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SYNOPSIS

RESONANCE-FATIGUE-CHARACTERISTIC of structures is proposed for evalu-
ation of the ultimate aseismic capacity of structures based upon FRACTURE.
Comparing it with earthquake-wave cahracteristics, deterministic and proba-
bilistic evaluation methods are shown. Steady-state resonance and steady
forced vibration are employed as fundamental medium phenomena which make
possible the direct comparison among them and produce a new conception [1]
RESONANCE-CAPACITY (or RESONANCE COEFFICIENT) which shows energy absorp-
tion capability of structures. Finally, experimental RESONANCE-FATIGUE-
CHARACTERISTICS of reinforced concrete rigid frames and shear walls are
shown, and an ultimate aseismic design philosophy on reinforced concrete
structures is discussed on.

1. INTRODUCTION

Many modern buildings have been broken down by destructive earth-
quakes. However, many theoretical and experimental researches on
aseismic design are intended to make clear only vibrational and cyclic
phenomena of buildings and members, but not the very phenomena of FRACTURE.
The purpose of this paper is to propose a fundamental idea on ultimate
aseismic design based upon FRACTURE. As the first step, an adequate frac-
ture condition of structures subjected to cyclic loading must be described.
In this paper, a new conception, RESONANCE-FATIGUE-CHARACTERISTICS of
structures is introduced, which is composed of energy absorption capacity
and fatigue characteristics based upon steady-state response or steady
forced vibration. Comparing it with earthquake-wave characteristics
described in a space with the same physical meaning, the ultimate aseismic
capacity of structures is able to be given quantitatively. Finally, some
experimental RESONANCE-FATIGUE-CHARACTERISTICS of reinforced concrete
structural elements are shown and their ultimate aseismic characteristics
are discussed on.

2. ASEISMIC FACTORS

When a structure is subjected to cyclic horizontal sway with an ampli-
tude of =+ X  under a constant vertical load N such as shown in Fig. 1,
a horizontal load F - displacement x hysteresis loop with a displacement
amplitude of X_ and a loading amplitude of F_ will be able to be drawn
such as shown in Fig. 2. This hysteresis loop has an area A, and F_,
X and A are of course given by a function of the number of cycles aN .

Suppose that the structure in Fig. 1 is able to be idealized as an
equivalent one-mass oscillator subjected to sinusoidal ground acceleration
waves with an amplitude of oo such as shown in Fig. 3 and that the
oscillator is in steady-state forced vibration with the same F - X hyste-
resis loop such as shown in fig. 2. Integrating the differential equation
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of motion and neglecting the effect of viscous damping, the following
energy equilibrium equation is finally derived;

A=mag T X |sing] ) 1),
where ¢ is the phase difference between input acceleration and response
displacement.

Assuming steady-state resonance as an ultimate vibration phenomenon,

Eq. (1) is reduced to
18 -mag @,
a -
and the left hand side of Eq.(2) is in this paper defined as RESONANCE-
CAPACITY Cp, then
_1'A
R=7%, 3.
From the point of view of equivalent linear vibration, furthermore,
an equivalent linear natural period Tge of the structure in Fig. 1 or

the one-mass oscillator in Fig. 3 may be given by
Tge = 27 /-g-W ;S_; 4.
The RESONANCE-FATIGUE-CHARACTERISTICS, which is introduced in this
paper for evaluation of the ultimate aseismic capacity of structures, con-
sists of these aseismic factors CR, Xz, Tse and Ng, defined above as the

measures of energy capacity, displacement capacity, period property and
fatigue characteristics, respectively.

3. RESONANCE-FATIGUE-CHARACTERISTICS

Suppose a space with the Cartesian coordinate axises, CR, Xa and N,
the ultimate fracture condition of structures subjected to cyclic loading

is able to be defined clearly and visibly in this space. Under the
RESONANCE-RESPONSE-Condition, that
CR = const. (5),

a RESONANCE-FATIGUE-CHARACTERISTIC-Surface S of a structure may be drawn
experimentally such as shown in Fig. 4, and the surface may be bounded by
a fracture line B on which X3 increases infinitely. This character-
istic is named here RESONANCE-FATIGUE-CHARACTERISTIC -CXN. In this
characteristic space, energy absorption, fatigue and deformation capacities
are involved for the ultimate aseismic state of structures.

In order to evaluate the ultimate aseismic capacity of structures in
comparison with earthquake waves, it is convenient to compose RESONANCE-
FATIGUE-CHARACTERISTIC -KIN, such as shown in Fig. 5 instead of RESONANCE-
FATIGUE-CHARACTERISTIC -CXN. In the RESONANCE-FATIGUE-CHARACTERISTIC -KTN
Kp and Tse are employed as z and x axises instead of Cp and Xg, where Kp
is given by g Cp

KR:TJ—:Eg_ (6),
and named here RESONANCE-COEFFICIENT, which is shown to be a physical
quantity equivalent to ap/g by Eqgs.(2) and (3). Consequently the axises
KR, Tge and No correspond to acceleration amplitudes, periods and numbers
of earthquake waves, and the direct comparison between RESONANCE-FATIGUE-
CHARACTERISTIC -KTN of structures and earthquake-wave-characteristic makes
it possible to evaluate the ultimate aseismic capacity of structures. A
characteristic surface S and fracture line B must be analogous to those of
RESONANCE-FATIGUE-CHARACTERISTIC -CXN, S, B, because there is no essential
ghagge ig the transformation of axises. As an example, this is illustrated
in Fig. 5. ,

EARTHQUAKE-WAVE -CHARACTERISTICS
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Corresponding to RESONANCE-FATIGUE-CHARACTERISTIC -KTN space, earth-
quake-wave-characteristics are able to be described in a space with coordi-
nate axises of acceleration amplitude ag, period Tg, and the number of
waves Np such as shown in Figs. 6 and 7. As examples, earthquake-wave-
characteristics are illustrated in Fig. 6(a), (b) by means of deterministic
and probabilistic descriptions, respectively. In Fig. 6(a), a structurs
is considered to undergo in its life earthquake waves with apj, Ngj and
Tg £ Tgj., regulated to resonate it, where ag;, Tgj and Ngpj are the coordi-
nates of a point - Pj, which exists on all the deterministically given
surface D under equal probability. Fig. 6(b) shows a probabilistic
descrlptlon of earthquake—wave-characterlstlcs and the probablllty of the
existence of P; in a region g5 % %Aao, Tp ¢ ~AT > Ng 1 Ng is given by
f (aQ,TE,N )| AagATEANE, where }E(ao,TE,NE) is a probablllstlc density

ction. In reality, it may be a difficult problem to determine the
surface D or f (ao,T »Nz), but it is not impossible to determine the ex-
pected characterlstlcs o¥ future earthquake waves by the progress of science.

5. EVALUATION OF ULTIMATE ASEISMIC CAPACITY

The ultimate aseismic capacity of structures'is able to be estimated
by the direct comparison between RESONANCE-FATIGUE-~CHARACTERISTIC -KIN in
Fig. 5 and earthquake-wave-characteristics in Fig. 6. If all the curved
surface D in Fig. 6(a) is covered with the curved surface C, defined by
a set of straight lines, which pass the line B and is parallel to the Tge
axis in Fig. 5, considering only steady-state resonance, a deterministic
ultimate aseismic safety is considered to be enough.

When the period characteristics of input waves and the fracture condi-
tion of structures are intended to be taken into account, the following
equation must be applied to,

Kp = “Flsing] 7,
which is derived- from Eqs.(1),(3) and (6), and based upon steady forced
vibration. ]sin¢l is given by the phase function such as shown in Fig. 8,
l 51n¢" = S(Tseu/TE, eu) (8) 3

in which Tggy and hey are the equivalent natural period and the equi-
valent v1sco&s damping factor of structures in ultimate state. Replacing
ag-axis by 7}[51n¢}—ax1s, where |51n¢! is estimated by u51ng Tseu: De
on the fracture line B in Fig. 5, the curved surface D in F1g. 6{4) 1is
transformed into a new one D such as shown in Fig. 9. Let B! and D' be
the pro;ectlons of B and the edge line of D to the KR-N¢-plane such as
shown in Fig. 9, a deterministic ultimate aseismic capacity of structures
dg is given by :

= lin & j . ‘LN dN¢ : (9),
where L(Nc) is the glfference length between B' and D' at Ne-
A probabilistic ultimate aseismic capacity, i.e. probability of su

structures, ps is able to be given by
Ps = Jq 5 Cflsing |, Tg,Ng) dKpdTgedNe

where ;E [51n¢l TE,NE) is a probability demsity fun
E ao,T é% is reduced by transforming ~ag-axis i
and Q is the region under the curved surfac g
only steady-state resonance, that transformatlan is nat T“

both deterministic and probabilistic casés, steady—state resaﬁagﬁ
the first order upper bound of the ultimate aseismic capacity o AT
and steady forced v1bratlon the second arder~upper ‘bound with the more
reality than the fir¥t.
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6. EXPERIMENTAL'RESONANCE-FATIGUE—CHAkACTERISTICS

Two kinds of test specimens, i.e. reinforced concrete rigid frames and
reinforced concrete shear walls are employed such as shown in Fig.10 [2][3].
Cyclic tests are carried out under the condition of constant displacement
amplitudes instead of RESONANCE-RESPONSE-Condition because of technical
conveniences. The ultimate fracture mode of RC-rigid frame specimen is
beam-yielding flexural type and that of RC-shear wall is diagonal compres-
sion brittle failure of' concrete panel. and beam-yielding flexural type.
RESONANCE-FATIGUE-CHARACTERISTICS -KTN of the both specimens are shown by
thick solid and broken lines in Fig. 11(a),(b).

Although the number of data may be few and the testing condition is
not exactly RESONANCE-RESPONSE-Condition, the tendency of RESONANCE-FATIGUE
CHARACTERISTIC surfaces and fracture lines is however easily expected and
their expected outlines are illustrated by thin curved lines in Fig. 11.
Fig. 11 shows the existence of the remarkable differences between the
aseismic characteristics of RC :igid frames and those of RC-shear walls.
Judging from Fig. 11, an ultimate aseismic design philosophy of reinforced
concrete structures is able to be summerized as follows ; RC-structures
with flexural and ductile yielding type have a great aseismic capacity
against earthquake-waves with the shorter periods and the larger number of
cycles, on the other hand, RC-structures with shear and brittle fracture
type against earthquake-waves with the longer periods and the smaller
number of cycles.

7. CONCLUSIONS .

Compareing RESONANCE-RESPONSE-CHARACTERISTICS of structures in the Kp-
Tse-Nc-space (Fig. 5) with earthquake-wave characteristics in the ag-Tg-Ng-
space (Fig. 6), the ultimate aseismic capacity of structures is able to be
given quantitatively by dg (Eq.9), and pg (Eq.10), by means of determi-
nistic and probagbilistic treatments, respectively. Finally, based upon
the experimental RESONANCE-FATIGUE-CHARACTERISTICS, the aseismic capacity
of reinforced concrete structures is made clear.

8. BIBLIOGRAPHY

[1] Yamada, M., Kawamura, H. ; A Resonance Capacity Criterion for
Evaluation of the Aseismic Capacity of Reinforced Concrete Structures,
ACI Symposium, RC-Structures in Seismic Zones, 1974, ACI-SP (to be
published)

[2] Yamada, M., Kawamura, H., Kondoh, K. ; Elasto-Plastic Cyclic Hori-
zontal Sway Behaviours of Reinforced Concrete Unit Rigid Frames
subjected to Constant Vertical Loads, IABSE WC-Report, Vol. 13, Prel.,
Rep., Symposium in Lisboa, 1973, Ziirich, pp.199-204. :

[3] Yamada, M., Kawamura, H., Katagihara, K., Moritaka, H. ; Cyclic Defor-
?ationggghaviour of Reinforced Concrete Shear Walls, 6 WCEE, New Delhi,

an. 1 .

1838



N (=W=const) '_5‘1_:_1:__' y

' o mi=W

d )\ A: Area of ? @fﬁ'/m‘/ g’
/ .

o ~Xa ! Xa . Fa Hysteresis Loop

= A\ /»7<::7 Fa - /\,., [
\\ \k r/ / / / ’I
\ {l / i ,/‘;;?77 ;b ps 777 :72757752 )

\ —-Xa z
WY/
! Neth Cycle
TTITITRITTT7, Sha | ~
Z=0600S(tbl +@)
Fig.l Structure Subjected Fig.2 Hysteresis Loop of
to Cyclic Loading Restoring Force Function [“a
of Structure ¢
Fig.3 Idealized One-.
) Mass Oscillator
Ke ]
Ar=canst. S
7 [ Ber
" |
e
B: Fracturé/Line
Fig.4 Resonance Fatigue Character- Fig.5 Resonance Fatigue Character-
istic-CXN of Structure istic-KTN of Structure
ol ‘l
D
7
doi /1
7 I Pt
0 i TE

Ne

(a) Deterministic Description
Fig. 6 Earthquake-Wave Characteristics

(b) Probabilistic Description

L\Vn 7 U[\' z

~ Ne pieces . -
Fig.7 Earthquake Acceleration Waves

1839



Isingl
ke 002 BSLising)
$ Isingl=S(E, hew) ¢ 00g) Diglngl
f -
!
, /, , 7
7 75&1/75 // /// Tse
,.__..\dv_, —
Fig.8 Phase Difference Ne 4
Function
Fig.9 Evaluation Procedure for
Ultimate Aseismic Capacity
1 725 9 =Lo) 725 i
e e L B o pen Lo g
g Q
F :mh%ﬁ' F T e '
Sl PO A W B |
A Q = !
= =(R Ji = wj[fgg
<IN £ 0 v [u] TA o {0 [b IRT 1A A TM (A7 R '
57PN 4000

P StP6-0-50@ Avgj 4D P P bam0@ Sedo-n-0 @
7200 ——— , k- 1200 o

(b) RC Shear Wall [3]

(a) RC Rigid Frame [2]

Fig. 10 Test Specimens

Fy A
% ===} Bwerimenta
Nez2 —— Expected

(a) RC Rigid Frame (bj RC Shear Wall

- Fig.1l Resonance Fatigue Characteristics-KIN (Test Results)

1840





