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SUMMARY

In this paper, based on the concept of the degree of approaching for
normal fuzzy sets and by means of fuzzy multifactorial evaluation, the
conventional evaluation of earthquake intensity is researched and treated
quantitatively. The abundant macroscopic observational data have been col-
lected and analysed. Setting the damage conditions of buildings, the fissure
conditions of earth surface and the man-sensibility conditions as three
main kinds of macroscopic standards, the corresponding quantitative compa-
rison tables for different degrees in the seismic scale had been compiled
respectively. Then, the general method for quantitative evaluating the
earthquake intensity by use of the fuzzy standards is described.

INTRODUCTION

In the evaluation of earthquake intensity some qualitative indices,
such as the building damage, the human sensibleness, the rupture of earth
surface and others are used mainly. These fuzzy indices or stgndards are
full of difficulties for quantitative evaluation, and, therefore, the
earthquake intensity is a typical fuzzy scale in the engineering seismology.
Fortunately, the concepts and methods of fuzzy mathematics developed rapidly
in recent years remain to be tried in suchlike quantitative evaluations

(Ref.1.5).
QUANTITATIVE COMPARISON TABLES

We have selected about 700 building damage data, 37 earth fissure data
and 80 man-sensibility data corresponded to the different intensities in
the different cases. These macroscopic data have been collected from the
seismological literatures and reports on intensities of Haiyuan(M=8.5),
Jixian(M=8.5), Chayu(M=8.5), Atushi(M=8.25), Huaxian(M=8), Sanhe(M=8), Pinlo
(M=8), Sonming(M=8), Gulang(M=8), Huwen(M=8), Luhuo(M=7.9), Tangshan(M=7.8),
Longling(M=7.6), Haicheng(M=7.3), Xintai(M=7.2), Sompan(M=7.2), Sandan(M=
7.25), Yangkimng(M=6.4), Ljyang(M=6.0), Ushi(M=6.1) and other earthquakes
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occurred in China. According to statistics obtained on the bgsis of these
abundant macroscopic observational data, we can suppose that the macrosco-
pic fuzzy standards corresponded to a determinate degree in earthquake in-
tensity scale are characterized approximately by nomal distribution fun-

ction as:
2

i
N=e TCBT 1)
where x. is the value of i-th kind sample, a is the average value of x_,
i=1,2,.%.n, b is the standard deviation, N, is the total mumber of i-th
kind samples with value x.. Then, taking the damage conditions of buildings
of different types, the fissure conditions of earth and the man-sensibi-
lity conditions as three main kinds of macroscopic standards used for de-
termination of earthquake intensity, we have compiled the corresponding
quantitative comparison tables for different ranges of degrees in the seis-
mic sScale respectively, as shown in Tables 1-k.

Building Damage Standard

Table 1 is the quantitative comparison table for building damage stan-
dard in the range of degrees VI--XI, where O+ is a infinitely small value,
and the buildings are classified into I, II, III types according to the
Chinese Seismic Scale. This table can be applied to evaluating the high
intensities of strong earthquakes, when the building damage condition may
be used as a main kind of macroscopic standards. Besides, it must be noted
that some data in Table 1 were revised from the Table 1 in Ref.2.

In some special cases, for example, in the case of evaluating the in-
tensity of a historical earthquake by using the historied materials, the
building damage conditions can't be classified in detail, and the somewhat
rough comparison tables may be applied. One of them is shown in Table 2.

Earth Fissure Standard

As is well-knowg, for evaluating the high intensities, such as XI and
XII degrees, the building damage standard can't be applied as a main stan-
dard, because almost all buildings are quite destroyed. Obviously, in this
cgse the disaster, especially the fissure conditions of earth surface must
be taken as the main kind of macroscopic standards.

The general characteristics of disaster including the fissure condi-
tions after a series of earthquakes in China had been researched in Ref.k.
The result obtained shows that the ground fissure condition is one of sen-
sitive macroscopic indices for very high intensities. Therefore, we can
take the earth fissure condition as a main macroscopic standard for evalu-
ating the XI and XII degrees in seismic scgle. Based on the anglysis of
collected data for destructive earthquakes with magnitude larger than 8,
we have taken the wide of earth fissure as an important characteristic
for its quantitative evaluation, and classified the earth fissures into 2
types: rock fissures and general ground fissures. Then, we have compiled
the quantitative comparison table of XI and XII degrees for earth fissure
standard, as shown in Table 3. This Table can be used for evaluating the
extremely high intensity in the epicentral region of a disastrous earthquake.
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Table 3. Quantitative Comparison Table for Earth Fissure Standard
Represented by Its Wide

Type of XII X1
fissures a (cm) |[b (cm) | a (cm) | b (cm)
Rock fissure 163 100 50 27
Ground fissure| 720 260 140 100

Man-sensibility Standard

In the cases of low imtensities smaller than VI degree the building
damage standard also can't be used as the main standard continuously, be-
cause the majority of buildings are not damaged. The man-sensibility can
be applied mainly for evaluating the intensitied in this range. The cor-
responding quantitative comparison table,obtained on the bgsis of col-~
lected data, is shown in Table 4, in which the man-sensibility condition
is represented by percent of population sensible of the earthquake. This
table may be applied especially for evaluating the low intemsities in
seismic scale.

Table 4. Quantitative Comparison Table from I to VI Degrees for
Man-sensibility Standard

VI v IV III II I

a b| a b b a b a b

b a
100%|0+ | 858 | 25% | 50% | 23%| 15% | 5 5% | O+ | O% 0

METHOD

Let us suppose that the macroscopic standards for different degrees
in seismic scale form a series of normal fuzzy sets A;, j=1,2,...m, and
the evaluated sample set also forms a normal fuzzy set « Then, we can
take the corresponding distribution functions (1) as thelr membership
functions, namely:

x-a, 2
Aj(x) = e ij ) (2)

For two normal fuzzy sets A, and A with parameters (a., b.) and
(ao, bo) respectively, the degrea of approaching can be deffnedas

a.=-a
= 4_0°
(Aj, AO)— {;-(5313;——-)+1 ] /2 (3

When the parameters aj, a, and bj' bo all are equal to zero, we may take

(A,, A )=0.
I A cording to the primciple of approaching, if we have equation¥
r, = (Ao, Ai) = max (Ao, Aj) y J=142,...m, 4)
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s0 it can be conclused that the fuzzy sample set A. is most approaching
0
to the fuzzy model set 4, .
) Based on the above-fientioned concepts of fuzzy sets, we can apply
a simple method for quantitative evaluating the earthquake intensity by
use of the fuzzy macroscopic standards. This method consist of the fol-
lowing main steps.

Step I: Collection and treatment of Observational Data

Firstly, we need to collect the enough macroscopic cbservational data
as samples of the given standards after occurrence of an earthquake. Se-
condly, we must determine the membership functions, i.e. the parameters a_,
bj in (2) for different cases. Among them the parameters a , bo for sampl

fuzzy set can be obtained from the collected macroscopic data, and the para-
meters aj, bj for different model fuzzy sets can be taken directly from the

corresponding quantitative comparison tables (see Tables 1-4).

Step II: Operation of Degree Méyrix of Approaching

All elements of the degree matrix of approaching are cglculated on
the basis of formula (3). Then, we can obtain this matrix R. For example,
the degree matrix of approaching for building damage standard can be
written as:

T0,1,1 T0,1,2 TTreeeeeee T0,1,6
R = tescestcansescscccssercsconnsean = ( T0,i,3 ), ()

1‘0’5'1 1'0,5’2 sssesesscs 1'0’5‘6

where the sign i denotes the degree of building damage, i=1,2,..+,5 cor-
respond to no damage, slight damage, damage, .«....severe destiroy respective-
1ly; and the sign j denotes the degree in seismic scale, §=142, e 0446 cor-
respond to XI, X,..., VI degrees respectively.

Moreover, the matrix R may be reformed by means of average and nor-
malization. In the case of using the building damage standard, we may re-
form the matrix (5) into:

91,1 99,2 ceveeeeees 1,6 ©
Q = esseesetsssssesacasennseN = ( qk,j ) v
G931 33,2 teveeeenes 13,6
where k=1,2,% denote the type I,II,III of buildings respectively.

Step III: Fuzzy Multifactorial Evaluation

Paking account of certain weight distribution function W ?f differe?x
cgses, we can make the fuzzy multifactorial evaluation the basis of natr}x
Q obtained above. If we use the building damage standard, the corresponding
‘formula for fuzzy multifactorial evaluation is
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P = WoQ = (P_‘, PZ, ccccsay Pll) = Pj ’ (7)

where w=(v1 U2 WB) is the weight vector for I,II,III types of buildings,
* b4

and the sign "o" denotes the operation ''combination'" which defination is
following: suppose R=(r..) and S=(s,.) are the nxm and mxp fuyzzy matrices

respectively, so the 1patrix 1 Tz(tij) with elements
tik =max (min (r.. 8.)) 5, J=1,2) ecey m (8)
j 131 Jk

1= 1,2500e4; K = 1,2,00e,pP

can be Cglled a combinatiopal matrix of R and S and denoted gs:

T = RS .
The vector P may be normalized and reformed into:
H= h h, ececeey h =h, 10
( 1, mz' b} m) J R ( )
where h, = p./(= p.) , J =12, ecceee, m. (10.a)
J J j=1 J

Step IV: Ev_luation of Earthquake Intensity

By using the principle of approaching, we can obtain the judged
earthquake intensity, i.e. the degree in seismic scale for a given event.
Obviously, this intensity must correspond to the maximal component of the
vector P in (7) or vector H in (10):

Pk = max Pj (11)
J
or hk =max h,. . (12)
s J
J
EXAMPLES

Intensity of Songpan M=7.2 Earthquake in 1976

For evaluating the intensity of songpan M=7.2 earthquake at Beima
and Wanbachu points together, we used the data about building damage con-
ditions at these points. From these data we have obtained the result shown
in Table 5. where a is the mean value in percent of all taken indices and
b is its mean stgndard deviation. Then, we can get the degree matrix of
approaching as
2 _Ilo.5 0.547 0.678 0.893 0.826 “
“110.5 0.577 0.589 0.959 0.837

and its normalized form as

_"0.15 0.16 0.20 0.26 0.24’,
@ =]{0.15 0.17 0.17 0.28 0.2k
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‘Table 5. Parameters of Membership Function Obtained for Songpan
Earthquake at Beima and Wanbachu Points

Type of buildings |Slight damage | Damage Destroy | Severe destroy
im s a = 0412 a = Q.47 a = 0.016 a=0
II-type buildings | \ _ ; o5 b =0.228 | b=0.05 | b=0
_ ca g a = 0.529 a = 0.08 a = 0.0025 a=20
III-type buildings| \ _ g 6 b = 0.042 | b =0.00%5] b=0

Bupposing that both II-type and III-type buildings have equal weight
for evgpluating the earthquake intensity, i.e. taking W=(0.5, 0.5), we can
obtain the normalized vector H for fuzzy multifactorial evaluating the
intensity of studied earthquake:

H = ( 0.1%, 0.16, 0.18, 0.27, 0.2k ) .

The components of H correspond to X,IX,VIII,VII,VI degrees respectively.
From these components we can see that the H; =0.27 corresponding to VII
degree is largest. Therefore, the intensity at Bzima and Wangbachu Toge-
ther must be evaluated zs VII degree, but it also may be approaching to
VI degree. This result agrees well with the result of macroscopie inten-
sity investigation obtained by the Szechuan Seismological Bureau.

Intensity of Hozhei M=7.0 Earthquagke in 1937

According to the historied material, after this earthquake about 30%
of buildings im the Hozhei region and 20% of buildings in the Donming
and Dintau regions had been destroyed. Let us suppose that the destroyed
buildings in given regions in 1537 were II type buildings basically, and
the conditions of building damage may be researched as destroy and severe
destroy together. By using Table 2, we can obtain the degree matrices of
approaching as

X1 X Ix VIII VII VI
R, = (0.5 0.5 0.528 0.628 0.947 0.5)

for the Hozhei region, and
X1 X IX VIII Vi VI
R, = (0.5 0.5 0.506 0.537 0.888 0.5)

for the Donming and Dintau regions together.

Obviously, from the components of matrices-vectors Q1 and Q2 we cagn

come to the conclusion that the Hozhei earthquake intensity d?grees in
seismic scale are equal to VII+ in the Hozhei region and VII in the Don-
ming and Dintau regions.

Intensity of Haiynan M=8.5 Earthquake in 1920

According to the historied data about disaster of Haiyuan earthquake

825



we may take approximately the average wide of earth fissure in the Haiyuan
region as: a=250cm, b=0 for rock fissure and a=550cm, b=0 for ground fis-
sue. By using Table 3, we can obtain the degree matrix of approaching

R = 0.735 0.5 Rock fissure
- 0.826 0.5 Ground fissure
XII XI

Supposing that the rock fissure and ground fissure have equal weight
for evaluating the earthquake intensity, i.e. taking W=(0.5, 0.5), we can
obtain the vector for fuzzy multifactorial evaluation

P = WoQ = (0.5, 0.4) .

According to the principle of approaching, the intensity in the Hai-
yuan region can be evaluated zs XII degree.
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