
MECHANISTIC SEISMIC DAMAGE MODEL 
FOR REINFORCED CONCRETE 

By Young-Ji Park1 and Alfredo H.-S. Ang,2 F. ASCE 

ABSTRACT: A model for evaluating structural damage in reinforced concrete 
structures under earthquake ground motions is proposed. Damage is expressed 
as a linear function of the maximum deformation and the effect of repeated 
cyclic loading. Available static (monotonic) and dynamic (cyclic) test data were 
analyzed to evaluate the statistics of the appropriate parameters of the pro
posed damage model. The uncertainty in the ultimate structural capacity was 
also examined. 

INTRODUCTION 

In earthquake-resistant design of reinforced concrete structures, it is 
generally necessary to permit some degree of damage; otherwise the de
sign would be too costly. In order to implement this philosophy prop
erly, models for assessing structural damage within the context of a ran
dom earthquake environment are required. A reinforced concrete structure 
is weakened or damaged by a combination of stress reversals and high 
stress excursion. Consequently, any damage criterion should include not 
only the maximum response, but also the effect of repeated cyclic load
ings (4,12). 

Current seismic design codes, such as the UBC and SEAOC codes, 
are based primarily on research results of flexural behavior of reinforced 
concrete under monotonic loadings (e.g., Refs. 5, 11, and 23). Under 
monotonic loadings, brittle failure modes such as shear and bond fail
ures can be avoided through careful detailing of the members, and the 
ultimate flexural capacity can be accurately evaluated (5). However, un
der repeated cyclic loadings, it is difficult to ensure that such brittle fail
ure modes will not occur. 

Kustii and Bouwkamp (21) conducted cyclic loading tests on eight beam-
column subassemblages. Extremely brittle shear failure was observed in 
all of the columns although every column was designed to fail in flexure 
under a monotonic loading, revealing the inadequacy of design provi
sions based entirely on results of monotonic tests. A comprehensive re
search program on the behavior of reinforced concrete under cyclic load
ings was conducted in Japan, using approximately three hundred half-
scale columns (8). The main variables included the loading history, axial 
load, shear span ratio, longitudinal steel content, concrete strength, stir
rup ratio, and joint details. The results revealed the complex failure 
mechanism of components under loading reversals. The major findings 
included the following: (1) A column designed to fail in flexure (under 
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monotonic loading) tends to fail in shear under repeated cyclic loadings; 
and (2) when the number of reversals is significantly increased, the 
members tend to fail through bond at a much lower level of deformation 
than would be expected under a monotonic loading. An analysis of these 
tests showed that the error in predicting the ultimate strength is small; 
however, a significant scatter was observed in the prediction of the de
formation capacity and energy absorbing capacity. 

The large uncertainty inherent in the prediction of the ultimate struc
tural capacity of reinforced concrete components under repeated cyclic 
loadings was also observed by Banon et al. (4) and Hwang (16). Struc
tural damage was expressed as a function of the maximum deformation 
and absorbed hysteretic energy by Banon et al., whereas a simple scal
ing, in terms of the "energy index," was used by Hwang. Although the 
results were based on limited data, 29 test specimens in Banon et al. (4) 
and 34 specimens in Hwang (16), significant scatter was observed. 

In the present study, a damage model is developed for expressing the 
potential damage of reinforced concrete comonents as a function of the 
maximum deformation and the absorbed hysteretic energy. In devel
oping the necessary damage function, extensive test data were exam
ined. Monotonic and cyclic test data of reinforced concrete beams and 
columns reported in the U.S. (e.g., Refs. 3, 5, 6, 21, 26, 31) and Japan 
(e.g., Refs. 8, 14, 15) were used in a systematic regression analysis. The 
pertinent data were all for rectangular sections reinforced with deformed 
bars (loaded under a single-axis bending). 

DAMAGE MODEL 

Consistent with the dynamic behavior of reinforced concrete described 
earlier, seismic structural damage is expressed as a linear combination 
of the damage caused by excessive deformation and that contributed by 
repeated cyclic loading effect. This may be represented in terms of a 
damage index 

D = 8« + _P_fd £ (1) 

8M f /hV dE 
or D = — + p - (2) 

8„ H J VSJ Ec(8) 
in which 8M = maximum deformation under earthquake; 8„ = ultimate 
deformation under monotonic loading; Qv = calculated yield strength (if 
the maximum strength, Q„, is smaller than Qy, Qy is replaced by Q„); 
£c(8) = hysteretic energy per loading cycle at deformation, 8; dE = in
cremental absorbed hysteretic energy; a, P = non-negative parameters. 
Under elastic response, the value of D should theoretically be zero. 
However, Eqs. 1 or 2 will give nonzero but negligibly small values of D 
in the elastic range. 

Values of the damage index, D, are such that D & 1.0 signifies com
plete collapse or total damage. Structural damage, therefore, is a func
tion of the responses 8M and dE that are dependent on the loading his
tory, whereas the parameters a, p, 8„, Qyi and Ec(8), are independent 
of the loading history. In Eq. 2, the cyclic loading effect at different de-
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formation levels is taken into account, whereas in Eq. 1 such effect is 
assumed to be uniform at all deformation levels. 

DETERMINATION OF MODEL PARAMETERS 

The damage model proposed in Eq. 1 contains the three parameters 
8„ / Q y , and (3. In Eq. 2, two additional parameters, a and Ec(8), are also 
required. In this paper, Eq. 1 is emphasized by virtue of its simplicity. 
The required parameters are evaluated on the basis of available experi
mental data as described in this section. 

Determination of 8„.—When brittle shear failure is of no concern, such 
as for very slender beams and columns, the ultimate deformation can 
be evaluated from the stress-strain relationship of the material. How
ever, as mentioned earlier, components may fail in shear under repeated 
cyclic loadings even though a flexural failure is expected under mono-
tonic loadings. In other words, all possible failure modes should be taken 
into account in evaluating 8 „ when repeated cyclic loadings are involved. 

To date, there appears to be no reliable method for determining the 
ultimate deformation of reinforced concrete components, especially when 
shear deformation and bond slippage may be dominant. Even highly 
sophisticated finite element analysis cannot trace the deformation be
havior up to the ultimate stage because of uncertainties in the dowel 
action, shear crackings, bond deterioration, three-dimensional stress 
concentration, etc. In this light, a simple empirical relation is developed 
for determining 8„ using available monotonically loaded test data. 

Because the yield deformation, 8V, can be predicted with good accu
racy, a practical means to determine the ultimate deformation may be 
to amplify this with the ductility factor, JJL „; namely 

8« = f-uSy (3) 

The values |JL„ and 8y may be determined independently. Yielding of a 
reinforced concrete component may be defined as the first yielding in 
the tension reinforcement, or when the extreme fiber compressive strain 
in the concrete exceeds 1.5 times the crushing strain, e„. 

The yield deformation can be regarded as composed of the flexural 
component, 8/, the deformation due to bond slippage of the reinforcing 
bar from its anchorage, 8;,, the inelastic shear deformation, 8S, and the 
elastic shear deformation, 8e; i.e. 

8y = 8; + 8„ + 8S + 8f (4) 

in which 8e may be evaluated by the conventional elastic beam theory. 
Three of the components in Eq. 4 can be evaluated with reference to 
Fig. 1 as follows. 

Flexural Deformation.—It is well-known that the yield curvature can 
be reasonably determined by the plane section assumption, and the cur
vature distribution along a member is approximately linear (5). By as
suming that the concrete in compression remains elastic up to yielding 
of the tension reinforcement, the yield curvature for beams can be ex
pressed as follows (28) 

(5) y (1 - k)d 
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8f=+ y - r /3 8b=S-S/z 8 s =Si i X e s 

FIG. 1.—Three Components of Inelastic Deformation at Yielding 

in which k = [(p + p')2 l/4a_J + (p + p\p') l/a„]1/2 - (p + p') l /2a y ; p = 
atUy/bdf'c; p' = acav/bdf'c; a„ = e„/e0; and pr = dc/rf. See Figs. 2 and 3 
for the definitions of the parameters. Because of the inelasticity of con
crete and the effect of axial forces, Eq. 5 tends to underestimate the ac
tual curvature. Based on results of iterative analyses (e.g., Ref. 2), the 
following improvement is proposed: 

0.45 
, = 1.05+ , y I \0.84 + 2 p ' - p 

-0 .05 1 - * ; (6) 

in which n0 = N/(f'cbd); and N = the axial force. 
Deformation Due to Bond Slippage.—With the assumption that the 

deformation of concrete in the anchorage is negligible, the following 
relation can be obtained between the bond stress, T, and bond slip
page, S 

AEsd
2S 

<\i d2x' 
(7) 

d 

^ L. 

O O O 0 

ac 

°t 
o o o 

b 

dc 

z 

dt 

•Cm. CT"g • * • 0" s 

c-fi 

Cross-Section Strain Stress Equivalent Stress 

FIG. 2.—Cross Section of Member 

tr/f'e 

TV1 1.0-

1.0 e/«o 
Concrete 

FIG. 3.—Stress and Strain Relation of Material 
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in which A = area of the reinforcing bars; i|/ = perimeter of the rein
forcing bars; and Es = modulus of elasticity of steel. Using the idealized 
bond slippage relation shown in Fig. 4, the stress in the reinforcing bar 
at the face of the anchorage, CT„ , may be expressed as a simple function 
of the normalized slippage 

a0 = V6El X1/6iif S2/3 = 225.5 rtfS*/3 (in ksi) (8) 

in which X = S„/D — 1/40; and S„ = S/D, the normalized slippage. The 
validity of Eq. 8 had been examined with available pullout test data (10), 
assuming rM = 1.5 ksi for the bottom bars, and TM = 0.9 ksi for the top 
bars. When the anchorage length is longer than 10 D, Eq. 8 agrees well 
with experimental results as shown in Fig. 5. Results of other pullout 
tests (7,17,20,22,24) are also shown in Fig. 6. On the basis of the pre
ceding experimental results, it can be observed that the bond slippage 
is largely a function of the degree of compactness of the concrete, and 
independent of the concrete strength. For the purpose of determining 
the deformation due to bond slippage, a mean value of TM = 1.2 ksi may 
be assumed if the degree of compactness is not specified. 

Inelastic Shear Deformation.—The shear deformation, 8S, may be ob
tained by subtracting the calculated 8 f , 8b , and 8e from the measured 
yield deformation, 8V. The ratio of the shear deformation to the flexural 
deformation as a function of the shear span ratio is shown in Fig. 7 for 
244 beams and columns in which yielding of the tension reinforcement 
is clearly recorded. In slender beams and columns, the shear deforma
tion is not prominent; however, as the shear span ratio approaches unity 
(i.e., l/d —> 1.0), the shear deformation becomes dominant. 

It is well-known that the bond stress and stirrup ratio also affect the 
shear deformation. Available experimental results (e.g., Ref. 8) indicate 
that as the stirrup ratio is increased to about 1%, the shear deformation 
generally decreases; however, higher stirrup ratios do not always insure 
decreasing shear deformations. Fig. 9 shows a well-known bond failure 
mechanism. As the ribs of the longitudinal reinforcement bear against 
the surrounding concrete, conical micro cracks are formed around the 
bar with an inclined angle of about 45° (13). The presence of a stirrup 
will reduce the bearing stress from being transmitted to the surrounding 
concrete. Assuming that the shaded part of the longitudinal bar (see Fig. 
9) is not effective for bond, the effective average bond stress, TB , is 

AT 
To = (9) 

i|i(Z-1.71nd) 
in which AT = difference of the forces in the reinforcement between 
both ends of a member calculated by flexural analysis; i|> = perimeter of 
the longitudinal reinforcement; I = length of member; n = number of 
pairs of stirrups; and d = diameter of stirrups. Therefore, according to 
Eq. 9, an excessive number of stirrups has the effect of reducing the 
effective bond length, and thus increasing the bond stress. Fig. 8 would 
appear to suggest a weak positive correlation between the shear defor
mation and the normalized effective average bond stress, Ts/VfJ . As 
seen in both Figs. 7 and 8, the scatter in the shear deformation is high 
if 8 s is expressed as a function of a single parameter. This scatter can be 
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« Tu 

c o 
ffl 

-
1-

/v. T -
/ TM 

( A , ^ 
S„' 

So 
S , Slippage 

FIG. 4.—Bond Slippage at Anchorage 

#7-18.3^ 

JL 
Casting 

-Top Bar 

—*C~Cut Into Halves 

-Bottom Bar 

# (Bar No.) - (Anchorage Length) 

O <r = 225.5 x 1.5 l / 2 x S „ Z / 3 

• <r * 225.5 x O.S1^ x Sn
Z / 3 

0.02 0.03 
Sn i Normalized Slippage 

FIG. 5.—Pullout Tests by Ferguson 

Ma (Member Test) 
# 6 - 3 8 

0.01 0.04 0.02 0.03 

S„ , Normalized Slippage -

FIG. 6.—Pullout Tests by Several Researchers 
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2.0 3,0 4.0 5.0 6.0 

Shear Span Ratio, l/d 

FIG. 7.—Effect of Shear Span Ration on Shear Deformation 

l i t 0 15.0 gQ 0 25.0 30.0 
3ond Stress, r./YFT" 

FIG. 8.—Effect of Bond Stress on Shear Deformation 

-Stirrup 

-- Longitudinal Bar 

Pl ' Concrete 

FIG. 9.—Bond Failure Mechanism 

reduced by expressing 8S as a function of several parameters, namely 
l/d, TB , and pw (stirrup ratio). 

An idealized shear cracking model may be assumed. Every shear crack 
in a member is assumed to be inclined at 45° as shown in Fig. 10 with 
an identical shear rotation, 6S. Then the shear deformation of a canti
lever is 

5S = 21, x (10) 

in which lt = the arm length measured from the end of the shear crack. 
According to (27), the shear cracking load, Qc, is 
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Qe = VjlM + 
_ML_ 

d 
(11) 

in which Mc = the flexural cracking moment. Eq. 11 may be modified 
by assuming the length of a "no shear crack zone" to be /', with an 
occurrence rate of p = 1/Z (see Fig. 10). Then the mean shear defor
mation is 

E[^s] = E[^h] X Qs= \l + ~ ^ - ) Qs (12) 

in which V = MC/(QC - Vfl bd) + Z. Using Eq. 12, the shear rotations, 
0S, were evaluated for the 244 test beams and columns. Based on the 
calculated results, the following is proposed: 

0.2 

0.5 

I 
•, as a percentage; for u < 5 or - > 4; 

d 
(13a) 

0.2 
[1 + 0.27(w - 5)]; for u > 5 and 2.5 < - < 4; 

d 0.5 

0.2 

- 0 . 5 

1 + 0.185 
H - 5 

y/pl-QA. 
; for u > 5 and - < 2.5 

d 

(13b) 

(13c) 

in which l/d = shear span ratio (replaced by 1.5 if l/d < 1.5); pw = stirrup 
ratio, as a percentage (replaced by 0.2% if pw < 0.2%); and u = 
T B M I . 

The total yield deformation, therefore, can be calculated with Eq. 4. 
A comparison of the calculated and normalized experimental yield de
formation is shown in Fig. 11. 

Shear Cracking 
Zone 

No Shear 
Cracking Zone 

I ' 

FIG. 10.—Shear Cracking Model 
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Ultimate Ductility Factor.—Using Eq. 3, the ultimate ductility factors, 
|JL„ , were calculated for 142 monotonically loaded beams and columns. 

In order to clarify the definition of the "ultimate state," the test spec
imens were divided into four categories according to their ultimate fail
ure mode, as defined in Fig. 12. 

For a sudden failure, in which a member loses its load-carrying ca
pacity suddenly, there is no difficulty in identifying the failure point. 
Buckling of the compression reinforcement or fracture of the tension or 
web reinforcement usually show this type of failure. For a gradual fail
ure, in which a member loses its strength continuously, the failure point 
is identified on the load-deformation curve when the strength drop ex
ceeds a certain percentage of its maximum strength. 

Analyses of the ultimate ductility factors for the test specimens showed 
a strong correlation with the flexural and shear deformations, whereas 
there is virtually no correlation with the bond slippage. After examining 
several mathematical formulations, the following deformation parameter 
was found to correlate well with |j,„: 

= 0.5 €(, + 0.5 VeF + (14) 

(Failure Mode) 

Compression 
Flexural 
Failure 

Tension 
Flexural 
Failure 

Compression 
Shear 
Failure 

Tension 
Shear 
Failure 

Fl< 

Calculated (100x6/1) 

FIG. 11,—Yield Deformation 

(Il lustration) 

^̂ _____ 1 

^ ^ J 
3. 12.—Ultimate 
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(Typical Load-Def. Curve) 

0 w Buckling 
^ — \ of Bar 

8 

—-"""""" Fracture of 
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s - s . Gradual 
/ \ ^ Failure 
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2 

1.0 

0.5 

5° 
0-Comp. Flexural Failure 
X - Tens. Flexural Failure 
S - Comp. Shear Failure 
T - Tens. Shear Failure 

X 0 On 0 0 " 8 

S o ' 

ss 

0§ 

s 

s s 

_L 

5 7 

0.2 0.5 1.0 

E p / C 0 

FIG. 13.—Ultimate Ductility Factor-Failure Mode 

in which ep = principal strain; ej, = flexural concrete strain at the location 
of the compression bar calculated using Eq. 6; and 9S = shear rotation 
of Eq. 13. Fig. 13 shows the plot between the principal strain normalized 
by e„ and the ultimate ductility factor. The correlation between JJLH and 
ep/e0 is maximized when the strength drop (for gradually failing mem
bers) is assumed to be about 10% of the maximum strength. However, 
the strength drop at the failure point is defined as 20% of the maximum 
strength in this study, because the majority of the tests to ultimate col-

50 

' ' E X P 

IX? 

0.5 

FIG. 14.—-Prediction Error in Ultimate Ductility Factor 
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lapse indicated that total repair is generally needed beyond this point 
(e.g., Ref. 8). 

From Fig. 13, it can be observed that the ultimate ductility factor is 
independent of the failure mode, indicating the validity of Eq. 14. It was 
also observed that a positive correlation exists between (x„ and the con
finement ratio, pw, which is defined as the volumetric ratio of stirrup to 
the core concrete. Based on these observations, the following is pro
posed for the ultimate ductility factor, p,„ : 

, \ 0.218p»,~2.15 

p.,, = f ^ j exp (0.654 p„, + 0.38) (15) 

in which pro = the confinement ratio as a percentage (replaced by 2% if 
pa, > 2%), and p,„ is replaced by 1.0 if p.,, < 1.0. 

Fig. 14 shows the correlation between the calculated (i.e., Eq. 15) and 
experimental ultimate ductility factors. The applicable range of the pre
ceding''empirical equation is: 1.0 < l/d < 7.0; 0 < p„, < 2.0; 0.05 < p < 
0.5; 0 < n0 < 0.55; and 2.5 ksi < f'c < 5.0 ksi. The scatter around Eq. 
15, as shown in Fig. 14, includes the scatter in the predicted value of 

Determination of p.—The effect of cyclic loading on structural damage 
is represented by the parameter p in Eqs. 1 and 2. The absorbed hys-
teretic energy (excluding potential energy) is integrated up to the failure 
point for a large set (261) of cyclic test data of beams and columns. These 
experimental data were carefully selected from a larger set of test spec
imens; only those in which an abrupt failure is clearly observed or grad
ual failure can be identified on the envelope curve were included. 

Using Eq. 1 or 2, the load-deformation curve for each test is traced up 
to the failure point. Then, at the point of failure, D = 1.0, the corre
sponding value of p is evaluated. Based on the calculated p values, a 
negative correlation was observed between p and the confinement ratio, 
pw, and also weak positive correlations were observed between p and 
the shear span ratio, l/d, longitudinal steel ratio, pt, and axial stress, 
»„. 

Through trial and error, the minimum-variance values of p for Eq. 1 
are determined in such a way that the standard deviation of D is min
imized and the mean value of D is close to unity. In a similar manner, 
and with a = 0.6, the corresponding optimal values of p for Eq. 2 are 
also obtained. The results yielded the following: 

forEq. 1: p = (-0.447 + 0.073 - + 0.24 n0 + 0.314 p() x 0.7P" (16) 

forEq. 2: p = I -0.165 + 0.0315- + 0.131 p,\ x 0.84p» (17) 

in which l/d = shear span ratio (replaced by 1.7 if l/d < 1.7); n0 = nor
malized axial stress (replaced by 0.2 if n0 < 0.2); p, = longitudinal steel 
ratio as a percentage (replaced by 0.75% if pt < 0.75%); and pu, = con
finement ratio. A large scatter can be observed between the calculated 
(Eq. 1 or 2) and experimental results of p as shown in Figs. 15 and 16. 
The applicable range of the above empirical equations, Eqs. 16 and 17, 
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Q-
X 

UJ 

N=261 
C0V=60% • s „• . 

f^ 0 8 #ft • 

a 

-<Ef.l 

0.5 

Calculated |3 

FIG. 15.—(3 Value for Eq. 1 

N=261 
C0V=55% 

Calculated £ 

FIG. 16.—3 Value for Eq. 2 

is 1.0 < l/d < 6.6; 0.2 < pa < 2.0; 0.04 < p < 0.45; 0 < n0 < 0.52; and 
2.3 ksi < /^ < 6.0 ksi. 

Determination of Qy and Qu.—The method for evaluating the yield 
strength, Qy, may be found in standard text books (e.g., Ref. 28). For 
the maximum strength, Q„, of reinforced concrete beams and columns 
subjected to reversed loadings the following is proposed based on the 
analysis of experimental data. 

Q„ = (1.24 - 0.15 p - 0.5 n0)Qy (18) 

in which p and n0 are as defined in Eqs. 5 and 6. The scatter associated 
with Eq. 18 is relatively small; c.o.v. = 12%. 

Determination of Ec(8).—Ec(8) is the hysteretic energy per cycle at 
deformation 8. About 800 hysteresis loops from 261 cyclic test data were 
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evaluated to determine this parameter. In this evaluation, the areas of 
those hystereses with closed loops were used. £c (normalized by Q 5,) 
is plotted against the ductility factor, |x, in Fig. 17. On this basis, the 
relationship between the hysteretic energy and ductility factor may be 
approximated by a bilinear curve with a transition point at around u. = 
1.5. 

Figs. I7(a-b) show the normalized hysteretic energy at relatively small 
deformations. As the axial force increases, the normalized hysteretic en
ergy tends to increase slightly. However, considering that there is a sig
nificant scatter in the plot, the effect of axial force may be neglected. 
Linear regression of the experimental data for |x < 1.5 yields the follow
ing: 

Ed*) = QA(0.77(Ji - 0.22); p. < 1.5 (19) 

Figs. 17(c-d) show a part of the data for the normalized hysteretic 
energy for (JL > 1.0. In this range of |A, the ratio of the flexural defor
mation to the total yield deformation, 8 /̂8 y , controls the energy ab
sorbing characteristics. As the ratio 8^/8y increases, the rate of increase 
of the absorbed energy also increases [see Figs. 17(c-d)]. At low values 
of 8^/8y, the scatter of the data increases considerably as shown in Fig. 
17(d). In this range, the effects of 8S and 8;, are dominant. Linear regres
sion of the data for p, > 1.5 yields the following: 

EcM = Q A Uo.5 + 2.34 ^jOx - 1) + (o.7 - 1.54 ^ H ; 

(xs l .5 (20) 

In calculating the ratio, 8^/8y, Eqs. 4 and 6 may be used. Eqs. 19 and 
20 may also be used for properly modeling the hysteresis behavior of 
reinforced concrete components under dynamic loadings. The average 
c.o.v.'s about Eqs. 19 and 20 are both approximately 25%. 

DAMAGE INDEX STATISTICS 

With the appropriate model parameters evaluated empirically herein, 
damage indices for each of the 142 monotonic and 261 cyclic test spec
imens were evaluated with Eqs. 1 and 2 at the respective failure point. 
The results obtained with Eqs. 1 and 2 are plotted on lognormal prob
ability papers in Figs. 18 and 19, respectively. These show that the dam
age index, D, is reasonably lognormally distributed with the respective 
standard deviation indicated in Figs. 18 and 19. The standard deviation 
associated with Eq. 2 is slightly lower than that of Eq. 1. However, by 
virtue of its simplicity, Eq. 1 is preferred for seismic damage assessment 
of reinforced concrete structures. 

The high degree of scatter (or uncertainty) in the damage capacity of 
reinforced concrete components, (c.o.v. of D = 0.5) indicated in Figs. 18 
and 19 is in agreement with results of similar previous studies, e.g., 
Refs. 4 and 16. It may be emphasized that such high uncertainty (c.o.v. 
= 0.5) should be expected, as the capacity Under repeated cyclic loadings 
is much less predictable than under monotonic loadings. Moreover, for 
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FIG. 18.—Damage Index, D, of Eq. 1 Plotted on Lognormal Probability Paper 
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FIG. 19.-=Damage Index, D, of Eq. 2 Plotted on Lognormal Probability Paper 

some of the parameters, e.g., the ductility factor, \L, the test data show 
inherently high degree of scatter. 

SUMMARY AND CONCLUSIONS 

A seismic damage model for reinforced concrete members is pro
posed. The model is based on the premise that the total damage from 
earthquake motions is composed of the damage caused by the maximum 
structural deformation and the absorbed hysteretic energy. Damage is 
measured in terms of an index, D, with values D s 1.0 representing 
total collapse. 

Available monotonic and cyclic test data were analyzed to evaluate the 
statistics of the appropriate parameters of the proposed damage model. 
The lognormal distribution was determined to be appropriate for the 
damage index of reinforced concrete components. 

Values of the damage index should be calibrated with observed seis
mic damage of structures; this calibration is described in Ref. 29. 
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APPENDIX II.—-NOTATION 

The following symbols are used in this paper: 

A 
a 

ac 

«( 

b 
D 
d 

dc 

dE 
Ec(8) 

Es 

f'c 
h 
I 

I' 

= 
= 
= 
= 
= 
= 
= 
= 

= 
= 
= 
= 
= 
= 
= 

area of longitudinal reinforcing bar; 
height of the compression stress block; 
area of compression reinforcement; 
area of tension reinforcement; 
width of cross section; 
damage index, or diameter of main reinforcement; 
effective height of cross section, or diameter of stirrup; 
distance from extreme compression fiber to centroid of 
compression reinforcement; 
incremental absorbed hysteretic energy; 
hysteretic energy per cycle at deformation 8; 
modulus of elasticity of steel; 
compressive strength of concrete; 
height of cross section; 
length of member; 
length of "no shear cracking zone"; 
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/,• = a rm length m e a s u r e d from the e n d of shear cracking; 
Mc = cracking m o m e n t ; 
My = yield m o m e n t ; 

N = axial force; 
n0 = normal ized axial stress; 
p , = tension steel ratio; 

pw = stirrup ratio; 
QcQyQu •= cracking, yield, maximum shear strength, respec

tively; 
S = bond slippage; 

S„ = normal ized sl ippage from anchorage; 
Z = distance from centroid of tens ion reinforcement to 

compression reinforcement; 
a, (i = constant values in d a m a g e index; 

§//§&/§s/8,, = flexural, b o n d sl ippage, inelastic shear, elastic shear 
deformation at yielding, respectively; 

8 M = m a x i m u m deformation sus ta ined b y member ; 
by = yield deformation; 
8„ = ult imate deformation u n d e r static loading; 
6j, = flexural concrete strain at location of compress ion rein

forcing bar; 
e0 = compressive strain of concrete at m a x i m u m stress; 
ep = m a x i m u m principal strain of concrete at yielding; 
ev = yield strain of steel; 
6 S = shear rotation; 
|JL = ductility factor; 

(i„ = ult imate ductility factor; 
pw = confinement ratio; 
<j0 = stress of reinforcing bar at face of anchorage; 

T = bond stress; 
TB = effective average bond stress; 
TM = maximum bond stress; 
4»y = yield curvature; and 

iji = per imeter of longitudinal reinforcing bar. 
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