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SUMMARY

A proposed simple technique to represent deteriorating force-displace-
ment relations is verified through dynamic bending tests of reinforced con-
crete specimens. Deterioration functions of -stiffness and damping adopting
a measure of accumulated damage, defined from the test results, are used to
calculate earthquake response with astep-wise linearization technique.
Deterioration effects are found predominant for short-period structures rel-
ative to peak frequency of excitations. Use of accumulated damage or total
dissipated energy instead of conventional maximum ductility factor is rec-
ommended as an earthquake failure criteria of deteriorating hysteretic
structures.

INTRODUCTION
Recently, increasing emphasis has been given to deterioration effects

of reinforced concrete structures during strong earthquakes, on the basis

of recorded seiSmogramsl) and loading tests of structural elementszz The
purposes of this paper are (1) to verify a previously proposed new dete-

riorating hysteretic model3) through several types of bending tests of
reinforced concrete specimens, (2) to clarify the effects of deterioration
of structural stiffness and energy absorbing capacity on earthquake re-
sponse, (3) to find the best measure of structural failure from comparison
of earthquake response of linear, conventional bilinear hysteretic and the
proposed deteriorating hysteretic structures.

AN EQUIVALENT LINEAR MODEL OF DETERIORATING HYSTERETIC STRUCTURES

Equation of motion of single-degree-of-freedom structures with equiv-
alent linear parameters is written as,

ﬁ+Beq(D,u)ﬂ+w2q(D,u)u = ~rwog(t) /g » (1

where, H:ductility factor displacement, Beq and wzq:equivalent damping co-

efficient and stiffness of deteriorating structures, respectively, D:accu-
mulated damage, r:a parameter which sets ratio of maximum acceleration of

excitation to yielding acceleration w3, gmax:maximum value of excitation
g(t). .

.3 . :
The author proposed a new and relatively simple technique™ which re-
presents deterioration effects by a measure of accumulated damage,i.e.,

2 _ 2 =
weq(D,u) = fs(D)weq(u), Beq(D,u> fd(D)Beq(u> (2)

in which, qu(u) and Beq(u) are equivalent structural parameters depending

on amplitude W without deterioration effects, fS(D) and fd(D) are proposed
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deterioration functions which define degree of deterioration by a measure of
D. A significant merit of this model is the capability of simple represen-
tation of complex deterioration processes by employing new deterioration
functions. Hence, even nondeterministic response analysis of deteriorating
structures has become possible3).

CYCLIC BENDING TESTS OF REIFORCED CONCRETE SPECIMENS

Testing Apparatus

Reinforced concrete specimens were subjected to cyclic bending tests
to verify the proposed technique and also to determine parameters of dete-
rioration functions. General view of experiment is shown in Photo-1l. Speci-
mens shown in Fig.l have cross section of 150X100mm and length of 1200mm.
Four reinforcing bars (9.5mm¢) are used, equivalent to a reinforcement
ratio of 1.1%. Lateral tie hoops (6. mm$)are placed at every 80mm to prevent
shear failure.

The deteriorating force P and displacement § relation at the center of
the simply supported specimen with a span L (=1000mm) shown in Fig.2 is mea-
sured for further analyses in this study. It is noted that bending moment
M at the center and rotation 6 at the supports are proportional to P and
8, respectively, for an elastic members as,

M= (L/4)P, 8 = 3LS (3)

Loading Test with Constant Displacement

Fig.3 is an example of the deteriorating restoring force-displacement
relation of a specimen under cyclic bending with constant ductilty factor
(D.F.) amplitude of 4.4. D.F. is normalized displacement by a measure of
yielding displacement of longitudinal tensile bars. Hysteresis loops of
lst, 10th and 20th loading cycle exhibit significant deterioration both in
stiffness and area of loops. Shapes of hysteresis loops of most specimens
were found to change from a foot-ball type to inverted S type with narrow
area, which are mainly due to yielding of reinforcing bars, cracking and
crashing of concrete.

Deterioration of maximum reaction of hysteresis loops as compared to
that of the lst loop is plotted in Fig.4 against number of loading cycles
N for various values of D.F.. Since loading amplitude is kept constant at
each test, deterioration of average stiffness of each loop can be esitmated
approximately from that of maximum reaction.

In calculating accumulated damage, failuré is tentatively defined as
the point where the maximum reaction is reduced to 60% of the initial value.
Relation between log N and log Mat the defined failure plotted in Fig.5
results in

w1l = 9.x103 (5)

Thus, the accumulated damage D(n) due to n, times of loading with ui amp-

i
litude (i=1,-:****,m) is calculated as follows4),

T 2 4.1
D(m) =] &b, =7 n (/9.8 (6)
i=l i=1 82



In Fig.6, horizontal axis of Fig.4 is changed into accumulated damage
D. Even though some variation is found among different loading levels, it
seems that the maximum reaction which is almost equivalent to stiffness dete-
riorates linearly with accumulated damage. In Fig.7, deterioration of area
of hysteresis loops showing capacity of energy absorption is also plotted
to decrease exponentially with accumulated damage.

These results appear to verify the proposed technique, which measures
effects of structural deterioration by accumulated damage. Thus, the next
two deterioration functions f (D) and fd(D) are obtained by least square
fit of experimental data.

£,(0) = L-.4D(),  £,(0) = 1.-.80"2(n) (6)
These functions are shown in Fig.8.

Loading Test with 3 Stages of Displacement

In order to check the effects of the sequence of loading with different
displacement, specimens were subjected to 3 stages of D.F. amplitude of 2,
3 and 4 in which the number of loading cycles were controlled to result in
the same accumulated damage.

Sections of deteriorating stiffness with D.F. amplitude of 3 are
excerpted from the test results of 3 different sequences of loading and
plotted in Fig.9. Deterioration of area is also plotted in Fig.l0 for
the same tests as in Fig.9. In these two figures, the larger deterioration
is found after the larger amplitude of loading, even though accumulated
damage has the same value. The reason is due to different range and
consequently different mechanisms of damage. However, disprepancies from
the results with constant amplitude loading are such that the deterioration
process can also be described by Eq.(6).

Loading Test with Constant Reaction

In addition to displacement controlled loading tests, reaction cont-
rolled loading tests were conducted to check the effects of types of load-
ing on deterioration process. After a gradual increase of displacement and
accumulated damage due to reaction controlled tests, the specimens suddenly
collapsed showing a clear point of failure.

Deterioration of equivalent stiffness of hysteresis loops is plotted
in Fig.ll against accumulated damage. Although specimens do not survive
until accumulated damage reaches 1.0, deteriorationm processes for different
loading levels can also be explained well by Eq.(6), which again verifies
the effectiveness of the proposed techmique to be used for earthquake
response analyses in the following sections of this study.

EARTHQUAKE RESPONSE AND FAILURE CRITERIA

Calculation of earthquake Response

Time history of earthquake response of deteriorating hysteretic
structures is calculated using a step-wise linearization technique-’’/, as
represented in Eq.(l). After every half cycle of structural response,
accumulated damage D is calculated from Eq.(5) and their deterioration
functions fS(D) and fd(D) are determined from Eq.(6). Amplitude dependent
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equivalent structural parameters Beq(u) and wzq(u) in Eq.(2) are calculated

from W.D.Iwan's hysteresis loops of virginal loading ° shown in FigEIZ.
Iterative process of calculation is taken so as to let Beq(u) and weq(u)
match the corresponsding response amplitude M.

An example of calculated earthquake response is shown in Fig.13, in
which the following sets of parameters are used. T&0.4sec., ho,=0.02 for a
structure, 0=0.05, uc=l.0, ¥=0.375 for Iwan's model, rS=l.5 for accelera-

tion of Millikan base EW component recorded at San Fernendo earthquake (
1971).

A gradual decrease of natural frequency is found, depending both on
increasing response amplitude and accumulated damage. It is noted that re-
sponse amplitude does not decrease even after 12 seconds where the level of
input acceleration is decreasing. This is due to the matching of equivalent
natural frequency and predominant frequency of input acceleration, which
can easily be understood from Fig.l4 where transition of we is plotted ona
nonstationary envelope spectrum7 of the excitatiomn. !

Earhquake Failure Criteria

Maximum value of ductility factor response has been widely used both
in research and practice for a measure of structural safetey when nonlinear
earthquake response analyses were conductedd) . As discussed in previous sec—
tions, howevér, number of loaded cycles is also an important parameter in
judging structural safety, especially when deterioration effects can not be
neglected.

In this section, relations among maximum ductility factor ppay, accum-—
lated damage D and total disspated energy E are investigated to furnish a
best parameter for earthquake failure criteria of deteriorating hysteretic

structures.
Three values of umax’ D and E of linear, conventional bilinear hyste-

retic and the proposed deteriorating hysteretic structural models subjected
to earthquake acceleration of ElCentro SOO°E component recorded on 19-5-1940
are plotted on Figs.15.16 and 17 against intensity parameter rg. Structural
parameters of T,=0.65sec. and h,=0.02 are used. Other parameters are same as
in Fig.13.

In the range where maximum input acceleration is less than yielding
acceleration (rs<l.0), maximum ductility factor response umax of each model

is less that 3.0. Hence, little difference is found in values of umax’ D

and E depending on types of structural models. This result suggests that,
in this range, any values of U ax’ D and E of any model can be a measure
of structural safetey. m

In the range of l.0<rs<l.5, umax of both stationary and deteriorating

hysteretic response becomes somewhat larger than that of the linear model.
Effects of deterioration in this range is found only in accumulated damage
D. Hence,D of deteriorating model is preferable as a measure of structural

safety.
When intensity of maximum acceleration becomes very large (r >1.5),
Max and D of the deteriorating model grow significantly and E of°the same

model shows its upper limit to indicate structural failure clearly. Thus,
~in this range, any values of Hoax? D and E of linear and stationary hys-
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teretic models can not be, but any values of a deteriorating hysteretic
model can be, a dynamic failure criteria of the structure.

To examine the effects of natural period T, of the structure in small
elastic vibration on earthquake response of the 3 models, response spectrum
of umax and D are calculated. Maximum values of 8 acceleration records in

Table-1 are scaled to be 300cm/sec2 for the excitation. The yielding accel~
eration of structures is set following the design spectrum shown in Fig.18.

Average ductility factor of 3 models are plotted in Fig.l9 to show the
significant difference depending on a model, where T,<0.6sec.. The reason
that deterioration effects are predominant for short-period structures rela-
tive to peak frequency of the excitation can also be understood from the
transition of equivalent frequency as discussed in Fig.l4. However, it is
still difficult to judge structural failure only from Mp.y.

The accumulated damage D of the deteriorating models at the end of the
earthquake response is shown in Table-l1 for different T, and different exci-
tations. The sign "F" in the table means complete failure of structures, i.
e., D22.0. Finding just a few values of D between 0.5 and 2.0, it can be
concluded that failure of deteriorating structures occurs not gradually but
rapidly when the value of D becomes larger than 0.5. The same conclusion
can be drawn from Fig.1l6. Relatively sudden collapse of tested specimens
due to constant reaction controlled tests in Fig.ll at the point where D is
about 0.5 also agrees well with the accumulated earthquake response of this
section.

ACKNOWLEDGEMENTS

The author wishes to express his gratitude to Professors H.Goto and
Y.Yamada at Kyoto University for.their encouragements and valuable discus-
sions. In conducting the experiments, helps from Professors W.Koyanagi,
K.Yamura and T.Kojima and Messrs. Y.Sugihara, I.Toyoda, S.Matsumoto and
T.Kato are acknowledged with sincere thanks.

REFERENCES

1) Iemura,H. and Jennings,P.C., "Hysteretic Response of a Nine-Story Rein-
forced concrete Buildings", Earthquake Engineering and Structural
Dynamics, Vol.3, pp.183~201, 1974.

2) Shiga,T., et al, "Experimental Study on Dynamic Properties of Reinforced
Concrete Shear Walls", Proc. of 5th WCEE, Vol.I, pp.ll157~1166, 1974.

3) Goto,H., and Iemura,H., "Earthquake Response Characteristics of Dete~-
riorating Hysteretic Structures', Proc. of 6th WCEE, Preprint 3,pp.
133~138, 1977.

4) Miner,M.A., "Cumulative Damage in Fatigue', Journal of Applied Mechanics,
Vol.1l2, pp.Al59~Al64, 1945,

5) Goto,H. and Iemura,H., "Linearization Techniques for Earthquake Response
of Simple Hysteretic Structures'", Proc.of JSCE, No.212,pp.109~119,1973.

6) Iwn,W.D., "The Response of Simple Stiffness Degrading Structures",

Proc. of 6th WCEE, Preprint 3, pp.121~126, 1977.

7) Trifunac,M.D., "Response Envelope Spectrum and Interpretation of Strong
Earthquake Ground Motions', BSSA, Vol.61.No.2l, pp.346~356, 1971.

8) Otani,S., "SAKE (A Computer Program for Inelestic Analysis of R/C Frames
to Earthquake)", Dept. of Civil Engrg., Univ. of Illinois, 1974.

85



o
" il

10

L TR RS

a1l 11l 1 1
10 10°
. NUMBER OF LOADING N
Fig.5 u-N Curve at Defined Failure

o 0 . ——B=617 —— =340 ——W208
— o + Opscae. LB o a4 176
ﬂgl 7 K ——u142
T Xl
I8 - L 1 of
m AN D:‘fﬁneg
T =0 ] Y<~  Failure
Fig.1l Dimension of Specimen 0.5~ YN
\\"\. -
ﬁp
L! y b _ 0 05 10 15
} ACCUMULATED DAMAGE
o) Fig.6 Deterioration of Peak of
| L \./’b4 the Loops vs Accumulated Damage
Fig.2 Bending System s a
RS Y
i —— =617 — P340 — K208
——— 0 283] ——n 2248 --—--=x176
y — 42
n=10

*t—,

L 1

Fig.3 Deterjorating
Hysteresis Loops

——U=617 ——W=340 ——U208
e 0 58] —m s 2248 =----»3178
L] S — 42
0.8
No—

M
1{0" Level of Defined ‘\‘
;ﬁ faflure
0.4+ \
0.2t ”3
o 'l_l doat .

NUMBER OF LOADING n ~

Fig.4 Peak of Hysteresis Loops
. against Number of Loading

86

0 15
ACCUMULATED DAMAGE

Fig.7 Deterioration of Area of
the Loops vs Accumulated Damage

EQUIVALENT
STIFFNESS

DAMPING
COEFFICIENT

\‘~—
———
1 J
0 0.5 10
AOCUMULATED DAMAGE

Fig.8 Deterioration Functions



‘% ---~ Stiffness Deterioration from
= Constant Amplitude Loading

o

>

— 2—3
TS=m—__ 2-4-3
4—3 ~2

~~o
~

4-2-3

~
/
1
!

Stiffness of Hysteresis Loops
n w k 3

o

2 4 6 .8 10 12 14
Accumulated Damage

Fig.9 Effects of Sequence of
3 Stages of Loading

o

=
o

————Damping Deterioration from
Constant Amplitude Loading

~N w N [*3 o
e & o & 9o

Area of Hysteresis Loops (ton-mm)
s

o

0 2 4 6 8 10 12 14
Accumulated Damage
Fig.10 Effects of Sequence of

3 Stages of Loading

——— Virgin Loop Jeile :
—== Stationary Loop 0 Py

[ =) U

Loop

Fig.l4 Transition
of weq and Non-
statinary Enve-
lope Spectrum

Frequency (Hz)

AVARAGE STIFFNESS(NON.DIM.)
>

1.0,
8

-6 4 LC-1

—-— LC-2

——— LC4

[N

Constant Reaction
Controlled Tests

o
o,
o

02 04 06
ACCUMULATED DAMAGE
Fig.1l1l Deterioration of Stiffness

12r Ductility Factor Response u(t)

6 -
o {‘H’V\f AI:' f
61~

1|~ Input Acceleration Z(t)

AM‘\.W

Of it '1'1; It A A m e
-1r

(Millikan Base EW)

o

i Lb“J'ﬁaﬂﬁﬁwanF‘
ol Frequency Change w, /m
2 8 Accumulated Damage D(t)
1 U —
Or;"“'- = | maateaenaius snas et die 2

0 1 20 30

Time (Sec)

Fig.13 Response of a Deterio-~
rating Hysteretic Structure .

e e
15 Time (Sec) 20



—— Linear Response
o Stationary Bilinear Response
o Deteriorating Hysteretic
Response
(1] @00 o0 © oveoese
H.!E ° ° °
5 ®
kot
© 10.0F
& 10.0 lO‘ N oooc
> ® 0000,00,000
pred o0
E 2] ']
1] 00
]
5 5.t o
-— ]
x
£ .5F .g
) o
2,
o 04‘! l‘ln 1:5 Z.In 1:) 1?0

Intensity of Excitation rs
Fig.1l5 Maximum Ductility Factor

of 3 Models
% 104
=== Linear Responss
o
3
ﬂr Q Stutionary Hywterexic Rewponse ° o o
(8ilinear Model)
Dateriorating Hyaterwtic [
Rasponas
2,8F (ivan Hudal) 0
of oo
? 2.0 ° oo
S ° o oo
3 °°
1.3
- (1]
‘g- [} ° o o %
I (<] °" e L4
] .
< ld
& o ..' [
.
— o e o 0
i
k]
- 0,8 .. (Y
2.
" i . . . ;
0 0,3 1,0 18 1.0 Ly %0

Intensity of Excitation rs
Fig.17 Total Dissipated Energy

5
3
3

oo 00000000 000000
=
2, L somptese pasuse - 5
Complete Failure

e o
E L3p ®
a o
3 o
b 1, bamtinas puussaa a
'é Defined
2 Failure
2 o 00

o

PPN

) 0.3 Lo L a0 2,3

Intensity of Excitation rs

Fig.16 Accumulated Damage

20

Bus

(]

(%]
r 200 gal
for B=1

A 1 1 i 1
03 05 os1 ) §

Fig.18 Desgign Spectrum in B

R
\

\

0 T
(sec)

100

= Linear Model
=== Bilinear Model
== Deteriorating Mode|

hY
N,
AY
A

e

i 1 1

05 10 20
Natural Period (sec)
Fig.1l9 Average of Maximum
Ductility Factor Response

1

50

00 -
01 02

Table-1
ut [ElCentro ElCentro Taft Taft MLB MLB JPL JPL

Danage o 5 (NS) (EW)  (NS) (EW) (Ns) (EW) (NS) (EW)
0.58 | F 3 .02 .00 .00 .00 .00
0.45 | .98 F F .21 .00 .04 .01 .00
0.37 | .02 F FF .55 F .05 .02
0.30 | F F F F .21 F F .33
0.25 | F F F F F F F .49
0.20 | F F F__F F .02 F F




