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SUMMARY 
 
Utilizing experimental test results on reinforced concrete (RC) elements under cyclic as well as 
monotonic displacements the Park and Ang damage index is examined. Including the axial force-
displacement effects and defining failure as a 20% drop in strength capacity at peak displacement, it is 
shown that the model is biased against the normalized dissipated energy. A new damage index based on 
estimating the drift ratio capacity of RC elements under cyclic loading is developed. It is shown that the 
coefficient of variation in estimating the new damage index at failure is significantly smaller than that 
reported by Park [1]. It is discussed that although the displacement history can have significant effect on 
the drift capacity of RC specimens, the dissipated energy may not be a reliable measure to account for 
such effect. 
 

INTRODUCTION 
 
Designing structures to sustain earthquake demands within the elastic range is usually cost prohibitive. 
Thus, structures should be provided with sufficient ductility and energy dissipation capacity such that 
they can undergo inelastic reversal displacements, meeting design requirements. Under severe earthquake 
ground motions, considerable structural damage without collapse may be allowed. Furthermore, in a 
multi-level performance-based design or assessment procedure, structures need to satisfy performance 
requirements under different levels of seismic demand. Therefore, there is a need to quantify damage 
under different levels of seismic ground motion. 
 
Damage models are main tools to quantify degradation in structures. In general, a damage model is an 
analytical formulation, in which given the loading history (demand) and mechanical characteristics of a 
structure (capacity), an index is calculated reflecting damage in the structure. Such an index is called a 
damage index, DI. Damage models may be local, for structural elements, or global, for a whole structure. 
In this paper only local damage models are studied. Damage indices applications include estimation of 
losses (human and monetary losses), costs of repair, decision making in post-earthquake assessment 
(demolition or repair of a damaged structure), disaster planning, insurance costs, evaluation of safety or 
vulnerability of existing structures and design of new ones. 
 
In general, damage indices (DI) vary from 0, indicating no damage, to ≥ 1 indicating failure. For values of 
DI between 0 and 1, some qualitative or quantitative characteristics of expected deterioration need to be 
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Figure 1. Definition of failure 

provided. These characteristics could include amount and types of cracks or the crack size, spalling of 
cover concrete, buckling of reinforcement, crushing of concrete, or reduction in strength capacity. A 
reliable correlation between DI and level of damage will be a valuable tool in multi-level performance-
based design. However, in this paper, only the damage index at failure associated with considerable 
strength degradation is examined.  
 

DEFINITION OF FAILURE 
 
Figure 1 shows the force-displacement relationship 
for a RC specimen under cyclic displacement. In this 
paper, it is assumed that failure is reached when, 
accounting for the axial force-displacement (P-∆) 
effects, at least a 20% reduction in the strength is 
observed. For cyclic tests, a stable cycle is defined as 
a cycle with drop in strength less than 20% at the 
peak displacement. The maximum displacement of 
stable cycles is defined as displacement capacity of 
the specimen (Figure 1). If the force-displacement 
relationship of a specimen does not show such a drop 
in strength, only a lower bound on the displacement 
capacity is known. Therefore, as far as failure is 
concerned, such a case is classified as censored data. 
 

PARK AND ANG DAMAGE MODEL 
 
The damage model often used for estimating damage index, DI, in RC members is developed by Park [1]. 
The model is defined by a linear combination of normalized maximum displacement and hysteretic 
energy demands, 
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where ∆max is the maximum displacement demand under cyclic displacement; ∆u is the ultimate 
displacement capacity under monotonic loading; Eh is the hysteretic energy demand under the cyclic 
displacement; and Fy is the yield strength. For many specimens for which experimental results under 
cyclic displacements are available, ∆u is not experimentally known. Therefore, using some available 
experimental results under monotonic loads and applying a statistical procedure, Park [1] develops a 
method for estimating ∆u. The parameter β represents a weighting factor for the effect of energy 
dissipation on the accumulation of damage. Using experimental test results under cyclic displacement of 
261 tests on beams and columns and incorporating the method for estimating ∆u in a regression analysis, 
Park [1] suggests an expression for estimating β, which is a function of volumetric transverse 
reinforcement ratio, shear span to depth ratio, normalized axial force, and tensile reinforcement ratio. Park 
[1] reported coefficients of variation of 0.60 and 0.54 for estimating β and DI, respectively.  
 
Using available experimental test results for RC members tested under cyclic displacements, which have 
corresponding monotonic tests, the Park and Ang damage model is examined. The main characteristics of 
the RC specimens are listed in Table 1. Using the exact data, the coefficient of variation of 0.60 is found 
in estimating DI at failure which is comparable with the value reported by Park [1]. 



Table 1. Experimental set of monotonic and corresponding cyclic tests 

 Specimen f'c
( 1)    Mode of Failure (5) 

Reference Monotonic Cyclic (MPa) ρw (%)( 2) ηo 
(3) a/d (4) Monotonic Cyclic 

Watanabe, 1998[2] 302 303 40 0.68 0.00 4.4 S-F S 
Watanabe, 1998[2] 302 304 38 0.68 0.00 4.4 S-F S 
Watanabe, 1998[2] 302 305 38 0.68 0.00 4.4 S-F S 
Watanabe, 1998[2] 302 306 39 0.68 0.00 4.4 S-F S 

         
Murakami, 1986[3] C21 C22 24 0.83 0.12 2.8 NA F 
Murakami, 1986[3] C21 C23 24 0.83 0.12 2.8 NA F 
Murakami, 1986[3] C21 C24 24 0.83 0.12 2.8 NA F 
Morimoto, 1984[4] 2D16-M 2D16-R 31 1.49 0.16 2.3 F S 
Morimoto, 1984[4] 4D13-M 4D13-R 28 1.49 0.18 2.3 F S 

         
Mugurama, 1973[5] E3 F2 34 0.78 0.16 2.3 NA S-F 
Mugurama, 1973[5] C3 F1 32 0.78 0.18 1.1 NA S-F 

         
Kokusho, 1972[6] 4A0 4AA0 21 1.31 0.00 1.8 NA S-F 
Kokusho, 1972[6] 4B0 4BB0 21 1.31 0.00 1.8 NA S-F 
Kokusho, 1972[6] 4B0 4BB0-2 21 1.31 0.00 1.8 NA not failed 
Kokusho, 1972[6] 8BX0 8BBX0 21 2.61 0.00 1.8 not failed S-F 
Kokusho, 1972[6] 8B40 8BB40 21 2.61 0.19 1.8 NA S-F 

         
Wakabayashi, 1971[6] 420M-2 420C 38 0.40 0.00 2.4 S-F not failed 
Wakabayashi, 1971[6] 420M-2 423C 37 0.40 0.43 2.4 not failed S-F 
Wakabayashi, 1971[6] 443M 443C 38 0.80 0.39 2.4 S-F S-F 
Wakabayashi, 1971[6] 445M 445C 38 0.80 0.60 2.4 S-F S-F 
Wakabayashi, 1971[6] 620M 620C-2 37 0.40 0.00 3.6 not failed S 
Wakabayashi, 1971[6] 623M-2 623C 38 0.40 0.40 3.5 S-F S-F 
Wakabayashi, 1971[6] 623M-2 623D 40 0.40 0.37 3.5 S-F S-F 
Wakabayashi, 1971[6] 643M 643C 33 0.79 0.39 3.5 not failed S-F 
Wakabayashi, 1971[6] 643M 643D 34 0.79 0.38 3.5 not failed S-F 

         
Brown, 1970[7] 66-35-M 66-35-RV5 39 1.60 0.00 6.1 not failed F 
Brown, 1970[7] 66-35-M 66-35-RV10 37 1.60 0.00 6.1 not failed F 
Brown, 1970[7] 88-35-M 88-35-RV5 41 1.60 0.00 6.2 S-F F 
Brown, 1970[7] 88-35-M 88-35-RV10 39 1.60 0.00 6.2 S-F F 

         
Ikeda, 1968[8] O6 O3 21 0.72 0.19 2.9 not failed F 
Ikeda, 1968[8] O6 O4 21 0.72 0.19 2.9 not failed F 
Ikeda, 1968[8] O8 O5 21 0.78 0.48 2.9 S-F S 
Ikeda, 1968[8] O8 O7 21 0.78 0.48 2.9 S-F S 

         
Burns, 1962[9] J-8 J-3 34 1.23 0.00 6.6 F F 
Burns, 1962[9] J-6 J-7 31 0.97 0.00 3.7 S-F S-F 
Burns, 1962[9] J-5 J-12 31 0.97 0.00 3.7 F F 

           (1) '
cf : concrete compressive strength (MPa) 

           (2) ρw : ratio of volume of transverse reinforcement to concrete core volume 
           (3) ηo=P/Ag '

cf : where P is applied axial load and Ag is cross sectional area of specimen 
           (4) a/d : aspect ratio; where a is shear span and d is effective depth of section  
           (5) Mode of Failure: F=flexural; S=shear; and S-F=shear-flexural 



Figure 2. Relationship between normalized dissipated 
energy and normalized cyclic displacement capacity. 

A value of β=0.05 for RC beams and columns is 
suggested by Park [10] along with an expression 
for estimating ∆u. Cosenza [11] have pointed 
out that the experimental values of β for the 
specimens used for developing the Park and 
Ang [1] damage model ranged between -0.3 to 
+1.2 with a median of 0.15. Figure 2 shows 
normalized dissipated energy, Eh/Fy∆u , versus 
(1- ∆max/∆u). As it can be seen, assuming 
β=0.05, the model significantly underestimates 
the experimental results. Assuming β=0.15, the 
model underestimates the DI for small values 
of normalized dissipated energy (even for 
specimens that did not failed monotonically, 
that should be overestimated) and overestimates 
the DI for large values of normalized dissipated 
energy. Thus, such a model with constant β is 
biased against normalized dissipated energy. In 
fact, if (1) is simplified to α∆∆ += umaxDI , α≈0.5 results in a significant reduction of the coefficient of 
variation in predicting the DI (Sasani [12]). 

  
DEFORMATION CAPACITY MODEL 

 
In this section a model is proposed for estimating the drift ratio capacity, DRc, of RC elements. Drift ratio, 
DR, is defined as the lateral tip displacement divided by the length of the element. 
 
Deformation of RC elements 
Deformation of RC elements under lateral loads consists of flexural, bond slip, and shear components. 
The tip flexural displacement capacity, ∆f, of a fixed base cantilever of length a, can be written as: 

pyf ∆∆∆ +=  (2) 

where ∆y and ∆p are the yield displacement and plastic displacement, respectively. The plastic 
displacement can be found from (Paulay [13])  

( )2LaL pppp −= Φ∆  (3) 

where Φp is the maximum plastic curvature and Lp is the plastic hinge length. Given that the plastic hinge 
length is small compared to the length of RC elements, ( )2La p−  in (3) can be approximated by a. 
Therefore, from (2) and (3) we obtain 

ppyf LDRDR Φ+=  (4) 

where DRf and DRy are the total flexural and yield drift ratios, respectively. Another source of 
deformation is the bond slip in the foundation and the resulting rotation at the base of the cantilever. One 
can account for the deformation due to the bond slip explicitly or by adjusting the plastic hinge length 
(Paulay [13]).  
 
The drift ratio due to shear deformation (DRs) of cracked RC elements can be calculated using the 
relationship proposed by Park [14] 
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where ρv is the shear reinforcement ratio, n is the ratio of modulus of elasticity of steel and concrete, Vs is 
the shear transferred through the truss action, Es is the modulus of elasticity of steel, and bw and d are the 
width of the web and the effective depth of the section, respectively.  
 
Experimental results 
Experimental results of 159 RC specimens having rectangular 
sections subjected to cyclic displacements are used to develop 
a model for estimating deformation capacity of RC elements. 
The ranges of the main characteristics of the specimens are 
listed in Table 2. Parameters '

cf , ρw, ηo, and a/d are defined in 
Table 1. The longitudinal reinforcement ratio, ρ t, is defined as 
the tensile reinforcement divided by bd. The shear stress 
coefficient is defined as )fA(/V '

cg , where V is the 
maximum shear force applied to the specimen. As it can be 
seen, the specimens have wide ranges of main characteristics.  
 
A complete list of the specimens is given in Table 3. Figure 3 
represents the different types of test setups specified in Table 
3. Note that for tests reported in [16], [20] and [44], the test 
setups are considered as cantilevers. The main characteristics 
of the specimens are shown in Figure 4. The experimental data 
was obtained from the database compiled by Eberhard [15] and 
from other references that are cited in this paper.  
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Effects of different parameters on deformation capacity of RC elements 
Main parameters affecting (4) are the amount and mechanical characteristics of transverse and 
longitudinal reinforcement, amount of axial force as well as geometric characteristics of elements. In 
Figure 5(a), data points connected by solid lines represent experimental results of specimens with similar 
characteristics but different amounts of volumetric transverse reinforcement, ρw, subjected to similar 
cyclic displacement histories. Note that the mode of failure for each specimen is identified. Similarly, 
Figure 5(b), (c) and (d) show the drift ratio capacity for specimens that differ only in ηo, a/d, and, ρt, 
respectively. Effects of these parameters on deformation capacity of RC elements are examined below. 

Table 2. Ranges of main characteristics of 
RC specimens 

 

Characteristics Range 
'
cf  (MPa) 16.0 – 48.3 
ρw (%) 0.16 – 3.78 

ηo 0.00 – 0.60 

a/d 1.2 – 8.9 
ρt (%) 0.52 – 2.70 

)fA(/V '
cg * 0.087 – 0.72 

DRc (%) 0.61 – 11.5 
*V in MN, Ag in m2, and '

cf  in MPa. A unit 
value here, corresponds to 12 units if V in 
lb, Ag in in2, and '

cf  in psi. 

Figure 3. Test setups: cantilever (a); double ended (b); and double curvature (c) 



Table 3. Test specimens

No. Specimen          Reference       T.S.(1) Fail. (2) Type(3)

1 D1N30 Bechtoula, 2002[15] C F E 
2 D1N60 Bechtoula, 2002[15] C F E 
3 L1N60 Bechtoula, 2002[15] C F E 
4 L1N6B Bechtoula, 2002[15] C F E 
      
5 10-1-2.25N Pujol, 2002[16] C F E 
6 10-1-2.25S Pujol, 2002[16] C F E 
7 10-2-2.25N Pujol, 2002[16] C F E 
8 10-2-2.25S Pujol, 2002[16] C F E 
9 10-2-3N Pujol, 2002[16] C F E 
10 10-2-3S Pujol, 2002[16] C F E 
11 10-3-1.5N Pujol, 2002[16] C F E 
12 10-3-1.5S Pujol, 2002[16] C F E 
13 10-3-2.25N Pujol, 2002[16] C F E 
14 10-3-2.25S Pujol, 2002[16] C F E 
15 10-3-3N Pujol, 2002[16] C F E 
16 10-3-3S Pujol, 2002[16] C F E 
17 20-3-3N Pujol, 2002[16] C F E 
18 20-3-3S Pujol, 2002[16] C F E 
      
19 1 Sezen, 2002[17] DC S-F E 
      
20 C1-1 Mo, 2000[18] C F E 
21 C1-2 Mo, 2000[18] C F E 
22 C1-3 Mo, 2000[18] C F E 
23 C2-1 Mo, 2000[18] C F E 
24 C2-2 Mo, 2000[18] C F E 
25 C2-3 Mo, 2000[18] C F E 
26 C3-1 Mo, 2000[18] C F E 
27 C3-2 Mo, 2000[18] C F E 
28 C3-3 Mo, 2000[18] C F E 
      
29 SC3 Aboutaha, 1999[19] C S E 
30 SC9 Aboutaha, 1999[19] C S E 
      
31 C5-00N Matamoros, 1999[20] C F E 
32 C5-00S Matamoros, 1999[20] C F E 
33 C5-20N Matamoros, 1999[20] C F E 
34 C5-20S Matamoros, 1999[20] C F E 
35 C5-40N Matamoros, 1999[20] C F E 
36 C5-40S Matamoros, 1999[20] C F E 
      
37 BG-1 Saatcioglu, 1999[21] C F E 
38 BG-2 Saatcioglu, 1999[21] C F E 
39 BG-3 Saatcioglu, 1999[21] C F C 
40 BG-4 Saatcioglu, 1999[21] C F E 
41 BG-5 Saatcioglu, 1999[21] C F E 
42 BG-6 Saatcioglu, 1999[21] C F E 
43 BG-7 Saatcioglu, 1999[21] C F E 
44 BG-8 Saatcioglu, 1999[21] C F E 

No. Specimen          Reference       T.S.(1) Fail. (2) Type(3)

45 BG-9 Saatcioglu, 1999[21] C F E 
46 BG-10 Saatcioglu, 1999[21] C F C 
      
47 A1 Wehbe, 1998[22] C F E 
48 A2 Wehbe, 1998[22] C F E 
49 B1 Wehbe, 1998[22] C F E 
50 B2 Wehbe, 1998[22] C F E 
      
51 2CLH18 Lynn, 1996[23] DC S-F E 
52 2CMH18 Lynn, 1996[23] DC S-F E 
53 3CLH18 Lynn, 1996[23] DC S E 
54 3CMD12 Lynn, 1996[23] DC S E 
55 3CMH18 Lynn, 1996[23] DC S E 
56 2SLH18 Lynn, 1996[23] DC S-F E 
57 3SLH18 Lynn, 1996[23] DC S E 
58 3SMD12 Lynn, 1996[23] DC S-F E 
      
59 1 Nosho, 1996[24] C F E 
      
60 9 Park 1990[25] C F C 
      
61 1 Tanaka, 1990[26] DE F C 
62 2 Tanaka, 1990[26] DE F C 
63 4 Tanaka, 1990[26] DE F C 
64 5 Tanaka, 1990[26] C F C 
65 6 Tanaka, 1990[26] C F C 
66 7 Tanaka, 1990[26] C F C 
67 8 Tanaka, 1990[26] C F C 
      
68 OA2 Arakawa, 1989[27] DC S E 
69 OA5 Arakawa, 1989[27] DC S E 
      
70 CA025C Ono, 1989[28] DC S-F E 
      
71 U1 Saatcioglu, 1989[29] C F E 
72 U3 Saatcioglu, 1989[29] C F E 
73 U4 Saatcioglu, 1989[29] C F E 
74 U6 Saatcioglu, 1989[29] C F E 
75 U7 Saatcioglu, 1989[29] C F E 
      
76 5 Watson, 1989[30] DE F E 
77 6 Watson, 1989[30] DE F E 
      
78 NC-2 Azizinamini, 1988[31] DE F E 
79 NC-4 Azizinamini, 1988[31] DE F E 
      
80 85PDC-1 Kanda, 1988[32] DC F C 
81 85PDC-2 Kanda, 1988[32] DC F C 
82 85PDC-3 Kanda, 1988[32] DC F C 
83 85STC-1 Kanda, 1988[32] DC F E 



Table 1. Test specimens (Continued)

No. Specimen            Reference         T.S.(1) Fail.(2) Type(3

)
84 85STC-2 Kanda, 1988[32] DC F E 
      
85 1 Imai, 1986[33] DC S E 
      
86 C22 Murakami, 1986[3] C F E 
87 C23 Murakami, 1986[3] C F E 
88 C24 Murakami, 1986[3] C F E 
      
89 1 Soesianawati, 1986[34] DE F E 
90 2 Soesianawati, 1986[34] DE F E 
91 3 Soesianawati, 1986[34] DE F E 
92 4 Soesianawati, 1986[34] DE F E 
      
93 7 Zahn, 1986[35] DE F E 
94 8 Zahn, 1987[35] DE F E 
      
95 1 Bett, 1985[36] DC S E 
      
96 2D16RS Ohue, 1985[37] DC S-F E 
97 4D13RS Ohue, 1985[37] DC S-F E 
      
98 2D16-R Morimoto, 1984[4] DC S E 
99 4D13-R Morimoto, 1984[4] DC S E 
      
100 L1 Ohno, 1984[38] C F C 
101 L2 Ohno, 1984[38] C F C 
102 L3 Ohno, 1984[38] C F E 
      
103 HPRC10-63 Nagasaka, 1982[39] DC S E 
104 HPRC19-32 Nagasaka, 1982[39] DC S-F E 
      
105 2CUS Umehara, 1982[40] DC S E 
106 CUS Umehara, 1982[40] DC S E 
107 CUW Umehara, 1982[40] DC S E 
      
108 3 Ghee, 1981[41] DE F C 
109 4 Ghee, 1981[41] DE F C 
      
110 1 Gill, 1979[42] DE F C 
111 2 Gill, 1979[42] DE F C 
112 3 Gill, 1979[42] DE F C 
113 4 Gill, 1979[42] DE F C 
      
114 1 Atalay, 1975[43] DE F C 
115 2 Atalay, 1975[43] DE F C 
116 3 Atalay, 1975[43] DE F C 
117 4 Atalay, 1975[43] DE F E 
118 5 Atalay, 1975[43] DE F E 
119 6 Atalay, 1975[43] DE F E 
120 9 Atalay, 1975[43] DE F E 

No. Specimen            Reference         T.S.(1) Fail.(2) Type(3

)
121 10 Atalay, 1975[43] DE F E 
122 11 Atalay, 1975[43] DE F E 
123 12 Atalay, 1975[43] DE F E 
      
124 F2 Mugurama, 1973[5] DC S-F E 
      
125 25.033E Wight, 1973[44] C S E 
126 25.033W Wight, 1973[44] C S-F E 
127 40.033aE Wight, 1973[44] C S-F E 
128 40.033E Wight, 1973[44] C S-F E 
129 40.033W Wight, 1973[44] C S-F E 
130 40.048E Wight, 1973[44] C S-F E 
131 40.048W Wight, 1973[44] C S-F E 
132 40.067E Wight, 1973[44] C S-F E 
133 40.067W Wight, 1973[44] C S-F E 
134 40.092E Wight, 1973[44] C S-F E 
135 40.092W Wight, 1973[44] C S-F E 
136 40.147E Wight, 1973[44] C S-F C 
137 40.147W Wight, 1973[44] C S-F C 
      
138 4AA0 Kokusho, 1972[6] DC S-F E 
139 4BB0 Kokusho, 1972[6] DC S-F E 
140 4BB0-2 Kokusho, 1972[6] DC S-F C 
141 8BBX0 Kokusho, 1972[6] DC S-F E 
142 8BB40 Kokusho, 1972[6] DC S-F E 
      
143 420C Wakabayashi, 1971[6] DC S-F C 
144 423C Wakabayashi, 1971[6] DC S-F E 
145 443C Wakabayashi, 1971[6] DC S-F E 
146 445C Wakabayashi, 1971[6] DC S-F E 
147 620C-2 Wakabayashi, 1971[6] DC S E 
148 623C Wakabayashi, 1971[6] DC S-F E 
149 623D Wakabayashi, 1971[6] DC S-F E 
150 643C Wakabayashi, 1971[6] DC S-F E 
151 643D Wakabayashi, 1971[6] DC S-F E 
      
152 66-35- Brown, 1970[7] C F E 
153 66-35-RV5 Brown, 1970[7] C F E 
154 88-35- Brown, 1970[7] C F E 
155 88-35-RV5 Brown, 1970[7] C F E 
      
156 O3 Ikeda, 1968[8] DE F E 
157 O4 Ikeda, 1968[8] DE F E 
158 O5 Ikeda, 1968[8] DE S E 
159 O7 Ikeda, 1968[8] DE S E 
(1) Test setup: C=cantilever; DC=double curvature; 
and DE=double ended 
(2) Mode of failure: F=flexural; S-F=shear-flexural; 
and S=shear 
(3) Type of data: E=exact; and C=censored 



 

 
 

 
Figure 4. Main characteristics of test specimens 
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Figure 5. Effects of different parameters on drift capacity 

 
Transverse reinforcement  
The amount of transverse reinforcement directly affects the ultimate curvature of RC sections which in 
turn affects the drift ratio capacity of elements (see Equation 4). Transverse reinforcement also affects the 
shear deformation (see Equation 5) of RC elements. The effect of ρw on drift ratio capacity, DRc, can be 
seen in Figure 5(a). As shown, an increase in ρw results in larger drift ratio capacity in all cases.  
 
Axial load  
The amount of axial load directly affects the depth of the compressive zone and the ultimate curvature of 
RC sections which in turn affects the drift capacity of elements (see Equation 4). Figure 5(b) shows effect 
of axial load on drift ratio capacity. As it can be seen, except for specimens 21-22, 24-25 and 27-28, 
increasing the axial load results in smaller drift ratio capacity.  
 
Aspect Ratio 
Figure 5(c) shows the effect of a/d on drift ratio capacity. For all the cases, an increase in the drift ratio 
capacity as a result of an increase in the aspect ratio is observed.  
 
Longitudinal reinforcement 
Figure 5(d) shows the effect of longitudinal reinforcement ratio on drift ratio capacity. As it can be seen, 
except for specimens 41-42, increasing the longitudinal reinforcement results in smaller drift ratio 
capacity.  
 
Drift ratio capacity model 
For a cantilever having uniform section properties, the elastic flexural deformation under a tip lateral load 
can be calculated using a linear curvature distribution over the length of the element. However, in RC 
elements because of the formation of cracks, mainly at the vicinity of the base where the bending moment 
is maximum, there is a significant reduction in the flexural stiffness of sections in that region. As a result, 



the tip yield deformation is mainly due to curvature in the vicinity of the base. Therefore similar to plastic 
drift ratio, the yield drift ratio can be estimated from yyy LDR Φ= , where Ly is some portion of length of 
the element. Given that the ultimate curvature is pyu ΦΦΦ += , (4) can be rewritten as 

*
puf LDR Φ=  (6) 

where *
pL is a length that can be considered as a weighted average between Lp and Ly. 

 
Figure 6 shows the ratio of shear to total 
deformations at failure of specimens tested by 
Pujol [16] and Atalay [43] that failed in flexure 
and the specimens tested by Lynn [23][45] that 
failed in shear. The mean value of shear to total 
deformation, m, for each set is also shown in the 
Figure 6. As it can be seen, while m for tests 
conducted by Pujol [16] is 15.4%, the value for 
tests carried out by Atalay [43] is only 3.3%. 
This is mainly attributed to the fact that the 
shear span ratio (a/d) in the former case is about 
2.6, while in the latter case is 6.6. Larger value 
of m=17.7% is found in tests conducted by 
Lynn [23][45] in which specimens failed in 
shear. 
 
In order to develop a model that is not too 
complex yet can reliably estimate the drift 
capacity of RC elements that failed either in flexure or in shear, and given the fact that the shear 
deformation is a small portion of the total deformation, let us first examine (6). The ultimate curvature in 
(6) can be limited by the maximum concrete usable strain, which in turn is significantly affected by ρw. In 
other words, the larger the ρw, the larger the Φu becomes. Moreover, η0 directly affects the depth of the 
compressive zone and therefore affects the ultimate curvature. Therefore, one can assume that 

γα ηρΦ 0wu ∝ , where α and γ are parameters. Similar to the plastic hinge length, *
pL  can be considered to 

be proportional to the shear span of elements (Paulay [13]). Moreover, in order to account for the bond 
slip, one can assume that *

pL  is a linear function of a. Given the fact that the test results indicate a direct 
relationship between a/d and the drift ratio capacity and the fact that a/d can be used as a measure to 
identify the relative importance of the flexural and shear response of RC elements, it is decided to replace 

*
pL  with 21 d

a λλ + , where λ1 and λ2 are parameters.  
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The superposed hat on the drift ratio capacity signifies that the model is not exact and is subjected to 
error. θ is set equal to one for cantilever elements and need to be estimated for double curvature and 
double-ended elements. Figure 7 shows the concentration of deformation on one end of double curvature 
and double ended specimens. In such specimens, if damage is concentrated on one end, the drift capacity 
will be mainly due to the deformation on the damaged end. Therefore, compared to a similar cantilever 

   Figure 6. Contribution of shear deformation in total 
deformation 



specimen, the drift capacity is expected to be 
smaller. The parameter θ is included in the 
model to account for such a difference between 
cantilever specimens and double curvature and 
double ended specimens.  
 
Note that, because the contribution of shear 
deformation in total deformation is not 
significant (see Figure 6), the shear 
deformation is not explicitly accounted for in 
the model. However, ρw, a/d, as well as η0, 
which are used in (7), affect shear deformation 
as discussed in the examination of the 
experimental data (Figure 5) and in (5). 
 
 

 

 
DAMAGE INDEX 

 
The drift capacity model proposed in this paper is used to develop a new damage model. The model is 
defined as 

c
^

d^

RD

DR
ID =  (8) 

where DRd is the maximum drift ratio demand under cyclic loading and c
^RD  is found from (7). Again the 

superposed hat on the damage index signifies that the model is not exact and is subjected to error. 
 
Estimation of parameters 
In order to estimate the parameters of the model in (7) and (8), the Bayesian parameter estimation 
technique is used. A brief description of the technique can be found in Sasani [46]. The technique utilizes 
not only the experimental data that are exact, i.e. the failure is observed, but also uses the specimens in 
which failure (a 20% drop in strength capacity) did not occur. Accounting for the error in (8) and after 
proper transformation, the model can be written as  














=

c
^

d

RD

DR
eID ε  (9) 

where ε is the model error which has normal distribution with zero 
mean and standard deviation σ. The mean values of the parameters 
are given in Table 4. In addition to the parameters used in the model, 
limits are also imposed on ρw, η0, and a/d. For ρw > 2.0%, use ρw = 
2.0%. Note that the smallest value of ρw used to develop the model is 
0.16%. For a/d < 2.3 use a/d = 2.3 and for a/d > 4.5 use a/d=4.5. Also 
for η0< 0.13 use η0=0.13. Note that as expected, the value of θ is 
considerably less than one. Also note that the standard deviation of 
the error term is only 0.29. Figure 8 shows the error in predicting the 
DI at failure (DI=1) for 159 RC specimens. The coefficient 

Figure 7. Concentration of deformation in top part of 
a double curvature specimen (Lynn [23]), left; and in 
bottom part of a double ended specimen (Ikeda [8]) 

Table 4. Mean value of parameters 

Parameter Mean Value 
θ 0.73 
α 0.56 
γ -0.43 
λ1 0.92 
λ2 -1.04 
σ 0.29 
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Figure 8. Error in estimating DI at failure 
 
of variation in predicting the DI at failure is 
approximately equal to 0.30. This coefficient is 
significantly smaller than the coefficient of variation of 
0.54 reported by Park [1]. 
 
Figure 9 compares the drift ratios at failure obtained 
from experimental results with the estimated drift ratio 

capacities, c
^RD . The 45 degree line represents DI=1. 

As shown, there is a good agreement between the 
experimental and the predicted values. The censored 
data represent experimental results in which failure was 
not observed and, as expected, the predicted drift ratio 
capacities for most of these specimens are above the 
45 degree line. 
 
Effect of longitudinal reinforcement 
Inclusion of ρt in the model did not reduce the scatter in estimating DI. This could be attributed in part to 
the fact that the specimens used in this study have equal reinforcement in tension and compression, and as 
a result a change in ρt may not have considerably affected their deformability. Of course, the amount of 
longitudinal reinforcement in a specimen affects the shear force demand on the specimen that can in turn 
affect the mode of failure of the specimen. 
 
Effect of displacement history 
The history of applied deformation can have 
significant effect on the deformation capacity of 
specimens (Pujol [16]). One may make use of the 
dissipated energy as a measure to account for such 
effect. Figure 10 shows the effect of the dissipated 
energy on the drift capacity of specimens. Each dot in 
the figure represents the ratios of the dissipated 
energies and drift ratio capacities for two identical 
specimens under different displacement histories. As it 
can be seen, a larger amount of dissipated energy is not 
necessarily associated with a smaller deformation 
capacity. This, by no means, should be interpreted as 
the lack of correlation between the history of loading 
and the deformation capacity. Figure 10, may merely         Figure 10. Dissipated energy vs. drift capacity

      Figure 9. Comparison between experimental 
      and predicted drift ratios 



suggest that the dissipated energy may not be a reliable measure for accounting for the effects of 
displacement history on the deformation capacity of RC specimens. 
 
Figure 11 shows the force-drift ratio relationships for three identical specimens (Murakami [3]). In 
specimen No. 86 one cycle is applied at each level of deformation. In specimen No. 88, however, four 
cycles are applied in the first two levels of deformations. As it can be seen, the behavior of the two 
specimens after these cycles is almost the same. The DRc for both specimens are equal to 5.1%, while the 
dissipated energy in Specimen No. 88 is about 58% more than that in specimen No. 86. In specimen No. 
87, the repeated cycles are applied at a larger drift, compared to that of specimen No. 88. As a result, the 
drift ratio capacity of this specimen is reduced to 3.6%. These test results suggest that perhaps there is a 
drift beyond which, repeated cycles results in a considerable drop in the strength capacity of RC 
specimens (Wight [44]). 
 

 
Figure 11. Effect of loading history on drift capacity 

 
There is however, a need to account for the effects of displacement history on DI. In this paper a damage 
index is developed for specimens under cyclic displacements. A specimen is considered as been subjected 
to cyclic displacements if the specimen has experienced positive and negative drifts at least equal to 1/2 
of the drift capacity of the specimen, prior two the half cycle that leads to the failure of the specimen. 
Note that all the specimens used in this paper have experienced cyclic displacements, as defined here. 
 

CONCLUSIONS 
 
In this paper, a new damage index for RC elements under cyclic loading is proposed. The model is based 
on estimating drift ratio capacity under cyclic displacements and does not utilize monotonic response of 
elements, since the mode of failure under monotonic and cyclic displacements may be different. The 
correlation coefficient in estimating the damage index is about 0.30 which is considerably smaller than 
0.54 reported by Park [1]. In the model, the effect of the concentration of damage on one end of double 
curvature or double ended specimen is accounted for.  
 
Although the displacement history can have significant effect on the response of RC elements, examining 
the effect of energy dissipation on the drift capacity of elements, it is concluded that the dissipated energy 
may not be a reliable measure for accounting for such effect. 
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