














3.2 Failure mode

Fig. 6 shows damage propagations of specimens SAd2 and RDd2. The damage
propagation of SAd2 was as follows: 1) flexural cracking at the 0.75% drift ratio, 2)
diagonal cracking in the plastic hinge zone at 1.5%, 3) concrete cover spalling at 2.0%,
and 4) confinement failure of the core concrete at 5.0%. On the other hand, the
damage propagation of RDd2 was as follows: 1) flexural cracking at 2.0%, 2) concrete
cover spalling at 3.5%, 3) diagonal cracking at 5.0%, and 4) flexural failure at 7.0%.
The square columns showed flexure-shear failure, whereas the rectangular columns
showed flexural failure. This is because the shear span ratio of the square columns,
a/H=3.0, was smaller than that of the rectangular columns, a/H=4.8.

Fig. 7 shows the crack patterns of the test specimens at the end of tests. In the
square columns, large flexural and diagonal shear cracks occurred in the plastic hinge
zone. Diagonal cracks propagated to the loading points. The 90 degree hook (SBd2)
and lap spliced hoop (SCd2) were loosened and unfolded. On the other hand, the
rectangular columns had relatively a small amount of diagonal cracks, but concrete at
the plastic hinge zone was severely damaged by flexural moment. The 135 degree
hook (RDd2) was fractured by buckling of the longitudinal bars though the hoops were
not unfolded. The 90 degree hook (REd2) and lap spliced hoop (RFd2) also failed due
to buckling of the longitudinal bars. The U type bar with 90 degree hooks (RGd2) did
not fail until 7.0% lateral drift ratio.
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Fig. 6 Failure modes of test specimens according to drift ratio
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Fig. 7 Crack patterns of test specimens at the end of test
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3.3 Energy dissipation

Fig. 8 shows the cumulative energy dissipation and relative energy dissipation
ratio of the test specimens. The cumulative energy dissipation is the total energy
absorption during cyclic loadings. The relative energy dissipation ratio (8) is defined as
the ratio of the actual energy dissipation(Ep) to the idealized energy dissipation (Eep)
corresponding to the elasto-perfectly plastic behavior.

In Fig. 8, the energy dissipations of the square columns were the same until 2.5%
drift ratio. Also in the case of the rectangular columns, the energy dissipation were
close except for specimen RDd2 under relatively low compressive force (0.1A4fc’). The
rectangular columns dissipated more energy than the square columns because the

rectangular columns showed greater inelastic deformations.
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Fig. 8 Cumulative energy dissipation and relative energy dissipation ratio
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4. ANALYSIS OF TEST RESULTS

4.1 Effective stiffness

The effective stiffness (Ke) was estimated based on test results of load versus

lateral drift relationships. In the previous studies, the effective stiffness was defined by
secant stiffness on 75% of maximum load proposed by Park (1988), on 70% of

maximum load by Elwood and Moehle(2005), on 80% of maximum load by Elwood and

Eberhard(2009). In this study, the method of Park (1988) was used as shown in Fig. 9.

Table 1 presents the effective stiffness (Ke and Ke¢) based on test results and

ASCE 41-13. ASCE41 presents the effective stiffness as follows.
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The ratio (Ke/Keff) is 0.58~0.78 in the case of square columns and 0.69~0.97 in
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the case of rectangular columns. Overall, K¢ from ASCE41 is much higher than K¢

from test results. The effective stiffness of the alternative details might be estimated to

be less than that from ASCE41.

Table 1 Effective stiffness of test results and ASCE41

Positive direction Negative direction
Specimen Ko Kor e K. Kor e
(kN/mm) | (kN/mm) (kN/mm) | (kN/mm)
SAd2 214 37 058 | 23.2 37 0.63
SBd2 29.0 37 0.78 | 28.6 37 0.77
SCd2 26.4 37 0.71 | 26.7 37 0.72
RDd2 114 1.7 | 097 8.7 11.7 | 0.74
REd2 11 144 | 0.76 | 101 144 | 0.70
RFd2 1.3 144 | 0.78 9.9 144 | 0.69
RGd2 13.7 144 | 095 | 121 144 | 0.84
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Fig. 9 Effective stiffness based on test results
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4.2 Force-deformation envelop curves

Force-deformation relationships as shown in Fig. 10 should be defined for
nonlinear analysis. ASCE41 presents generalized force-deformation relations of each
member through nonlinear modeling parameters. The procedure for estimating
nonlinear modeling parameters is as follows.

Failure modes 1 ~iii (Flexural, flexural-shear, shear) are classified based on the
shear capacity ratio (V,/V,) and transverse reinforcement details. On the basis of the
failure modes, nonlinear modeling parameters (a ~ ¢ in Table 2) are determined
according to expected axial load, shear reinforcement ratio, and design shear force.

Fig. 10 shows comparison between envelope curves of test results and force-
deformation relations predicted by ASCE41. The initial stiffness of predicted curves is
from the value Kes in Table 1. The nonlinear modeling parameters and properties of
each specimen are presented in Table 2. The 135 degree hooks (SAd2, RDd2) and 90
degree hooks specimens (SBd2, REd2) have failure mode i1 corresponding to flexural
shear failure. Whereas, lap spliced and U type hoop specimens (SCd2, RFd2, RGd2)
have failure mode iii corresponding to shear failure. For the specimens SCd2, RFd2,
and RGd2, the modeling parameters ‘@’ and ‘c’ are zero from Table 10-8 of ASEC41.
Thus, the plastic behaviors of these specimens cannot be considered by predictions of
ASCE41, even though the test results show the additional deformations after the
flexural yielding.

Table 2 Nonlinear modeling parameters of test specimens

V vV \Vj \Yj Modeling parameter
S . 0 p _p . . e S /Otrans .
pecimen Tie detail | Conditions Axial load ;

(kN) | (kN) | Vo (mm) | (%) b,dyf, | a b c
SAd2 449 312 0.69 135° i 165 0.39 0.17 A, fc‘ 0.41 0.0182 | 0.0354 | 0.172
SBd2 449 312 0.69 90° i 165 039 |0.17 A, fc' 0.41 0.0182 | 0.0354 | 0.172
SCd2 449 312 0.69 | Lap splice iii 165 0.39 017 A, fc‘ 0.41 0 0.0346 0
RDd2 317 199 0.63 135° i 105 032 |0.10 A, fc‘ 0.26 0.0216 | 0.035 0.2
REd2 332 218 0.66 90° i 105 032 |0.17 Ag fc' 0.29 0.0189 | 0.031 0.172
RFd2 332 218 0.66 | Lap splice iii 105 032 |017 A, fc‘ 0.29 0 0.029 0
RGd2 | 332 | 218 | 066 | U-bar i 105 | 032 |oq7 pf | 029 0 0.029 0
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Fig. 10 Comparison of test results and ASCE41-13
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5. CONCLUSIONS

In the present study, for constructability and economy, alternative seismic hoop
details were proposed. Cyclic loading tests were performed to evaluate the seismic
performance of square and rectangular columns with various hoop details. The effects
of hoop details were compared regarding the failure modes and deformation capacities.
The test results were compared with the predicted value of ASCE41-13 in terms of the
initial stiffness and force-deformation relations. The major findings of this study are
summarized as follows:

1)

The square columns experienced diagonal shear failure after flexural yielding
in the range of 2.5~3.5% drift ratio. On the other hand, the rectangular
columns with relatively larger shear span showed ductile behavior after
flexural yielding, showing 5.0~7.0% drift ratio. The hoop details did not affect
the peak load. On the other hand, the use of alternative hoop details
decreased the deformation capacity, when compared to the conventional
seismic hoop detail.

The non-conventional alternative hoops having 90 degree hooks and lap
spliced hoops were vulnerable to unfolding which is caused by buckling of
longitudinal bars after crushing of the core concrete. Nevertheless, the
alternative hoops maintained ductile behavior until 2.5% drift ratio (in the case
of square sections).

The effective stiffness ratio of the test results to the prediction of ASCE41 was
0.58 ~ 0.78 in the square columns and 0.69 ~ 0.97 in the rectangular columns.
The result indicates that the prediction of ASCE41 was closer to the test
results of rectangular columns. This is because the effective stiffness of
ASCE41 was proposed on the basis of flexural deformations.

The envelop curves of the test results were compared with the load-
deformation relationships predicted by ASCE41. The prediction of ASCE41
was comparable to the test results. However, in the case of the alternative
hoop details using lap splice and U type hoop, ASCE41 excessively
underestimate the deformation capacity. This is because plastic behavior is
not permitted in the ASCE 41, when such alternative details are used.

On the basis of the test results, the followings are recommended for seismic
design of columns in low rise buildings in moderate seismic zone: in the case
of square columns (section dimensions = 400 x 400mm), at least, 2.5 % drift
ratio can be achieved by using the alternative hoops details; in the case of
hoops using 90 degree hooks, to restrain unfolding of the anchorage, the
location of the hooks was alternated (i.e. 180 degree rotation) every hoop as
shown in Fig. 1; and the maximum hoop spacing of columns should be limited
to half of the minimum width of the cross section (0.5hmin).
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