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Abstract. Confined transverse reinforcement was arranged in a plastic hinge region to resist the lateral load
that increased the lateral confinement effect in the bridge substructure. Columns increased the seismic
performance through securing stiffness and ductility. The calculation method of transverse reinforcements at
plastic hinges is reported in the AASHTO-LRFD specification. This specification was only proposed for
solid reinforced concrete (RC) columns. Therefore, if this specification is applied for another column as
composite column besides the solid RC column, the column cannot be properly evaluated. The application
of this specification is particularly limited for composite hollow RC columns. The composite hollow RC
column consists of transverse, longitudinal reinforcements, cover concrete, core concrete, and an inner tube
inserted in the hollow face. It increases the ductility, strength, and stiffness in composite hollow RC
columns. This paper proposes a modified equation for economics and rational design through investigation
of displacement ductility when applying the existing specifications at the composite hollow RC column.
Moreover, a parametric study was performed to evaluate the detailed behavior. Using these results, a
calculation method of economic transverse reinforcements is proposed.
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1. Introduction

Hollow reinforced concrete (RC) columns are used as economical design elements, because
they use little material and are lightweight. However, they have poor ductility owing to brittle
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failure on the inner face of the column. The brittle failure of a hollow RC column originates from
the lack of confinement of the core concrete, because, generally, the core concrete of a hollow RC
column is confined only by the outer transverse reinforcements or both the outer and the inner
transverse reinforcements. To prevent this brittle failure, Han et al. (2008) used an inner tube to
reinforce the inner face of a hollow RC column as shown Fig. 1. This offered strong and durable
confinement, because of the reinforcement provided by the inner tube. The column’s strength and
ductility were enhanced, because of the continuous confinement stress provided by the inner tube.
This column has cover concrete on its outside but it does not has cover concrete on hollow section
by inner tube. A nonlinear concrete model and the compressive performance of composite hollow
RC column were evaluated through theoretical study and experimental study by Han et al. (2008,
2010). These studies considered the yielding and buckling failure conditions of the inner tube as
well.

The confining transverse reinforcement was arranged in the plastic hinge region to resist the
lateral load that increased the lateral confinement effect in the substructure of the bridge. This
increased the seismic performance through securing the stiffness and ductility. A calculation
method for confinement of transverse reinforcements is reported in the AASHTO-LRFD
specification as shown Eq. (1). This specification suggested that the volumetric ratio of spiral or
seismic hoop reinforcement shall satisfy either that required in Eqg. (1a) and Eq. (1b). The Main
function of transverse reinforcement specified in Eq. (1b) is to ensure that the axial load carried by
the column after spalling of the concrete cover will at least equal the load carried before spalling
and to ensure that bucking of the longitudinal reinforcement is prevent. Thus the spacing of the
confining reinforcement is very important. However, this specification was only proposed for solid
RC columns. Therefore, if this specification is applied to another column as composite column
besides the solid RC column, this column cannot be properly evaluated. (Burak et al. 2014,
Gholamreza et al. 2012, Kim 2014, Ou et al. 2012, and Song et al. 2011) In particular, composite
hollow RC columns (Fig. 1) have limitations for applying this specification.

P, = 0.45[%—1} :“k , (AASHTO-LRFD 2012, 5.7.4.6) (1a)
yh

fck
P, = 0.12f— , (AASHTO-LRFD 2012, 5.10.11.4.1d) (1b)
yh

where, A denotes the gross area of the column, A the area of the core concrete, f the compressive
strength of the concrete, and fy, the strength of the transverse reinforcement.
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Fig. 1 Section of the_composite hollow RC column
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A composite hollow RC column consists of transverse and longitudinal reinforcement, cover
concrete, core concrete, and an inner tube inserted in the hollow face. This increases the ductility,
strength, and stiffness in a composite hollow RC column. This paper proposes a modified equation
for economics and rational design of transverse reinforcements at a plastic hinge through
investigation of displacement ductility when applying the existing specifications to a composite
hollow RC column. Additionally, the proposed equation was verified under various conditions.

2. Background

Han et al. (2008, 2010), proposed the basic theory for the force-equilibrium condition and
failure modes of a composite hollow RC column. In addition, they proposed a lateral force-
displacement analysis method for this column.

2.1 Equilibrium in a composite hollow RC column (Han et al. 2008)

Han et al. (2008) defined the failure mode of a composite hollow RC column. Fig. 2 shows a
half section of a composite hollow RC column when only an axial load acts on the concrete.
Considering the failures of the inner tube and the transverse reinforcement, three failure modes
could be defined, as shown in Eq. (2). In the first failure mode, the inner tube fails by buckling or
yielding before the transverse reinforcement yields. The second failure mode is the reverse
condition. In the third failure mode, the inner tube and transverse reinforcement fail
simultaneously.

fupe > i =smaller(f,, f,): Failure mode 1 (2a)
fupe < T =smaller(f, f,) : Failure mode 2 (2b)
fue = i =smaller(f,, f,) : Failure mode 3 (2¢)

where, fupe IS the stress acting on the inner tube in the radial direction (i.e., lateral pressure), f; the
yield strength of the inner tube, fy the buckling strength of the inner tube, and f;,, the lower value
between the yield and the buckling strength of the inner tube.

In the first failure mode, the concrete in the column was completely confined before the inner
tube failed. After the inner tube failed, it was assumed to exert no more passive confining pressure.
Therefore, after the inner tube failed, the concrete was under biaxial confinement. In the second
failure mode, the concrete was completely confined until the entire column failed by yielding of
the transverse reinforcement. The failure of the entire column depended on yielding of the
transverse reinforcement. Because the triaxial confinement was completely maintained until the
failure of the transverse reinforcement, the concrete in the column had strength equal to that in a
solid RC column in this case. The confining pressure in the circumferential direction was equal to
that in the radial direction (fi.= f;, = f;). The third failure mode was very rare and it had a failure
pattern similar to that of the second failure mode. Considering “failure mode 2” and “failure mode
3,7 Egs. (3) and (4) can be derived from Fig. 2. By substituting Eq. (3) into Eq. (2), the confining
pressure acting on the concrete was given as Eq. (5), where t is the thickness of the inner tube
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Fig. 2 Confinement stress on concrete in a composite hollow RC column (Han et al. 2008)

{fl (D - Di ) +2 ftubet}s =2 fyh A&p (3)
f,D,
ftube ? ’ flc = flr = fl (4)
2f

2.2 Yielding condition of the inner tube

The yielding of an inner tube before the transverse reinforcement yields can be guaranteed by
controlling the thickness of the inner tube. To avoid premature failure of the column, f,, must be
less than f,. The minimal thickness of the inner tube needed to prevent its premature yielding
failure (t,) was calculated by Eq. (7).

Di ' fyh : A%p

=t < ©)

D-f A,
- yh p
o D's-f, (")
2.3 Buckling condition of the inner tube (Han et al. 2008)

The inner tube of a composite hollow RC column is unilaterally restrained by concrete.
Because of this unilateral boundary condition, the inner tube has a different buckling strength from
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that of an arch or ring with bilateral conditions. The buckling strength of unilaterally restrained
arches has been studied by many researchers. Kerr et al. (1969) proposed a method to determine
the buckling strength of a circular arch by linearization of the pre-buckling deformation. Haftka et
al. (1971) suggested a method to determine the bifurcation buckling strength and snap-through
buckling strength of a circular shallow arch using Koiter’s method. Sun et al. (1996) proposed the
numerical solution of a large deformation problem by considering the unilateral boundary
condition. The buckling behavior of the inner tube was considered the snap-through behavior of a
circular shallow arch, because the inner tube can only buckle inward. The buckling coefficient
proposed by Kerr et al. (1969) was adopted to estimate the buckling strength of the inner tube.
From their study, the buckling strength of a circular shallow arch (p,) can be calculated using Eq.
(8). By substituting the snap-through buckling coefficient (2.27) for the normalized non-
dimensional pressure (P) in Eq. (8), the buckling strength of the inner tube (f) can be calculated

using Eq. (9).

po = p_ (8)

Bl _227¢E

fbk =227 RZt - 3 D-2 (9)

where E is the modulus of elasticity, | the moment of inertia, and R the radius of the inner tube.

To prevent premature buckling failure of the inner tube before yielding of the transverse
reinforcement, the buckling strength of the inner tube must be higher than the confining pressure
acting on the concrete when the transverse reinforcement yields. With this design concept and Eqg.
(9), a failure criterion can be defined as Eq. (10). From Eq. (10), the required minimal thickness of
the inner tube to prevent its premature buckling failure (t,) can be calculated using Eq. (11).

221°E . 2f,A,

s f =
3 Df> ' D's (10)

fbk =

(11)

The required minimal thickness of the inner tube to prevent its premature failure (t;y,) can be
defined as the higher value between t, and ty from Egs. (7) and (11), respectively. When a
composite hollow RC column fails by “failure mode 1,” this failure mode can be classified into
two failure modes. The first is failure by yielding of the inner tube. The other is failure by buckling
of the inner tube. These failure modes can be determined by a comparison of the inner tube’s yield
strength (f,;) and the buckling strength (fy). It is also possible to determine the failure mode with
respect to a comparison of the thickness of the inner tube (t) and its required minimal thicknesses
for yielding (t,;) and buckling (tu).

2.4 Stress-strain relation

Han et al.’s (2008) concrete model was based on the unified concrete model proposed by
Mander et al. (1984) who adopted Eq. (12) proposed by Popovics (1973) to develop the unified
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f = r —Clc+ X" (123)
X=— 12b
o (12b)
EC
“(E.-E.) (12¢)
.
Boee = (12d)
&

stress—strain relation of confined concrete. This model is based on a constant confining pressure.

For triaxially confined concrete, the peak concrete strength was calculated with Eq. (13). For
biaxially confined concrete, the peak concrete strength was calculated with Eq. (14) Han et al.
(2008). The strain at the peak concrete strength was calculated with Eg. (15).

e @)

fie’

f.=-2.75 3 +1.835f, — f, (14)

c

Ee =& {1+ 5{%—1}} (15)

In an RC column, transverse reinforcements cannot confine the entire core concrete completely.
Therefore, f; should be replaced by f'. The effective constant confining pressure can be calculated
by Eq. (16)

f, =k, f (16)

2.5 Lateral load-displacement analysis method of column (Han et al.(2010))

To predict the behavior of a composite hollow RC column, a column analysis model was
developed in this study based on Han et al.’s (2008) concrete model. This analysis tool is capable
of axial load-bending moment interaction analyses and lateral load—displacement analyses. It used
section analysis, accounting for equilibrium, strain compatibility, and material stress—strain curves
and adopted the layer-by-layer technique for numerical integration of stress Han et al. (2010). The
analyses were conducted for two conditions: (a) an unconfined concrete stress-strain curve with
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Fig. 3 Section analysis using strain compatibility and the layer-by-layer approach (Han et al. 2010)
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Fig. 4 Idealized stress-strain curves for (a) concrete and (b) steel (Han et al. 2010)

elasto-plastic steel behavior and (b) a confined concrete stress-strain curve and accounting for
strain hardening of the steel. Fig. 3 shows an idealized section. Fig. 4 shows the adopted stress—
strain curves. The analyses were performed at the stage of strain distribution as shown in Fig. 5.
For each stage of strain distribution, stresses acting on the concrete, the longitudinal
reinforcements, and the inner tube were calculated. By summing them, the axial load and the
moment were calculated for each stage of the strain distribution. P;, M; and ¢; are given by Egs.

(17-19), respectively.

CcC Cv R T
Pj = Pj + Pj + Pj + Pj (17)
CcC CcVv R T
M, =M +M" +M[ +M, (18)
gCC
¢; = C.. (19)

Lateral forces and lateral displacements can be calculated with the determined moments and
curvatures at the corresponding stage of the strain distribution. F_jwas simply determined by Eq.
(20). However, more calculations were required to determine the lateral displacement from the
curvature. ¢p is the difference between ¢, and ¢,, as given by Eq. (21). The plastic curvature was
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Fig. 5 Stages of strain distribution at the (a) initial, (b) middle, and (c) final stage (Han et al. (2010))

assumed constant over the equivalent plastic hinge length, which was calibrated to give the same
plastic rotation as occurred in the real column. From the analyses and test results by Priestly et al.
(1996), a reasonable estimate, given by Eq. (22), was made for the plastic hinge length when the
plastic hinge formed against a supporting member (such as in Fig. 6). Here, fy. is yield strength of
longitudinal reinforcements.

Mj
Foy=— (20)
¢P = ¢u _¢y (21)
L, =0.8L,, +0.022f.d,, >0.0441 d, (. inMPa) 22)

The second term in Eq. (22) makes allowance for additional rotation at the critical section
resulting from strain penetration of the longitudinal reinforcement into footing. The plastic rotation
is given by Eq. (23). Excluding all additional flexibility effects, the yield displacement can be
approximated by Eq. (24). The plastic displacement (Ap) includes the component owing to the
plastic rotation () and additional elastic displacement from the nominal moment capacity (M,) to
the maximum moment capacity (M,). The plastic displacement is given by Eq. (25). Using derived
equations, a column analysis program was coded in the FORTRAN language.

O =Logp =Lp (¢u _¢y) (23)
¢, L4
A, = y3 (24)
A, 2[%—1JA),+LP¢P(L—O.5LP) (25)

This method was verified through the experimental study by Han et al. (2010). These analyses
results showed acceptable agreement with the test results. It showed that the developed model is
reasonable and that the confining effect of concrete must be considered to predict the behavior of a
composite hollow RC column. This study estimated the displacement ductility of a composite
hollow RC column using Han et al.”’s method.
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Curvature Deflections
Fig. 6 Inelastic deformation of a column (Han et al. 2010)
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Fig. 7 Defined method of displacement ductility (Park 1988)
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3. Ductility ratio of a circular composite hollow RC column according to the
AASHTO-LRFD specification

This section studies change of ductility by geometric section properties of composite hollow
RC column. Parameters are the hollow ratio, diameter, and thickness of the inner tube. Change
effect of ductility by Transverse and longitudinal reinforcements in this column was investigated
by Won et al. (2012)

The displacement ductility of a composite hollow RC column was evaluated by varying the
hollow ratio, diameter, thickness of the inner tube, and axial force. The confining transverse
reinforcements of a composite hollow RC column were calculated using the AASHO-LRFD
specification as in Eq. (1). Here, the core concrete of a composite hollow RC column was confined
by the inner tube and transverse reinforcements. The material model of this column was the same
as that of a solid RC column when transverse reinforcement reached to failure before yield failure
or buckling of the inner tube. Therefore, the gross area (Ay) and the core concrete area (Ac) of the
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Table 1 Dimensions of the column model

Spec. Dimension
Diameter 2,500.0
Thickness of cover concrete 60.0
longitudinal rebar ratio 0.011
min. transverse rebar ratio 0.0072
slenderness ratio 23.0
strength of concrete 21
yield strength of rebar 350
yield strength of internal tube 235
Elastic modulus of steel 210,000
Elastic modulus of rebar 200,000
Elastic modulus of concrete 26,115

Table 2 Section dimensions according to the hollow ratio

Hollow ratio Diameter of hollow section Thickness of inner tube

0.0 - -

0.2 473.2 1.4
0.4 952.0 2.7
0.5 1183.2 3.4
0.6 1419.8 4.1
0.7 1656.6 4.7
0.8 1892.0 6.0
0.9 2113.6 14.2

composite hollow RC column should be considered as an area confined by transverse
reinforcements that includes a hollow part.

A

Uy = A—“ (26)

y

Fig. 7 shows the defined method of displacement ductility. Displacement ductility was
calculated by the ratio of yield displacement and ultimate displacement as in Eq. (26). Here, A, IS
the ultimate displacement and A, the yield displacement.

Hollow ratio

The hollow ratio is inside diameter of outside diameter of confined concrete in composite
hollow RC column. To investigate displacement ductility by hollow ratio, dimensions of a
composite hollow RC column were selected as in Table 1 and 2. Table 1 shows the common
dimensions of the analysis models and Table 2 the dimensions of the inner tube and hollow part
according to the hollow ratio. Hollow ratios were considered from 0.0 to 0.9 and the thickness of
the inner tube was selected by Eqgs. (7) and (11) (Table 2).

Fig. 8 shows the change in displacement ductility by hollow ratio in the composite hollow RC
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Fig. 8 Change in displacement ductility by hollow ratio in the composite hollow RC column

Table 3 Material model of the columns

Strain at peak stress Peak Axial Stress(MPa) Ultimate Strain
0.0 0.0055 28.3428 0.0239
0.2 0.0055 28.3544 0.0239
0.4 0.0055 28.3652 0.0239
0.5 0.0055 28.3710 0.0239
0.6 0.0055 28.3768 0.0239
0.7 0.0055 28.3818 0.0239
0.8 0.0055 28.3877 0.0239
0.9 0.0055 28.3935 0.0239

Table 4 Section dimensions according to hollow ratio

Thickness of

. 0.0 5.4 6.0 6.5 7.0 75 8.0 8.5
inner tube

Displacement —, o 5.5 5.5 5.5 5.5 5.5 5.5 5.5
ductility

** Dimensions of columns are same hollow ratio 0.8 model.

column. The displacement ductility of the analysis model increased rapidly from a hollow ratio of
0.5. When the hollow ratio was 0.9, the displacement ductility was about 6.5. The displacement
ductility at a hollow ratio of 0.9 was 30% larger than that of the solid RC column with a hollow
ratio of 0.0. Table 3 shows the material model of the confined concrete. The strain of peak stress,
peak axial stress, and ultimate strain had the same values. This showed that a parameter existed
that affected the change in ductility, except the performance of confining concrete.

Thickness of the inner tube

Next, thickness of the inner tube at a hollow ratio of 0.8 was changed to investigate the effect
of the inner tube thickness against displacement ductility. Table 4 shows the displacement ductility
versus the thickness of the inner tube. For these analyses, the analysis models were considered the
same model with a hollow ratio of 0.8 and the thickness of the inner tube changed from O to 8.5
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Table 5 Analysis model by column diameter

Hollow ratio Longitudinal rebar ratio Transverse rebar ratio
D700 0.0~0.9 0.011 0.0072
D1000 0.0~0.9 0.011 0.0072
D2000 0.0~0.9 0.011 0.0072
D2500 0.0~0.9 0.011 0.0072
D3000 0.0~0.9 0.011 0.0072
D3500 0.0~0.9 0.011 0.0072

Ratio of displacement ductility
o
|
1

—a— D700
021 —e—D1000 ]
05 —4—D2000 |

—¥— D2500
07 ] —«—D3000 |

—»— D3500

0.6 +———1—F—"—F—T—F—"—]——————T———
00 01 02 03 04 05 06 07 08 09 10

Hollow Ratio

Fig. 9 Ratio of displacement ductility by column diameter

mm. The analysis results showed that the displacement ductility had a value of 5.5 except the
model of 1 mm thickness of inner tube. When column don’t have inner tube, displacement
ductility is reduced because confined concrete become biaxial confinement state. If the inner tube
has over necessary thickness, it doesn’t affect the change in displacement ductility (Table 4).

Column Diameter

Next, the change in displacement ductility was investigated with the column diameter. Table 5
shows that the column diameter changed from 700 to 3500 mm and the hollow ratio from 0.0 to
0.9. The longitudinal reinforcement ratio, transverse reinforcement ratio, and slenderness ratio
were the same on all models.

Fig. 9 shows the ratio of ductility of displacement by column diameter. When the column
diameter increased, the ratio of displacement ductility increased. The displacement ductility of the
composite hollow RC column was highly affected by change in the diameter and hollow ratio
under the same conditions of transverse reinforcement, longitudinal reinforcement, and
slenderness ratio.
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Fig. 10 Ratio of displacement ductility and radius of gyration for different column diameters

4. Modified equation for confining the transverse reinforcements of the circular
composite hollow RC column

Parametric studies showed that the hollow ratio and diameter of the composite hollow RC
column affected the change in displacement ductility more than other parameters. Changes in the
hollow ratio and column diameter meant changes in the sectional shape of the composite hollow
RC column. Therefore, the sectional shape of the column estimated to effect the change in
displacement ductility. The relationship between the radius of gyration and the displacement
ductility were investigated by comparing them. The radius of gyration of the composite section
could be calculated by Eq. (27) using ACI code (318-08).

0.2E,I, +E,,

r= (27)
0.2E.A, + E;A

where, E. denotes the elastic modulus of concrete, E, the elastic modulus of the steel tube, I the
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Table 6 Transverse reinforcement at the plastic hinge calculated by the modified equation

Ds y Thickness of inner tube
0.0 0.007 - -
0.2 0.007 0.981 1.4
0.4 0.006 0.921 2.6
0.5 0.006 0.878 3.2
0.6 0.005 0.825 3.7
0.7 0.005 0.765 4.2
0.8 0.005 0.697 45
0.9 0.004 0.624 4.8

moment of inertia of the steel tube, I, the moment of inertia of the gross area, Ay the gross area,
and A the area of the steel tube.

Fig. 10 shows the relationship between the ratio of displacement ductility and the radius of
gyration. They were not perfect, but they had a similar tendency to increase. Here, K. denotes the
ratio based on a hollow ratio of 0.0.

A modified equation was suggested for the calculation of transverse reinforcement at a plastic
hinge of a composite hollow RC column that used the relationship between the displacement
ductility and the radius of gyration. A goal of this modified equation was a composite hollow RC
column with similar displacement ductility as a solid RC column. This method could be induced
by economic design of a composite hollow RC column. Here, we imposed the reduction
coefficient, y, that can be calculated with Eqg. (29).

y-| ps=larg er(0.45[i_1}£’0.12£] 28)
A° fyh fyh
r a
rX
o =1.108In D —6.659 30)

where y denotes the reduction coefficient, r the radius of gyration of the solid RC column, r, the
radius of gyration of the composite hollow RC column, and D the diameter of the column.

Table 6 shows the transverse reinforcement ratio at the plastic hinge calculated by the proposed
equation. The transverse reinforcement ratio at the plastic hinge decreased from 0.007 to 0.004 at a
hollow ratio of 0.9.

These results lead to decreased ductility of displacement (Fig. 11). The displacement ductility
of a composite hollow RC column had a steady value by hollow ratio like a solid RC column. The
displacement ductility was reduced reasonably. Reduction of reinforcement at the plastic hinge led
to increased construction ability, as well as economics.

Table 7 shows the reduction ratio of the transverse reinforcements and the thickness of the
inner tube of the modified models in contrast to the AASHTO specification. The transverse
reinforcement ratio at the plastic hinge decreased 2.8-38.9%. In addition, the thickness of the inner
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Table 7 Reduction ratio of the modified models in contrast with the existing specification

Comparison
Transverse reinforcement ratio Thickness of inner tube

0.0 0.0% -

0.2 2.8% 0.0%
0.4 8.3% 3.7%
0.5 12.5% 5.9%
0.6 18.1% 9.8%
0.7 23.6% 10.6%
0.8 30.6% 16.7%
0.9 38.9% 21.3%

18 ; : ; . : . : . :

—eo— AASHTO-LRFD specification

—&— Proposed equation
164 -

1.4 -

1.0 —

0.8 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Hollow Ratio

Fig. 11 Comparison of the displacement ductility ratio and the AASHO-LRFD specification

tube decreased 3.7-21.3%.

The proposed equation must have similar results under various conditions of diameter, hollow
ratio, strength of transverse reinforcement, and compressive strength of the concrete. The proposed
equation was verified through these parametric studies. Table 7 shows the dimensions of the
analysis model. The diameter was changed between 700 and 4,000 mm. Compressive strength of
the concrete was changed between 21 and 30 MPa. The strength of the transverse reinforcements
was selected between 300 and 500 MPa. Each model had a transverse reinforcement ratio and
thickness of the inner tube by hollow ratio. Also, Change of displacement ductility by axial force
is evaluated. Axial force is acting on top of column. Acting axial force is selected 10%~40% of
total section force. Dimensions of these models are same D2500 models.

Figs. 12-15 show the ratio of displacement ductility by each variable. All variables had larger
displacement ductility than the solid RC column. The proposed equation had reasonable results for
various conditions; it would enable design of transverse reinforcement at the plastic hinge on a
composite hollow RC column.
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Table 8 Dimensions of the analysis models

Transverse reinforcement ratio  Thickness of inner tube

D700 0.0123~0.01221 0.6~2.2
D1500 0.0072~0.00527 0.8~3.0
D2000 0.0072~0.00482 1.1~40
Diameter D2500 0.0072~0.00449 14~48
D3000 0.0072~0.00423 1.7~57
D3500 0.0072~0.00403 1.9~6.5
D4000 0.0072~0.00386 22~17.3
21 MPa 0.0072~0.00449 1.4~4.38
Compressive strength 24 MPa 0.0082~0.00514 15~5.2
of concrete 27 MPa 0.0092~0.00579 1.7~55
30 MPa 0.0102~0.00645 1.8~5.8
300 MPa 0.0084~0.00524 14~48
Strength of transverse 350 MPa 0.0072~0.00449 1.4~438
reinforcement 400 MPa 0.0063~0.00393 1.4~438
500 MPa 0.0050~0.00314 1.4~438
0% 0.0072~0.00449(D2500) 14~438
10% 0.0072~0.00449(D2500) 14~438
Axial Force 20% 0.0072~0.00449(D2500) 1.4~4.8
30% 0.0072~0.00449(D2500) 14~438
40% 0.0072~0.00449(D2500) 14~48
1.4 T T T T T 1.4 T T T T T
1.2 4 e 1.2 4 4
04 o 2 @ﬁ@%ﬁg- 104 @ £ gngDD-
0.8 B 0.8 4 =
X 0.6 o D700 4 X’ 0.6 B
o D1500
0.4 & D2000 A 0.4 4 -
v D2500 O 21MPa
< D3000 O 24MPa
024 4 D3500 | 021 A 27MPa |
> D4000 v 30MPa
0.0 T T T T T 0.0 T T T T T
0.0 02 04 06 0.8 1.0 0.0 02 04 06 08 1.0
Hollow Ratio Hollow Ratio

Fig. 12 Ratio of displacement ductility by Fig. 13 Ratio of displacement ductility by
column diameter compressive strength of the concrete

5. Results and summary

This study investigated transverse reinforcement at a plastic hinge on a composite hollow RC
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14 T T T T T 14 T T T T T

1.2 - 124 -

1.04 v v, & & i Y] v @ - 1.0 H v & @ ﬁ o @ @ @ 7

0.8 = 0.8 -

x 0.6 = x 0.6 -

0.4+ - 0.4 4 4
0O 300MPa | O 0%
< 350MPa o 10%

024 A 400MPa ] 0.2+ A 20% 1
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0.0 . . ; . . . . . . . 0.0 : : ; ; .
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Fig. 14 Ratio of displacement ductility by Fig. 15 Ratio of displacement ductility by axial
strength of the transverse reinforcement force

column. A modified equation was proposed for economics and rational design, through
investigation of displacement ductility when applying the AASHTO specification to a composite
hollow RC column. Additionally, a parametric study was performed to evaluate the detailed
behavior. The relation of the radius of gyration and displacement ductility of a composite hollow
RC column was derived. They had similar tendencies. Using these results, the calculation method
of economic transverse reinforcement at a plastic hinge was proposed. The proposed equation had
reasonable results for various conditions; it would enable design of transverse reinforcement at a
plastic hinge on a composite hollow RC column.
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cCc

Notation

area of transverse reinforcement
gross area of the column,

> > >

area of the core concrete,

outside diameter of the confined concrete
inside diameter of the confined concrete

Diameter of the column.
modulus of elasticity

tangent modulus of unconfined concrete

mmo OO

o
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tangent modulus of confined concrete

moment of inertia
stress acting on concrete

strength of unconfined concrete

confined strength of concrete

compressive strength of the concrete, and

yield strength of the longitudinal reinforcement.

yield strength of the transverse reinforcement.

stress acting on the inner tube in the radial direction (i.e., lateral pressure),
yield strength of the inner tube,

buckling strength of the inner tube, and

Lower value between the yield and the buckling strength of the inner tube.
confining stress

confining pressure in the circumferential direction

confining pressure in the radial direction

reduction coefficient for the effective constant lateral confining pressure

height of the column
distance from the critical section of the plastic hinge to the point of contrat flexure

length of the equivalent plastic hinge

nominal moment without axial load

nominal moment under balanced condition
moment at the jth stage of the strain distribution

moment acting on core concrete at the jth stage of the strain distribution

moment acting on cover concrete, at the jth stage of the strain distribution

moment acting on longitudinal reinforcements at the jth stage of the strain distribution
moment acting on the internal tube at the jth stage of the strain distribution

nominal moment capacity of the column
maximum moment capacity of the column
nominal axial strength without eccentricity
nominal axial strength under balanced condition
axial load at the jth stage of the strain distribution

axial load acting on core concrete at the jth stage of the strain distribution
axial load acting on cover concrete at the jth stage of the strain distribution
axial load acting on longitudinal reinforcements at the jth stage of the strain distribution

axial load acting on internal tube at the jth stage of the strain distribution
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P, buckling strength of a circular shallow arch
8 normalized nondimensional pressure
Q, yield strength of the column under static state
R radius of the inner tube
r, the radius of gyration of the solid RC column,
r, the radius of gyration of the composite hollow RC column
S space of transverse reinforcement
toy thicknesses for buckling
t, minimal required thickness of inner tube
t, thicknesses for yielding
ol ratio of spiral or seismic hoop reinforcement
A, plastic displacement of the column
A, yield displacement of the column
€ axial strain of concrete
&g axial strain of concrete at its peak strength
&g axial strain of unconfined concrete at its peak strength
& ultimate strain of the concrete
&, ultimate strain of the steel tube or the reinforcement
& left side strain of section
&R right side strain of section
y yield strain of the steel tube or the reinforcement
0, plastic rotation of the column
?; curvature of the column at the jth stage of the strain distribution

B plastic curvature capacity

é, ultimate curvature corresponding to the ultimate strain of the concrete
9, yield curvature

y denotes the reduction coefficient





