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Analytical Study on Inelastic Behavior and Ductility Capacity of
Reinforced Concrete Bridge Columns Subjected to Seismic Load
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ABSTRACT

The purpose of this study is to find inelastic behavior and ductility capacity of reinforced concrete bridge columns
under earthquake. Material nonlinearity is token info account by comprising tensile, compressive and shear models of
cracked concrete and a model of reinforcing steel. The smeared crack approach is incorporated. In boundary plane at
which each member with different thickness is connected, due to the abrupt change in their stiffness local discontinuous
deformation can be taken into account by introducing inferface element. Also an analytical model is developed to
express the confining effects of Iateral tie which depend on the existence or nonexistence and the amounts of fransverse
confinement, etc. The proposed numerical method for inelastic behavior and ductility capacity of reinforced concrete
bridge columns will be verified by comparison with reliable experimental results.

Key words . inelastic behavior, ductiify capacity, smeared crack, discontinuous deformation, interface element,
confining effects
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* py=transverse confining steel ratio; £,,= yield stress
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&5,= Steel strain at maximum tensile stress; £..= con-
fined concrete compressive strength
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Table 2 Column unit details and material strengths

850
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(a) Elevation

Fig. 9 Dimensions of specimen

Aspect . Longitudinal reinforcement Transverse reinforcement
Unit | ratio, f'il /e , S ds s 3 Fur
MAD «Ag | (MPa) | Quantity o pa) | (mm) | (om) | s x10 (MPa)
1 20 0 375 | 20-HD16 | 00320 436 6 60 5.094 328
2 20 0 37.2 20-D16 0.0320 296 6 60 5.094 328
3 25 0 360 | 20-HD16 | 0.0320 436 6 60 5.094 328
4 20 0 306 | 20-HD16 | 0.0320 436 10 165 5.146 316
5 20 0 311 | 20-HD16 | 0.0320 436 6 40 7.642 328
6 15 0 301 | 20-HD16 | 0.0320 436 6 60 5.094 328
7 20 0 2905 | 20-HD16 | 0.0320 448 6 80 3.821 372
8 20 02 287 | 20-HD16 | 0.0320 448 6 30 10.189 372
9 25 0.2 299 | 20-HD16 | 0.0320 448 6 30 10.189 372
10 20 0.2 312 | 20-HD16 | 0.0320 448 12 120 10.189 332
11 20 0.2 209 | 20-HD16 | 00320 448 6 60 5.094 372
12 15 0.1 286 | 20-HDi6 | 0.0320 436 6 30 10.189 328
13 20 0.1 362 | 20-HD16 | 0.0320 436 6 30 10.189 326
14 20 0 337 9-HD24 0.0324 424 6 60 5.094 326
15 20 0 348 | 12-HD16 | 00192 436 6 60 5.094 326
16 20 0.1 334 | 20-HD16 | 0.0320 436 6 60 5.094 326
17 25 0.1 343 | 20-HD16 | 0.0320 436 6 60 5.094 326
18 15 0.1 350 | 20-HD16 | 0.0320 436 6 60 5.094 326
19 15 0.1 344 | 20-HD16 | 0.0320 436 6 80 3.821 326
20 1.75 0.175 367 | 20-HD16 | 0.0320 482 6 80 3821 326
21 20 0 332 | 20-HD16 | 0.0320 436 6 80 3.821 326
2 20 0 309 | 20-HD16 | 0.0320 436 10 220 3.859 310
23 20 0 323 | 20-HD16 | 0.0320 436 12 160 7.642 332
24 20 0 331 | 20-HD16 | 0.0320 436 10 110 7.719 310
25 15 0 328 20-D16 0.0320 296 - - - -
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Table 3 List of specimens

. Specimen Concrete Yield of steel bar {Shear span Axal
Specimen ) ) . Long. Tran.
number height compressive (MPa) ratio rein. ratio | rein. ratio stress
(m) strength (MPa)|  Long. Tran, (h/d) (MPa)
P-10 250 313 308.3 2722 54 0.0203 0.0010 0
P-11 250 3.1 3083 2722 54 0.0203 0.0020 0
P-13 250 328 308.3 2722 54 0.0203 0.0031 0
P-17 1.75 331 308.3 2722 38 0.0203 0.0010 0
P-56 250 425 369.7 370.2 5.4 0.0203 0.0010 0.49
P-57 250 400 369.7 3702 54 0.0203 0.0010 0.98
P-58 250 392 369.7 3702 54 0.0203 0.0010 1.96
-1 1.50 324 380.8 330.1 40 0.0095 0.0036 1.47
-2 1.50 3238 3423 330.1 40 0.0215 0.0036 1.47
-3 1.50 328 3165 330.1 40 0.0380 0.0036 147
-4 1.50 325 3423 366.8 40 0.0215 0.0024 147
-5 150 328 3423 366.8 40 0.0215 0.0016 1.47
-6 150 3325 3423 330.1 40 0.0215 0.0029 147
-7 1.50 325 3423 366.8 4.0 0.0215 0.0018 098
I-8 1.50 325 342.3 330.1 40 0.0215 0.0036 392
-9 1.50 324 3423 3301 40 00215 0.0036 0
I~10 1.50 328 57 330.1 40 0.0149 0.0036 147
-1 1.50 324 3457 366.8 40 0.0149 0.0024 1.47
V-1 0.975 337 346.2 3305 25 0.0174 0.0040 0.98
V-2 0.975 337 346.2 3305 25 0.0223 0.0045 0.98
V-3 0.975 37 346.2 3305 25 0.0298 0.0051 098
V-4 1.50 412 342.3 366.8 40 0.0215 0.0011 098
V-5 1.50 4.2 342.3 3305 40 0.0358 0.0036 098
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Table 4 Comparison of test with analysis

. STeSt . - A;a'VSiS . Wmloe|e|

Spedimen | u )" | fmm) | (mm) " WO | tom | mm I (é) (é) (é) (8/)
W |l e | e s | ® | o

U1 3200 10.0 249 25 336.6 7.0 17.0 24 | 095 143 1.46 1.04

U2 2280 78 312 | 40 2516 50 200 40 | 091 1.56 156 | 1.00
U3 298.0 101 403 | 40 261.0 10.0 200 | 20 | 1.14 1.01 202 | 200
U4 295.0 129 | 181 14 3231 80 16.0 20 | OO 1.61 113 | 070
U5 3400 130 | 313 | 24 3428 80 230 | 29 | 099 1.63 136 | 083
U6 390.0 6.5 85 1.3 4365 6.0 140 | 23 | 0.89 108 | 061 | 057
u7 280.0 83 132 16 330.7 80 170 2.1 0.85 104 1 078 | 0.76
us 4750 6.8 272 | 40 4426 10.0 310 | 31 107 | 068 | 088 | 129
U9 385.0 83 647 | 78 3617 13.0 530 | 41 106 | 0.4 122 | 1.9
u10 4500 95 379 | 40 4435 90 24.0 27 | 101 1.06 158 | 148
U1 4040 6.9 172 25 4120 100 16.0 16 | 098 | 0.69 1.08 | 156
u12 5270 6.2 185 | 30 505.8 6.0 150 25 | 104 1.03 123 | 1.20
u13 4430 85 40 | 40 400.1 8.0 230 | 29 | 108 1.06 148 | 1.38
U4 3110 84 168 | 20 3264 8.0 190 | 24 | 095 105 | 088 | 0.83
u1s 230.0 6.6 264 | 40 214.3 6.0 170 | 28 | 1.07 1.10 155 | 143
U1é 3790 83 124 15 3782 8.0 15.0 19 | 1.00 104 | 083 | 079
u17 329.0 9.0 180 | 20 3074 1.0 2.0 20 | 107 | 082 | 082 | 100
u18 507.0 103 | 144 14 4997 7.0 100 14 | 1.01 147 144 | 1.00
U19 436.0 6.4 8.3 1.3 50123 7.0 1.0 16 | 087 | 091 075 | 081
u20 4870 78 1.7 15 476.3 8.0 10.0 13 | 102 | 098 117 | 115
u21 258.0 96 10.6 1.1 3233 8.0 14.0 1.8 | 0.80 120 | 076 | 061
U22 280.0 88 132 15 3169 8.0 140 18 | 0.88 110 |+ 094 | 083
U23 3390 85 169 | 20 346.3 8.0 200 | 25 | 098 1.06 | 085 | 080
U24 3380 8.1 P2 | 40 335 80 19.0 24 | 101 1.01 169 | 1.67
u25 2330 51 6.1 12 2770 40 7.0 18 | 084 128 | 087 | 067
Subtotal Mean 0.98 1.10 116 | 1.09

@O Standard deviation 009 | 027 | 037 | 040
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Table 5 Comparison of test with analysis

| - ;68‘ ; - A;‘f'ys's - mlele | e
SPEATEN |4 | o) | o) | A | 6 | e | omy | A (é) (é) (;) (8/)
Wm el e | e8| n|®

P-10 1618 | 1241 | 8310 | 67 156.1 15.0 76.0 5.1 104 | 083 109 | 1.31
P-11 162.1 1239 | 8317 | 67 160.3 15.0 R0 6.1 101 083 | 090 | 1.10
P-13 156.3 1234 | 9695 | 79 162.6 140 1040 | 74 | 096 | 088 | 093 | 1.07
P-17 231.8 783 | 3188 | 4.1 216.2 90 340 38 | 107 | 087 | 094 | 1.08
P-56 1750 | 1463 | 5831 | 40 195.3 17.0 68.0 40 | 090 | 086 | 086 | 1.00
p-57 1826 16.08 | 64.33 | 40 2024 17.0 64.0 38 | 090 | 095 1.01 1.05
P-58 144 | 2013 | 6031 | 30 2116 18.0 40.0 22 | 092 112 1.51 1.36
-1 1204 6.9 55.2 80 1168 80 62.0 78 | 1.1 0.86 089 | 103
-2 2030 1.0 | 440 | 40 189.9 100 66.0 66 | 107 110 | 067 | 061
=3 2765 130 | 585 45 262.1 12.0 50.0 42 1.05 1.08 117 | 1.07
[-4 2334 110 | 550 50 1878 10.0 64.0 6.4 1.24 1.10 08 | 078
-5 2079 110 | 440 | 40 179.6 100 420 42 | 1.16 1.10 105 | 095
-6 2138 105 | 525 50 1922 10.0 780 78 | 1.1 105 | 067 | 064
=7 2295 104 | 520 50 1774 10.0 60.0 6.0 129 104 | 087 | 083
-8 252.0 105 | 525 50 2232 120 72.0 60 | 1.13 | 088 | 073 | 083
-9 1451 100 | 600 | 60 162.7 90 64.0 7.1 0.89 1.1 094 | 085
-10 163.8 9.0 450 50 1511 8.0 740 93 | 1.08 113 | 061 | 054
i~11 156.9 9.1 50 59 146.0 8.0 58.0 73 1.07 114 | 093 | 0.81
V-1 2344 51 262 5.1 2414 50 240 48 | 097 1.02 109 | 106
V-2 289.3 46 271 59 3045 6.0 380 6.3 | 095 077 | 071 | 0.%4
V-3 3785 53 265 50 369.5 70 320 46 102 | 076 083 | 1.09
V-4 2226 8.1 328 | 40 1734 90 340 38 | 128 | 090 096 | 1.05
V-5 3011 9.1 56 6.0 266.5 1.0 480 44 1 113 | 083 114 | 1.36
Subtotal Mean 106 | 097 | 093 | 097
@ Standard deviation | 0.12 | 0.13 | 020 | 022
Total Mean 102 | 104 | 105 | 104
O+@ Standard deviation | 011 | 022 | 0.32 | 033
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Fig. 12 Comparison between computational and experimental results
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Fig. 13 Effect of axial stress on strength and ductility (P-56, P-57, P-58)
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Fig. 15 Effect of transverse reinforcement ratio on strength and ductility (P-10, P-11, p-13)
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Fig. 16 Effect of a/d on strength and ductility (U18, U16, U17)

7 9 waichy werg
23], a/d7} 250)atolw EurgETEs)

1
W e @ Al A9 Foirt

%aoa LI
37} FEEo xm = 2
A 2249%37 A BHo] gornz 7}
Zte] FREA S BT &40 FEES T
H 4 e Aredd B A7
o PR oFa A

il

A%

2ol 2
B ATE FRAAT A9, ADFHAT

AE|(KEERC)S] A8l Ao 23le] o] Fof
S vl Aol A=,

gozsd

1. Saatcioglu, M., Alsiwat, J. M, and Ozcebe,
G., “Hysteretic behavior of anchorage slip

N

in R/C members,” Journal of Structural En-
gineering, ASCE, Vol. 118, No. 9, 1992, pp.
2439 2458,

3, A24, A1E, 1998, pp. 79-92.

JEl &, #9493} AEE, eSS
22zagE ATz HAE ) 8237
1F8}3) =23, A4E, AE, 2000, pp. 3549.

rir
-

. Gupta, A. K. and Akbar, H, “Cracking in

reinforced concrete analysis,” Journal of
Structural Engineering, ASCE, Vol. 110, No.
8, 1984, pp. 1735-1746.

. Cervenka, V., “Constitutive model for cracked

concrete,” ACI Journal, Vol. 82, No. 6, 1985,
pp. 877-882.

. Shima, H. and Tamai, S., “Tension stiffness

model under reversed loading including
post yield range,” IABSE Colloguium Delft,
1987, pp. 547-556.

. Collins, M. P. and Vecchio, F. J., The Res-

ponse of Reinforced Concrete to In-plane Shear
and Normal Stresses, University of Toronto,
1982.

50 ZI=RIiEdTYD =2

N4 Mas (S M165) 2000.12



AsEE Be BZE3CE nef |

) QisEiol st AN i

8.

10.

11.

12,

13.

Mander, |. B, Priestley, M. J. N., and Park.
R., “Theoretical stress-strain model for
confined concrete,” Journal of Structural Engi-
neering, ASCE, Vol. 114, No. 8, 1988, pp.
1804-1826.

. Sheikh, S. A. and Uzumeri, 5. M., “Strength

and ductility of tied concrete columns,”
Journal of Structural Division, ASCE, Vol.
106, No. 5, 1980, pp. 1079-1102.

2EE, 98, AR, “SARNTEE of
8% 4% 32aae age) ey 9

47 RE=
2000, pp. 755-763.
Kent, D. C and Park, R, “Flexural members
with confined concrete,” Journal of Structural
Engineering, ASCE, Vol. 97, No. 7, 1971,
pp- 1969-1990.

Shima, H., Chou, L, and Okamura, H,,
“Micro and macro models for bond be-

Journal of

=73, A204, 5-A35,

havior in reinforced concrete,”
the Faculty of Engineering, University of
Tokyo(B), Vol. 39, No. 2, 1987, pp. 133-194.
1i, B, Maekawa, K, and Okamura, H,,

14.

15.

16.

17.

“Contact density model for stress transfer
across cracks in concrete,” Journal of the
Faculty of Engineering, University of Tokyo
(B), Vol. 40, No. 1, 1989, pp. 9-52.

Park, R, “Ductility evaluation from labo-
ratory and analytical testing,” Proc. of the
Ninth World Conference on Earthquake Engi-
neering, Tokyo-Kyoto, Japan, Vol. VI, Balkema,
Rotterdam, 1998, pp. 605-616.

Ang, B. G, Priestley, M. J. N, and Paulay,
T., “Seismic shear strength of circular rein-
forced concrete columns,” ACI Journal, Vol.
86, No. 1, 1989, pp. 45-59.

Kawashima, K., Hasegawa, K., Nagashima,
H., Koyama, T., and Yoshida,
design method of reinforced concrete bridge

T., “Seismic

piers based on dynamic strength and duc-
tility,” Report of Public Works Research Institute,
Ministry of Construction, Vol. 190, 1993.

Ishibashi, T. and Yoshino, S., “Study on
deformation capacity of reinforced concrete
bridge piers under earthquake,” Journal of
JSCE, Vol. 8, No. 390, 1988, pp. 57-66.

M4 M4as (EH M16%) 2000.12

SI=RIIETAHY =BE 51



