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ABSTRACT

As advanced earthquake analysis/design methods such as the nonlinear static analysis are developed, it is required
to estimate precisely the cyclic behavior of reinforced concrete members that is characterized by strength,
deformability, and capacity of energy dissipation. However, currently, estimation of energy dissipation depends on
empirical equations that are not sufficiently accurate, or experiment and sophisticated numerical analysis which are
difficult to use in practice. In the present study, nonlinear finite element analysis was performed to investigate the
behavioral characteristics of flexure-dominant RC members under cyclic load. The effects of axial force, arrangement
of reinforcing bars, and reinforcement ratio on the cyclic behavior were studied. Based on the investigation, a
simplified method to estimate the capacity of energy dissipation was proposed, and it was verified by the comparison
with the finite element analyses and experiments. The proposed method can estimate the energy dissipation of RC
members more precisely than currently used empirical equations, and it is easily applicable in practice.

Keywords : earthquake design, energy dissipation, cyclic behavior, damping modification factor, reinforced concrete
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Strength

Deformability
Energy dissipation(?)

Fig. 1 Cyclic behavior of RC members; strength,
deformability, and energy dissipation

Deformation
Ep=KEw

Fig. 2 Definition of Energy Dissipation by ATC-40
(1996)

Table 1 ¥ values

Structural behavior type K
AY 1.00
BY 067
C 0.33

Y More specific values are presented in ATC-40.
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Web :
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Fig. 4 Dimensions and re-bar arrangement of wall
specimen; RW1(Thomsen and Wallace, 1995)
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{a) Experiment

Applied load(kN)

Top displacement(cm)

(b) Numerical analysis

Fig. 5 Applied load vs. top displacement curve;
RW1 (Thomsen and Wallace, 1995)
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Fig. 6 Finite element model of wall specimens

Table 2 Properties of wall specimens

Vertical

Wall Ler}llgth De?th reinforcement 1?)(131 Rebar

00| (o) | () [ T2HO08) 1 | ATEDES
Ends | Middle | V"¢

R301-1| 3000 160 | 0.65 0.65 0.00 | Uniform

R301-2| 3000 | 160 | 065 | 065 | 0.06 | Uniform

1301-1| 3000 | 160 | 1.11 | 0.29 | 0.00 B/E
1301-2 | 3000 { 160 ( 111 | 029 | 006 B/E

R401-1| 4000 | 160 | 066 | 066 | 0.0 | Uniform
R401-2| 4000 | 160 | 066 | 066 | 020 | Uniform
R402-1} 4000 | 160 | 128 | 128 | 0.10 | Uniform
R402-2| 4000 | 160 | 1.28 | 1.28 | 0.20 | Uniform

[401-1| 4000 | 160 | 196 | 020 | 0.10 B/E
[401-2 | 4000 | 160 | 196 | 020 | 0.20 B/E
1402-1| 4000 | 160 | 430 | 020 | 0.10 B/E
1402-2 | 4000 | 160 | 430 | 020 | 0.20 B/E

Horizontal reinforcement ratio = 0.0025
B/E = Boundary Element with concentrated rebars

g=Eag|Ese] =Ry H143 45(2002)
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(a) Uniform rebars

L
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Fig. 8 Typical moment vs. curvature curve in

cyclic loading
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Fig. 9 Stress-strain relations of concrete and
rebars at A
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Fig. 10 Stress-strain relations of concrete and
rebars at B
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Fig. 11 Stress-strain relations of concrete and
rebars at C
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Fig. 12 Stress-strain relations of concrete and
rebars at D
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Table 3 Comparison of dissipated-energy by
simplified method and numerical analysis

g —
Simplified method 1\;:;lférlllerl.ca
VSIS | preor
el e £,(107) 92(107) | ey €y (%)
D (/mm) (kN) (kN)

R301-1 | &b6.3 9.07 247 256 35
R301-2 | 100 9.07 32.0 338 5.3
1301-1 9.7 9.07 239 25.4 48
1301-2 { -061 9.07 29.6 306 33
R401-1 | -1.02 9.07 65.0 66.5 2.3
R401-2 | -212 9.07 56.6 60.5 6.4
R402-1 ] -1.02 9.07 116.5 1159 0.5
R402-2 | -212 9.07 105.0 108.6 33
01-1 | -1.02 9.07 736 76.6 39
1M01-2 | -212 9.07 70.2 8 74
1402-1 | -1.02 9.07 142.1 1453 2.2
1402-2 | -2.12 9.07 138.7 142.8 2.9
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Fig. 25 Kinematic hardening behavior of RC
members

Table 4 Comparison of x by simplified method and
capacity spectrum method

Emem?m Simplified method | CSM
ardening
Wall no. e . e
| (kN) (kN) x *
R301-1 544 24.7 185 0.34 0.33
R301-2 79.8 320 24.0 0.30 0.33
1301-1 43.0 23.9 179 042 0.33
1301-2 71.0 29.6 22.2 0.31 0.33
R401-1 174.4 65.0 488 0.28 0.33
R401-2 232.3 56.6 125 018 0.33
R402-1 238.2 1165 7.4 0.37 0.33
R402-2 2884 105.0 788 0.27 0.33
1401-1 191.1 736 55.2 0.29 0.33
1401-2 257.3 70.2 52.7 0.20 0.33
1402-1 2449 142.1 106.6 0.44 0.33
1402-2 310.8 1387 104.0 0.33 0.33
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Fig. 26 Stress estimation in case of €p=0 for
RW1 (Thomsen and Wallace, 1995)
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&, =0.000031(424 - x)

!

£, = —0.000102

hj2=610

Xp,0 =428

Fig. 27 Maximum and minimum strains on half
cross-section of RW1(Thomsen and
wallace, 1995)

Table 5 Comparison of experiment and simplified
method for RW1 (Thomsen and Wallace,

1995)
Kinematic |Actual energy
hardening dissipation x
E,(&N-mm) | E,(kN-mm)
Experiment 29910 12490 0.42
Simplified method 31403 13847 0.44
{Error, %) (5.0) (11) (4.8)
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Fig. 29 Maximum and minimum strains (brown
and jirsa, 1971)

Table 6 Comparison of experiment and simplified
method(Brown and Jirsa, 1971)

Kinematic |Actual energy
hardening dissipation P
E,(kN-mm) | E,(&N-mm)
Experiment 17840 13050 0.73
Simplified method 18500 13400 0.72
(Error, %) (3.7) (2.7) (1.4)
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