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Abstract: Based on the concept of fuzzy risk suggested in paper[l], we
discuss how to estimate the fuzzy risk of earthquake hazard on city. This
is the application of the model in paper[l]. This paper shows how to get
earthquake fuzzy risk p,,(m,z) and calculate hazard fuzzy risk n¢(l, z) .
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1. Introduction

China is a country where earthquake often occurs. Earthquake is one of
main hazard factors with cause hazard on city. So, appropriate analysis on
it is of momentous significance.

Risk assessment of earthquake hazard is usually called earthquake dan-
gerous analysis. Probability and statistics methods is the main traditional
means be used to deal with uncertain factor in earthquake risk.

Analysing hazard-effected body is usually called earthquake hazard pre-
diction, which can be done by analysing data of historic earthquake hazard
and researching characteristics of hazard-effected body. Generally, to anal-
yse uncertainness of prediction, the means employed is based on probability
theory. ‘

The reason why the method of probability risk is used generally in earth-
quake hazard analysis is that probability theory has been being perfected
and it is easy to be used in many occasion. But an important point is
ignored, that is, although there may be statistical laws which control earth-
quake activity and earthquake hazard, it would be very difficult to recognize
the laws. From the inaccuracy of earthquake forecast and plenty of much
scattered data of historic earthquake, we can see there is a large distance
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between the facts and our knowledge. Under these circumstances, the result
from the methods of probability risk is not a good one to help scientific de-
cision. In this paper, we promote the fuzzy set theory into risk assessment
of earthquake hazard on city, which can supply much information.

2. Fuzzy Risk Model

In paper(l], the theory and general way of calculation of fuzzy risk is
suggested. In order to quoting conveniently in this paper, we simply repeat
it.

The definition of fuzzy risk: Let Y be the discourse universe of
hazard factor z, and z be the probability of surpassing y, where y € Y,
during T years . 7,(y, ) is the possibility of surpassing y with a probability
z about 2. '

R, = {m. (s @)y € Y,z € [0, 1]} (2.1)

is called fuzzy risk about 2.

The common probability risk is a general relatxonshlp within ¥ x [0, 1],
but the fuzzy risk is a fuzzy relationship.

Let B be a hazard-effected body, L be the discourse universe of hazard,

and POSSg(l,y) bé the possibility when B is struck by force Y where.
yeY,lelL.

dp(y) = {POSSe(l,y)lle L,y e Y} (2.2)

is called fuzzy distribution of hazard prediction about B.
Denote

r (:c,y) — W;(y, :l:) : _
{ r;(yal) = POSSB(I, y) (23)

Then, hazard fuzzy risk is defined as

{ Rp = {rp(l,z)|l € L,.:c € [0,1]} (2.4)
r8(l,z) = supycy {min{ri(z, y),r2(v,)}}
If there are n independent hazard-effected bodies in city C, as
C = {B1,By,---, B} (2.5)
then the hazard risk of city C is

{ Re = {xc(l,z)ll € L,z € [0, 1]}

. 2.6
Wc(l,-’l}) = sup,1+,,+...+1m=_1{mm3;EC{"'B.' (lﬂ"z)}} ( )

3. Fuzzy System Model of Hazard-Formative Environment
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The earthquake which cause hazard on city is mainly constructive earth-
quake. This kind of earthquake is caused by fault suddenly breaking. So
the research would start from analysing moving fault. If we take probabil-
ity method, the first step is to study the relationship of magnitude m and
frequency N(m) by the statistics formula:

log,o N(m) =p—gqm (3.1)

The second step is to let @ = 2.3p, 8 = 2.3¢ and get the probability density
function as the following:

Bexpl-B(m—m,)] . ,

, else.

where mg is the minimum magnitude, and m, is the maximum in the dis-
trict.

Then, according to the type of different focuses and the distance relation
between site and focus, using analytic algorithm, surpassing probability of
a certain earthquake parameter ( acceleration etc.) can be calculated [%3:4].

HY>w=f

mi

ma my

-?—fM(m)dm + / f,M (m)dm (3.3)
ma

where m; is the larger of mg and mj, where m} corresponds to the closest

distance, whereas my corresponds to the fault length.

This method is popular extensively in earthquake engineering. But it
doesn’t fit to the city which hasn’t rich financial capacity. The method re-
quire earthquake engineers to analyse sites one by one as San Francisco. It
is impossible and unnecessary for the cities of developing countries. Even
having done it, there would be some wrong in the conclusion which worked
out by expending a huge sum of money, because it is not easy to anal-
yse reliability of parameters which are connected which a series of physical
hypothesis and the selection of random model.

In fact, hazard-formative environment is a fuzzy system. We would use
fuzzy method to analyse earthquake risk by which only description of main
tendency is required, but not full accurate.

To fuzzy risk method, it is not necessary to find analytic function among
parameters, and only fuzzy relation is required.

Suppose the district where the city lies in has n earthquake records

M ={M,M,,---,M,} (3.4)

Let mg be the minimum magnitude which used in engineering, (mg can
be 4), m, be the maximum of magnitude in this district. Take [mo, m4]
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to be the universe of magnitude and AM to be step according to n, the
capacity of M’. Some discrete points with equal distance can be got in
[mo, ma].

X = {zy, 22, -, 2} (3.5)

is defined as discrete universe of magnitude, where z;,j = 1,2,-:-,k is
called controlling points.
Using equation (3.6), we can distributel®! information of M in X,

4 = { (1),__ M| L};ﬁe;fcjl < AM; (3'6)_
and obtain primary information ﬂistribution vector Q):
Q=(Q1,Q2",Qs) (3.7
where Q; = Z{zlq,-j. Let N; = ELIQ;, we call
N = (N1, Ng,---,Nyj) (3.8)

primary frequency distribution of magnitude.

In the district where the city lies in , if the area is not very large, n
is usually small which leads to N only rough approximation in frequency
of magnitude. If the area is too large, the frequency distribution can not
be used because district character would vanish. For risk assessment of
urban earthquake hazard, the area would be smaller, and we would improve
frequency distribution N by using information diffusion method!®l.

Discrete universe is required for fuzzy approximating inference when we
use fuzzy matrix. Let U and V be the discrete universe of magnitude and
of frequency which are written as the following.

{ U= {ul’u%""uE}’ Ue < Uyl (39)
V= {01)021"‘)1’5}’ Vs < Vsq1

Diffusing (z;, N;) in U x V by (3.10),

()= L B k7 S P Gl /)8
q] (u’ 'U) - 27l'h1h2 exp[ 2h% ]exp[ 2h§ ] (3’10)

we say that (z;, N;) gives the information with quantity g;(u,v) to point
(u,v). Where, hy, h; are called diffusing coefficients. When J > 10,

‘ . m, —mg

hy = 1.4208 71

M:meﬂﬁi&

e (3.11)
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Let
J S
q(“’a 'U) = Z qj, Qu = Z q(’“’a vo) (312)
ji=1 s=1

and
T(u, U) = Q(ua U)/Qu (3.13)

then
Rpn(u,v) = {r(u,v)|u e U,v € V} (3.14)

is called fuzzy relationship matrix between magnitude and frequency.

High frequency correspond to high probability, on the contrary, low prob-
ability is corresponded. Assuming T is the length of time during it we get
M’. And suppose that in next T years this district will follow the same law
of earthquake activeness. So, earthquake which magnitude not less than
mg must occur, it is said, the probability is 1 to meet an earthquake which
magnitude not less than mg. Because of this, we can turn V into probability
universe:

P = {Pl,Pz,"',Ps} (3'15)

where p, = v, /vs,8=1,2,---,S. Denote p = v/vs. Let m = u, z = p, and
tim (4, p) = 7(u, v), then:

P = {im (m, @)lm € U, € P) (3.16)

18 the earthquake fuzzy risk of where the city lies during T years.

If we write m as magnitude, and = as probability,Because U is magnitude
universe, and P is probability universe

Usually, there is a distance between the earthquake focus and the city
we analysed, which causes a certain attenuation of earthquake intensity.

Make use of the fuzzy relationship between epicentral intensity Iy and
magnitude M, we can change earthquake risk into intensity risk. In China,
Fuzzy relationship R(M, Io) was got!” ,where Iy = {VI,VII,VII,.--, XII}
and M = {my,mgs,---,mys} = {4.6,4.9,---,8.5}. Denote R(M,I,) by
{r(m,1)lm € M,i € Iy}. With the help of (3.16) and R(M, I,), we can get
intensity risk as

{ Ry, = {p1,(3, )i € Io, = € [0,1]}

pi1o (i) T) = 8UPp e pr {min{r(m, i), pm(m,z)}} (3.17)

This relationship only shows the situation of focus. With the character
of earthquake intensity, we can work out what it be after attenuation.

4. Fuzzy Mathematical Model of Earthquake Intensity Atten-
uation
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Because we are not able to exactly know where earthquake would occur
before it, the distance between the city and the focus is a fuzzy number.
Let d;, d; is the nearest and farthest distance, the simplest fuzzy number
is a bell function: g ‘
2
D= [ udyd (41)
dy
where

— _(d 2d _d)2 — _ _ 2
wd) = el = emp-L8(F 200 (42)
6

We mainly analyse the intensity attenuation on city because it is conve-
nient to use intensity to predict damage of hazard-effected bodies existing
in large number.

The relationship of attenuation can be return from the estimation of
intensity area. In a certain district, if earthquake in m will produce intensity
I with area a, we know that the intensity at the site where distance to focus

in d = y/a/m would be I.

Let M, A be magnitude and area universe, respectively. To site intensity
¢ whose universe I is the same as I, we can get the primary information
distribution matrix!®! Q/(M, A), its elements is g/(m,a). Let d = \/a/7 and
note g;(m,d) = ¢i(m,a), then we can construct the primary information
distribution matrix Q;(M, D) between M and D which is the universe of
distance.

Qi(M, D) = {¢q;(m,d)lm € M,d € D} (4.3)

Using the normal method(®], a fuzzy relationship matrix from M to D can
be got as

Ry(M, D) = {ry(m,d)|lm € M,d € D} (4.4)
Because there is the fuzzy relationship R(M,Iy) between M and I in ex-
isting, we can get a fuzzy relationship from Iy to D for I as the following
{ Ri(Io, D) = {ri(io, d)]io € Io,d € D}
7i(t0,d) = supy, ¢ pr{min{r(m, io), ri(m, d)}}
When epicentral intensity is 29, after attenuation of D, intensity of the site
would be

(4.5)

{ R(Io,I) = D o R;(Io, D) (4.6)

r(i0,%) = supge p {min{u(d), ri(io,d)}}
Where ((d) can be got from equation (4.2). So, to D, fuzzy risk of intensity
can be calculated. That is :
{ Rr = {pu(i,z)li € I,z € [0,1]} . (4.7)
p(i, z) = sup;, ¢ 1 {min{r(do, 9), pr, (i, 2)}}
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Where r(do,1) comes from (4.6), and py, (%, z) from (3.17).
5. Method of Fuzzy Earthquake Disaster Prediction

The method of fuzzy earthquake hazard prediction must be selected
according to the type of object of hazard effect and earthquake input. To
object of hazard effect B, the result of prediction is showed in (2.2). To
earthquake input y, many cases would appear, they can be showed by using

possibility distribution POSSp(l,y) which means there is uncertainness for
destructive.

The degree of earthquake hazard is usually recorded with language. It
can be turned into fuzzy subset on the earthquake hazard index by using
(5.1) which has an universe U = {u1,uz,--+,u11} = {0,0.1,0.2,---,1}.

A; = Good condition = 1/0 + 0.7/0.1 + 0.2/0.2

Az = Light destruction = 0.2/0 + 0.7/0.1 +1/0.2 + 0.7/0.3 4 0.2/0.4

A3 = General destruction = 0.2/0.2 + 0.7/0.3 + 1/0.4 + 0.7/0.5 + 0.2/0.6 -

A4 = Heavy destruction = 0.2/0.4+0.7/0.5 + 1/0.6 + 0.7/0.7 + 0.2/0.8

As = Collapse = 0.2/0.6 + 0.7/0.7 + 1/0.8 + 0.7/0.9 + 0.2/1

5.1

Generally, for a special kind of hazard-effected body, there must (be 3.
fuzzy relationship R between earthquake parameter and hazard. For in-
stance, if hazard-effected body is single layer brick pillar factory-building,
and z is dynamic reaction then A = zo R. Comparing A with the fuzzy sets
of (5.1) in closing way, the possibility of every type of earthquake hazard
can be got. In general, we can use valence closing method to do it.

Let A be a fuzzy set which is calculated by dynamic reaction on the
earthquake hazard universe U, write it in é(u) Suppose B is a fuzzy set

in (5.1)and write it in B(u).
4B = V(AW ABW), A0 8= Aucr(A@VE@) (68

are called inter-times and outer-times of A and B separately. The valence
closing of A and B is defined as

(4.B)= 2(4-B+(1- A0 B)) (5.9)

If B is the degree of earthquake hazard, which occurred to a single layer brick
pillar building , and z is dynamic reaction , then (é,g) is the possibility
of earthquake prediction where B € {A1, A2,---, As}. Usually there are

more than one B make (é, E) be lager than zero, so several possibilities of
destruction exited.
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6. City System Analysis

- According to the above formulas, to each hazard-effected body, we can
calculate their risk of earthquake hazard. Now, we begin to discuss the
hazard risk of the whole city as (2.6).

6.1. Classifying method

Assuming hazard-effected bodies in (2.5) can be classified into O cate-
gories. Responding to every B, we suppose that these O categories can be
queued by degree of loss. The category which has the most serious degree
of loss is sorted at the first. For instance, single layer brick building won’t
have a great loss when a middle earthquake occurs, instead gas pipes often
cause large loss to cities. Therefore, gas pipe should be in front of single
layer brick building.

To earthquake, the damage degree is usually recorded with language. It
can be turned into fuzzy sets on the earthquake hazard index by using (5.1).

When we use classifying method to analyse the loss of the whole city on
single hazard factor, we always suppose that the loss of hazard-effected body
is in direct proportion to its volume in a category. Make use of historic data,
we can have loss coefficient c(k, 4;) to each category where A; is damage
degree and k is a serial number of categories.

Assuming the volume of B is V. If the damage degree is A;, the loss
of B would be I = ¢(k, A;)V. If earthquake damage prediction of B is
POSSp(A;,i) where i € I is earthquake intensity, the loss of B would be a
distribution as

rg(i, 1) = M 'e{iull }{Inin{POSSB(Aj’ i), T(Aj’ l)}} (6.1)

where | (k. 4,)
_J 1, whenl=c(k,A;)V;
m(A4j)1) = { 0, others

Obviously, fuzzy loss risk is
rp(lz) = sup{min{u(i, z), r5(i,1)}} (6.2)
1€

where 1 is a hazard factor variable, and z is probability. When hazard factor
is earthquake, % is earthquake intensity, and u(z, z) can be get from Eq.(4.7).
Now, the loss risk of city C would be '

{ Re = {Wc(l,:l})ll €L,z € [07 1]}

. 6.3
7c(1,2) = SUpy, 1oyt iminB o {rm, (1 2))) (O
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where L is the discourse universe of economic loss.

6.2. Direct loss method

Classifying method is a rough way. If there are enough data, we ought
to use direct loss method.

Assuming the construction value of B is e(!), equipment value is e(2),
and enlarge coefficient is A. e(!) can be got mainly according to building
cost of B. In general, e(*)=cost to build. B—depreciation charge. e(®) can
be got according to instrument, equipment, etc. which are in B. ) is relate
to the social function of B.

Therefore, the whole value of B is

e = (1+ N (e + @) (6.4)

In fact, hazard index is defined by percentage Let damage A; (j =
1,2,...) are fuzzy sets on the discourse universe U = {uy,us, ,us} of
hazard index. If we know that B will face hazard as A;, the loss would be

7 (s, 1) = “—Al’gl’—) (6.5)

If the damage prediction of B is POSSp(A4;,1), then

rp(i,l) = A-e{iua }{min{PO.S'SB(Aj,i),r(Aj, D}} (6.6)

is the loss distribution, where
r(4;,1) = sup. {7 (u., )} (6.7)

Make use of (6.2) and (6.3), the whole city’s loss nsk on single hazard factor
can be got.

7. Concluding Remarks

If we use classic method to analyse risk of earthquake hazard, we have
to face hypothesis in every step. But it is difficult to judge if it is suitable
in engineering field. Classic method is a idealized theory method.

The main point of fuzzy risk method is to use fuzzy relatlonshlp replac-
ing analytic function pattern among parameters. A series of mathematical
hypothesis can be omitted and the method is universal significance. Fuzzy
relationship can be got from lots of historic earthquake data instead of
mathematical hypothesis. In China, rich data make methods suggested in



27

this paper is more suitable. Improvement of computer functions also pro-
vide guarantee for this method. Due to limited space, analysis of example
will be suggested in papers afterwards.

[1] Huang Chongfu, Shi Peijun and Zhang Yuanming, Fuzzy mathematical
model of urban natural hazard & risk assessment, Bulletin for Studies
and Exchanges on Fuzziness and its Applications, Vol.59, (1994), 93-98.

[2] Cornell,C.A., Engineering seismic risk analysis, BUIl. Seism. Soc. AM.
58,(1968),1583-1606.

[3] Ang,A.H-S., Probability concepts in earthquake engineering, in Applied
Mechanics in Earthquake Engineering, W.D.Iwan, Editor, ASME,AMDS,
(1974),225-259.

[4] Der Kiureghian,A. and Ang,A.H-S., A line-source for seismic risk anal-
ysis, University of Illinois at Urbana-Champaign, Civil Eng. Studies,
SRS, NO.,(1975). ~

[5] Huang Chongfu and Liu Zhengrong, Isoseimal area estimation of Yunnan
Province by fuzzy mathematical method, Fuzzy Mathematics in Earth-
quake Researches, Seismological Press,(1985),185-195.

[6] Huang Chongfu and Wang Jiading, Technology of Fuzzy Information
Optimization Processing and Applications, Beijing University of Aero-
nautics and Astronautics Press, 1995.

[7] Liu Zhengrong and Huang Chongfu, Information distribution method
relevant in fuzzy information analysis, Fuzzy Sets and Systems, Vol.36,
(1990),67-76.

[8] Huang Chongfu and Wang Jiading, Fuzzy Information Analysis and Ap-
plications, Beijing Normal University Press, 1992.



