FEM analysis was carried out to further grasp the structural behav-
iors of the rectangular hollow sectioned columns. The drift angles of reinforcement
yielding, the maximum strength, and the hysteresis curves by the analysis reasonably
corresponded with the experiments. The compressive stress concentration of concrete
at the hollow-cross section near the column end was also observed from the minimum
principal stress distribution by the analysis, which is considered to result in abrupt
brittle failure.

Therefore, as explained in this study, for the use of RC columns with rectangular
hollow cross-sections, it is recommended that the neutral axis position against the design
axial force, at the ultimate flexural state, be calculated and checked in advance. If the
neutral axis is located on the web of the hollow cross-section, the failure mode and ductility
can be ensured by properly separating the hollow section from the plastic hinge region.
Simultaneously, for the total collapse buildings in which the flexural hinges develop at
the beam ends, RC columns with rectangular hollow cross-sections would be applicable
on the second floor or higher, because no flexural hinges are expected to occur in those
columns. It is also noted that many RC buildings in Japan have columns with square cross-
sections; therefore, the structural performance of square cross-sections is mainly focused
on in this study. On the other hand, some RC buildings also have circular columns, and an
appropriate comparison between square and circular columns with hollow cross-sections
in building structures is further required to be studied in future research.
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List of Symbols

b column width

b column width excluding hollow cross-section

D cross-section height of column

d effective cross-section height of column

Es Young’s modulus

Ecu ultimate concrete strain at the compression fiber
F. compressive strength of concrete

hy clear height

hey height between both full hollow sections

n axial force ratio

j moment arm length from compressive to tensile resultant force
M/Q shear span ratio

M, ultimate flexural moment capacity at solid section
M,/ ultimate flexural moment capacity at fully hollowed section
N axial force

pt longitudinal tensile reinforcement ratio

Pw transverse reinforcement ratio

Qimu ultimate flexural strength

Qsu,mean  ultimate shear strength

R drift angle

r hollow section ratio

o axial stress

Twy yield strength of transverse reinforcement

heg equivalent viscous damping ratio
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