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ABSTRACT

Pinching is an important property of reinforced concrete member which characterizes its cyclic behavior. In the
present study, numerical studies were performed to investigate the characteristics of pinching behavior and the
energy dissipation capacity of flexure-dominated reinforced concrete members. By investigating existing experiments
and numerical results, it was found that flexural pinching which has no relation with shear action appears in RC
members subject to axial compression force. However, members with specific arrangement and amount of re—bars,
have the same energy dissipation capacity regardless of the magnitude of the axial force applied even though the
shape of the cyclic curve varies due to the effect of the axial force. This indicates that concrete as a brittle material
does not significantly contribute to the energy dissipation capacity though its effect on the behavior increases as the
axial force increases, and that energy dissipation occurs primarily by re-bars. Therefore, the energy dissipation
capacity of flexure-dominated member can be calculated by the analysis on the cross-section subject to pure
bending, regardless of the actual compressive force applied. Based on the findings, a practical method and the related
design equations for estimating energy dissipation capacity and damping modification factor was developed, and their
validity was verified by the comparisons with existing experiments. The proposed method can be conveniently used
in design practice because it accurately estimates energy dissipation capacity with general design parameters.

Keywords : earthquake design, energy dissipation capacity, cyclic behavior, flexural pinching, damping modification
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Fig. 1 Cyclic behavior of RC members; strength,
deformability, and energy dissipation
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Table 1 Properties of test specimens
. Depth or o Axial Compressive | _ ..
Test specimen Mertygl;er §;ﬁ$§ S?aetir) ls/p;n llern%ts (ciameter) Z‘r‘iﬁ& reufgglrmimi}o compression | strength Ylel}? ngpnagth
’ h( D). mm ’ ! P/A/zfck fck: MPa v
88-32-RV10-60 | Beam R 500 1524 306 152 4.37(4-48) 0.00 H 317
88-35-RV10-60 | Beam R - 500 1524 RS 152 4.31(4-+#8) 0.00 H 317
66-35-RV10-60 | Beam R 5.00 1524 3056 152 2.46(4-#6) 0.00 A 317
OIN Colurmn R 455 1000 220 220 1.01(4-D13) 028 24 397
N4 Colurmn C 300 70 250 250 2.00(25-D7) 0.10 24 414
N5 Column C 300 0 20 250 2.00(25-D7) 020 24 414
N6 Colurmn C 6.00 1500 250 250 2.00(25-D7) 0.10 24 414
Al Colurmn R 383 2335 610 330 | 2.2008-D19) 010 317 448
A2 Column R 383 2335 610 330 | 220(18-D19) 0.4 212 448
Bl Column R 383 2335 610 30 | 220(18-D19) 0.9 207 48
B2 Column R 383 23% 610 330 | 2.20(18-D19) 023 2.1 448
BG-3 Column | R(Type A) 470 1645 330 3 1.96(8-D20) 0.20 A 460
BG5 Colurmn | R(Type C) 470 1645 330 30| 2949(12-D20) 047 A 460
BG6 Column | R(Type B) 470 1645 30 350 2.29(4-D30) 046 A 480
BG-7 Column | R(Type C) 470 1645 30 3H0 | 294012-DR0) 047 34 460
BG-8 Column | R(Type C) 470 1645 A 30 | 2.94(12-D20) 024 4 460
RW1 Wall R 312 3810 1220 102 [1.11(06-43, 842) 010 32 434
RwW2 l Wall R 312 3810 1220 102 |1.11(16-#3, 842) 0.07 44 434

1) R : rectangular cross—section, C : circular cross-section
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Fig. 2 Beam tests performed by Brown and Jirsa ¥
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Fig. 3 Column tests performed by Han and Lee 4)(OIN), cheok and stone 5)(N4, N5, and N6), and Wehbe, Saiidi
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Fig. 5 Structural wall test performed by Thomsen and Wallace
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Table 2 Properties of models for numerical analysis

Curvature(/mm) x10™¢

Curvature(/mm) x107°

Reinforcement ratio, % Axial | Compressive| yield str Dissivated | Rai
; ; ength Ratios of
Speci- | Length | Depth | Width ] compressive | strength of 1€ S_ SSIpa waLl
men | Zmm | Amm| &mm|Totl Ends | Web | Ratios of the | force concrete O}f: reNlI)Sr enerin dissipatgd
o | Pe | 0w |amount of rebars” | P/AS, | fi MPa y Mra ep, energy’
WL | 4400 | 4000 | 160 | 1.02 | 430 | 020 1.00 0.00 A 400 223 1.00
W2 | 4400 | 4000 | 160 | 055 | 1.96 | 020 04 0.10 24 400 133 060
W3 | 4400 | 4000 | 160 | 1.02 | 430 | 0.20 1.00 0.10 24 400 24.2 1.09

1) Ratios of the amount of re-bars to that of W1
2) Ratios of dissipated energies to that of W1
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Table 3 Comparisons between experimental and analytical results
) Ratio of
; by by 4, mm y 10?4;mm Ko u Analyses |Experiments| analysis to
Test specimen | 6% p | * | (D,)| @sr| x10° N experiment
mm || fmm ) dal g g, |t de Ep x| Eo| x| Ep| x
B-P-RVIOE0| - | - [ 153 ] 203 | 170 | 0883 | 139 | & |6.0%6|3543|68.21 |40.10| 70220 {13940/ 0691 | 12710 0.693 | 1.097 | 1.003
B-35-RVI0-60| - | - [ 153 ] 203 | 170 | 083 | 174 | 115 |7.607|4943| 8610|5595 70220 |18430|0.693}16850| 0.752 | 1.094 1.078
66-35-RV10-60| - | - 11531 203 | 170 | 083 | 143 | &7 |6.207|3.678| 70.26|41.64| 41780 | 8115]0.654| 8086 | 0.751 | 1.004 |1.129
OIN - | - | 110] 200 | 212 1913 346 2.343 14%6 41260 | 1511 {0314 1500 | 0.322 | 1.007 | 1.0%5
N4 - - 15| 200 |25 196 42.3 4627 2378 37000 | 4179|0510} 4560 | 0498 | 0.916 | 0.976
Nb - - 151 20 23] 1946 411 4438 2306 42880 | 4044 10439 | 4784 | 0.460 | 0.845 | 0.9A4
N6 - - | 15| 20 23] 1946 69.1 3163 16.26 37000 | 2760 | 0503 | 3220 | 0536 | 0.857 [0.938
Al 17110778 3B | 53 | 212 0.79 121 1.662 21.29 683000 |57070(0.434 1538301 0450 | 1059 | 1.036
A2 17110.778] 36 | 5% | 212| 0.779 101 1372 1743 726000 459001 0406 | 46000| 0.404 | 0.99810.998
Bl 17110.778| 306 | 5% | 212 | 0.779 137 1.897 24.37 663000 [66000] 045266940 0489 | 0.986 | 0.924
B2 17110778 306 | 5% | 212 | 0.779 130 1.792 2302 734400 162090 0.404 | 66770| 0.426 | 0.530 | 0.948
BG-3 1481070 175 | 24 | 212 1.393 675 2108 1513 220800 [10600(0.348111810] 0.345 | 0.898 | 0.991
BG5S 19710667 175 | 24 | 212 1.393 66.3 2.064 1482 276100 |16110]0.433|17040| 0.413 1 0.945 | 0.952
BG-6 - - 15| 43 (212 144 66.2 2.045 14.06 274300 115860(0.435|15860| 0.359 | 1.000 | 1.212
BG-7 197|10667| 175 | 259 | 212| 1.393 66.8 2083 14% 273000 |16420(0.434|17910{ 0418 | 0.917 | 0.962
BG-8 19710667 I | 299 | 212} 1.393 66.3 2.064 1482 284800 | 16260} 0424 113800 0.361 | L178 | 1175
RW1 0.33(0293| 610 | 1030 | 200 | 0.3%6 732 0.286 8028 507200 | 11860 0.384 | 12490 0424 | 0.950 | 0.906
RW2 0.33[0.293] 610 | 1030 | 200 | 0.3%6 73.2 0.286 8028 514900 |11860| 0.378 | 11560 0.402 | 1.026 | 1.OG0O
1) Maximum curvature ¢, = [A,,—%qﬁy(l— l,,)z]/ [lp(l—% Z,,)} (Reference 3) Average 0984 |1.015
Standard Deviation 0.085 | 0.084
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