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SUMMARY

This paper discusses a method for predicting the earthkuake damage to a
group of buildings taking account of the probability distributions of both the
building resistance capacity and the earthquake force. Mainly discussed are
the probabilistic features of the maximum ground motion during a specified pe-
riod of time considering the statistical modelling of earthquake occurrence.
Seismic risk of cities in Tohoku district, Japan, is studied as an example.

INTRODUCTION

Prediction of the probability of earthquake damage to a group of build-
ings in a certain urban area within a specified period of time is important
in considering the earthquake disaster prevention of urban environment.

Fig. 1 shows an example of the percentage of damaged RC buildings in
three different areas with different soil conditions in Sendai city caused by
1978 Miyagi-ken-oki earthquake (Ref. 2). The percentage of damaged buildings
to all existing buildings located in a certain area is considered to be influ-
enced by the variety in the resistance capacity of existing buildings and by
the variety in the earthquake force exerted on buildings.

The author formerly presented a method for estimating the percentage of
damage to a group of buildings due to the maximum ground motion in a specified
period of time by use of reliability theory based on the probability distri-
bution of both the resistance capacity and the earthquake force (Ref. 1).

In this paper, mainly considered are the probabilistic features of earth-
quake force, especially the maximum ground motion in a specified period of
time taking account of the statistical model of earthquake occurrence and the
attenuation relation.

ESTIMATION OF EARTHQUAKE DAMAGE TO A GROUP OF BUILDINGS

The seismic resistance capacity of a group of buildings and the earth-
quake force exerted on buildings are assumed to be modelled by the random
variables, R and S, having the probability density functions, PR(r) and Pg (s),
respectively as shown in Fig. 2 (Ref. 1).

It is assumed that the failure of buildings will occur if R< oS, where o
is related to the level of damage considered. The probability of failure Pe
is then expressed as follows.

0 as © 0
Pf = Prob[R< aS] = jopSCS)jopR(r)drds = JOPR(r)jr/aps(s)dsdr -— 1)

(I) Associate Professor, Faculty of Engineering, Tohoku University

337



If the lognormal distribution is assumed both for the building resistance
R and the earthquake force S, the value of Pe is given as follows.

InGug/ang) - (/DIl(A + v/ + vl
=1-0
Ps l >
S

where u_, u. = mean values of R and S, Vpr Vg = coefficients of variation of
RRand S, and ¢ [ ] = standard normal gistribution function.

The value of p,. is interpreted as the percentage of damaged buildings to
all existing buildings, which expresses the extent of earthquake damage to a
group of buildings of a certain structural type in a certain urban area.

The value of ¢ can be related to the degree of inelastic deformation. If
we assume the energy conservation rule for the inelastic earthquake response,
o is expressed as follows (Fig. 3).

e=1/Jd -1 e 3)

where o = ductility factor corresponding to the level of damage.
PROBABILISTIC MODEL OF RESISTANCE CAPACITY

The probability distribution of the seismic resistance capacity is ob~-
tained from the investigation of the structural properties of existing build-
ings. The probability distribution of a seismic resistance index of RC build-
ings in terms of seismic coefficient has been studied by Shiga (Ref. 3) and
Shibata (Ref. 1) and was shown to be satisfactorily modelled by the lognormal
distribution. Onose presented a model for the seismic resistance index of
low-rise RC buildings taking account of the number of stories (Ref. 4).

PROBABILISTIC MODEL OF EARTHQUAKE FORCE

We assume that the earthquake force S exerted on buildings is expressed
by the idealized acceleration response spectrum, the value of which is random
variable having lognormal probability distribution (Fig. 4).

A model of earthquake force S can be expressed as follows.
S=ugLe e 4)
where Hg = mean value of response spectrum, and

L random variable having lognormal distribution of which mean value

S . . .
is 1.0 and coefficient of variation is VS.

The mean value of response spectrum u_. is given in terms of seismic
coefficient in a deterministic manner as follows.

Mg =S(M yn@a /¢ e 5)
where S(T) = normalized dynamic amplification spectrum, T = natural period,
Y = effect of soil condition on maximum ground acceleration,
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effect of damping factor h on spectrum values, and
maximum ground acceleration expected in a specified period of
time at the bedrock of a city (G = gravity acceleration).

n (h)

A
m

W on

Fig. 5 shows a tentative model for the combination of _S—(T) and v for h =
0.02, considering the effect of local soil condition (Ref. 2). The value of
A has to be determined on the basis of seismic activity in the surrounding
eBrthquake source areas, which is discussed in the following.

MODELLING OF EARTHQUAKE OCCURRENCE

Fig. 6 shows the plot of epicenters of earthquakes with magnitude greater
than 5.0 which occurred in Tohoku district, Japan, during the period from 1926
to 1981. We assume that the activity of interplate earthquakes (ocean earth-
quakes) can be divided into six earthquake blocks, A to F, as shown in Fig. 6.
As for the intraplate earthquakes (inland earthquakes), two earthquake blocks
in Miyagi prefecture, G and H, in Fig. 6 are considered as an example.

The activity of each block is modelled by the hypothetical point source
having the annual average number Nj of earthquakes greater than the lower
limit magnitude MO and the probability density function p(M) of magnitude M.

We assume the modified Gutenberg~Richter formula by Utsu (Ref. 5) for the
magnitude-frequency relation in each earthquake block as shown below.
n(M) = (ML - M)exp(a - BM) -—-—- 6), N(M) = fMLn(M)dM ————— 7)
M
where n(M) = annual average number of earthquakes between magnitude M
and M + dM (n(M) = 0 for M< M_ and M» M.%h,
N(M) = annual average number of eartgquakes with magnitude greater
than M (N(M) = N, for MS M, and N(M) = 0 for M> ),
ML = upper limit magnitude, and MO = lower limit magnitude.
The probability density function p(M) and the probability distribution
function P(M) are derived from Eqs. 6) and 7) as follows.

)
pM) = n(M) / Ny =8 o - M)exp (-B (M - MO)) /D e 8)

P(M)

1-NQ) /Ny =1-{80 - Mexp(-BM - M))) + exp(-BQL - 1))
- exp(-B(M - MO))} /D e 9)

where D = B(ML - MO) + exp(—B(ML - Mo)) - 1.

The values of M. and £ are determined by the method of maximum likelihood
(Ref. 5) based on thé earthquake data of 1926 - 1981. The estimated values of
Yy and B for each earthquake block are shown in Table 1 together with the
values of Np, My and M , where M is the maximum magnitude actually oc-
curred. N, is taken calcrfual to the @gfue from the data. It is assumed that M
is 5.0 for blocks A to F and 4.0 for blocks G and H. Maximum likelihood es-
timation was done by grouping the data with the magnitude step of 0.5 for
blocks A to F and 1.0 for blocks G and H.

Figs. 7 and 8 show the estimated curves of p(M) and P(M) for Block C (
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Off Sendai block). Figs. 9 and 10 show the plot of n(M) and N(M) for block ¢
from the earthquake data, together with the model curves from Eqs. 8) and 9)

using the estimated values of ML and B.

The location of each point source is assumed to be the simple average of
the latitude and the longitude of earthquake epicenters (Mz MO) in each block,

PROBABILITY DISTRIBUTION OF MAXIMUM GROUND MOTION

Assuming the properties of hypothetical point sources and the appropriate
attenuation relation, the probability distribution function for the maximum
ground motion during a specified period of time is derived (Ref. 7).

The probability distribution function P_(M) of the maximum magnitude dur-
ing a period of time t is expressed as follows under the assumption of Poisson
process for the sequence of earthquake occurrence (Ref. 6).

P ) = T (O 6)Kexp (<N ) /k!) @)~
t Lo 0

exp(—NOt(l - PM)) = exp(-N(M)t) e 10)
where N(M) = No(l -PM)).

As for the attenuation relation, the following Kanai's formula is used.

vy =a; exp(aZM) < T — 11)
where y = maximum ground acceleration, r = focal distance = Az + e2 ,
A = epicentral distance, e = focal depth (assumed to be 40 km for
blocks A to F and 10 km for blocks G and H in this analysis),
a = 6.74 / ’TG’ TG = 0.3, a, = 1.405, and ay = 1.73.
The value of magnitude corresponding to a given value of acceleration
is obtained from Eq. 11) as follows.

M(y) = (In(y) + agln(x) - ln(al)) / & e 12)
The probability distribution function P_(y) of the maximum ground accel-

eration at a site during t years caused by n independent sources is given as
follows (Ref. 7).

n n
Poy) = TR (y) = T P (M(y))
i=1 i=1
n
sexp(- ] NMGNY e 13)

i=1
The characteristic value of the maximum ground acceleration is determin-
ed tentativelzlby putting the exceedance probability (1 - P_(y)) equal to
0.632 (=1 ~ e 7). Under this assumption the relation betwegn the characteris-
tic maximum ground acceleration Am and the period t is obtained as follows.

2 n
t=1 /ilei(M(Am)) =1/ iZlNOi(l B I 17N ) N — "
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Fig. 11 shows the period t corresponding to the characteristic maximum
acceleration Am for five cities along the Pacific coast in Tohoku district
considering the ocean earthquakes only (blocks A to F). The values of A cor-
responding to specified values of t obtained by interpolation are tabulafed
{n the right-hand side of the figure.

To study the effect of inland earthquakes, the case of Miyagi prefecture
is considered. Fig. 12 shows the t - Am relation for three cities in Miyagi
prefecture considering both the ocean earthquakes (blocks A to F) and inland
earthquakes (blocks G and H). Values for ocean earthquakes only are also
shown for comparison. It is tentatively assumed that in case of inland earth-
quakes the distance ¥ in Eq. 11) is replaced by r + r. in order to modify the
acceleration values near source point, where r, is assumed to be 20 km.

It should be noted that the effect of inland earthquakes near source area
is susceptible to the assumption of attenuation relation. Further studies are
needed on the nature of attenuation relation near source area considering the
spread of source region. It is also to be noted that the effect of various
soil conditions on earthquake force has to be accounted for separately from
the evaluation of maximum acceleration Am at bedrock.

CONCLUSIONS

Described is a process for evaluating the probabilistic features of
earthquake force to be utilized in the prediction of earthquake damage to a
group of buildings. The activity of the earthquake environment in Tohoku dis-
trict, Japan, is modelled by multiple point sources and the probability dis-
tribution of earthquake magnitude for each source is modelled on the assump-
tion of modified Gutenberg~Richter formula by Utsu taking account of the upper
limit magnitude. The properties of maximum ground acceleration expected in
specified periods of time are studied for seven cities in Tohoku district.
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Fig. 6 Epicenters of Larthquakes (M2>5.0)
from 1926 to 198l in Tohoku District
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Table 1 Parameters of Earthquake

Blocks
Block No My  Mmax ML 8
A 7.79 5.00 8.00 8.74 1.40
B 10.54 5.00 8.30 8.70 1.45
C 2.84 5.00 7.70 8.39 0.83
D 2.54 5.00 7.10 7.44 0.47
E 4,57 5.00 7.70 8.43 1.12
F 3.29 5.00 6.90 7.12 0.55
G 0.93 4.00 6.50 6.81 1.09
H 0.43 4,00 6.60 7.08 0.24
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Fig. 11 Relation between Characteristic Maximum Acceleration and Period
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Fig. 12 Relation between Characteristic Maximum Acceleration and Period
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