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ABSTRACT

This research is a part of a research program to verify the seismic performance of circular reinforced concrete
bridge columns with respect to longitudinal steel connection details under cyclic lateral load. A total of 21 column
specimens were constructed and tested. Main variables in this test program were longitudinal steel connection
details(continuous, lap-spliced, and mechanically connected), confinement steel ratio, and axial force ratio, etc. The
test results of the columns with different longitudinal steel connection details showed different failure mode,
strength degradation, and seismic performance. From the quasi-static test, it was found that the columns with all
longitudinal reinforcement lap-spliced showed significantly reduced ductility. However, seismic performance of the
columns with half of longitudinal reinforcement lap-spliced showed limited ductility but much more ductile
behaviour than the columns with all longitudinal reinforcement lap—spliced. It was also found that the seismic
performance, failure mode and strength degradation of columns with mechanical connected longitudinal
reinforcement were similar to those of columns with continuous longitudinal reinforcement.

Keywords : circular bridge columns, longitudinal steel connection, seismic performance, strength degradation, failure
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(a) NC series

~

Lap splice
L =280

(b) HL series

A\
o /

Lap splice
L =280

=

(c) AL series

Mechanical

Connection

L =140

(d)
Fig. 1 Configurations and details of longitudinal steel connection (unit: mm)

Table 1 Test column details and material properties (aspect ratio : 3.5)

HML series

Mechanieal
Connection

L=140

(e) AMC series

Longitudinal steel Confinement steel Compressive Yield strength
Class Specimens connection Volumetric | Spacing, | Strength of concrete, of steel,
details ratio, % mm MPa (kgf/cm?) MPa (kgf/cm®)
CN-SP-NC-10
GROUP 1 oD 0 %
(SP-NC) CN-SP-NC-20 lap-splice
CN-SP-NC-30
0.40 200
GROUP TI % CN-SP-HL-10
(SP-HL) CN-SP-HL-20
CN-SP-HIL-30 50 % 205
CN-SPH-HL-10 lap-splice (301)
GROUP I ~ T Confinement steel
(SPH-HL) CN-SPH-HL-20 0.99 80 D10
CN-SPH-HL-30 367
G CN-SP-AL-10 (3,740)
ROUP IV —
(SP-AL) CN-SP-AL-20 0.40 200
CNZSP-AL~30 100 % Longitudinal steel
CN-SPH-AL-10 lap—splice Di6
GROUP V - v 255 338
(SPH-AL) | CN"SPHAL 20 099 8 (260) (3450)
CN-SPH-AL-30
GROUP VI CN-SP-HML-10 50 % lap-splice
- CN-SP-HML-20 | + 50 % mechanical
(SP-HML) CN-SP-HML-30 connection
0.40 200 295
CN-SP-AMC-10 o (30D
GROUP VI 100 %
(SP-AMC) CN-SP-AMC-20 mecham'.cal
CN-SP-AMC-30 connection
Table 2 Description of test columns

Stgggcgrtgte()f Vohgrfnect(l)’;(%igiagg) ;221 ?(?/)a)cmg Longitudinal steel connection details Axial load ratio
SP : 200mm spacing, NC : |[Continuous re-bars
B . |Half of re-bars laped, lap—splice length
CN : AL : All re-bars laped, lap-splice length 280 10+ ( fm,Ag> =0.1
normal mm 20 : P —0.92
strength Haltf) of re-bars lgpll))ed amdl the other R :
concrete . . . |re-bars connecte Yy coupler
SPH *|  80mm spacing, HM *\Coupler location : 140 mm from bottom 30 ( ) =03
- 099 of column faly
s ’ All re-bars connected by coupler
AMC : {Coupler location : 140 mm from bottom
of column
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Table 3 Material strength and development length

Meterial strength, Development length g,

Classifi- MPa mm
cation | concrete steel

Eq. (1) | Eq. 2) |Eq. (3

G | B 4 N d

Design 24 300 281 292 280
strength
Actual | og o 338 288 | 2% | 285
strength

Fig. 2 Photograph of test setup

Lateral Force A

Vi ; '
i Ay = A
0.75 Vi ; 0.75
K4 '
A2 = A
0.75
- —
«<

‘| . \ -
f A1 At Displacement

o Ai1+Ai2
0.75vi A =—— 5 —

Fig. 3 Experimental definition of yield displacement
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Fig. 4 Standard loading history for all test columns
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Table 4 Failure behavior of test columns

Drift ratio, %

R : Longitu | Longitu
Specimens | [njial| CTK | gty | SPaling) i) | Cginal
crack pﬁt?gg spalling Ztion steel steel

buckling | fracture

CN-SP-NC-10 | 032 | 055 2.86 430 509 641

CN-SP-NC-20 | 028 | 047 272 4.08 4.18 -

CN-SP-NC-30 | 036 | 060 2.36 315 311 -

CN-SP-HL-10 | 024 | 042 2.33 350 368 -

CN-SP-HL-20 | 034 | 057 2.36 315 359 -

CN-SP-HL-30 | 034 | 052 147 2.20 2.88 -

CN-SPH-HL-10| 040 | 056 224 448 485 6.16

CN-SPH-HL-20| 029 | 048 205 409 452 6.13

CN-SPH-HL-30| 036 | 059 164 408 445 -

CN-5P-AL-10 | 031 | 052 216 2.88 324 -

CN-SP-AL-20 | 043 | 061 182 242 2.70 -

CN-SP-AL-30 | 031 | 049 1.37 2.06 261 -

CN-SPH-AL-10| 033 | 064 2.37 315 - -

CN-SPH-AL-20| 036 | 047 1.86 233 - -

CN-SPH-AL-30| 0.23 | 045 161 243 - -

CN-SP-HML-10{ 0.30 | 057 159 318 338 397

CN-SP-HML-20| 0.36 | 062 257 342 350 428

CN-SP-HML-30{ 043 | 071 194 291 333 -

CN-5P-AMC-10( 028 | 051 287 359 422 430

CN-SP-AMC-20| 038 | 064 259 345 419 432

CN-SP-AMC-30| 038 | 061 171 342 403 -
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Table 5 Comparison of failure mode
Reinforcement details Failure mode
Volumetric Longitudinal steel buckle” Failure mode™
Class |1 ongitudinal steel; ratio of s -
connection details| confining |°P21i8 | Continuous| Dowel |Lap-splice|Continuous | Lap-splice Mcecrlllr?mtt:a(ljly co(rigizt
steel, o, bar bar bar bar bar onnecte €
bar damage
G(%g_{:c)l Continuous (@) (@] - - L 2 - - -
0.41
GROUP O _
m 509 lap—splice
(SPH-HL) 1.03 © © x @] . & - »
GROUP IV _ i} i
(SP-AL) ' 0.41 O X © & L)
————1 100% lap-splice
GROUP V 119 A - x - @ - & - -
(SPH-AL)
50% lap-splice +
%I},QM 50% mechanical (@) - X © - & ¢ 'y
. connection 0.41
GROUP VII| 1009 mechanical o) _ B B _ B . B
(SP-AMC) connection
* Spalling and longitudinal steel buckling © (occur), A\ (partially occur) X (not occur)
** Failure mode : € (longitudinal steel fracture), & (ongltudmal steel slip), # (core concrete damage)
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Table 6 Drift ratio to 4, n¢

) Drift ratio, %
e [ Pl fuA 01 | P7uAg=02 | Pl/wA03
(4, 5 =9.3mm) |( 4, yc =9.6 mm) |( 4, nc =10.2 mm)
14, xc 066 069 0.73
24, xc 1.33 1.37 146
34, n 1.99 206 219
44, 266 274 294
54, e 332 3.43 364
6 4y ne 399 411 137
7y ne 465 480 510
8 4, e 531 5.49 583
94, nc 5.98 6.17 6.62
10 4,0 6.64 686 7.29
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Table 7 The ratio of lateral force to nominal strength
Axial Vexp / Vn,code ( = Mexp / Mn)
load Specimens
ratio at Ay,NC at 2Ay‘1vc at BA},'NC at 4Ay‘,\/c at SAy‘NC at 6[]},‘1\/@ at 7Ay,NC at 8Ay_NC at gdy,NC
CN-SP-NC-10 0.842 1.134 1.221 1.265 1.258 1.253 1.172 0.989 0.788
CN-SP-HL-10 0.944 1.229 1.296 1.225 1.082 0.945 0.827 - .-
01 CN-SPH-HL-10; 0.939 1.199 1.274 1.253 1.206 1.150 1.060 0.969 0.340

’ CN-SP-AL-10 0.843 1.177 1.237 1125 0.934 0.774 0.670 0.588 0.489
CN-SP-HML-10| 0.886 1.229 1.277 1237 1.180 0.938 0.840 - -
CN-SP-AMC-10| 0836 1.149 1.299 1.378 1.385 1.258 0.928 - -
CN-SP-NC-20 0.909 1.194 1.262 1.256 1.192 1.038 0.851 - -
CN-SP-HL-20 0.829 1.164 1.234 1172 1.035 0.859 0.670 0.493 -

02 CN-SPH-HL-20] 0.928 1.232 1.285 1.231 1.134 1.059 0.978 0.895 -

' CN-SP-AL-20 0.993 1.297 1.336 1.084 0.788 0.619 0.503 - -
CN-SP-HML-20| 0.770 1.139 1.215 1.134 1.000 0.778 0.626 - -
CN-SP-AMC-20! 0.769 1.125 1.261 1.313 1.305 1.172 0.913 - -
CN-SP-NC-30 0.838 1.211 1.328 1.276 1.093 0.739 - - -

CN-SP-HL-30 0.891 1.257 1.231 1.008 0.800 0.543 - - -
03 CN-SPH-HL-30| 0.831 1.204 1.282 1.205 1.106 1.014 0.930 0.853 0.738

’ CN-SP-AL-30 0.945 1.314 1.335 0.955 0.722 0.552 0.405 - -
CN-SP-HML-30| 0.743 1.129 1.189 1.073 0.882 0.676 - - -
CN-SP-AMC-30| 0.801 1.188 1.316 1.292 1.158 0.537 - - -

“Table 8 The ratio of lateral force about CN-SP-NC series column and the ratio of the first cycle lateral force
to the second cycle lateral force
Vexp/ Vexp,NC ( = Mexp / Mexp,NC) Van/ Vlst ( = Man/ Mls[)

Specimens at at at at at at at at at at at at at at
Ay nc|2 Ay nc 13 dyne |4 dyne |5 dyne |6 dyne |7y ne | yne|2 4y ne |3 dyine |4 dyone |5 Ay ne |6 Ay ne |7 4y, nc

CN-SP-NC-10 | 1.0 1.0 1.0 1.0 1.0 1.0 1.0 |0.980| 0976 | 0987 | 0.971 | 0.981 | 0989 | 0.943
CN-SP-HL-10 |1.122| 1.084 | 1.061 | 0.968 | 0.860 | 0.755 | 0.706 [ 0.953 | 0.982 | 0945 | 0919 | 0.918 | 0.902 | 0.853
CN-SPH-HL-10]1.116 | 1.057 | 1.044 ] 0.991 | 0959 | 0.918 | 0.905 |0965| 0.975 | 0.948 | 0.933 | 0.940 | 0.947 | 0940
CN-SP-AL-10 |1.002 | 1.038 | 1.013 | 0.889 | 0.742 | 0618 | 0572 |0.959 | 0.965 | 0.926 | 0.873 | 0.866 | 0.893 | 0.903
CN-SP-HML-10]{1.052 | 1.083 | 1.046 | 0.978 | 0.938 | 0.749 | 0.717 |0.993 | 0936 | 0.942 | 0925 | 0.901 | 0.895 | 0.900
CN-SP-AMC-10{0.993 | 1.014 | 1.064 | 1.089 | 1.101 | 1.004 | 0.792 | 0980} 0.989 | 0.987 | 0.992 | 0.933 | 0.822 -
CN-SP-NC-20 | 1.0 1.0 1.0 1.0 1.0 1.0 10 0983 088 | 0.970 | 0969 | 0.928 | 0.924 -
CN-SP-HL-20 [0913| 0975 | 0.978 | 0933 | 0.868 | 0.828 | 0.787 | 0.985| 0.960 | 0945 | 0.912 | 0.890 | 0.858 -
CN-SPH-HL-20|1.021 | 1.031 | 1.018 | 0980 | 0951 | 1.021 | 1.150 |0.984| 0.976 | 0958 | 0.954 | 0933 | 0.949 | 0956
CN-SP-AL-20 |1.093! 1.086 | 1.059 | 0.863 | 0.660 | 0.596 | 0.591 [0.965| 0997 | 0.932 | 0.865 | 0.886 | 0.888 | 0.882
CN-SP-HML-20| 0.848 | 0.953 | 0963 | 0.903 | 0.839 | 0.750 | 0.736 [0.988| 0963 | 0.955 | 0.885 | 0.865 | 0.885 | 0.774
CN-SP-AMC-20/0.847| 0.942 | 0999 | 1.045 | 1.094 | 1.130 | 1.073 |0.983 ] 0.957 | 0986 | 0975 | 0935 | 0.816 | 0.690

CN-SP-NC-30 | 1.0 10 1.0 1.0 1.0 1.0 - 0.984] 0.970 | 0969 | 0929 | 0.84 -
CN-SP-HL-30 |1.063 | 1.037 | 0.927 | 0.790 | 0.731 | 0.735 - 0.989 | 0.973 | 0919 | 0.901 | 0.841 | 0.759 -
CN-SPH-HL-30{0.991 | 0.994 | 0.965 | 0944 | 1.011 | 1.374 - 0.996 | 0.957 | 0942 | 0.922 | 0.923 | 0931 | 0.930
CN-SP-AL-30 |1.127| 1.085 | 1.005 | 0.748 | 0661 | 0.748 - 0.975] 0977 | 0.887 | 0.846 | 0.883 | 0.884 -
CN-SP-HML-30{0.886 | 0.932 | 0.895 | 0.841 | 0.807 | 0.916 - 0.990{ 0.940 | 0944 | 0.873 | 0.839 | 0.766 -
CN-SP-AMC-30{0.956 | 0.981 | 0991 | 1.012 | 1.059 | 0.728 - 0.999 | 0.962 | 0973 | 0.956 | 0.881 | 0.854 -
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Fig. 15 Comparison of envelope curves (effect on longitudinal steel mechanical connection)
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