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SUMMARY

An analytical evaluation method for the ultimate aseismic safety of
reinforced concrete structures is presented on the basis of the trapezoidal
approximation of earthquake motion spectrum (Fig.2), the finite resonance
principle (Figs.3,4) and the characteristics of hysteresis area (Figs.9,15)
and fatigue fracture criteria (Fig.13) of R/C structures composed of flex-
ural yielding columns and shear walls. Finally response displacement
amplitudes, duration until fracture (Fig.19) and critical earthquake magni-
tude - epicentral distance relations (Fig.18) are calculated, by which the
ultimate aseismic safety of R/C structures are clarified comprehensively
and visibly.

INTRODUCTION

In earthquake structural engineering, earthquake motions, structural re-
sponses and behaviors until fracture of structures under earthquake loading
should be discussed with the same accuracy. The purposes of this research
are to formulate simply such succeeding mechanical behaviors on the basis
of resonant response and to present an evaluation method for the ultimate
aseismic safety of reinforced concrete (R/C) structures. The authors have.
already proposed an ultimate aseismic design method based on the behaviors
of R/C structures under monotonic loading [1,2]. This report is their ex-
tended research in which cyclic and fatigue characteristics of R/C struc-
tures [3,4,5,6] are taken into account. In order to simplify and clarify
the discussion on ultimate aseismic safety, R/C structures are divided into
two extreme types, i.e., LC Type composed only of flexural yielding columns
and SW Type only of shear walls with shear collapse mode [6]. The example
of calculations is performed about these two extreme cases.

EARTHQUAKE GROUND MOTIONS

Fault Model of Earthquake Hypocenter

According to the dislocation theory, the mechanism of earthquake hypo-
center is idealized as a fault model such as shown in Fig.l. In this re-
search fundamental fault parameters are fault length L, dislocation U,
rupture velocity v and dislocation velocity u. From these parameters the
effective duration of earthquake motions tg and the predominant period Tm of
these earthquake waves are derived as follows:

tg = L/v , —(1) T, = U/2)/0/2, —(2)
in which rise time function is assumed to be sinusoidal and so T becomes a

half of rise time (U/2)/G [13]. When the earthquake of magnitude is
evaluated as M, generally L and U depend on M but v and u do not, though
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all of them depend on the mechanical characteristics of the crust in which

the fault occurs. As for a certain seismic zone ty [7] and T_ [8] as well
as L [9] and U [10] are expressed by exponential functions of "™ as follows:
logtg=aM+b, —(3) log Tm =cM+d, —(4)

where a, b, ¢ and d are constants and log is the common logarithm.

Approximation of Earthquake Ground Motions

In this report spectral characteristics of earthquake ground motions
are approximated to be trapezoidal as shown in Fig.2, where coordinate axes
v, Tp and t are velocity amplitude, period and time in logarithmic scale,
respectively. T, and T_ are corner periods and T. is predominant period

of surface ground (see F?g.l). a and z are accelération ‘and displacement
amplitudes and ag, v and zy are constant values corresponding to «, v and
z, respectively. Fig.2 shows that earthquake ground motions are stationary

and random waves continuing until t = tg.

Determination of ag, vg, zg
In the determination of ag, Vg and zy, the following assumptions are

employed: (1) The relation ameng M, A(in km) and the maximum displacement
amplitude Z(in cm) is given by Tsuboi's formula [11],

M=1.73 log A + log Z - 3.17, —(5)
which is used for calculating M of earthquakes in or near Japan. (2) Z in

Eq.5 is the one observed on the ground with the average TG’ i.e., 0.3 sec
in Japan [12,13]. (3) Z is proportional to T, [12,13]. =~ (4) zp in Fig.2
is equal to Z. Consequently zg, Vg, ag in Fig.2 are expressed by the
functions of M, A, T. as follows [13]:

G
log zp = M - 1.73 log A - 3.17 + log (TG/O.3J s —(6)
log vg = (1 - ¢c)M - 1.73 log A - d + log TG - 1.85 , —(7)
log ag = (1 -~ c)M-1.73 log A - d - 1.05 . —(8)

FINITE RESONANT RESPONSE

Finite Resonance Principle [14]

When a one degree of freedom system with m, h, w. is subjected to
stationary and random earthquake waves z = Zz.sin(m.t3+ ¢.) (see Fig.3), the
system will vibrate by selecting the waves with the'same ‘circular frequency
as its own w. from w. and become resonant. However, there must be a criti-
cal resonantduratiofi t and number of resonant waves N within to because
of the imperfect randomfiess of earthquake waves. From these considerations
" Finite Resonance Principle " is induced as a hypothesis in this paper as
follows: (1) Input earthquake motion is z = z.sin(u.t + ¢.)}. —(9)

(2) There is an effective number of resonant waved N . J(3) B} reference to
Housner's average response spectra [15], Nw is givenwas a function of vis-
cous damping coefficient h, i.e., Nw = 1.5{0.5/(1 + 20h) + 0.5}.—(10)
According to this principle, the resonant response spectrum of this system

is able to be given by multiplying ap-vg-zg input spectrum by resonant ampli-
fication factor B as shown in Fig.4, where

* O.S)} )

0.5
B = % {1 - e 3™ (T Z0n —(11)
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The solid lines in Fig.5 show the response spectra Svh of El Centro,
May 18, 1940 (NS) computed by Veletsos and Newmark [16] and the broken

lines show resonant response ones based on " F1n1te Resonance Principle ",

where SV = 122 cm/sec is assumed and S 0,453~ D/1 5t corresponds to Vg of
El Centro, May 18, 1940 (NS}, because Ve B = ¥%) when h = 0.453 and B =
1.57 when h =

Finite Resonance Response Equatlon for Hysteretic Systems

Based on " Finite Resonance Principle " and the following approxi-
mations: (1) Replacement of Eq.11 by B = 0.6n/(mh + 0.4), —(12)
(see Fig.6), (2) Definition of equivalent viscous damping coefficient h
and natural period T in hysteretic systems shown by

(h =) h, = A/Zwana , -(13) (T=) T, = Zm/mxa/Qa , —(14)
where A, Q_, x_ and m are hysteretic area, loading amplitude, displacement

: a . : .2
amplitude “and mass, respectively (see Fig.7), finite resonant response
equations for hysteretic systems are able to be derived as follows:

It stg —(15)
Te<TG : C§A= (1/1.2#)(A/xa) + 0.212 Qa = m ag (=const.), —(16)
TesT STy @ Chy= (1/1.2m) (A/anTa) + 0.212/Q,x = Ym vy (=const.), —(17)
TnsTe : Cpp= (/1. ZH)CA/Q ) +0.212 x = zg (=const.). —(18)

, and C! are named here finite resonance acceleration, velocity
agé displacemen§ capacities, respectively.

HYSTERETIC ENERGY ABSORPTION AND FATIGUE FRACTURE CRITERIA OF R/C STRUCTURES

R/C Columns with Flexural Yielding Type (LC Type)

Consider a R/C column with flexural yielding type subjected to alter-
nately repeated story shear force Q and constant axial load N which is
smaller than the balancing level (see Fig.8), then its hysteresis loop of
shear_force Q and lateral displacement x with displacement amplitude x_ is
idealized as shown by thick lines in Fig.9, where Q_ is yielding Q, Q slip-
ping Q and x_ yielding x [4]. The thin 5011d 11neyhystere51s loop i2 the
one in whichyBauschinger's effect is neglected. The hysteresis loop of
moment M - curvature & with curvature amplitude ¢_ in Fig.10, where the
suffixes y, s of M mean the same as of Q, is used"to calculate this Q - x
relation. This M - & loop is derived from the R/C cross section, strain
distribution and stress distribution in Fig.1l. The Roman numerals (I), (II)
(II1) in Figs.10,11 correspond to the mechanical states, i.e., flexural
yielding, starting of slip and end of slip, respectively. Based on Figs.
8,11 the critical values M % , Qy, X, Ms and QS in Figs.9,10 are given
as follows: y Y

M /1= bD? = —(1 x )x nyt Bp(1-2d1) ,—(19) D(I>y= Zsey/(l -2d4;), —(20)

Q, /8 bD = 20M /F 00 /D), —(2) x, =gDe (/DH,  —(22)
M /F “bp2 - (2ssp xnl)(l 2d))/2,~(23) Q /F bD = 2(M_/F bD?)/ (H/D),—(24)
where xnf'N/FcbD’ —(25) Bsp = (0, /F )/ (@/pD), —(26)
Then hysteresis loop area A is reduced to A-—{SQ -v9Q )(x y) - —(27)

The strength of compressive concrete block F 1n Fig.1ll-c is deterio-
rated by repetition of loading. - The effect of number of cycles N on
deterioration factor Y(= F (N )/F ) is assumed here to be (see Flg 12)
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y =1 - (1/8)log N, —(28)

Assuming that fatigue fracture occurs when the compressive strain in com-
pressive reinforcing bar reaches the ultimate compressive strain of concrete

€, and that eB==4 x 1073, the relation between curvature amplitude Qa and
fumber of cycfes to fracture NB is reduced to

= =3 .__]:_ -d —
D@a =4 x 10 /{xnl/(l 8log NB) d;}, (29)
and the displacement amplitude X, at that time is given by
1
= - —(30
X, X +H20(<I>a %), (30)

where plastic hinge method is used and longitudinal length of plastic hinge
is assumed to be (1/2)D.

R/C Shear Walls (SW Type)

Relationship between story shear force Q and lateral displacement x of
R/C shear walls under cyclic Q shown in Fig.14 is idealized as shown in Fig.
15, where Q, and x, are the ultimate shear capacity and displacement, respec-
tively, the suffix i shows ordinal number of cycles [5]. Through the
idealization of concrete shear panel into equivalent diagonal compressive
brace (see Fig.14), QB and xp are calculated as follows:

Qg = 5 F Lt sinBcos® , —(31) x, =2 x 10 °L/cos?6. —(32)
&
Considering the slipping and overlapping characteristics of hysteresis loops

of R/C shear walls, hysteresis loop area Ai is approximately given by the

function of X5 Xg g5 X , 8S follows:

; . - 2_1 2 —
for i near to the unity; Ai/QBxB--(xi/xB)2 2(xi_l/xB)2 , (33)
for larger i 3 Ai/QBxB==(xi/xB) - (xi_z/xB) . —(34)
Fracture criterion of R/C shear walls is X =X —(35)

The fatigue criteria of R/C columns of flexural yield%ng tgpe (LC Type) [17]
and R/C shear walls (SW Type) are shown in the log X, - log NB plane in Fig.13.

ULTIMATE ASEISMIC SAFETY OF R/C STRUCTURES

Analytical Procedures and Calculation Results

When M, A and T, are given, ap, Vg, zo are derived from Eqgs.3,6,7,8.
As for LC Type, subsgituting A in Eq.27 into Eqs.16,17 or 18, x_ is solved
and response number of cycles ng during to is derived from Eq.lﬂ and Q ==Qy
as ng= to/T —(36%}
On the other hand °N, is computed by Eqs.29,30 and the ultimate aseismic
safety of LC Type is estimated by the comparison between.response number ng
and NB' As for SW Type, substituting Ai in Eqs.33 or 34 into Eqs.16,17 or
18, x_ is given as a solution of differefice equation, i.e., a function of i,

and from Eq.36 response displacement amplitude x is obtained. The ulti-
mate aseismic safety of SW Type is estimated by & comparison between Xan0
and x,. When M and A are unknown, we can calculate a critical M__ - A

relation in which ng =N, for LC Type and x = Xp for SW Type. CrAgaEﬁst
earthquake motions with the smdller M and angarg'er A than this M _ -A _ curve
structures never collapse, and vice versa. For calculation examflesc{he

LC and SW Types shown in Figs.16,17 are employed. The calculation condi=
tions are as follows: strength of concrete F =210 kg/cm?, yield strength

of steel _o_=3,500 kg/cm?, yield strain of ste€l e =1.75 x 107 3. For SW

Type , sefshic weight W (= axial load N) =120 tong,yyield shear coefficient
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(= Q or Q,/W) =0.275. For LC Type, W=1833, 916, 458 tons, k_=1,100,
OySSO y0 275. Fig.18 shows the critical M -A_ _ curves with nuﬁbers of
cycles to fracture, where the constants in Eqs 3, d"are assumed as a = 0. 5,

=-2.28, ¢=0.5, d=-2.91. The one dotted 11ne shows the minimum A

curve calculated under the conditions that min

< U/4, —(37) log U = 0.55M -3.71 [10], —(38)
and T.=0.3 sec. In the region A 2 Am. the M__ -A _ relations are effec-
tive.  Fig.19 shows the processes of the reSonant’ response displacement

x_ and duration ZTe until fracture of LC Type (k_=0.275) and SW Type (k =
0755) under the critical earthquake motions with M r B r

Estimation of Ultimate Aseismic Safety

The x-marks in Fig.18 show the actual earthquake motions in Japan.
We can derive direct informations on the ultimate aseismic safety of R/C
structures from the comparison between x-marks and M - relations. If
M and A are given by a probability density function f(MCEJ within a time
interval, a probability of fracture Pp is able to be calculated as follows:

= [ f(M,A) dMdA ,  (see Fig.20) —(39)

where Q is a fracture region which is shown in Fig.21.

CONCLUSIONS

In this report analyticel procedures and calculation results for the
ultimate aseismic safety of R/C structures are presented. If critical
earthquake magnitude M__ - hypocentral distance A _ relations are obtained
reasonably, ultimate aseismic safety will be estimated by a deterministic
or probabilistic value, which is effective not only for R/C structures but
also for all types of structures.
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