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USAGE AND LIMITATION OF EARTHQUAKE INTENSITY 

* Hu, YU:xian 

ABSTRACT 

This paper desoribes a.t first tlta ineani:b.gs and three 
uses of earthquake intensity ; discUsseS" then the req,ulre
ments :t"elatedto earthquake intensity in stl"Uo.turai design 
during varioutIf stages of progress of earthttUakelilreslfJta.nt 
design; emphasizes the limitation of intensity- used in 
currentcades;gnd suggests to us:e in structural design the 
ground motion parameters without refe·renoe to earthquake 
intenSity. Rela.ted results obtained and factors to be con
Sidered in microzonation are also discussed. 

1. MEANING, USAGE AND NATURE OF EARTHQUAKE INTENSIT"Y 

Earthquake intenSity is an old idea Which may be 
traced ba~k to 178Jwhen it was used ae a. means to describe 
the relative strength of earthquakes, It has been widely
used since 19th century in Europe and America and many 
earthquake intensity scales have been suggested and used 
for its rating. Almost right from its beginning, two re
lated but different meanings have been given to earthquake 
intenSity: the direct and the indirect. By the direct 
meaning, intenSity 18 a qualitative meaa.ure of the serious
ness of tbi!! re8u1 ts of the earthquake on human feeling, 
ground disturbanoe, structura.l da.mage and ob.1ect· behavior; 
by the. indirect meaning, it is a qual 1tat ive measure of the 
intenSity of earthquake ground motion through the direct. 

The usage ot earthqUake intensity falll generally 
inti) one of thetolla"tng three grouve. Firstly, i,t Is 
uae6 to direct the goverJU'Iu!ttltal or social aid to tbtt d_ged 
at"ealaceording to the sever1ty g1Yett 111 tbe earthquake 1n
t891ty distributional' the1S0ae181b&1.tlrattnafter a 
strong earthquake. SecCTlci11 •. :1 t 18 u8.6 toat\ldy. the Itourae 
lIleehant8ttl at e.anhquYe And the tectcmle ~tivitl of a 
d18triot. Thirdly. it i8 uatt4to gtoup experience obta.1ne4 
tor eng1ll~.ring etftaturtHJunder certain condltioDe and the 
t'equlrelllent·s to be speci ned in d.elgn code for ncb COft
(tition8. 

I Xi 

Protellor, In.8tltute ot BngtneerlngMechan1·c8 (IEM). 
Aoadt'1rIta Slnle. 



For almost 200 years,earthql1ake intensity reamins to 
be a qualitative, global, rough and nOflphysioal rating 
rather than a quantitative, specific, accurate and physical 
quantity. In spite of the effort of many investigators 
trying to attach to intensity a physical quantity eueh as 
acceleration or velooityof ground motion, little results 
have been achieved and earthqUake intensity remains a rough 
rating to be assessed according to intensity scaleC! It 
seems to the author that it will remain so fOr a long tiMe. 
The reason is that there is a definite need for a quaIl ta
ttve and. global rating to reflect the general trend of 
variation of dama.ge or ground motion in the usage of inten
sity as m€lntionedaboveand t:here is no way to replace this 
simple rating in the near future. 

2. ENGINEERING NElEDS OF EARTHQUA:X.EGROUnD MOTION· 

The third way of using earthquake intensity is the 
engineering way whiohis themain·interaat of the present 
paper. ;The engineering need of earthquake intensity changes 
with the advance of the theory of earthquake-resista.nt 
design. 

In j.ts beginning period, perhaps before 1950, theory 
of earthqua.ke-r'8sistant design was in static stage where 
the effect of earthquake ground motion on structu't'e was 
considered to be a static horizontal force, completely spec
ified by a single parameter, such as the maximum horizontal 
acceleration of ground motion. 

Response spectrum theory was initiated by professor 
G. W. Hausner approximately in 1950. Since then, earthquake 
ground motion was treated /i'sa vibrational p.rooesa of cer
tainspeotrum. but this spectr'Utn was oonsidered unohanged 
in shape for different conditlonein thEf e.arlystage of 
response spectrum theory and number of independentparametel' 
of ea:t'thquake ground motion remllins to be only one. 

This may be the reason that manyseismlc design cocles 
tefors 1960 or so adopted earthquake intensity, an idea so 
popular then.in Europe and Amerioa, as an index for zoning 
and design. values of aoceleration were givenaooordlngto 
intensity. A typical example is the SOViet Union's oode of 
1957 in wh1chseismic zonation, Site effect and aonstl"Uo
tional measures were all specified through intensity. 

But in the later stage "of response epeet1"Wn theory, 
perhaps since 1960-70, it was suggested that the ground 
motion spectrum should vary in shFlpe for different eiteco~~) 
ditions. Fig.1ehowe the ""Ita of IEM publish-ed in 1965 
and of Seed, et a1 in 1974' - t both ahowtnp: clea.rly that the 
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softer the ai te, the large, theorclina:tes otth.espec:tt"\.Un at 
longer periods with a diff~rence of ' several times. 'Strong 
field evidence has been mentioned in liteta.ture'to show 'the 
so-called sell;tctive damage which maybe cl()$elyrelatc:ed to ' 
the varia-tionof grcrund motion Spectt'UlJl_ Table tttnd Fig.2 
show the results we obtained in the 1975 Hti'Changearthquake" 
Damage index 1 is a qualitative meas'Ure.coinedb,y the author 
in 1970 during the field study of 1970 Tonghai 'et:gthqua.ke t.o 
be used as a substitute for earthquake 'intensity ,). I;: 0 
means no datnage and I := 1 means completecolla.peE! of 'a. II 
struotures within a loca}. area. Fig.2was drawn from data 
given in Table 1. This set of data, base'd on a large amount 
of investigations in the field, shows clearly atle,st two 
fact s as follows. ( 1 )Tbe intensity rating agrees ro~ghly 
with damage of low masQntybuildings, 1thich fJeems to mean 
that,intensi ty is rate~prittlarily(mthe"beha.viorofthis 
kind of building, ,mostpropular 1ntheslialtenarea. (2) "The 
intEinsity rating haj3.almost norelatiotLWithdamage of'brielt 
smO'ke-staeka and ai te condition has averystrongil1fluenee ' 
on damage of long-period structure; the sofi;er, the site and/ 
or the longer the epicentral dista.nofl.thegrea.ter is the 
damage index of long-period structure,', Sirnilara$the rewl t 
given in Fig.1. ThiS result is readily' acoept&d theoret.1ca1ly 
from wa.ve propaga.tion. 

When theory"o'£ earthquake-res1stantdes.ignadvances to 
this stage. ,the requirement on ground mo1iionundergoee a fun
damental change. Earthquake motion is oQnside,red ,s. phY~ical 
quantity, no 'longer of only one,but of s'eve!'alindependent 
paramet,ersto control its ~ibrational charaoteristics.among 
which'amplitude t spectt"litn and duratlon,shd'llld:tlotbe ignored. 

The :lmpottftClr,of variation,ofspeofta.leh~peotgtoun!1 
motion has beenreoo'gn1~ed by aev&ral i1l'lPQrt;ant' d'esl,liro oodes, 
''\lahIlS the Chinese Code of 1974,alld1978; UBO .ahdArrc: .... ' Model 
Coliein the United,~tatea in ~~8:r:ox:i:mat~11t976.,andtheUSSR 
draftotrde CHMtlll ... 71nt979 ,J .inwhicl'tiUfferent «pectral 
shape8 areassig1'ied to different slt8c-ondltionlin addition 
to lndependfmtly varying ground accelerlttiol'l.~ , 

. In addition to p:tak 'Val.ues and . .,p.()'fral Sbape , '~l'.tioft 
of stron'l, P()~t ion of grOllnd mot ioni'sa.nothtftlm:portant ,'pa~a. 
meter oontrolling :I. t,. etfeet ort dUfageo!-et1!Uotureti. nata 
given in Tabl$ 2 show itcl~arl1' , Ground motions of the £11'llt 
110888S oau:sed relatlV;elyelight&r damage were of :cather 
large p8akaeoe1erat1ona of 0.3 ... O.7g in general and very 
short durations of 1 ... 8 se,~. t W'hile those ,of the last 7 dtU'ee 
oaused comparatively heavier damage were of much smaller peak 
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accelerations of 0.04- 0.2g and rather long durations of 
20 - 60sec. The importance of' duration is well know but not 
reflected yet in building codes becausEcan·easyand resonable 
way of its consideration!s still needed; forimpcirtant struc
tures like nuelear power Plant, however, duration is conSid
ered in simula.ting input ground motions for dynamic analysis. 

3. SITE CONDITIONS AND MICROZON!TION 

Microzonatlon idea was first used in USSR officially 
perhaps in 1957. By microzonation, it is meant that a eub
division of an area of the si!te of a county, a city or a 
comple~ construction site, usually In the same intensity 
zone from seismic zon~tion.is made oy.considering the effect 
of aiteoondltions, such aelocal Boil, ground water table, 
local·topographyand existance of faults. Seismicity is the 
main consideration in seisrniozonationand not considered in 
microzonationaocording to the USSR.idea though not eo uni
verslllly .Tne resul t oftonation isa zoning map 0 f earth
quake intensity, while the resultofmicro%onation is a map 
of sits.intenslty, intensity modified by considering effect 
of dIfference in site conditions. . 

Ground soil condit1on is now generally considered to 
ha.ve an .important influence on ground motion and various 
schools seem to have agreed recently on its effect on spec
tral s)'t Ii pe of ground motion. Ta.ble 3 shows the author's 
underatancilng of the inte1'!nationaltrE!ndin code modification 
in this aspect. A common "trend may be seen from Table 3 in 
the way .ofconslderationof ground soil condition by modifying 
thesha.pe of response spectrum instead of old -way of adjusting 
the design earthquake intensity.· 

Main results obtained on earthquake ground motion and 
s1 te effect by a reseBrch group, hef~etgy 9 rhe author from 
1961 to 1978, 1n IEMare as follows -, - • 

(1) Wea.k or potentially urastable groundma, fail 
during a,strong- earthquake 4. ueto .. Satld liquefaction. differ
ential settlement. land·allde,craek1ngor reduction of sup
porting capaoi ty. To prevent the effect of ground failure on 
8Upe1!8t~ctur,e. a raise of design intensity or groutld motion 
ianeithereffectiTe nor economic,and 8ite selection and 
foundation treatment should bea.better recipe. 

(2) Stfeot ot~Ul'ld $01100n111 tlon on ground motion 
1s toO be considered by adju1Jttng the shape 0 f response 
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spectrum instead .ofadjusting the design int,ne1 tyag ueed 
then.in some countries, and a olasslficationofgrounclsoll 
conditions into 4 groups together with tbeircorrespondlng 
desigftspectra was suggested on the basls6f data available. 

(,) Effect offaulte should be differentiated. For 
causativefau:l.te, relative displacements across the f'aultmay 
take place and resul tin ground failure. . Si teseleetlonand 
special. de'signofstrttctures to accommodate this displacement 
are reasonable way: of considering its effect. Causat1:'Ve 
faults are found usual11.1n epicentralarea.For.non- cau
sative faults there Is. usually no risk ofeu,oh :ground rail~re 
and suchfaul ts may be treated as a groundsol1. problem with 
no additional adjustment of design. earthquake intenSity. 

. (4) Following the above-mentioned reasonings, a micro
zonation is not an adjustment of intenSity to site intenSity 
but a depicting of ground soil conditions by soil investi
gation with assistance of other in-situ tests and ground 
motion analyses. The term site intensity may be deleted from 
design code. 

(5) In case that super-structura.1.f'ailure from ground 
failure can not be prevented, liquefaction of' sand layers 
below foundation will accentuate damage of the super-structure 
through ground failure; but under conditions that there is a 
stable top soil layer of sufficient depth and strength to 
support the super-structure witti no ground failure on surface, 
liquefaction of lower sand layer may prevent shear waves 
,ropagating into the. structure and thus result'in mitigating· 
the damage to the super-structure. . .. 

(6) It·is possible to eompute the surface motion from 
input motion at.bedrock and study the effect of ground soil 
condition on ground motion, considering the nonlinear property 
of soll. 

(7) In structural design, ground motion parameters may 
be used without referring to earthquake intenSity. 

First 4. results were obtained and reported before 1972 
and adopted in our currentbuildlng co.de with s-ome minor 
ch~ges. 

Aecot.'cUng our current code and current understanding. 
it 1s belined that follOWing items should becoDsidered in 
sei81ll1cmlcrozonation. 

(1) A map showing detailed seismicity of the region, 
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given the future probable earthquake magnitudes, locations 
and return periods or probabilities. 

(2) Possibility and extent of ground failure during 
earthquakes expected in future. 

(3) Possible values of various design parameters of 
ground motion, s'Uch as maximum or root-mean-sq'Uare acceler
ation and velocity, response spectra and d'Uration, if possible, 
with their coefficients of variation. 

(4) Microzonationof ground soil conditions, with 
corresponding values of abo~e-mentioned design parameters. 

(5) Effects of other site conditions on gro'Und mot-ion 
and their microzonation. 

4. CONTRADICTIONS BETWEEN EARTHQUAKE INTENSITY 

AND GROUND MOTION PARAMETERS 

Since 1960's, we have emphasized several times that 
earthquake damage to engineering structures may be introduced 
by quite different(megha.Qism, namely structural vibration and 
foundation failure ',-':JJ. It is very important to distin
guish one mechanism from the other because different measures 
should be taken to prevent or mitigate effectively the damage 
caused. Since earthquake intenSity tries to combine, instead 
of distinguish, all fact.ors or effects of all factors into a 
united single rating of global damage, an adoption of earth
quake intensity idea, therefore, will be an obstacle to dis
tinguish ground failure from structural vibration and easily 
result in adjusting the design intensity for seismically weak 
sites. In the current USSR seismic code, for example. the 
design intensity for structures on veak soils such as lique
fiable· sand layer should be increased by one g1"ade.Such an 
increase of design intensity will result primarily in 
strengthening super-structure but is not effective at all in 
preventing the foundation from malfunctioning. The spectacu
lar lesson of inclined and lying';"on-ground apartment bUildings 
in the well-known Niigata Earthquake is a definite proof of . 
the ineffectiveness of the intenSity adjusting reCipe for 
weak foundations. This is one of the serious Shortcomingaof 
using earthquake intenSity idea in seismic design of struc
tures. 

Another shortcoming introduced by earthquake intenSity 
to structural design is the double-jumping of deSign peak . 
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acceleration for change of intensity by one grade. A contin
uous change or a stepwise change of smaller quantity of design 
peak acceleration is more reasonable in provldinga uniform 
fa.ctor of safety to the general trend of ground motionatten
uation. The great inaccuracy in ground motion prediction, 
including the abnortnals in attenuation of intensity or ground 
motion, is not an excuse for preferring the double-jumping to 
a smR.ller step of cha.n€;ing the design parameters. 

In contrary to the matter-of-accuracy natllre of the 
second shortcoming of using earthquake intensity idea in de
signing, its third shortcoming is a contradiction in defi
nition. This shortcoming or contradiction was pointed out in 
1978. by the ,uthor in a dis~!Ussion of the current Chinese 
seismic cod~l5). As shown l.n Fig. 3, there are two parameters 
in our code\1) involved in the specified response spectra of 
ground motion 0«(.,..)-= ~(, .. ) .~/g in whicha/g represents the 
specified maximum acceleration, changing only for different 
intensities, and ~(T) represents the response spectral shape, 
changing only for different site conditions. They are there
fore independent parameters and here.comes a contradiction in 
definition. For one and the same intensity, say VIII grade, 
d..max = ~ma.x.a/g :: 0.45 for all site conditions. For sites 
of different si"Ce conditions, if earthquake intensity is the 
same, total or global damage on each site should be nearly 
the same since earthquake intensity is defined as a rough 
measure of the global damage of a local area. But, on the 
other hand, according to our building code, as given in Fig. 
3, the global damage on weak or soft sites of claSSification 
III will be much higher than that on stiff site of classifi
cation It since the response spectrum on site III has,much 
greater ordinates on the average than those on site I. This 
is a contradiction by definition. The fundamental cause ,of. 
this contradiction lies in a mis-fitting of the persistent 
holding of the simple and global idea of earthquake intensity 
and the ever-stronger attack of multiple-parameters of the 
ground motion needed in the design code since a single para
meter idea of earthq,uake intenSity can never be consistent 
wi th an idea of multiple independent parameters of ground 
motion. 

5. USING GROUND MOTION PARAMETERS IN DESIGN 

A simple and straight-forward solution to the problem 
is to save earthquake intensity idea for uses such 8S drawing 
isoseismals to direct social or governmental aid to the 
damaged area and to study earthCluake source mechanism butt on 



the other hand, toadoptdirectlygt'oundJIl()tion parameters 
without referringt() earttl<lulikeihtensity foretruetural . 
design •. A quitepatal~elexamplee:ltist8in.wind-resistant 
design 0 fstruetureswhfch.; even in our country ,veloei ty of 
wind or pressure on Btructures~re dlreetlyspec1fied with no 
reference at al1to1l111d gradesaltllough the later 1s "tery 
popularly used in public lifea.nd weatherpred1ction. 

In our CUrrent a_iamic codea, earthquake intensity is 
specified in three steps; it is theauthor's.strong believing 
that other suitable phYfiicalquantities lJ'tay be substituted 
with no trouble. Suchan example is given in the following. 

(1) ZONATION FOR CITY OR "LAND-USE PLANNING 

In our current practice, zonation is done according to 
earthqUake intensity and the resulting intensity zoning map 
is used for city or land':"useplannlng. For this usage of 
intensityzon1tJig map, the predlcted-earthq.uakemap maybe 
used as a convenient substitute. In the process of intensity 
zonation, a map showing the predicted earthqUake epicenter 
zones has been completed and used as the baSis of intensity 
zoning. The accuracy of intensity zoning is contro1led by 
the accuracy of predicted-earthquake map, on which the pos
sible epicenters together with the maximUlD magnitude of 
earthquakes expected within the coming 100 yearstsay, are 
given. This map should meet the needs of city and land~use 
planning. 

(2) USING. ACCELERATIONS FOR STRUCTURAL DESIGN 

In our codes. design values of acceleration a or its 
equivalence c(max are specified for various intensities as 
given in Fig. 3. The functional relation of intenSity and 
acceleration is obtained from a set of data similar to Fig. 4, 
which shows the huge scattering in the relation between ac
celerationandintensity. 

"A very simple substitute for this usage of intenSity is 
to draw on the map the acceleration values weare using now 
instead of intensity. This substitution sacrifies nothing at 
all but, on the.contrary, makes·one free from the shortcoming 
of a forced double-jumping change of design accelerations and 
leaves plenty of room for further addition of ground motion 
parametars such as duration.·· 

( 3) ACCUMULATION OF EXPERIENCE AND SPECIFICATION OF CONSTRUC

TIOIAL MBASUHBS 



. . 

.. ' In our design eodes, structure,s designedfor.diffel"ent 
intensi tyzonesrequlre differentconstructiOnaltneas'Ures,.· 
sucb:~sstructil.i'a.l materials and . types , littlitationson height), 
of 'Duildinganddesign details on the basis of experience and . 
lessons.accwnulated from past strong earthquakes • I t'seems . . 

·to the author .that .acoml:lirtationof·earthquakemagtlitude M 
and distance R is a convenient and better sub~titute. of inten
sity for these purpose". Thereisnodifficul ties to re-or" 
ga.ri.ize our experience into this new frame of magIlitudeand 
distance; and, moreil'llportant is the fact that experience in' 
.thenew frame is more consistent 1fith the up-to-date under
standing on the subject because experience obtained from same 
ifitensity but of , different combination of magnitude and dis
tance ma.y .be q1.li te different. ForeX\am~le, intensit.y of VIII 
from a very stro.ng (M !:: 8) but distant tR = 100km:) earthl1uake 
and·that from a moderate (M .!::.6) and very close (R= 0 - 10km) 
earthquake 'will give ... totally···dlfferent 'experien;cesOwlng to 
their gt-eat differences in ground motion characteristics, as 
have often been pointed out in the literature and id~ntified 
so in the field. . 

. Reasons a:gainstnot referring to earthqu.ake intensi tit in 
st:r;oUCftural desigtl may 'lje grouped into two at"gulnents ,namely, 
the ~dvanta:ge ofus~ng ,intensity and the disadvantage of uS"ing 
directly ground motion parameters. 

. Consideredas advantage ofueing intensity, sitnplicity, 
tradition and current coderequiretnents are most commonly 
mentloned.It seems to .the author that simplicity itself is 

. not a merit, and tradition of using intenSity was introduced 
into our engineering practice in 1955 when learning :from the 
Soviet Union.. As for curreiltcodee, they are gulde-s for our 
present construction and should not be a barrier to illiproove-
menta.nd advance. If a .theory or a method matches better 
with facts, simplicity may yield. trad:ttion 8ftOtllcl be 
overthrown andcodes~ will be changed. Almost every change, 
co;rrection,lmprovement, or t-evolution is accompanied with a 
break..:.through froar Borne tradition, e1 ther in idea: or in 
formality. 

As disadvantage ot using ground parameters,"iack of 
strongmotJon'data and grea.t uncertainty in ground Diotion 
p~dlctionseefn to be on top of' the list. . Errors eoming from 
laek at strong motion data have same effect on design ground 
motion parameters, either for the current method of assigning 
these parameters through earthquake intenSity or directly 
with no reference to intenSity, since intensity lseventually 
converted totheee parameters through data similar to those 



shown in Fig. 4. As for uncertainty in prediction, the 
greatest one seems to be the prediction of the time of occur
t-ence,epicenter location and 1I'I'agnitude of future earthquake; 
uncertainties in estimating the at tenll1ati on , both of intensity 
and of ground motion, shOUld be on the same Ie v'e 1 and much 
less than that of earthquake prediction, 'cQllsidering that an 
error of one, grad.e iff intensity means an error of 100% in 
acceleratrbn ofgrouhd motion. 
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NO. 

1 
2 
3 
4 
5 
6 
7 
8 

Table 1. Statistics of Damage of Smokestacks and 
Single-story Brick Buildings 

! SMOKESTACK BRICK BLDG 
CITY I SI'XE DAMAGE DAMAGE DISTANCE 

NO. INDEX NO. INDEX KM 

HAICHENG IX ·II 51 0.58 152 0.26 17 
DASHIQIAO IX II 24 0.51 55 0.30 17 
YINGKOU VIII III 34 0.51 189 0.15 38 
TIANZHUANGTAI VIII III (3) (0.78) 31 0.16 49 
DAWA VII III 10 ',0.67 38 0.19 57 
PANSHAN VII III 13 0.54 94 0.11 75 
ANSHAN VII II 40 0.15 - ... 51 
ILIAOYANG VII II 93 ·0.28 93 O~.09 80 

Table 3. Development of Design Codes on Ground Motion 

"-
Country Static theory Response spectrum" Response spectrum 

theory (Constant 'theory (Varying 
spectrum spectrum .. 

Intensity (Zonation) accelerate, constructural 
measures 

,.' 

USSR Effect of s1 te Effect of site con- 1979 Adjusting 
conditions not ditions considered response spectrum 
.considered by adjusting inten- according. to 3 

sity into site classes of site 
intensity 

1 'j""( ,1'j,'j 1'jb4 lJraft Code, 1964 Draft Code, 
Same as USSR site intensity site intensity 

China deleted, ground deleted, ground 
soil effect by soil effect by 
adjusting spectrum. adjusting spectrum. 
4 classes of site 4 classes of site 

Acceleration Intensity ( Zonation, Accell!tration and 
USA following , accelerati on). veloCity zonation. 

.Tapan Site effects not 31 te effect con-
considered sidered by ad,just-

l..!l8...J!P.e c~ rum 
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MICROZONATION WITH RESPECT TO 

SITE AMPLIFICATIONANO SOIL LIQUEFACTION 

by MehmetA. Sherif' 

ABSTRACT 

In this paper, the basic requirements for microlonation are identified 
and procedures for microzonation with respect to ground amplification and 
soil liquefaction are proposed and illustrated. with practical examples. 
The Ratio Microzonation method which is proposed by the author and discussed 
in this paper, is a general procedure that could be used in microzqnation 
with respect to ground ampl ification util i zi ngei ther microtremors :,or man 
made excitations as a source of ground disturbance. The application of 
the proposed procedure for microzonation with respect to soil liqu~faction 
requires the knowledge of easily determinable soil properties whicn are 
discussed in this paper and the choice of design earthquake signature 
genmane to the area under consideration. 

1. Introduction and Definition 

Microzonation is a process that involves 1ncorpoY'ation of geoJogic, 
seismologic, and geotechnical concerns int~ land-use planning for earth
quake effects so that engineers can design structures that will be less 
vulnerable to damage during major earthquakes. The term micro2onation 
does not imply site-specific studies, but rather a more general and overall 
characterization of large parcels of land (ranging from a few to, say, 50 
or 100 square kilometers). To be useful, micrOlonation should provide 
general guidelines relative to the types of structures that are most suited 
to an area. and it should also provide information on the relative,damage 
potential of the structures already existing in a region. Combining the 
above two foci. microzonation provides a strategy for the development of 
land-use planning criteria for the establishl11entof new cOllJ11unities and 
the fonnulation of a systematic and informed decision-making process to 
assist in determining which eXisting structures should be strengthened 
in order to enhance their integrity and stability in the event of ~n 
earthquake. -

Basic to any assessrmmt of the likelihood 'of structural damage due 
to seismicity; however, is fnfonnation about ground failure and ground 
amplification and the distribution of ground frequencies that may amplify 

lprofessor of Civil Engineering and Adjunct Prot'essor of Quaternary Research 
University of Washington, Seattle, washington, U.S.A. 
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the structural response. The ability to address these factors is among 
the basic and fundamentalrequ1rernents for microzonation. 

It would perhaps be wishful thinking to believe that we could predict 
the signature of the most damaging typical earthquake a region under con
sideration might experience so that we might use that ideal and most suit
able earthquake signature as an input to our ground-amplification and 
response calculations. UnfortunatelYt Mother Nature is unpredictable and 
quite often it seems to produce in the same region seismic waves that are 
quite different in their intensity, frequency content, duration, and accel
eration. Worse yet, most of the time we do not even have any record of 

. seismicity of the region that we wish tomicrozone; and it is impractical 
to wa it for a devastating earthquake to hit the area so that we may use 
the signature of that earthquake as an input into our microzonation scheme. 
Faced with all of the above difficulties, and in the absence of nature's 
willingness to accomodate our wishes, a microzonation technique leading 
to the assessment of site amplification through the utilization of natural 
microtremors may provide a reasonable and useful alternative. 

Except in areas where the ground actually ruptures during an earth
quake (in which case no viable analysis is possible), the strains generated 
in the ground by major earthquakes are small {considerably less than 1 percent}. 
In view of this, it can be argued that the ground system can be considered, 
in general, to behave almost elastically. This being the case, it should 
be possible to use microtremorsignals as a means of calculating relative 
ground amplification and frequency distribution without introducing unac
ceptable errors, provided that the non-stationary problems associated with 
microtremors are resolved. 

It is generally accepted that microtremor signals are non-stationary; 
they vary as a function of timet and tht!refore cannot be used as viable 
tools for microzonation, and yet it has been shown that (Refs. 1, 2, 3, 4) 
if a certain procedure known as the ratio method is employed with care, 
microtremor data can be used for microzonation purposes, thus enabling the 
engineer to assess relative amplifications and frequency distributions 
within a candidate site {Ref. 3}. 

2. Basic Principles of the Ratio Method 

The idea behind the Ratio Method is that at a given site where the 
seismic·strains are small (less than n) the soi1 andsub-surfaee act 
upon seismic signals as a filter with near1y linear characteristics. 
Accordingly, the system through which seismic signa1s pass may be ll1iXIeled 
as shown in Fig. 1, where the symbols s(t), f(t), 1(t), and r(t) denote 
time-domain functions. USing the linear operatton theory, the respon$e 
function r{f) can be defined by: 

r(t) = s(t}*f(t}*i{t)* 

2-2 
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where the symbol '* denotes the mathematical process of convolution. 

Also, if S(f}, F(f), 1(f), and R(f) are taken to represent frequenc::y
domain functions corresponding to those time-domain functions shown in 
Fig. 1 [i.e., s(t} and S{f) are a Fourier transform pair], then the fre
quency-domain response R(f) of the system can be defined by 

R(f) = 5(f) x F(f) x I(f) (2) 

where x denotes multiplication, and R(f) corresponds to the Fourier power 
spectrum. 

Now, let us consider that we are operating at a given site two sets 
of three-component (NS, EW, and vertical) microseismic stations with exactly 
simi lar instruments except that one of the stations is left stati.onary (base 
station), while the other is transported from one location to the other 
(portable station). Moreover, imagine that the two stations (portable and 
base) \-Iere synchronized 50 that microseismic signals at both stations were 
recorded simultaneously on a magnQtic tape and processed thereafter. The 
ratio of the power spectrum of th~ portable station to that of the base 
station can be expres5Qd as: 

(3) 

Now. if the microtrerllor data wef'$ recorded at reasonably quiet hours 
and if the loeations of the portable and base stations were reasonably 
close* the Sp(f) in £q. 1 will be the same as Sb(f) (because the data from 
both statiOns are recorded at the same time), and Ip(f) :!! 1,,(1) (because 
the instruments at both stathffls are exattly identfcal). Therefore, Eq. 3 
reduces to 

(4) 

"Varies whh poPu'at~on density as we11 as wHh geo1ogic setting. 1( certaln 
amount of preliminary experimentation is necessary to d~tennine the reason
able distahce. (In general less than 5 miles.) 
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Thus, we note from Eq. 4 that the power spectral ratio at two locations 
yields a function which reflects solely the relative effect of site 
characteristics of the two stations. It must be noted here that Fourier 
power spectra are by definition' equal to the squares of Fourier amplitudes, thus, ... . 

We therefore see that the square root of the power spectral raticibetween 
the portable and base stations will yield a function which isa measure 
of the relative amplification between the two stations as a function of 
frequency. This function is known as the amplifications spectrum" and is 
defined by 

j (;"(;)'X (f) 
Amplification Spectrum = f ~ = x;rrr 

(5) 

(6) 

It is seen from the above that the Ratio Method, if properly employed, 
provides a direct measure of relative amolification among different locations 
within the candidate site with respect to a fixed or permanent base station. 
Another attractive feature of the ratio technique is that the relationship 
expressed in Eq. & is almost stationary (Refs. 1, 2, 3,4). 

In view of the fact that the combined effects of NS, EW and vertical 
motions, rather than individual components, more profoundly influence the 
response and hence the safety of structures in an area, it is desirable 
tha t the amp 1 i fi ca t i on factors expressed 1 n Eq. 6 be not i ndi vi dua 1 but 
rather the resultant of the NS-EW and vertical spectral components, which 
is expressed as 

(7) 

where CNS' CEW ' and Vvt are tM power spectra >ampl1 tudes of the north-south. 
east-west, and vertical triaxial components respectively. 
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3. ~.£,r-?zon~ti~!1._~L~2~j~~!boL-1.!.!]str·umentat1on ·and 'Practical 
~pp lcatl0~1 . 

Application of the Ratio Method in practice requires the utilization 
of two exactly identical three-dimen5ionall'licroseisrnic measuring stations. 
One of ~he stations is placed in a pennanent location and is designated as 
the base station; the other is movGd from one location to the other within 
the area and is identified as the portable station. Figs. 2 and 3 are photo
graphs of the base and portable stations, together with their associated 
components. Fig. 4 sllol<IS a block diagram identifying the various electronic 
components associated with the portable statiuns. The base station will be 
the same except for the absen(;e of an osc:i1oscope. Out' experience in Gree<:e 
and in the U.S.A. has shawn that a grid of a quarter of a mile regarding the 
location of portable stations app~ars to be reasonable for microzonation of 
rural and less populated areas. for cities or densely populated regions, 
however, a grid line of between 200 and 500 feet is recommended. Also,it 
is suggested that microseismic readings within cities and noisy regions 
be taken during quiet hours (say beb~een 12 midnight and 5:00 a.m.}.Further
more, because of the high frequency content of microtremors it is recoll111ended 
that a filter be used to cut off all frequencies above 10 Hz. 

For data processing and analysis the following procedure i-~ suggested: 

1.Ta obtain statistically more representative power spectra for the 
portable and base stations, it is suggested that at least two power spectra 
be obtained for each of the NS, EW, and vertical compol1ents~ as 111usb'ated 
in Fig. S. 

2. From the above two power spectra for each component, obtain an 
average power spcctt~a for each NS. His and vertical COtllponent. Smooth each 
average power sp~cty'um twice. 

3. Obtain the resultant pO\,/er spectrum for each of the portable and 
pennanent stations. using the over'age smoothed power spectrum for each NS, 
EW, and vertical compOrtE!llt genc','ated in Step 2 above and again smooth each 
of the resultant curves tw'lce to eliminate m'lnor and unimportant variations 
in frequency so that an engineering Judgment can be 1lk1de based on more . . 
significant infonnation. An example of such a resultant is shown in fig. ,6. 

4. From the resultant power spectrum obtained in Step 3 for each of 
the portable statio~~, prepilre a tfible as shown in f-ig. 7 indicating the 
distribution of predominant frequencies as a function of locations in the 
region,and plot the data as shown in fig. 8. 

5. Divide the resultant power spectrum of every portable station 
with the corresponding power spectruln of the pel"rllanent station to obtain 
relative amplification at each portable station. Fig. 9 shows a typical 
amplification curve. 
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3. ~i cfq.;9n~t i ~!LPL~h.!L8!~j.2.l1etho<L-.l!!tstrUl11enta t! 0_" and P~atti:ca 1: 
pp 1 ca~!.0'll· .... 

Application of the Ratio r,1ethod in practice requires the utiHzation 
of two exactly identical three-dimensional Microseismic measuring stations. 
One of the stations is placed in a permanent location arid is designated as 
the base station; the other is moved from one location to the other within 
the area and is identified as the portable station. Figs. 2 and 3 are photo
graphs of the base and portable stations, together with their associated 
components. Fig. 4 shows a block diagram identifying the various electronic 
components associated with the portable stations. The base station will be 
the same except for the absence of an osciloscope. Our experience in Gree~e 
and in the U.S.A. has shown that a grid of a quarter of a mile regarding the 
location of portab'le stations appears to be reasonable for microlonation of 
rural and less populated areas. For cities or densely populated regions, 
however, a grid line of between ·200 and 500 feet is reconnnended. Also, it 
is suggested that microseismic readings within cities and noisy regions 
be takenduring',Quiet hours (say beb.,.een 12 midnight and 5:00 a.m.). Further
more, because of the high frequency content of microtremors it is recor.mended 
that a filter be used to cut off all frequencies above 10 Hz. 

For data processing"and analysis the following procedure is suggested: 

1. To obtain statistically more representative power spectra for the 
portable and base stations, it is suggested that at least two power spectra 
be obtained for each of the NS, EW, and vertical components,. as illustrated 
in Fig. 5. 

2. From the above two power spectra for each component, obtain an 
average power spectra for each NS~ HI$ and vertical component. Smooth each 
average pow1!;r spectrum twice. 

3 . Obtain the resultant pO\,/er spectrum for-each of the portable and 
permanent stations. using the average smoothed power spectrum for eachNS 9 

EW, and vertical component genei'ated in Step 2 above and again smooth each 
of the resultant curves tv.rice to eliminate m'lnor and unimportant variations 
in frequency so that an engineering ,judgment can be made based on more , 
significant information. An example of such a resultant is ~hown in Fig.,6. 

4. From the resol tantpower spectrum obta tned ill Step 3 for each of 
the portable stations, prepare a table as shown in F'ig. 7 indicating the' 
distribution of predominant frequencies CIS a function of locationS in the 
region, and plot the data as shownln Fig. 8. 

5. Divide the r'esultant power spectrum of every portable station 
with the corresponding power spectrulTI of the permanent station to obtain 
relative amplification at each portable !'Jtation. Fig. 9 shows a typical 
ampl ification curve. . 



6. From the data in steps 4 and 5, a final map may be prepared showing 
the average relative amplification and frequency distribution for the site 
of interest. An e~amp1e of such a map is shown in Fig. 10. In this figure 
we note that the area .in question has been divided essentially into three 
zones, I, II, and III, with respect to frequency distribution, and each 
zone has been further subdivided into smaller divisions reflecting differences 
in amplification factors in each of the above frequency domains .. Such areas 
are labeled IJ, 12, 13, Ill' 112 , II3, III" and IlI2 in Fig. 10. 

The process used in the preceding data acquisition and processing is 
sunmarized infig.,ll. 

Since the primary objective of microzonation is to reduce damage to 
human life· and property, it is essential that the site amplification and 
frequency distribution be translated into real-world terms in ()rder to 

. determine the seismic safety of existing structures and developguidel ;nes 
for the design of future structures in the microzoned area.-In an.effort 
to do,this, and in the absence of better alternatives, a certain amount 
of averaging and engineering judgment has to be utilized. Within each 
of the zones in Fig. 10, we obtain the overall amplification-frequency 
curve by taking the average of the ratio curves for all the stations 
within that zone. An example of such an average amplification curve 
for Zone II3 in Fig. 10 is sh9wn in Fig. 12. 

After having established the average characteristic amplification 
curve for each zone within the candidate site, the next necessary step 
involves the translation of amplifications into design accelerations. 
To do this, we should first establish the value of the maximum expected 
acceleration at the base station. The maximum anticipated accelerations 
at the base station can be obtained from historical seismicity in or 
near the area and the distance of the subject site from the nearest active 
fa!:llt line. 

Assuming that an earthquake of magnitude 7.5 is likely to occur along 
a fault line 20 kilometers away from the site, it is expected. according 
to the data shown;n Fig. 13, that the average ground acceleration level 
at the base station will be about 0.12g. Since the site in question does 
amplify the signals as indicated in Fig. la, to obtain the d~si9nearth
quake acceleration at various locations at the site the 0.12g station 
accelerations must therefore be multiplied by the frequency-dependent 
!verage amp1ification.cur~es associated with each zorte as expressed by 
I"1g. 12 for Zone II3 1n F1g. 10. 

C~mbinin9 the above information with the imperical relationship 
expressed in Eg. 8, (Ref. 5) it should be possible to estimate the 
design accelerations to the number of building stories, as expressed 
in Fig. 14. 
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where T = period and N = number of stories. 

It is evident that the type of infonnationcontained in Fig- 14 can 
be used for the design of future structures to be built at a given site. 
Furthermore, this information can also be used in assessing the safety of 
existing structures from a·knowledge of their numbers of stories and the 
past acceleration level which they were designed to resist at the time 
of their construction. 

It should be emphasized here that the above Ratio Method is not 
necessarily 1 imited to the utilization of microtremors as a sole source 
for m1crozonation. Quite often, man generated signals using explosives 
or vibrations may prove to be an even more attractive signal source for 
m1 crozonati on. 

4. Microzonation with Respect to 5011 l1quefaction 

Microzonation with respect to liquefaction can be carried out once 

(8) 

the existence of liquefiable soil deposits in a region is establ ished 
from preliminary soil investigations and if the geologists, seismologists, 
and engineers agree upon a typical earthquake acceleration time signature 
that may hit the area. In this paper, it is assumed that the design earth
quake Signature has already been agreed upon and is represented in Fig. 15. 

By following the sequence of steps outlined in Fig. 16 the engineer 
should be able to evaluate ."hether or not liquefiable soil depOSits exist 
in a,region. Once the existence of liquefiable deposits 1s established, 
the next question to be asked is whether or not the soil will liquefy 
under the design earthquake signature shown in Hg •. 15. The above question 
can be answered by following the procedure outlined below. 

1. Determine the values of the in .. situ natural and minimum void 
ratio e and emin respectively and thereby obtain the value of the volume 
decrease potential (e - emin). Then, either from Fig. 17 or from Eq. 9. 
obtain the value of G. 

G • 5.6(e - emin ) + 1 (9) 



2. Take 100 random grains of the soil ~nd view them under a micro .. 
scope and classify them according to the shap~ patterns shown in Fig. 18. 
Follow the procedure outlined 1n Table I and use Eq. 10 to determine the 
coefficient of sphericity w* for the soil. . . . 

TABLE I 
. ~', . 

Sphericity Number of 
Group, 1/11 Particles, "1 "'1 • Hi 

0.77 3 ,2.31 

0.19 20 15.80 

0.81 48 38.88 

0.83 23 19.09 

0.85 ~. 5.10 

Total 100 ' 81.18 

From the data shown in Table I, the sphericity, 1/1 is 

, (10) 

After having determined the val lies of volume-decrease potential VOP = 
e - emin , the coefficient of uniformity Cu = 060/01o, the effective grain 
size 050, and the sphericity l/I,obtain the value of C1 from Eq. 11 (Ref. 6): 

*It is recoll11lenijed that at least three trials be made and the average of the 
three $15 be taken as representative. ' 
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C 5.4 ( )2.25 [ 10.66 + 74] 
1 = Kw. e - emin C

u 
- 2.07C

u 
+ 1.1 (11 ) 

where K is a function of effective grain size andean be obtained from Fig. 
19 for any value of 050' Alternatively, the value of C1 can be ~ore easily 
determined from the nomograph proposed by the author (Ref. 6) WhlChis shown 
in Fig. 20. It is interesting to note from Eq.l1 that the value of Cl , and 
hence the liquefaction potential of the soil increases with increasing 
spheriCity tb and volume-decrease potential VOP and with decreasing unifomity 
co~fficient C. This would mean that unifonnity graded,loose round-u . 
particled fine sands are most susceptible to liquefaction. 

3. From Fig. 15, identify the number of stress cycles, (considering 
each two zero crossings as one cycle) and Show the values of .the positive 
and negative shear stresses in each cycle, as shown in Fig. 21. 

4. After having ascertained all the above information, follow the 
procedure outlined in Table II to determine whether the given soil will 
liquefy during the earthquake signal shown in Fig. 15. 

The theoretical and experimental baSis for the above procedure is 
contained in Refs. 6, 7, 8, 9 and 10. Reference 6 is appended to this 
paper to acquaint the reader with the basic principles involved in the 
above 1 iquefaction assessment procedure... . 
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ABSTRACT 

In this report the authors advance a new theory on soil l1qvefaction 

during earthquakes. This theory utilizes the actual earthquake stress

time history and certain soil parameters. C1, C2, C3, and a, to predict 

the pore"pressure buildup as a function of time. The values of C1 and a 

are shown to be functions of volume o decrease potential (e - emin)' while 

C2 and C3 appear to be constant for all soil s and are almost equal to 

2.0 and 0.5 respectively. The soil is said to have reached the state 

of liquefaction during an earthquake loading when the value of the 

normalized pore pressure (pore pressure divided by confining pressure) 

reaches unity (one). The pore-pressure values predicted by the theory 

agree very well with the experimenta 1 results. 
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SOIL LIQUEFACTION DURING EARTHQUAKES-. 

UNIVERSITY OF WASHINGTON RESEARCH 

Definitions and General Considerations 

Soil is said to have liquefied when it temporarily loses all of its 

supportive capacity. This happens when the value of the porepres5ure in 

the soil during an earthquake reaches a value which is almost equal to the 

pre-earthquake effective confining soil pressures c~ around the soil sample. 

To assist the reader in better understanding the process involved in 

the development of some of the new theories and concepts expressed in the 

following paragraphs it is necessary that the new loading terminologies 

expressed in this report be explicitly defined. Uniform loading t for 

example, is one in which the maximum positive and negative shear stresses 

(Tp and t n) are equal at all times. Non-uniform loading is one where the 

maximum positive and negative shear stresses are not equal at all times, 

except within the same cycle. On the other hand, earthquake loading 

corresponds to random loading, where no restrictions are imposed. 

Figs. lea, b, and C)ShDW graphic representations of uniform, non-uniform, 

and earthquake loading respectively. 

The basic aim of this report is the development of a quantitative 

analytical procedure for the prediction of the amount of pore-pressure rise 

1n a saturated soil during an earthquake as a function of time. and hence 

the liquefaction potential of the soil. 

For illustrative purposes, let us take a simple dynamically induced 

shear stress/time curve, as shown 1n Fig. 2(b), applied on a saturated sand, 

and let us assume that the pore preSsure generated in the so11 due to this 

stress is as shown in Fig. 2(a). In this figure, the incremental por@

pressure rise during, say. the Nth cycle equals the total port! pressure UN 
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at the end of the Nth cycl@ minus the residual pore-pressure value uN~l 
at the end of the N_lth cycle, or 

(1) 

By dividing each side of the above equation by the pre-earthquake mean 

effective confining pressure, we obtain 

." u 
where U = -r (normalized pore~pressure value); 

ac 

(2) 

0' = pre-~arthquake in-situ effective mean confining pressure around 

the soil sample and equals t (01 + 02 + oj) = ! (aI + 203) = t {o{ + 2KoO'P 
a' = ~ (1 + 2Ko)' and 

all (12' a~ $ pre-earthquake effective vertical and horizontal pressure. 

In general, it can be assumed that 

( 3) 

where H = stress-history function. 

I = stress-intensity function; and 

N = number-of-stress-cycles function. 

Based on the fact that the streSS-history function H has no effect on 

the pore pressure generated during the first cyclic loading and that at the .. 
complete-liquefaction stage the pore-pressure value reaches a constant 

#I 
level t which implies that OU,.. equnls l@l"O. the stress history H can be 

represented as 

.. 
H III 1 - UN-1 (4) 
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Also, since the pore pressure increases with increasing applied shear 

stresses and decreases with increasing confining pressures, the stress

intensity function I can be expressed as 

I = .[ ~]C& 
.oN_l 

(5) 

where 'N ~ applied dynamic shear stress during the Nth cycle; 

t1N_1 0: mean effective confining pressure at the end of thE N_l th 

cycle; and 

a = material constant. 

Fig. 3· shows the experimental relationship between the roodified pore-

• 6UN pressure parameter -'-:":'."--
1 - U

N
_
1 

'tN 
and the stress ratio ~ . 

aN_} 
It is seen from 

this figure that the incremental rise in the modified pore-pressure para
T 

meter increases with increasing stress ratio ~ and that the slopes of 
°N_} 

the lines shown in Fig. 3 are almost the same (i.e., a = 2.4). Therefore, 

the following relationship can be expressed: 

I\U~ _ N [ TN ]2. It 
_ U* - or--

1 N-l N-l 
(6) 

To obtain the value of the number-of-stress-cycles function i, the 

experimental data obtained during this research is plotted 8S shown 1n 

Fig. 4!frorn which the value of N is expressed 1n Eq. 1 as the best-fft 

curve through the experimental data. 

r. 6.13N " .. _ ................ ---
Nt.17 - 0.46 

(7) 

*These experimental data were obtained from tests conducted on loose Ottawa 
sand. The values of the constants 2.4. 6.13, 1.17. and 0.46 in Eqs. 6 
and 1 vary depending on soil density. 
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where N is the number of uniform stress cycles. 

Substituting Eqs. 7. 5. and 4 in Eq. 3. the following relationship is 
." 

found for AUN: 

AU" .. (1 U" ) [ 6. 13N ] [ TN ]2.4 
N - N-l Nl.?7 _ 0.46 • 0N_1 (8) 

From Eq. 8 the amount of the pore-pressure buildup in a loose Ottawa 

sand under a given uniforn stress ratio 1r can be calculated as a function 
Cl C 

of the number of uniform stress cycles N as shown in Fig. 5. It is seen 

from this figure that the values of the pore pressures predicted by Eq. 8 

and the ones obtained experimentally in the laboratory for loose Ottawa 

sand are nearly the same. 

Pore-Pressure Rise under Non-Uniform loading 

Eq. 8 can also be applied to determine the pore-pressure buil dup in 

saturated sands under non-uniform loading if we substitute an equivalent 

number of stress cycles Neq for the regular uniform cycles N. 

defined as 

N :II L .J. N [t 12
• If 

eq 1=1 tt4 

whereNeq - equivalent number of stress cycles; 

The Neq is 

(9) 

T1 -:the shear-stress amplitude corresponding to ith cycle (1 !. i !. N); 

and 

TN- the shear-stress amplitude at the Nth cycle. 

Fig. 14 illustrates .the values of tl' tN' etc. 
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Aft~r substituting Neq for N in Eq. 8, we obtain Eq. 10. which applies 

to the prediction of pore-pressure buildup under non-unfformloading: 

( 10) 

It can be seen from Figs. 6, 7, 8, and 9 that there is a good correla

tion between the pore-pressure rise calculated on the basis of Eq. 10 and 

those found experimentally from tests on loose Ottawa sand in the laboratory. 

It is concluded therefore that Eg. 10 does indeed predict the pore-pressure 

buildup in loose Ottawa sand subjected to non-uniform dynamic loading. 

Pore-Pressure Rise uRderEarthquake-T,ype loading 

The incremental pore-pressure-rise equation (Eg. 10) can be written in 

a more general form, as in Eq. 11. Eg. 11 will apply to the prediction of 

pore-pressure rise in any soil type once the material properties C1, C2, C)' 

and a are known. 

(11 ) 

where Neg = the same as before; and 

CI , C2, C3, and a = material parameters. 

Figs. 10 and 11 show the values of C1 and a, respectively as a function 

of volume-decrease potential (enat - ~m1n)' and Fig. 12 shows the values of 

C2 and C3 as a function of soil void ratio. Studies undertak-en to investi
." 

gate the variability of llUwith respect to changes in the !aluesof C2 and 

'* C3 reveal that AU is not vety sensitive to these parameters. Also. it is 

interesting to note from Ffg. 12 that the values of the parameters C2 and 

C3 do not vary much with 5011 density or soil type; and therefore, for all 
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practical purposes, the parametersC2 and C3 can be corts1dered constant 

for all soil types. 

Eq. 11, which predicts pore.;.pressure rise in a saturated soil under 

non-uniform dynamic loading. can also be made to apply to the prediction ... 

of pore-pressure rise under earthquake loading. provided that the random· 

stress variation during the earthquake stress/time history is represented 

by an equivalent nUlTber of unfformstress cycles .. In order to do this, 

reference is made to Fig. 13. let us assume that Fig. 13{a) represents 

any arbitrary Nth earthquake stress cycle in which theposi tive stress 

TNp does not equal TNn' The random posftiveand negative stress variation 

in Fig. 13(a) can be represented by two fictitious full-cycle uniform 

stresses, one corresponding to the positive stress TNpand the other to 

the negative stress TNn' as shown in Figs. 13(b) and (e) respectively. In 

view of theview of the fact that the values of both the positive and nega

tive shear stresses TNp and TNnare doubled through~this process, the 

values of the incremental pore pressures generated under the stresses 

shown in Figs. 13(b) and (c) should therefore equal twice the incremental 

pressure rise under the actual earthquake stress cycle shown in Fig. 13(a). 

Accordingly, 

(12) 

Considering the above relationship. the vaf~e of the total normal iied 

pore pressure at the end of the Nth earthquake eyel-e will therefore be 

J13) 

. * . 
When the value of the normalized total pore pressure UN in Eq. 13 

reaches unity (one), then the son wil' reach liquefaction stage. 
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In view of the fact that we haveseparat-ed the actual earthquake stress 

cycle in Fig. 13 into two uniform positive and negative stress cycles, it is 

necessary therefore that we consider the individual effects of the poSitive 

and negative stress components, together with their associated pore pressures 

and equivalent nurmer of stress cycles separately. 

Therefore, the magnitudes of t\U;p' 6UNnt (Neq)p' and (Neq)n can be cal

culated from the expressions outlined in, Eqs. 14, 15, 16. and 17 resp@ct1vely: 

(14) 

* Cl (Neq)n r TNn ]a ~U*Nft • (1 - UN_I) • __ ...:::.;10_"':""_ • -

" (N )C2 C , cN'-l - :3 eqn 

(15) 

(16 ) 

(17) 

where TNp and TNn are the maximum positive and negative stresses at the Nth 

cycle at which the normeli1.ed pore-pressure value is to be calculated. and 

1'1p and Tin are the maximum posi tive and negative shear stresses at the 1 th 

cycle (see Fig. 14(a)for illustration) • 

. In the following paragraphs we shill illustrate the app11cab111ty of 

Eqs. 13 through 17 to the prediction of liquefaction potential of saturated 

sands under given earthquak",'nducM shear stresses. Suppose that If! earth

quake shear stress, shown in Fig. 15{a),.cts in the middle of the 2-t't. 

saturated med1t1ftoodense Ottawa Sind lay.er shown in Fig. IS(b), and that we Irt 
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asked to determine whether the 5011 layer in question will liquefy under the 

shear stresses shown in Fig. 15. 

Step 1 

The first step in the solution of this problem involves the detennination 

of the material properties and the pre-earthquake effective mean confin-1ng 

pressures on the sol1. From the given 1nformat10nwe determine the following 

values: Cl m 2.4. C2 e 1.82. C3 • 0.3, Q D 2.17. and o~ • 5.31 pSi. -

Step 2 

The second step in the calculation 1nvolvesthe identification ,of the 
magn1 tudes of the maximum pas Hive and negathe shear stresses within each 

stress cycle of the earthquake loading time history curve in Fig. 1S-a • This 

15 done by taking every consecutive two zero crossings on the earthquake shear 

stress curve as one cycle and only I"'ecording the magnitudes of the maximum 

positive and negative stresses within each cyc·le. as shown in Fig. 16. 

Step 3 

After having ascertained the above information, the calculation can be 

carried on as seen in Table 1, using equations 13. 14, 15. 16, and 17 to 

detennine whether the soil under consideration will liquefy during the given 

earthquake loading history shown in Fig. 16. Sfnce it fs seen from the data 

in Table 1 and from Curve A in Fig. 17 that the value Of the nonna1fzedpore 

pressure u~ exceeds un1ty at the end of the 8-1/2 cycles. 1t is concluded 

therefore that the 2-ft. sol1 layer shown in Fig. 16 will l1quefy during 

thh earthquake and that the liquefaction comtences 5 seconds after the 

start of ttte earthquake. 

In order to illustrate the effects of the confin'ng pressures on sol1 

liquefaction, it was decided to invest1gate the liquefaction potenti.' of 

the same s011. ass~ng that the soil eleMent A in Fig. 15 is at I depth of 

about 33 ft. from the ground surfle •• where the mMn conf1ningpressure 
2-43 



around it would have been about 20 psi instead of 5.31 psi. As, shown in 
.' '. . * 

Curve B in Fig. 17, the maximum value of the normalized pore pressure UN 

;under those circumstances would have been equal to 0.54 at the end of the 

earthquake. thus suggesting that if the soil were located at a depth of 

,33 ft. from the ground surface. and if it were subjected to the same 

earthquake stresses shown in Fig. 15(a), it would not have liquefied. 

In conclusion. it is believed that the liquefaction equations (Eqs. 

13. 14. 15.16. and 17) do .. provide an adequate bas;sfor analyzing. the 

liquefiability. of a given soil. In fact. the results predicted by these 

equations and the actual pore-pressure rises observed in the laboratory 

appear to be in close agreement. as shown in Fig. 18. Fig. 19 shows the 

predicted values of the nonnalized pore pressures in loose. medium dense, 

and dense saturated sand layers excited by the earthquake-induced shear 

streyses.shown by the top curve. It can be observed from this figure 

that the loose deposit liquefies after 5 seconds, while the same deposit 

with medium density liquefies after 10 seconds. On the other hand. if 

the above soil were de.nse it would not 1 iquefy during this particular 

earthquake. It is also evident from Fig. 19 that it is mainly the large 

.. pealc r,hear stresses that contribute Significantly to pore-pressure rise. . .. ~ 
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STATUS AND PROBLEMS ARISED,IN THE 'SEISMIC MICROZONATJON 
IN CHINA 

ZHANG ZAIYONG· 

ABSTRACT 

This paper summarizes several methods of seismic micro-' 
zonation which have been employed and have been employing 
in China.. At present. the op1nion that mic:rozonation by 
adjusting intensityaccordlngsite c:oditiori in an area should 
be de le teet is muc:hmere appro.ved.Th'erej,s another opinion 
that: c:orr~ctdifferent:ia.tfon sheUld be taken between the two 
different kinds of earthquake effects, i.e.gt'ound'failure 
and ground motion. ,Thefot'mereffec:t c:an be avoided basically 
bysiteselee.t:i,on 'and the la,tt:er"·effec:t:hasto be reduced by 
quantltativeanalyslsQfseismlc:respense, on the basis of 
det'ailed zontngby means of geolo'gical units and soil classi
:Hcation, then earthquake design parameters will be deter
mi'ned for each microzone' and earthquake damage prediction 
map or seismic rnicrezoning map will be prepared. 

The author discusses in the paper some basic requlre
rnent~ which at'e necessary for effective micrezenation, and 
puts ferward some problems fer further investigation. 

At the present stage, earthquake-resistant design in 
China is still based on seismic intensity. The following 
decuments should be ready at hand: (1) seismic zoning map 
(1:3,000,000 scale) for the purpose of predicting the severity 
and loeatien of earthquake occurrence ,by means of intensity; 
(2) macr()seismlc intensity scale, used for describing the 
damage effect resuH:ed from earthquakes qualitatively and 
(3) earthquake ... resistanf: design cede for various structures, 
the desigri'criterl'onused is a criven intensity le,vel. Deter
mination efeartttquake design parameters will be maQe indivi
dually enly for spec:!ial engineerlngst:ructures of siqnifi-
cance. " 

The seismic: zen1ng map was compi~ed On the basis of 
middle-long term ~arthquakeprediction andmacroseismic 
effect field in terms of basic intensity, it provides the 
expected maximum average intensity in a given region of ave
rage site condition for a relative long period (says, tOOy). 
Such a map can't reflect f:nedlfference in inteslty in two 
locations resulting from the effect of local site condition. 
In the meantime, when the intensity rating for a given site 

• ASSOCiate research professor, Institute of Engineering 
Mechanies, Chinese Academy of Sciences. Harbin, China. 
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accordinq to 1:3,000.000 zQning map Is adopted, ftIrther 
investigation and adjustment of the baSic intensity in the 
investigated area and its surrOunding are p&rfeetly needed, 
it is, then, the task of seismic microzonation. 

Up to nOwt there has not. yetlan acceptable and effect
ive method for seismic microzonation in China. The' princi
pal e)(isf:lng methods are based upon .experience learnin9 
from damage in the. recent de~trt.1cti ve earthquakes and mea
surement of sorne para.meters eharacterizi,ng. dynarnicbehaviour 
of ground motion in situ. General spea:king,.e)(isting 
methods include the followirig_ 

1. Microzonation by means of intensity ad'j-ustment • 
. The "Chinese building eode in seismic regions (draft) 

of 1959" was carried out by applying Russianinves·tiga:tor 
s.v. Medvedev's micr030ning method. the effect of soil con
dition and water tableelevClt:ion on seismic intensity in a· 
region is evaluat.edby seismic bltensit:y a<2j·ustment. As a 
result of such procedure. seismic load applied on structures 
will be increaS'ed" or decreased by a factor of 2 depending 
upon "rigidity"'Of SOil, which is defined as the product of 
seismic wave velocity and density of soil layers. Then 
microzoning map is drafted simply by adjustinq the intensity. 
Flqure i is themicrozoningmap of Beijing (peking) region 
in 1957, made by: the above mentioned method. Experience of 
historic destructive ea.rthquakes in the recent 20 more years 
on Beijing region has proved that ~uch a microzoning map is 
no~ practical,- '1 t does not agree wi t.h the actual distribution 
of intensities In some recent earthquakes. Figure 2 (1) is 
such an example. 

Medevedev'S microzoning method is mainly based on the 
corr'al etion between seismic intensity Incrementand soil 
rigidity. This method has not been successfully checked in 
recent earthquakes, which can be frequentlyfoundinrefe
rences. For example, there exists difference·obvioul!ly 
between theseisrriic microzoning mapof·aucharest.whlch pre
pared by using Medvedev' s method and the damage distribution' 
in th~ Vraneea earthquake, Romania, of Mareh 4, 1977 (2),<3), 
but the damage distribution in the 1941 earthquake, .when 
compared with that in the 1977 earthquake abovementioned, 
have similarity between them •. According to the historic 
records,agood deal.of siml1arityexist t suehas location 
of epicentet"ts1ze ef sei.smic source ete. Therefore, if 
source meehanism ch.,ractreri s ties , transmission path and 
historicearthqua.kerecord& are not comprehensively taken 
~n consideration mleroz()nln<lmap.based on the· 4!ff'ect'of 
local soil condition alonel! not enough. 

In s·pite of its uncertaint:i~st Medvede'tts method lS,s1:111 
adopted up to the present, because it Mrs been familiar to 
Chinese engineers. Mierozoning method, and the like of 
Medvedev's, e.annot distinguish the damage efft!ets resulting 
from ground failure and ground motton, on .theother hand, . 

3-2 
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earthquake-resistance can't be obtained hv means of increas
ing seismic intensity. Particulary, for buildings on soft 
soil~ increa~e in seis.ic load only will not lead design to 
safety and economic if structural damag~ resulted from ground 
failure is not con~idered. 

2. Microzonation based on soil clas·sification. 
As early as 1964, the intensity adjustment m~thdd men

tioned in the last paragraph has been deleted in the "Chinese 
building code in seismicregion(draft)". Instead. building 
sH:es were classified into favorable and unfavorable· slt:e.s 
in· the code t:rom i::he point of view of earthquake-resistance. 
At the same time seismic load and aseismic measures Were 
adjusted appropriately on the basis of various soil and 
si::ructural characterisi::ics, and soil was also classified into 
four categories for i::he determination of deslgnspeett"a. 
In 1974. four categories of soil were grouped into three ec:lte
gories in the "Aseismic building code TJ 11 ... 74ft (4). 'rhus. 
the feet that, in the adjustment of intensity, seismic coef
ficient was only taken in consideration has b~enehangedt and 
instead, the frequency content of ground motion brOught into 
consideration. The physical properties of various kinds of 
soil were Specified as the followina table. 

Sol1clas- Design [).ensit,/(TIM ) Predominant Longitudinal 
sification stren~th sandy clay period wave velocity 

{TIM } soil (sec.) (KM/Sec.) 
I >40 - - < 0.20 > 2 

II 15--40 > 1.5 >1.4 0.15-0.50 1-- 2 
III 8--15 1.4-1.6 ':1.2-1.5 0.35-0.70 0.3-- 1 
IV < 8 < 1.4 <1.2 > 0.60 <. 0.3 

Al though, the term " seismic intensi ty microzonation" (or 
site intenSity) has not yet been adopted in the existing 
aseismic building code the contents of the code still consist 
of the effect of local site condition on ground motion sub
stantially. and the meaning of microzonation has also been 
extended. 

. As for soil classification. microtremor and wave velo
eif:ymeasurement data are us.ed in the soil classification 
besidesengineer1ng geological andhydrogeologieal descrip
tion. The tnic:ro~onln<l mal' of Tian j 1n region of 1967 (5) had 
been pr.f!pared by means; of· soil classification, i.e., to eom
bine just asengineerlnq9eologle~l data with ttte.predomi
nant peJ:'iod data inmlerotremor measurement in tht!analysis 
(Fig.:H •.. Althouqhelas's of seismic soli In a large number 
ofara~s based onenqineering qeol~ical and hydr0geol09ieal 
datalswel1· Ina9ree~nt:witht:hat ba!ed on mferotremor 
tft'~a&Ur;4!!ment. yet there is contrad,lction in some areas.Whe
therdynarnlc::~havlour of soil layers dUring stronq e81:'t1'l
qu~akemot:lon .. ean be·re£leeted in the mlerotremor meas:ureritents, 
it is still 1n question. Por example, the relationship 



between damage to buildings in Tianjin City and man-made fl11· 
in the HejianeatthquakeC.M=6.4) of 1967 and the relationShip 
betwe~ndatnaged building zon.es Of Tlanj in City and man-made 
filldlstribution in the Tangshan earthquake (M=7.8) of 1976 
showed that.zQninq by the seismi-csol1 classification based 
on the predominant period obtained in microtrernormeasurement 
is not agree with the damaged building zones in the strong· 
earthqUake. However simplicity of microtremor meas.urement 
and its ability of obtaining a large number of data in a 
shortperiod_ke its use greatly increasing. 

Some researchers have shown that microtremor record is 
an effective tool for identifying the period of surficial 
soil layers Ci.e. predominant period). In Japan,mierotre
mortechniquesare considereetas an effective tool for micro
zonation up to datet in the beginnin<jof sixtieths, the 
mic~zonin9maps of Toyohashl and Ichlnomiya C-ity (6}.were 
prepared by using microtremor techniques. In some cases, 
those mapswereaqree with the practical damage distribution. 
l:nthe Balkantegion(7),Chlle (8) and other countries, simi. 
larmlcrozonlng maps were also prepared. They have all 
found that the results of microtremor measurement arealwa,ys 
not in· accord with practice because the correlation between 
microtremor results and damage distribution are not so closely 
related. ,Therefore the microtremor techniques are merely an 
add!t!onaltoolinmicrozonatfon. It must be pointe"dout that 
microtreniors l'angiMg from 0.1 Hz to 1 Hz are induced by R\eCha. 
nical vibration of indus.trial eqUipment t traffic etc. 1" the 
surfi~ial soil laye~st the total superposition of excitation 
is reflected throu~h the predominant period of soil layer 
itself, for this reason,mic:rotremor is only the response of 
characteristics of the shallow surficial soil layer. Gene
rally speaking, the depth of earthquakefocul 1s rathe.r large 
compared with that of soil layer even· in a shallow earthquake, 
focal depth maybe score km. The seismic wave reaching to 
the surface depends upon the dislocation pattern of source 
mechanism and physico';'mechanical property. of .rock, but the 
effect of property of strongearthqualce mechanism and propa
gation path cannot be reflected comprehensively by microtre
more Moreover, themicrotremor response under small strain 
can't particularlyeva.1ua1:e the response under large strain 
produced by' strong earthquake motion owing to the nonlinear 
property of soil. It is meaningless to use amplitude of 
microtremor as an index in the soil classifIcation of the 
soil, so. that extrapolatlon from mlcrotremor data to strong 
earthquake effect is unreliable. Detailed study of compa
rison between the strong motion recoras of the El centro 
earthquake and the microtremor records at the same site car
ried out: by F.E. Udwadia and M.D. rrifunac (9) has shoWn thaI: 
the correlation between the response of strong earthquake 
motion and themicrotremor is not obvious,or even no such 
correlation exists. They have come to conclUSion that:· the 
microzoninq technique by use of microtremor data could not 
be used as a chief approach. It is commonly realized. 
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3..M'icrozonation by means of average weighted shear 
modulus (AWSM) • 

. ' 'Macroseismie data obtained in the pacStdestructive earth
quake,s in China IncUcated that theFeis a good relation 
between the darnagelndex and the dynamic properties of surfi
c}.al, .soiL layer which can berepresehted by the average 
weighted shear modulus G of soil in term of shear wave velo
ct-/::y... In general, the higher the damage to low-rise build
bigs o.nthesi,te, the lower the AWSM, or vice versa. The 
value.of AWSM of a given ~ite may be expressed as, 

G=2h~Gi=~i~:iS 

where hi ---- thickness of the i-th soil layer; 
Gi ---- shear modulus of the i-th soil layer; 
i---- density of the ~h soil layer; 

vis·_- shear wave velocity of the ~th soil lay~r; 
H",,~hi --- total thickness of soil layers, 20 om is gene-

rally taken. . 
Average weighted shear modulo's G in a region may be 

assumed to have a normal distribution according to the damage 
index 1 of a.given site and the AWSMobtained in measurement, 
then the average value of AWSM G or G+ 6 (where is standard 
deviation) can serve as a measure in microzonation. Further 
analysis on the basis of availabie bore-hole logging combined 
with the.waye velocity measured ~t the given site is made to 
compute ground motion parameters of each microzone by select
ing an assumed "common base" (bedrock or hard soil in a 
certain depth}, replacing the soil layers of each m~crozone 
with lumpedm~sssystem, introducing a representative acce
lerogram int.o the. system as an input to the "common base", 
and using one dimensional shear beam model. The nonlinear 
property of soil is evaluated in the process of computation. 
A:t las~tthe average acceleratlonspectra of each microzone, 
Which .lsusedas an earthquake resistant design 'spectra, are 
Obtained. TangshanCity and Qinhuangdao City (10) microzoning 
maps'wereprepated so by the above approach. Such micro
zoning' ,apprOach is not: only different from the intensity 
a.djustrri~t'ltmethodt but also different from that based on 
sei$lnleSoil classification. As this approach gives the 
respons~.sPEletra directly from the point of. view of earth
quaRe-resistant design and for practice use, it must be pointed 
out1:,hat between the damage index of low-rise buildings 1n 
macros'eismic::statistics and AWSM Of soil layers, there is 
cer€a1n·eortela.tion. but: is this correlation available for 

"the strueture's'c,f other types '2 The questiOn is far from 
being$ettled and needs for further study. 

'4. Analysis method. 
Alongwlth the development of numerical technique, seis

mic mlcrozonation can l:)e attributed to solving seismic res
p'onseof rnulti-layersoil ~verlying on the semi-infinite 
bedrockeorrespondingto various typical site COnditions. 
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It should be noted that applicctbllity of such computing model 
1s so limited that a low velocity soil layer on hard rock is 
required, and the more contrast the intereurface, the more 
effective thlsmodel.Purthermo"re, when. the assumed "commOn 
base" is taken asa surfae~ of bedrock, thus its depth may 
exert an influel'1ceonthe "predomin"ant period of site,cons
quently on the ·safety of these structures, the natural period 
of which approaches to,the predominant period of the site. 
Secondly, for simplifying the computing model, the horizontal 
shear vibration of soIl layers is considered only, thus it 
is not feasible in the near field because where the vertical 
vibration component is really large. For the most simple 
method of solving the wave equation, the one dimension SH 
wave incidence is adopted vertically upward, it implies that 
the prinCipal seismic: wave energy arrived is independent of 
orientatio".eut~, it is not always so "practlcally. 

Another similar' method is to define seiem'icrespanse of 
5011 layer profl1e according to an input accelerogramand to 
determine design spectra 'as well as amplification factor of 
acceleration, their iso-value contours are t.aken as the basis 
in solI classification (11). 

5. Microzonatiofl based on the comprehensive Prediction 
of earthquake damage. . '. " .. ' .. 

In China, ther. is another method in rnicrozoning (12) 
(13), called as themet:hod of strong earthquake effects 
prediction which isslmiiar to the setsfdc microzonation 
in the San Francisco 8ayRe'~ion performed by the U. S .Geo
logical Survey (14). This 11letnod dirferentlates.two diffe
rent klnds.ofearthquakedamagingeffect, i.e. effect of 
ground failure and ground motion, and then measures are, 
taken in the consideration of earthquake resistance for the 
aboveeffect·s. The regiona,l geolog leal, geomorphol()Cjlcal 
and hydrogeologica:(coridit:lons are the most significant. . 
bases for dlff&rentiaf:ingear1;hquak~effect:s.Therefore,·in 
microzonatlon,grcrurid failure, 'probably occurred can be divided 
"lntothe following categories": ( 1)' collap~e?1nd landslip;. 
(2) differential settlement; (3) sand blow and mud spout; 
(4) extensive settlement and " landslide; (5') tectonic and 
miscellaneous. Th'is method has been u~edln "The ground . 
failure microzonlng.map of Beijing region" provided by The 
Institute of Geology, State Seismological Bureau of China. 

~ e.," :r: ''>;" ~. • 

The prediction' map of rock motion parameters character
izing strong e~r.thqual<:'e .vibration is prepared on the basis 
of earthquakes·expeeted to occUr in. the: region, and the -magni
tude, ep1central di'stance and source depth, etc. of which 
are controlling para~eters, determined according to data 
l)ubUshed 1n the references either 1n China or in foreign 
countries. 

Itcao' ):)e seen from the previous descrIption that methods 
used in.selsmlCmicrozoning in China have not yet been spe-



cified at: pre,sen,~, a,l,lme.thods· are' worth to be further inves
tiga~,ed.,. ThE(.prlncipaltendency in developing method of ' 
mlcro~onatlon,i~ to ,cU,fferelit!atethe twodlfferent kinds 
ofe'a:rt,hq~aJ<:.e '.eff¢C:t'scorr,ectly ,. to ,classify geological 
unt~sar'ld':~9i:tJ()r, determin.at"ion Ofdalllage types in each 
mict'c:),zc;-neL 1I'r9,r~ovet, . quant1·1:a,t,ive analysis must al so be pro
ceedeti,: for '~ete·rmln~.~lon" of design. earthquake parameters in 
each 'l'Ificro,zone ... ' The above. ment~.oned rnicrozoning tecnigue .. ' 
t~kes: so11'e'ffeC;,ts i.nto, conSts'eratlon only, as to the' effect 
offaul tlngt tCipography an(Lo.ther.s on earthquake damage, not 
much' are eonsideret:l .. a'f,prese.nt. 
~ ::: ;,' ".~ -.'.. ; 1 , • • " -'. ' 

c' Ev~n. thou9h' t~ad~~fiir.ta,t·ion' 9f 'seismic microzonationhas 
not yE!t ,bE:!~n Vi~l1:·es~abl;ishe't,so,far· and, no unified method 

'lias'beE!n'adopted,yet microzoning maps prepared by the above 
method,proY~ge ,J1Iea.~ur~s; of, relat.ive effect: of seismic hazard 
in each micro zona for the land-use designers and engineers. 
It Is'su9gestedby thaauthor that ttte effective microzona
tion'must be.as ;rollows: ' 

1.' It fnU~t·· i4!fi~c,t' affect of .. source mechanism, trans
tni$siOf't.path_~nd.lo<::al Site condition'in the particular re-
9ion.' Of. t!ours~, thelSe. effects s)'lould not be evaluated by 
the engineering jtrdgement based o-n experience only, but also 
on ttteQI'et;~c~~ bq~e" and experiments ,of earthquake engineering 
at presefit.. '" .,.'-.. '.' '-.- . ' . ..' ' 

It is reeo9nH:~' from _,'the: recent knowledge of earthquake 
engineering that tha ground motion characteristics at any 
site is Influenc~dby the.-,above mentioned three factors, 
cer-ta..1nl y ,',,1 t ',i$,:dlfii¢ul t-J:C). 'separate these factors quanti
tati~~,lyir'!(UVi~ .... .al1y,-,ttJs,!!!'(en impracticable sometimes, 
but for some;speC:.~al" ,~ase, ,one',Qf them may play an important 
rol.e. .. ~ ... , ',','" ". , 

,,~tr.on9~ mQti.()rij·ef~~ds .have,~h~wn' that the effect of 
so.uree,mecljlinf$.rn,oi\gro,t.ind ft'Iotlon in;,certain cases is far 
obviou,$when cOmpar.ed,w,~t.h the·ef.fect of local s1 te condi
tions." ,An~!yst.rig 1.!t ,-;tecQt"ds,'of earthqua)<es of magn! tude 
rangi-1't9 ,f~c:;rn J,~,t~6.:s:Qbtained. in' tlcentro, UdwadH.l and 
TrlJMMlC. (19'PL'(-~Slel&$s,lf,i~t:Lthem into· 4 groups accord in9 
to .thelrpt'ie,ntat:i,Oh ;,~o;~pleenter, "comparison of Fourier 
apeetrum.o;f;-eaelll 9~oup·Wa$".made. ,The first group consists 
of.4e.a.t't;htbrake~f"·ttH'.e'.! .of,· th~m~ome from the same . sourea 
reglon·,,,butm,agrtltu4e ,-of eac:h earthquakels not the same, .. 
the shapes·of" Four.ier . .apec:;trum ->6f _ each cotnponent correspond
ing t() eaeh~arthquaJ(e . are d·ifferent.· . 'At. the ' same' reeording 
si.ta,:beccu.lse the-t,ransmission' path and local site cIlndition 
8re,thesame; t,herefore 'dlfference "of the. shapes of F'ourier 
speetrumtnaybe.inter.preted·asthe'differenc:eofsource 
mechanism 'and. nonlln'8sr, f!!f'f·ect: -(Jf . soil.. Therefore, the' 
effect-ofsottre(l!!mecthanism"plllys'more im}l)ortantrole.; 

- .. , - . , - -
',". 

AJ;t)artmtlY."i'the:itbOYa'!'mentl1or" .. deoncluslon '·11 11'1 contra-
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<diction w1 t:h<t:h~ traditional micro:t()~ln9 ~~lMcept:'~< Ma~y . 
se1smo'loglstsa'nd~ngineers reali~ed.for a lcn9~imet:t'1at,· 
nO' great dlfferenc:elri the eif~ectofgroUhdmot:icn: .~x~~ted in 
a ci tyarea oracohstruc:tion 's1 te.;if theredid'exist, -S.ueh 
difference can be .attributed to' lbcal soil ,condition. Such . 
a m1crezoningrne'thodwhlch iii ,pased on corretatlon. between. 
damage·tc low-:rise. buildil'!gsand thes,urflclal'soillayer· 
10-20'm inf:hicknessfrr terms of macro Seismic inJ:ensity is-
s'l:iflf:o be adopted~xtens1vely~ ,.Thus we consider with 1:IU£
:Hc1enf:reason that such rnicrozonihg.map is O'nl y,c,orr~ctin , 
cases Where effect ef source·mechanism and transmission path 
can be neglected in comparison ,with the effect cflocal site 
e6nditioriand . at th'e sametirnet,t:"er~a·re· nO' correlatdO'ns 
between the local 51 f:eeon~i tic" and the wave incident . a·ngle. 

. . .' . - . . 

'Of ccurse, the authcr. does nct oppose' the ,idea ,that. 
IceaI' site condifion'haseftectcrigro1,lnd rnotioncharacteris
tics', but Mas toen\phasize the fact: . that the most ,impor.tant 

'factcrs gcverning the damage potential of buildings are the 
type. of incident· wave to .be,droc)s,amplificatioll.and filtra ... 
ticn ''Of ?urface soil lay~rs, and response 9£ building itself; 
the ·effect' cflceal sitec;;:cndltionc:a:nbepredominat.ed only· 
in'caS,e cf the given type "9f incid.ent wave. 

2. Fora' givef{ slf:etstibfllty 6f repeated relative . 
damaging effects during strong earthquake is most important 
which is independent of its source~ .and it shoutd be besti-
fH~d by the st~on9 'mci;ion records. '. ' .' 

Thefypicalexample of ,tepeated ,da",agtng effect was:, .' " 
found' In"Yutfan C"untYt' Heibel f>.rovince of China,whichW,as 
a low-anomalcusarea bothin:the+ Sanhe..;Pinggu. ea~thqua~e 
(1"':::8 lor l679artd the Tangshanearthquake (M=1.8) of 1976,' 
the epicenters in the two earthquakes were NW60 km and SESO 
km respectively •. It is noted tHat ~amaging effect.~a~in
deperideni:'e:fthe . direction from .whichseismic wave,st'r~vel
led .. " 'CertiHnly , "this was:~m·acr6selsmfc:pherioMetic.n,tandit , 
is'apity that'we "h:ave not enoUgh strong mot;lohr:~cords 
up to' present to' teiitify . the" .repeat:,~drelat~ve .;d~rn'~.gln9 
effect~ . Therefore,m;icrozcn.i f1.g'map based:on the ,da,ta:of ... ' ' 
6n1y'one destructive earthquake' damage is,alway:~ U'nsttl.table.,' 
becatiseground mction characteris1:icsa,re contr-ol H~dby,nifir1Y, 
factors', end It19 :diff fcbl t 'to prediet~,tl'fe' dt!):fltage ntod~lJn ' 
a ftlttlreeatthquake at' agivel'i s:ltewh.i<:h \tIOUl;,d, btt $lrnilar .. 
to' that' of' the' previcusearthQuake.' In,tl'lis.st!l"tsef nO~htng 
can be"dotie in the s'e'is'mic mieroiona'tion" reflecting the 
repeated relat:lveearthquake~ffecf untii alargearnOtlt1t.~f 
strong motich records 'areaecumUla'ted~'F:rorifthestarid:"o!nt: 
of,recent kn()W'l~dgeiit:is'possible'tocolreets1:rOngmo~ion 
recot'dSe)('t:en$ivelyfot ··varfOus 'so11ct,nditlonand tdobtain, 
by extrapol,stion', . ground rrtct:'ionpat'tifmet~rsf'or different'" .•.. 
scil condition directlyf:rC5i'n~their's'fablstlcal average 
values. MOr;"eovert the nonlinear effect: cf·soilrt1ust~e 
estimated dur±ngextra,polat:!ortproe'edure rrem,weak' earthquakes 
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It is very effective in practice to make clear the 
repeated relative earthquake effect ata given site by obser
vation of aftershocks after destructive earthquakes. Because 
the range of source area of aftershocks is well known in gene
ral if the source area of aftershocKs has somewhat changed, 
aftershocks alw~ys occur so frequently that it is completely 
possible to obtain a large number of aftershock records in a 
short time for study of effect of source mechanism, frequency 
dependent amplitude of ground motion varying with magnitude, 
relationship between site response a'1d aftershock fOCUSt site 
amplification 9 at.tenuatlon law 9 differential ground motion in 
microzone, etcs Because aftershock records are easily accu
mulated in a shOrt time, therefore it: is possible to divide 
tHem into cettain groups for study of individual factor. The 
industrial explosion data may be adopted also, if necessary. 

3. On the basis of recent knowledge and technique, there 
will be many limitations in microzonation carried out only by 
indivldu~lapproach (empirical, experimental, theoretical). 
According to dIfferent requirements t seismic microzoning map 

. for different purpose can only be prepared by synthetical 
analysis using various data .. 

Practice has proved that destrUctive earthquake effect 
(except for secondly damage) may be divided generally into two 
categories: (1) ground failure effect which is closely related 
to geological condition, such as surface rupture, . differential 
settlement, sand liquefaction, landslid&, etc. All fail~res 
can be triggered by earthquakes of speCified magnitudesl (2) 
damage. erfed: resulted from ground motion. When dea1.tng with 
these two effects, the former ca,n b~ avoided by selecting 
favourable sites and deleting unfavourable Sites, the latter 
can be avoided by checkirlg the earthquake resistance of struc
tures for given seismic loading coefficient. Therefore, in 
view of different requirements a number of microzoning maps for 
different purposes must be worked out. such as mic;rozoning 
ma~s reflecting all kinds of geological effect and maps for 
earthqua~e-res.istant design of various structures. 

4. Measure of dividing relative earthquake effect mus~ 
be related to the methods in the existing aseismiC building 
code for the convenience of engineering practice. It must be 
recognized that. in the present stage, earthquake reSistant 
design in China is based on seismic intensity, but at the 
same time i tcant be restrict~d in using intensity as a cri te
rion. and it is necessary to use quantitative parameters in
stead of seismic intenSity as design criterion gradually, i.e. 
from using geologieal, seismological and. historical data t6 
engineering design parameters$ The design earthquake para
meters showing damage effect of strong ground motion can be 
deterrninated in terms· of roek motion expressed by magnitUde, 
epicen'tral distance and focal depth of earthquakes probably 
occurred in the given region. For surficial sOil layer, fur
ther evaluation of ground motion parameters may be calculated 
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by means of roc:lcrnotton. The ground motionparamei:erlf given 
for eachmicrozone ought to consist ofan~mberof phy;sleal 
parameters ,(peak~round aeceleratlot'i. r"~'l~nse;1Sf;eetra ,'and 
durationt etc.) andth~lr pr6babi11t:yofoe'eut:r,~f\c:e.ror, 
regions whlC:hat'e posslbleto ear-ry,()utihSttuMental!l,t:tltJy, 
aftershoeks 'and industrlalexplosion,tneasut'$Merit!inay,be ' 
adopted fordirec:ted,mparl!iJon' ofp,ealtvlbtiJl't,l:tJn.', tt't!cfut!ney 
eontent, dUration ,etc,' ateaeh 're,e~rdtn~~lttt:';Wit:h ,varic>us 
soil conditions. Desigtlparam.eteE'SOf th'&' q!V!lrf~tt'e,may be 
obtained from the recordedspeetruTft in si.tu'and~btrtblrtat:iOft 
of various d'ata. ' ' 

5. S 1 nee the e6heef'.t of , s~i:smie mietotot'lat!on haa,t)'.1i 
develo'ped bas@<) on the! ,t:ortE!1at:lonb~tweifloea1, .slt:e,e6'ndl
tions ,ariddama9:eto,buildinqsfth~n It must: 'be>r~f>la:~.d'b'Y 
the soil .... sf:ructut"C!lriter;aetiOI1,'gnalysia~ "No,'.mat't"r,hc)\.l'the, 
lurnp~d ,'parameter n1ef:hod ,orth~ :!!h!'t~ e la~nt:nt~thod, 18ado~t ... 
ad, int:he lrtteract;.ton!ittidYlt.f1'i!!~tf'uetutallriC;del art(ithe ',. 
so11meditim&re,an'alyzedasaC!9tr"lin9S1s't~m.tri-,t:h!"lifmi)~d 
parameter method:,J!he,eff'eet~f' ,s'Oll.ecs:ndl 1:1011, i'S',e"aluattd 
bye<1U ivai en t ,elattic eOftst~t\'fvand<el:f'Ui va~~"t da1rtpit'l9f~t6r. 
and ihthefltiite_le'rileHtil1,ttra(!i1;oll nOtt11nea'r ',Pr.()~rt~ , ,,' 
ean be analysed , byus!fl9', t!'cfui,ar4!nt,'1.ih'i!!~rI~atl(!jnrlrot!e~UrE!! 

,corresponding t:o~t,eri:str~tJ'1ft:hat'~I, tO$!'Y, tl1'@.@ff~e~of 
sol 1 eOhdlt16ncon:~ldet'ed 'l'h"rnle't;'ozo'natlof'l' w1111\Ot e)ti!Jt: 
naturally. t:heeff~t,6f,$i)ut>e@:meeh~t'I!srnar'ldtrans~issloh 
path ar-e Inttluded.lnt:ht$.is~1~¢'ti'ohoflnpt.tt ground ,motion. 
Stich ~)Ctensiveeottt~tat:l~'n'7ffi'a~be:featflblE!'cnlY, ,of ,couts'e" 
for the most ltnp()rtant:s:tl:'Uet1;1rett'l'~lv!dtfa11y. As for ordi
nary, buildings a'nddt(l.el1lt\~!f~elsfriteMler~!tdrt-!rt9Ittap is, 
still anindil1)ensabl@l tb'(!tlfOr.@n~lnee'l'!bOdf!lH!t'm1ne de
si9nearthquake"§t'amE!t:-et'!lan~ !if:eaell!\etion. 
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F'iq~1 Seismic mlcr02:oriing map of Beijing (1957) 
Rdman:number shows the "intensity" 

Fig.2 Generalized eontour map of intensity distribution in 
Be'ijing during the 1976 Tangshan earthquake 
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MlCROZONATION AND LAND USE PLANNING 
George G. Mader 

Abstract 

Land use planning in the tJnit~d States provides a number of opportunities for 
using microzonation techniques. Since most land use plannIng takes 1'lace at the 
local government level, it is at this level where micro zonation applications are 
to be mainly found. In California, a seismically active region, there are many 
exaJn1)les of microzonation as applied to land use planning. Specific examples, 
described·in this paper, are embodied in seismic safety elements of general plans 
for Santa Clara County, Santa Barbara County and the City of San Francisco. Micro
zonation as applied to state level regulations are found 1n state designated 
special studies zones along active eartnquake faults. At the local leve]., examples 
of zoning with respect to landslioe problems and controlling.the subdivision of 
land with respect to seismic and non-seismic problems are found in the "Town of 
Portola Valley. Two recent programs of the Association of Bay Area Governments for 
the San Francisco Bay Area focus on the definit1onofsei81Dic and non .... se1smic 
problems for computer systemS capable of desct:ibinghazards and risks for large 
areas~ 

The advancement of mtcrozonation techniques has allowed a steady increase in 
elle use of seismic data in the land use planning process. Many of the increases in 
the utilization of mierozonation techniques have taken place in the last ten years. 
In·the long run, the success of inclQding microZMlation techniquee in land use 
planning will depend on more and better geologic .. nd seis1llic data and greater 
efforts to inform the public and public officials. . 

l' . . 
George G'. Mader, AICP, is Vice-President of William Spangle and Associates, City 

and Regional Planners, a Senior LeCturer, in the School of Earth Sciences at Stanford 
University, and Chairman of the CaliforniaSefsmic Safety Commission. . 



INTRODUCTION 

Most city and regional planners in the United States advise governments on the 
desirable distribution of public and private land uses. Planners' . advice is condi
tioned by economic, social, political and physical factors. Seismic considerations 
are one of the physical factors. To the extent planners have better information on 
how land and buildings will react in an earthquake, the better they will be able to 
advise client governments. 

A number of advances in the application of seismic information to land use 
planning have been made in the last ten years in the United States. Many of these 
advances have occurred in the State of California, an area of high seismicity, in 
the aftermath of the 1971 San Fernando Earthquake in Southern California which had 
a Richter l-iagnitude of 6.4. This paper summarizes some of the most recent applh 
cations of seismic information to land use planning and describes emerging efforts 
to improve the state-of-the;..art. Examples are drawn froni the State of California. 

In order to understand the role of land use planning in the United States, it 
is necessary to have some appreciation of governmental structure. Each of the 
fifty states in the United States has a large amount of control over affairs within 
the state other than those of national significance. Typically, each state is made 
.Jp of a number of counties, and the counties are in turn made up of incorporated 
areas called cities, and unincorporated areas which are controlled directly by the 
county. Most decisions about land use are made by the city or county. the lowest 
levels of government. In some instances. states directly control land use when it 
is in the state Interest to do so. The national government, while using methods to 
encourage certain land uses, does not directly control the use of land. In addi
tion. there are special governments or voluntary associations of governments which 
are formed with the consent of the electorate for special purposes. MostappH
cations of microzonation techniques to planning are found at the local, city or 
county. level while some applications are emerging at the regional level. 

The major planning documents utilized at the city and county levels are por
trayed in Figure 1. This figure illustrates the hierarchy of plans. and regulations 
and their relationships to geology and development proposals. The general plan is 
a policy document, not a law. and forms the basis for most land use planning. it 
states general goals and includes a map showing land uses proposed for the next 20 
to 30 years. It is the standard against which all proposals for changes in land 
use are judged. The zoning ordinance is based on the general plan and precisely 
delimits areas in which different land uses are permitted and quantifies such 
matters as the density of population, the size of lots, the distance bulldings 
should be set back from property lines, and the height of buildings. The sub
division ordinance sets forth the requirements that have to be met before land can 
be divided for sale as individual parcels. It includes standards for such items as 
roads and utilities. The site development ordinance regulates the manner in which 
land is graded for the construction of buildings, roads and other uses. Finally, 
the building code regulates the manner in which buildings are constructed. 

Each of the plans and regulations in< Figure 1 provides an entry point for the 
use of geologic and seismic data. Information on microzonation, therefore, has a 
potential application with respect to each of these plans and regulations. The 
suimnaries that follow relate to these types of plans. and regulations ~ 

Throughout the examples presented in this paper, two recurrent themes occur: 
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bridging the gap between scientists, who produce data, and planners and politicians 
who use data; and defining risk in terms that will assiSt decision-makers. There 
has been much progress made in producing data that can be applied to land use 
decisions; however, often this data is not adequately translated into terms that· 
help the planner make land use recommendations. In the examples that follow, there 
isa wide range of types of data used and methods of translating the data into 
terms useable by planners. The second recurring theme, risk, is inherent In any 
land use decision. The recognition of risk may be very general or may be arti
culated in great detail. The examples that follow provide a variety of approacbes 
to dealing with the definition of risk. 

SEISMIC SAFETY EL&~ENTS 

In the State of California. all cities and counties are required to have 
general plans. In addition, 1n 1971, the California State Legislature adopted a 
law that required general plans to include seismic safety elementS. This require
ment is particularly relevant to microzonation in that it requires each city and 
county to make an inventory ofseis1Qic hazards for the entire jurisdiction and then 
to take this information into account in establishing policy for the' use of land 
and buildings. Examples of seismic safety elements from Santa Clara County, Santa 
Barbara County and the City of San Francisco are described below. . 

Santa Clara County 

Santa Clara County is situated in the southern portion of the San Francisco 
Bay Region and encompasses 1,316 square miles (3,422 square km.)t with a population 
of 1,235.000. Most of the county is divided into incorporated cities, but major 
areas are still unincorporated and therefore under the direct control of county 
government. 

When the state requirement for seismic safety elements was imposed, detailed 
geologic information for the entire county was not available. The approach utili
zed by the county was to assemble geologIc data that was available and from that 
data, prepare a county-,wide map indicating the likelihood of· seismic and geologic 
problems in all parts of the county. The map is shown as Figure 2 and portrays 
three relative stability zones: 

1. Where geologic investigation is normally required. 
2. Where geologic investigation may be required. 
3. Where geologic investigation is not normally required. 

In practice, the county geologist uses this map as an aid in determining whether 
the proponent of a development will be required to have soils and geologic investi
gationsmade of his property before the county will approve the project. If a 
report is prepared, it is reviewed by the county geologist and must meet his appro-
val. . 

This isa crude approach to microzonation in that very broad areas are defined. 
It does, however, differentiate between areas and provides a basis for requiring 
detailed reports where deemed necessary. On the other hand, it does not provide 
gUidance to the county or land owners as to tbe nature of geologic problems and 
whether proposed land uses are likely to be accepted. 

In this instance. the bridge between the data producers and data users is found 
in the relative stability map and the county geologist who must 1nterpretthe~p 
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•• and" geologic reports for "the planners. The question of risk is only generally dealt 
with in the three broad. categories on the map. Further definition of risk -takes 
place with respect to individual so11s and geologic reports. 

Santa Barbara County 

Santa Barbara County lies about 75 miles (120 lan.) north of the City of Lo, 
Angeles in CaliforIfia. "The county contains 2 ,145 square miles (7,137 square lqn~). 
With a population of 294,000. Vast areas of the county are undeveloped and under 
the land use control of the county government. '. 

Santa Barbara went considerably further than Santa Clara County in quantifying 
geologic problems. Its program included assembling data for the.entire county on 
groundshiking, tsunami-seiche; liquifsction, slope stability, expansiVe soils, !IOU 
creep, cotnpressible/collapsi~le soils. high groundwater and 'surface rupture from < 

faulting •. All of this da:ta.w;l.th the exception Of that pertaining to surface 
rupture, wa:s tabulated ana 90 acre (36 ha,.) grid cellsyste1D for the entirec()unty. 
plus a 5 acre (2 he.) grid cell system for four urban areas. Surface r.up.ture, s1-nce 
it~'9 a linear feature, -was treated separa:tely. . . . 

Each 90-acre grid cell was rated 1, 2or3 for each hazard based on th~ fol
lowing system: 1 = none to low hazard, 2 m moderate hazard, 3 • high hazard. A 
second number was then used to indicate possible variability from therat1ng due to 
potential local variations, lack of basic data and subjective evaluations. Each 
hazard was given a weight representing its importance relative to the other haz.ards. 
The weight was a judgement based on three considerations: 

1. Consequences of the problem. (Would loss be to life or property 
and what would be the severity?) 

2. Frequency of occurrence~ . 
3. Difficulty of prevention or mitigation. 

The weights assigned to each hazard; were as follows: 

. SeiSmic severity (ground shaking) 18 
Tsunami-seiche 19 
Liquefaction 15 
Slope stability 23 
Expansive soils 7 
Soil creep 4 
Compressible/collapsible soils 11 
Highgrotindwater 3 

~(lowest possible score 
-, assuming rating of 1 

for all hazards) 

. Next , a weighted rating was obtsinedbymultiplying the weight by ~he .rating. The 
sum of weighted ratings for each land unit is called the GPr (geological problem 
index) • The range of weighted ratings wa.s 100 - 236 (300 maximum) .No . cell recei
ved a maximum rating because some problems are confined to. flatland.or hillside' 
areas and no cell had a high rating for all hazards. TheGPI was aSSigned to 
categories as follows: 

:;. ,"r 
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GPI Range Category Severity 

100 _. 125 I low 
126 - 145 II lOW1Oderate 
146 - 180 III moderate 
181 - 210 IV moderate-severe 
211 - up V severe 

The GPI was calculated for each 90-acre grid cell county-wida and for each 5-acre 
grid cell in four urban study areas. Computer mapping of the five cate8o~1ea shows 
the relative severity of geologic hazards throughout the County and 1nthe four 
urban areas. An example of the system as appli~d to a portion of the county is 
shown in Figure 3. 

Based on the CPt, tbe following land use recommendadone were included in the 
seismic safety element: 

1. Consider areas in Category V for natural areas, recreational or 
agricultural use, possible low density use. 

2. Consider Category IV lands for low density use at non-development. 
Cost of ssfe development may be high. 

In this example, the development of weighted ratings represents a considerable step 
forward in bridging the gap between data producers and users. The user has specific 
numbers which represent the best judgement of tbose who provided the data. Thb 
system does not. however. indicate the severity of the hazards for different types 
of land uses. The matter of risk, however, has been addressed at least in compar
ative terms through the weighted ratings. 

City of San Francisco 

The City of San Francisco shares a serious problem with 1II41\y other older 
clties in the United States, the presence of numerous old unreinfot'ced masonry 
buildings. The problem in San Francisco was to identify tbe severity of this 
hazard and to undertake remedial programs. 

The. buildings that are most hazardous are known 4S pre-code Type C buildinas. 
These buildings were constructed before 1948 when comprehensive lateral force . 
requirements, specifically considering seismic forces, were incorporated into the 
San Francisco building code. Type C buildings have masonry or concrete exterior 
bearing walls with wood floors :and roofs. 

The study identified geologic conditions affecting ground motion and struc
tural conditions. The mapping revealed over 1.400 reddendal buildings with 
nearly 35,000 Uving units and 2.800 non-residential buildings as pte-code Type C. 
Figure 4 shows the distribution of the non-residential pre-code Type C structures. 
Figure 5 shows estimated building damage from a "1906 Typetl earthquake (The 1906 
San. Francisco earthquake is estitllated to have had a 1tichter "Magnitude of 8.3). A 
bigb degree of correlation between the pre-code Type C buildings and estimated 
building damage can be seen by comparing Figures 4 and 5. The idenUficad.on of 
tbe problem, however, has not been !ignif1cantly followed by a program of r@1llOval 
or strengthening of old buildings oth~r thad thl'ouah normal building demoUUon for 
redevelopment or through conversion of older buildings to n~tt U8~8. 
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This study provides detailed identification of hazardous old buildings and 
indicates the high level of risk these buildings present. In this manner , it 
bridges the gap between the data producer and user, and helps deUne risk levels. 

SEISMIC SAFETY REGULATIONS 

The discussion in the preceeding section addressed seismic safety elements of 
general plans. It should be remembered that general plans are policy documents and 
do not have the strong effect that laws or regulations have. In this section, 
several examples) of regulations will be discussed. These regulations require that 
specific precautions be taken with respect to seismic hazards. 

Regulations that govern land use based on seismic considerations are not as 
fully developed as are seismic safety elements. This is due to hesitancy on the 
part of government to enact regulations in this subject area and also the devel
oping nature of the state-of-the-art of such regulations. Several examples will 
be presented. all from the State of California. 

~tate Designated Fault Zones 

Normally, states do not regulate land use, but instead-leave this matter to 
,local jurisdictions. One exception to this general rule is land use in the vicinity 
of active earthquake faults in California. The Alquist-Priolo Special Studies 
Zones Act, adopted in 1972, directs the state geologist to delineate special 
studies zones along potentially and recently active fault traces in the state. The 
zones are ordinarily less than a quarter mile wide unless special conditions 
warrant a wider zone. An example of a special studies zone is shown on Figure 6. 
Once the maps have been issued by the state geologist, local jurisdictions must 
require developers to prepare geologic reports for any development ~ithin the 

,zones. When a trace is located through such a zone, state regulations prohibit 
construction of buildings for human occupancy across the trace or within 50 feet of 
the trace unless geologic investigation proves the absence of active branches of 
the fault. 

This regulation is a significant example of microzonation applied to land 
use planning for a very large area. Proponents of the law thought that of all of 
the possible seismic problems, faulting should be the easiest one to map for regu
lation purposes. ,They also believed politicians could be convinced to recognize 
this hazard in land use regulations. In practice, however, the regulation has been 
rather difficult to develop and administer. Because the precise locations of all 
active faults in California were not known, the special studies zones were defined 
as rather wide bands. While these wide bands were justifiable, given our knowledge 
of fault: location, they had the adverse effect. from the property owner's point of 
view, of casting a shadow over all properties in the zone, even though a very small 
percentage of properties were actually over or close to a fault. Furthermore. 
where faults were not recognizable from surface features, it was hard to communi
cate to lay persons that the faults actually existed. This later problem has led 
the state to concentrate the regulation on faults with surface expression. On the 
positive Side, the regulation has greatly heightened the awareness of developers, 
land owners and realtors of the faulting problem. Also. the regulation has led to 
"the mapping and avoidance of active faults. . 

The experience of tying state-wide regulations to geologic hazards has been 
enlightening. The problems encountered give cause for very careful consideration 
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before enacting state requirements relative to other geologic hazards. On the 
other hand, the significance and potential 1mpact of state legislation in this 
subject area ha~ been demonstrated. 

Landslid~ Regulations 

In California, with all of its hills and mountains, landslides are a major 
hazard under seismic and non-seismic conditions. Mistakes have been made in the 
past in allowing development in landslide terrain without recognizing the hazard. 
In recent years, however, increased attention has been given to the problem. Many 
cfties and countf.es now require soils and geologic reports prior to approving a 
development. [n such a process, landslides are either avoided or engineering 
designs are developed to handle the problems. Nevertheless, there is a need to 
recognize the presence of landslide terrain as early as possible in the planning 
and development process so that longer range plans can be prepared which take the 
landslide areas into account. 

The Town of Portola Valley,a small community of 10 square miles (16 square 
Ian.), a population of 4,000 , occupying a valley and hills in the San Francisco Bay 
Area, has developed a detailed microzonation approach to landslide problems. It 
should be pointed out that this innovative work would probably not have been under
taken had it not been for several costly landslides in the community that caused 
the elected officials to recogniz~ that the town had to deal with landslides. To 
address the problem, the town undertook geol~ic mapping of the entire town at a 
seale of 1 inch equals 500 feet (1 cm. = 60 m.). The map of geology, however, did 
not provide direct information as to the likelihood of landslides and therefore a 
second map was prepared based on the geology map and called the "Movement Potential 
of Undistrubed Ground" map (see Figures 7 and 8). This derivative map rates all of 
the geologic formations in terms of their relative stability. 

With this mapping in hand, the next step was to establish policies for land 
uses for each of the stability categories. To accomplish this, the town council 
appointed a committee comRosed of four geologists. two engineering geologists, a 
soils engineer, an attorney and a planner. Based on their professional judgements, 
the members of the committee prepared a table indicating land use limitations for 
each of the landslide categories. This table is in effect the link between scien
tific and engineering knowledge on one hand, and land use planning on the other. 
While risks were not quantified in the preparation of the table, the committee 
operated under instructions from the town council to prepare criteria to reduce the 
risk of failure of development from landslides to a very low level. The table is 
shown on Figure 9. 

The maps and policy have been in effect since 1974 and have proven to be 
effective guides to development. The policy, adopted by the town counCil. includes 
provisions for modifications of the maps if subsequent investigations fndicate 
inaccuracies in the maps. Thus, in this example, the interpretive map and policies 
bridge the gap between data producers and data users, and provides guidance foT' 
land use decisions in order to minimize the risk of damage from landslides. 

Subdivision Regulati~~~ 

If all geologic problems have not been identified in -the seismic safety element 
or through area-wide mapping and regulation. as described above for landslides. a 
significant opportunity to identify and deal with geologic .problems exists at the 
subdivision stage. A Simple provision in subdivision regulations that requires 
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preparation of soils and geologic reports by the developer and subsequent review of 
such maps by a geologist, retained by the city or county, cari in effect result in 
microzonation. 

An example of the subdivision approach is again drawn from the community of 
Portola Valley. In this instance, a developer proposed to develop 450 acres (180 
he.) of land. The town r s subdivision regulations required that before the town 
would approve .any plan, the developer would have to prepare a geologie study of the 
property that would be satisfactory to the town geologist. The developer retained 
a geologist to prepare such a map (Figure 10). After the mapping was completed, 
the property owner found to his surprise that his property had several active fault 
traces and numerous active landslides. The developer W$e able, however, to design 
a subdivision in which these problems were avoided. In several important areas, 
however, he was required to undertake extensive engineering projects to solve 
problems of instability. The geologic infonnation, translated into relative stabi
lity terms, and the proposed lot layout are shown on Figure 11. 

This example argues strongly for government requirements for detailed geologic 
data at th~ time of development. This is a crucial stage for data producers and 
data users to communicate fully. Once land is subdivided, the future property 
owners will want to develop their land and they should be protected from major 
unforeseen geologic problems to the maximum extent feasible. 

EMERGING APPROACHES 

Problems of translating seismic risk in terms that are meaningful to planners 
and politicians persist. One problem is that most studies result in comparative 
terms such as "high", "moderate". and "low", or numbers that are abstract, such as 
the p(dnt system used in the Santa Barbara seismic safety element described earlier. 
A second problem 1s the need to translate seismic information into measurements ot 
potential building damage for all geographic portions of a planning area. Each of 
these problems has been dealt with in two innovative studies carried out in the 
Association of Bay Area Governments (ABAG), one on land capability, 'in cooperation 
with the U.S. Department of Housing and Urban Development (HUD) and the United 
States Geological Survey (USGS), and the other on earthquake hazards mapping, in 
cooperat!onwith USGS. 

Land CapabilltlAnalysis 

The first study, entitled, Qualitative Land-Capability AnalysiS, applf.ed a 
land-capability analysis technique to a portion of the San Francisco nay Area. The 
study relied on basic and interpretive geoloaic maps that had been prepared during 
an extensive study during 1970 to 1976 by USGS and HUD of the San Francisco Bay 
Area. In essence, the landc.apability analysis st;udy inVOlved the following steps: 

1. Selection of basic data maps. 
2. Development and use of interpretive maps on the following subjects: 

Surface-rupture potential 
Ground-shaking potential 
Stream-flooding potential 
Dike-failure inundation potential 
Dam-failure inundation potential 
Landslide potential 
Soil-creep potential 
Shrink/Swell potential 
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Liquefaction potential 
Settlement potential 
Erosion and sedimentation. potential 
Septic,:",tank limitations 
Sand and gravel potential 
Mercury-extraction potential 
Agricultural potential 

3. Selection of the following land uses for analysis: 

Rural or agricultural 
Semirural residential 
Single':'fam.lly residential 
Multifamily residential 

. Regional shopping .centers 
Downtown commercial 
Industrial 
Freeways 

4. Analysis of each land use with respect to each interpretive map for 
each cell in the study·area. The, study area included approximately 
332 square miles (830 square kin.), and was composed of grid cells of 
approximately 24.9 acres (10 ha.). The analysis consisted of an estimation 
of costs related to: damage potential from natural hazards (such as 
floods, landslides, or earthquakes); fees for special investigations, 
designs, or construction practices necessary to mitigate natural hazards 
or remedy site deficiencies; and losses of potentially valuable natural 
resources such as sand and gravel. 

5. A computer system was used to add the costs for all factors for each cell 
and generate a printout for each land use. See Figures 12 and 13 for an 
illustration of the computer map and derived data for one land use-
multifamily residential. 

This study represents a. significant step forward in the utilization of earth 
science data in· land use planning. Its advantages are that it addresses risk 
(except life loss and casuaHties) in terms of dollars, a term that people under
stand. It also allows the addition of costs for various hazard and resource factors. 
Unfortunately, this degree ofsophist!cation has not been developed by the planning 
professIon for dealing with all of the other factors that determine land use such 
as economic, social. political and other earth science and non-earth Bcience phy
sic.a! factors. 

Earthquake Hazard Mapping 

A second ABAG study has linked earthquake information to an ABAG computer 
program covering the entire San Francisco Bay Area. This computer program, titled 
8ay Area Spatial Information System (BASIS). has recorded the entire Bay Area into 
cells of 2~acres (1 ha.). The earthquake hazard component of BASIS .is only 
partially complete at this time. Steps involved in developing the earthquake 
hazard component have consisted of the following: 

1. Six basic earthquake hazard maps have been put in the system, as follows: 

Geology 
Faults 
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Topography 
Landslides 
Tsunami inundation areas 
Dam-failure inundation areas 

2. The basic earthquake data maps have been combined or used individually to 
form nine hazard maps as follows: . 

Maximum ground shaking intensity 
Risk of ground shaking damage 
Liquefaction susceptibility 
Liquefaction potential 
Rainfall-induced landslide susceptibitity 
Earthquake-induced landslide susceptibility 
Fault surface rupture 
Tsunami hazard areas 
Dam failure hazard areas 

3. The hazard maps can be manipulated to produce the following: 

Computer assisted environmental assessment 
Production of composite hazard maps 
Assessment of property and population at risk 

These manipulations are possible in part because of the vast amount of 
other data already in the BASIS system including the following: 

Physical Environment 

• average annual precipitation 
• vegetation 
• National Flood Insurance Program maps 
• flood-prone areas 
• coastline features fr.om U.S.G.S. 7is minute quadrangles 
• soil associations 
• average yield from wells 
• digital terrain tape elevations 
• slope stability 
• air quality problem areas 
• water quality problem areas 

SOcial Environment 

• 1970 census tracts 
• county boundaries 
• city sphere-of-influence boundaries 
• airports. seaports, vacant industrial lands 
• some transportation data 
• landfill sites and service areas 

4. Derivative maps from the project include the following: 

Maximum ground shaking intensity 
Risk of ,round shaking damage (to wood frame dwellings, concrete and 

conerete block and steel frame buildings, and tilt up concrete 
buildings.) 

j.,iquefaction potential 
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Rainfall induced landslide susceptibility 
Earthquake induced landslide susceptibility 
Tsunami inundation 
Damfa1lure inundation 
Composite maximum earthquake damage (for wood frame dwellings both 

with and without dam failure) 

Figures 14 and lSportraythe composite maximum earthquake damage to wood fram~ 
dwellings assuming dam failure. 

The ABAG study has advanced thetlltate-of-the-art in predicting damage levels 
to existing and future land uses on a fairly small area basis (one hectare). The 
program has a major advantage of being tied in to data on a wide variety of subjects 
and thus allows better integration into complex planning studies. It also has the 
advantage of allowing the user to test a variety of input data. At this point, the 
BASIS System :is just beginning to be used by planning agencies in the San Francisco 
Bay Area in developing their seismic safety elements. 

CONCLUSIONS 

This paper has construed the term microzonation broadly. Essentially, it has 
been assumed that the definition of seismic effects for specific areas can be 
termed microzonation. Applying this definition to the land use planning process as 
practiced in the United States, and in particular California. allows the identi
ficati~n of a number of examples where land use planning has made use of microzon
ation data. The eight examples cited have been intended to portray a range of 
applications that is rather representative of the state-of-the-art of applying 
microzonation techniques to land use planning. Based on this brief review. several 
conclusions can be reached: 

1. In order for micro zonation techniques to be an effective ingredient in land 
use planning, they must take advantage of the et1try points 1n the established 
land use planning process. Thus. we find examples mainly in conjunction with 
general plans, zoning and subdivision processes. Most of the examples cited 
come under these categories. 

2. In general. it is easiest to use small area seinic data at t1ll.e speCific 
developments are under consideration by governtllent. At this time it is 
possible to require detailed so11s and geologic information and obtain the 
most precise answers to questions. Fer decision-makers. the information and 
choices iIlre specific and not abstract. An example of such an application 
was the subdivision in the Town of Portola Valley. 

3. The larger the area beingconBidered and the more remote the time of devel
opment, the more difficult it is to include inicrollonation considerations into 
the is:nd use planning process. One problem 19 simply being able to develop 
sufficiently detailed basic info~ation. such as in the case of Santa Clara 
County where county-wide generalized data had to be used. Another problem is 
the need to deal with risk in a more abstract manner than when an actual 
development is being planned •. The tvo ABAG stu4ies cited have made signi
ficant progress by describing risk in terms of dollars and specific dama&e 
estimates for large areas. 
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4. Requiring.theuse of geologic and seismic data at the local level by a superior 
level a! government, such as tile state; requires great· care. Thedileinna 
is whether to control land use relativefohazards directly or in a general 
or indirect w~y.The requirement for selsmic satetyelements in California 
is a very general requirement. It allOWS great. variety at the local level 
in'imptementation. ,While this is desirable from the pointo! view of 
mo.st .local &overnments, one can question whether such governments are ade
quatelyaddressing seismic problems. The Alquist-Priolo Special Studies 
Zones Act,·on the other hand, requires comp1iancewlth rather specUic state 
requirements. This later legislation has often been objected to by local 
governments. While the differences of point-of-viewate often mainly the 
reflection ofa provincial attitude of local government. there also, is an 
argument to be made for the fact that the levelo! data aval1able.andits 
interpretation is important to the success or a requirement~ In general, 
expedence'isshow~ that the better the available seismic information is, 
the more likely it .,~ that the public ,can require that attention be paid to 
seismic problems. This argues • then. for increasing efforts to describe 
sei,amic hazards in terms that are meaningful to the public at large and local 
governments. 

5. The use of microzonation techniques in land use planning is continually 
increasing a~ better mlcrozonation techniques are perfected that provide the 
type of data planners need. Advances in" seismic, safety policy, however, are 
the result ofa blend of factors. "These include: a greater ,awareness by 
the public and public officials of earthquakes, their problems and approaches 
to dealing with the problems; increasing legislation requiring govert;unents to 
recognize seismic hazards; and continual education of professional planners 
relative to seismic hazards and mitigation techniques. 
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Figure 1. The sequence of plans and regulations central to the land use 
planning process are portrayed horizontally in this diagram, Bta,rting, 
With the general plan •. As the.focus of the planning proc.ass moves from 
the general plan and concern for lar.ge' areas, to the building code and 
concern for small areas, the.need for ~logic data gradually changes 
from reconnaissance type data to precise.data.for specific siteS. 
(Mader I 1971)' . 
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Figure 4. Distribution of pre-code Type ·C non-residential buildings. 
Scale is a~proximately 1 inch • 1.S miles (1 em. • 0.9 km). (San 
Francisco Department of City Planning. 1974) 
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DAMAGE • Sev.,. 
• HeoYy 
o Moderate 

o SIIOII' 

. %' (-. 

o RecttltIy D_lItIItd fJ' to be DemoIlahtd 
Information not Avolloblt 01' not In Study 

IP epl 4 

/ 

+ el e 

Figure 5. Estimated building damage levels for a "1906 type" earth
quake. Scale is approximately 1 inch - 1.5 miles (1 em. - 0.9 km.). 
(San Francisco Department of City Planning, 1974) 
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!2'£. ---... - ...... _# ......... 

MAP EXPLANATION 

Potentially Act ... Feu .. a 

Faults considered to have been acttve during Quaternary time; .olla line 
where accurately located, long dash where approximately Iccated. short das" 
where inferred, dotted where concealed; query (1) indicates .addltional Uf' 
certainty. Evidence of historic offset indicated by year of earthquake 
associated event or C for displacement caused by creep or possible creep 

Aerial pnoto lineaments tnot field ch8etted); baled on youthful geomorphl, 
and other features believed to be the results of Quaternary faulting 

lpecfa' Studl .. Zona Bounda"" 

0---0 These are delineated as straight.llne segmentl that connect encircled turning 
points so as to define special studies zone segments. 

---0 Seaward projection of zone boundary 

Figure 6. Example of special studies zones and explanation of symbols. 
(Hart, E.W., 1977) 
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"1gure 1. A portion of the Movetient Potential of Undisturbed Ground 
Map for the Town of Portola Valley. See Figure 8 for legend. Scale 
is 1 inch· 500 feet (1 cm .... 59 meters). (Port:ola Valley, Town of. 
1975) 



Relatively Stable Ground 

. Sbr 

Sun 

SIs 

Sex 

Level ground to moderately steep slopes underlain by bedrock 
within approximately three feet of ground surface or.less; re
latively thin soil mantle may be subject to shallow landsliding, 
settlement, and soil creep. 

Unconsolidated granular material (alluvium~ slope wash, and 
thick soil) on level ground and gentle slopes; subject to 
settlement and soil creep; liquefaction possible at valley floor 
sites during strong earthquake:·· . 

Naturally stabilized ancient landslide debris on gentle to mod
erate slopes; subject to settlement and sol1 creep. 

Generally highly expansive, clay-rich soils and bedrock. Sub
ject to seasonal shrink-swell, rapid soil creep, and settle
ment •.. &y include areas of non-expansive material. ExPansive 
soils may also occur within other map units. 

Areas with Significant Potential for Downslope Movement of Ground 

Steep to very steep slo.p~s generally underlain by weathered and 
Pmw fractured bedrock; subject to mass-wasting by rockfall, slump-

ing, and raveling. 

Unstable, unconsolidated material, commonly less than 10 feet in 
Ps thickness, on gentle to. moderately steep slopes subject to 

shallow landsliding, slumping, settlement, and solI creep. 

Unstable, unconsolidated material, commonly more than 10 feet 
Pd in thickness, cn moderate to. steep slopes; subject to deep 

landsl1ding. 

Areas with Potential for· Surface Rupturing and Related Ground Displace
ments Associated with Active Faulting 

Pf Zone of potential permanent ground displacement within 100 feet 
of active fault trace. 

Unstable Ground Characterized by Seasonally Active Downslope MOvement 

Ms Meving shallow landslides, commonly less than 10 feet in 
thickness. • 

Moving deep landslides, commonly more than 10 feet in thickness. 

Contacts between map units: solid where known, long dashes where approxi
mate, short dashes where inferred, queried where probable. 

Figure 8. 
Figure 7. 

Legend for Movement Potential of Undisturbed Ground map. 
(Portola Valley, Town of, 1975) 
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CRITERIA FOR PERMI5.SIBLE LAND USE IN PORTOLA VALLEY, 

LAND HOUSES 
STABIUTY ROADS . (Porce/acreage) 

U~.4c I-Ac)-Ac SYMBOL . Public Private UTlLmES WATUTANKS 

MOST, 
STABLE 

LEAST 
STABLE 

LEGEND: 

UNO 
STABIUTY 
SYMBOJ.,.S: 
(as medon 
geologic 
lmardsmOp) 

Sbr Y Y Y Y Y Y 
Sun Y Y Y Y Y Y 
Sex [Y] Y [Y] Y Y Y 

Sis [V] [Y] P,'l) [1') [Y) [V) 
Ps [Y) [Y) [N) [Y] [Y) [Y) 

Pmw [N] [N] (N) (N) [N) IN) . 
Ms [N] [N] N N N N 
Pd N (N] N N N N 
PIC N N N N N N 
Md N N N N N N 

Pf [Y] [Y] ('overed by zoning [N) 
ordinance) 

Y Yes (construction p¢rmitted) 
[Y] Normally permitted, giv~n favorable geologic data and/or 

<' engineering solutions 
N No (construction not permitted) 

(N) Normally nor permitted. unless geologic data and/or engineering 
solutions favorable 

S Stable 
PPotential movement 
M Moving 
br bedrock within three feet of surface 
d deep landsliding 
ex expansive shale interbedded with sandstone 

Y 
Y 
[Y] 

[N] 
[N) 

[N) 
N 
N 
N 
N 

[N] 

r permanent ground displacement within 100 feet of active fault zQne 
Is ancient landslide debris 
mw mass wasting on steep slopes. rockfalls and slumping 
s shallow landsliding or slumping 
Ie movementalons sCarps of bedrock landslides 
un unconsolidated material on sentle slope 

Fisure 9. Table ind1'cates policy of the Town of Portola Valley regard
ing appropriateness of land stability categories for selected land uses. 
(Mader, G.G., 1974) . 
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~ ::s .• Nt •. ~I,."A RlRMAT.ION . 
A 9, , .. , '([)OFEET 

C1iIm3 
Slope Wa'" 

f=-:"-.;-4 
AlluYium 

1000 , 

FEET 

c::::J 
Butano 

Sandstone 

C!l:rr:J 
FfQftCiseGll 
Formation 

-Faull 
c::J "-Not fresh 
Mapped ,' . •• .- subdlled 
Slumped laadslide 
Ground Sccarp 

Figure 10. Geologic map of property proposed for 8ubdlvls1oninthe 
Town of Portola Valley. (Mader, G.G., 1971) 
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",0 ... 8ed,ocll ...:. • 0 .. c:J 0-

~ 
fW 

Alluvium 

\> 10;00 
FEET 

CONTOUR INTEII\iA l 50 FT 

STABILITY 

_ AlOl\9 Actin FI/Ull 

AIIIII, Scarps, 

0 SIIOlil/w Land,'id;"9 

e 0 .. " Landslidin, 

: &!5:», Dup Lond,lIdl"t 
>-o 
:II iii SIIOlIaw Londolldllli 

Figure 11. Relative stabilit~mapt derived from geology map (Figure 10), 
on which proposed subd1vision(in the Town of Portola Valley has been 
superimposed. (Mader, C.C., 1971) 
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I 
2 

Figure 12. 
portion of 
(10 u.). 

I 
4 

3 , 
I 
5 KILOMETERS 

Land-capability map for multifamily Teal~tlal use fOT a 
Santa Clara County. Eacbgrid cell includes 24.9 acres 
See explanation, Figure 13. (Laird, R.T., 1979) 
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1baIrd.-..m.0I'_· s....~ ... SIIPl = :~ AIId..-.·Hvwri-
SI!OO SI!OO 10 

10.000 10.000 5,000 •• 000 lIOII 
GrtIund .~thfpftRaywud-- .2.000 2.000 MO 200 10 
GrtIund .~aII._ 10;000 1.000 1,000 100 

~~~ .0.000 . 0 
0 

Dtklf&illll'l 80.000 O· 
ShrInkf."'U .... 20.000 .. T.OOO 0 ·0 
Sottlemenl 30,000 30.000 IO;Q)O 2.000 
Li'l'let.o:tlCIII 4,000 3.000 100 II) 0 
Sutioid .... O· 

100.000 Londolide$ 100.000 50.000 '.000 0 

~~ oodImentatIoII 
40.000 ..,;000 0 0 

100 SO .1 0 
Soplie WIIuo 0 
~lIICIlJftel 10.000 0 -
~1Md 

0 
5,000 • 

EXPLANATION 

Level Symbol 
Total cost range 

(In doUars per acre) 

: : : : : ..... 
HH~ 0.01 21,500.00 

2 --- 21.500.01 46.300.00 

mt:t 
46.300.01 J +++++ 100.000.00 

~ 

••••• ••••• 215.000.00 4 loun. 100.000.01 
•• 'IIW • ••••• 

5 
11111 

215.000.01 463.000.00 . 

6 11m 463.000.01 1.000.000.00 

Figure 13. Summary of costs for multifamily residential use, in dollars 
per use, at top of page. Explanation for symbols used in Figure 12, 
at bottom of page. (Laird, R.T., 1979) 
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Figure 14. Composite maximum earthquake damage (with dam failure) to 
wood frame dwellings. Map shows computer printout for the northerly 
portion of San Mateo County. Each cell contains 2~ acres (1 ha.). See 
Figure 15 for explanation. (Association of Bay Area Governments, 1980) 
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the average damage per event to wood frame dwellings. (Association of 
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SUMMARY 

Earthquake risk assessment in policy analysis has blossomed in the 
last ten years as a method for analyzing risks and benen ts and 
consequently the decisions pertaining to potentially dangerous 
technologies. Nuclear power, liquid natural gas facilities, and large 
dams, are some areas that have been assessed by various investigators and 
have apparently, at least in the public eye, backfired. The recent Three 
~ile Island nuclear power station accident and the Teton dam failure are 
examples of situations that have brought technologists to a severe test 
?f their credibility in the risk assessment arena. This paper outlines 
~he ingredients for analyses which, if included, will mitigate,criticism 
'If f' Jt~lre studies in the "field of earthquake risk assessment. 

INTRODUCTION 

The Concept ~f RiSK and State of the Decision Process 

Risk analYSis lS now being discussed more and more in the public 
oolicy arena. De~ision makers want to know the "acceptable risk" 
'.nvolved with a technology. The Three Mile Island accident and ,eq~nt 

~ir crashes have forced earthquake engineers to start seriously facing 
r-1sk assessment as a necessary part of their job. But establishing an 
explicit level of risk which is "acceptable" is only one small part of a 
~any faceted problem. 

Let us begin our investigation of the parts, of this problem by first 
identifying the involved parties as well as the motivations, recognized 
or de facto, that thrust these parties into the earthquake risk-taking 
and, therefore, decision-making process. These are outlined in Table 1 
below. 

Table 1. Motivations of Decision Makers Involved 
in Earthquake Risk 

INVOLVED PARTIES 

CITIZEN 
LEGISLATOR 
CODE-BUILDER AND POLICY ENFORCER 
DESIGNER, ENGINEER AND CONSTRUCTOR 
MATERIALS SUPPLIER 
OWNER 
LENDER 
INSURER 
LOSS EVALUATOR 

MOTIVATION (RECOGNIZED OR DE FACTO) 

PERSONAL SAFETY 
COMPROMISE AND REFLECTION 
PUBLIC SAFETY 
DESIGN SAFETY 
PROFIT SAFEr! 
PROFIT OR MISSION OPTIMIZATIQN 
LOAN SAFETY 
DAMAGE MINIMIZATION 
DAMAGE ESTIMATION 



'J: 

The citizen, naturally, wants the structure in which he is housed to 
be safe enough so that he is not injured or killed. On the other hand, 
the legislator, being buffeted by many interests from all sides, warits to 
organize the various influences in such a way that he can be reelect'ed. 
The reelection motivation is a valid one, for if he has not fulfilled his 
constituents' ambitions and the ambitions of those who influence the 
constituents, he cannot be reelected. The public administrator is 
responsible for the "health, safety and welfare" of the community which 
he represents whereas the deSigner, engineer and constructor want failure 
free structures. If the structure fails, lawsuits may ensue with 
possible loss of reputation as well as monies and time - time which could 
otherwise be used in a profit-generating activity. 

In trying to balance the risk between all parties two key ideas 
presen,t themselves:. 

• risk knowledge 

• equitable risk 

Earthquake risk, for it to be acceptable or not, has to be known 
within some level or uncertainty. This risk can be computed whether by 
the inductive or the deductive approach. The balance between cost of 
risk reduction and expected loss establishes degrees of equitability, 
wherein ultimately the value of human life is either explicitly or 
implicitly treated. I believe that through the careful description of 
risk computation, a number of benefits can accrue: 

• cost minimize tion 

• loss reduction 

• the establishment of equitable earthquake insurance policies and 
rates 

• the determination of whether certain construction should proceed 
or not. 

Costs should be minimised because the important time element and 
coat of capital should b~ reduced. Likewise, losses can be reduced 
because the construction would not come about in an unforeseen manner. 

Earthquake insurance is an important consideration in any project 
Since, with very large owners, large capital outlays in the remote 
instance of failure would be detrimental to any commercial or private 
owner as well as the consumer. Three Kile Island and the associated 
pass-through losses a~. an example. 
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Probably the most important benefit whiohcould result from the 
application of what. I oall the "Balanced Risk" rationale is a 
determination of whether or not nuclear potter plants, dams, gas 
transmission lines, liquid natural gas facilities,eto •• should or should 
not be built at certain locations. All of the details should be 
developed, oonsidered and resolved between all parties before oostly 
construction activities begin. 

Two key words involved in the Balanoed Risk approach are "knowledge" 
and "decision. " Within the "kn01t:1edge," area there are facts and 
circumstances that are known, unknown, knowable, and unknowable. Certain 
things will always be known. Other facts may be unknown, but they are 
knowable. However, the amount of money that is set aside for determining 
new knowledge must be decided in advance of any major design effort. The 
unknowable will always be present. That is why society is finally 
working with the concept of risk and the concept of uncertainty. It is 
imperative that the unknowable future, which accounts for states of 
nature or states of man that cannot be estimated at time of study, be 
accepted as a state of "humanbeingness." 

"Policy makers must stop waiting for consensus where none is 
possible and concentrate instead on how to minimize the societal costs of 
uncertainty." 

The word Itdecision" has benchmarks associated with it which are 
termed: 

• acceptable risk 

• unacceptable risk 

• tolerable risk 

• intolerable risk 

Webster defines "acCep1iable" ae ..... capable or worthy of being 
accepted; welcol1le;pleasingJ barely satisfactory or adequate." On the 
other hand, the iaeao! "tolerable" is defined by the phrases" ••• oapable 
of being borne or endured [e.g., pain}; moderately good or agreeable." 
In other words, society may toleratecerta:f,n automobile risks which are 
higher than those inherent in regulation promulgated to reduce those 
risks to acceptable levels. Consequently, the concepts of risk 
acceptance or toleration must be carefully perceived regarding earthquake 
codes and standards for new construction on the one hand, and the 
rehabilitation ot existing construction on the other. 

One perspective of risk can be gained by comparing three sets of 
individuals and how they approach work, travel and pleasure. Depending 
on whether the person is a cautious man, a risky man or a housewife, it 
has been computed (1) that the risky man who works in a coal·mine, rides 
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motorcycles and climbs mountains takes more than 10 times the risk of a 
. cautious man· who works at a desk, rides a bus and does little for 
pleasure. The risky man is about 6 times more apt to die from accident 
than the housewife.· Plus, if one considers the different activities 
which are a specific option to the individual, . one can make averaB!. 
decisions about his or her own individual salety-_ 

Another perspective of risk can be learned from studying Figure 1, 
which distributes annual losses from earthquake and tornado as a function 
of damage state [2]. Since the average losses fromeaoh of the hazards 
shown is equal, from dollar loss considerations, the risk may not be 
accepted as equal because the damage states are different. On the one 
hand, a tornado involves considerable total collapse and severe damage. 
Consequently the chance for death, per dollar lost, is greater for 
tornado than for earthq~ake. Decision about safety and the cost of 
mitigating death from these haz~rds must be Considered to be a functio~ 
of the damage state afforded by them. This introduces the concept of 
utility- which will be discussed later. 

Figure 2 presents yet a ~hlrd perspect1~e on safety- [3]. It 
compares risk with the degreeot regulation and judged benefit associsted 
with various modes of transportation. On the one hand, the benefit from 
private automobile, commeroial air, interoity bus, urban bus, transit 
bus, and elevator are judged to have a high benefit; however, the degree 
of regulation associated with private auto travel seems to be too low 
while that for transit bus is too high for the relationships on the graph 
to apply. Private automobile has a death risk of approximately- 700 per 
billion exposure hours whereas commercial aviation has a lower death risk 
of 573 per billion exposure hours. Yet the stringency of safety 
regulations is judged to be ~medium" for private automobile and "very 
high" for commercial air travel. Similarly-, intercity rail and boating 
are not regulated properly from the purely balaricedbenefit/rlsk point of 
view. 

Several other observations can be made from Figure 2. If the degree 
of regulation can be thought of as an order-of-magnitude situation, as 
presented, low benefit risks are tolerated by society- to be about 1000 
times riskier than high benefit risks. This agrees with Starr's first 
observation about voluntary and involuntary risks [4].· Similarly, high 
benefit transportation risks seem to receive more attention from 
government than risk associated with work. Underground o~al mining (580 
x 10-9), construotion (220 % 10-9) and desk work (1 x 10- ) receive 
"high," "medium" and "low" ratings regarding safety regulation. These 
would then oompare with tbemedium benefit gather than theh1gh benefit 
transportation modes. SwillUlli~g (3500 x 10- ), mountain climbing (2700 x 
10-9) and smoking (2600 x 10- ) all have a "low" degrees of regulation 
and would plot below the lov benefit line. 

Starr [5] also attempted to develop a benefit-risk toleration ourve 
for involuntary risks. He regarded the average dis"s. level,e~en for 
the very high benefit activities, to be the maximum risk toleration 
level. On the other hand, natural hUards, wbi.chare lmpl..icitly 
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. considered to be Acts of God and develop little benefit, should represent 
the lowest risk toleration level. Anything above theS ... shaped benefit/ 
risk curve could betermed."Acts of Man"; anything below the S-shapel1 
curve could be considered "Acts 6f God. w 

With the foregoing as abriefintroduction to the concept of 
Balanced Risk and the various perspectives in which general risks can be 
addressed, let us examine three other definitions associated with 
earthquake: 

• policy-risk-level 

• life loss 

• economiC loss 

I define the policy-risk-Ievel as that which a governmental or a 
standards making body considers to be acceptable. In the case. of 
earthquake, this degree of acceptance can equal the cu'rrent de .facto 
earthquake risk associated with structures designed/to the ·Uniform 
Building Code CUBe), or some lower leveL For example these lower levels 
can be either one-tenth the UBC risk level, or one-one hundredth the UBC 
risk lev9l. However, in selecting the policy-risk-level for a community, 
the nation, or for a standard of design, one must balance the cOsts and 
losses in social and economic terms. 

The de rae to value. that society puts on a human life can be 
cOllijluted. Adding up all of the home, work, public and motor vehicle. 
deaths and. the associated dollars. lost on accidents, society ie currently 
tolerating the average value of a life to be ""bout 400,0001977 dollars 
([1 J factored to 1977). On the other hand, the discol.1nted earning power 
of the average individual was about $150,000 in 1977 do-lIars ([6J 
factored to 1977 conditions). Looking at the de facto value of death in 
a slightly different way, the cost of maintaining a rnaH'¢%'med child from 
birth to death is a.bout $400,000 ([7] factored to 1971collditions.) . 
Currently, economists are attempting to compute the value of a human life 
based on the amount of money an individual is wl111ngto.8pend on safety 
devices. Consider the smoke-alarm as a potentia1p~verttor of life loss 
in home building fires. There are about 70,OOo,060horoee wherein about 
7,000 people die per year from fire. Conelderingtbiiltthe average smoke 
alarm costs in the neighborhood of $30 each, theave-r.t1ge·perceiVed value 
ot a human Ufe, if all homes buy an alarm, 1ssbout$300,OOO. 
Consequently, no matter how one wante to phrase the value of human Ure, 
we currently tolerate and for the future arewill1n·g .to accept a value 
between $150,000 and $400,000 as the nominal, de. facto value of an 
American· slife. 

What about econond.c loss from accidents, whether manmade or 
natural? It eanbecomputed that auto, public, work or home accidents 
(those activities!n which weare engaged 24 hours every day of the year) 
cost $'.20 per $100 of GNP in 1977 (S]. This is the tolerable losS rate 
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that society has been willi~ to aocevt under 1977 conditione. In 1967 
the figure was $2.70 per $100 of GNP. For earthquake it is computed that 
the economio loea from structures designed to Uniform Building Code 
conditions would be about $0.01 lost per $100 exposed on an annualized 
basis [9]. Compare this with the insurance rate on dwellings of $.15 to 
$.20 per $100 exposed with a 5% deductible. Further, compare natural 
hazards loss rates wit"h"iiianmaderisks: auto, public, work and home 
accidents. They cause about $10 billion in losses [10] compared with $62 
billion [8] from manmade risks. . 

4n a.ttempt to balance the 10d' reduction in persons killed and 
damage' dollars lost versus the added cost of construction aimed at 
reducing those losses can be made by examining earthqualc:e codes [9]. It 
is conservatively estimated that the average costs to reduce the risk to 
one-tenth currentUBC level in California would be about one percent 
higher than currentUBC values. If this cost 1s spread throughout the 
State of California which in 1970 spent about $9.' billion on 
construction, and the de faoto value of human life is inoreased tenfold 
to S"ooo,ooo, the optimum public safety from construction should only be 
increased br a factor of between 2 and ,. This example shows the non
linear effect of arbitrarilr increasing the value of a human life from a 
tolerable one to a hrpothetical, scceptable one. 

Figure , shows a schematic of the foregoing discussion. Three 
quantities are plotted thereon: the benefit derived from taking the 
earthquake risk; the loss expected from taking the risk; and the cost to 
mitigate the risk. The bard moner losses can be identified through 
inductive or deductive models to represent reproducible assets and lost 
time. However~ losses represented br human safety, mental and physical 
health and the welfare of a community are a function of moral and 
political values. The question revolves around what should be the value 
weighting options which increase the hard money losses. 

Several observations can be made from Figure ,: 

1. Tne higher the value one places on health, weHare and life 
safety, in comparison to todar'stolerable values, the lower 
becomes the benefit until society can derive no benefit. Thus, 
one can determine when the activit, in questiCiribecomee useless 
to society and the construction should not proceed. 

2. Even tod81 we mar not be operating at optimwa benefits using de 
facto tolerable losses as the starting point. There i8 a 
maximum point for benefit ••• a greater par-off for taking lower 
or higher risks depending on which side ot the benefit curve the 
risk activit,v is currently located. 

,. AR analrsie of the tlpe shown in rtgure , 18 not atatic in 
time. It i8 everchanging as new means tor reducing costs of 
risk taking are discovered. PUrther. benefits are not static 
since the reduotion or increase ot side effects· (secondar,and 
higher order benefits or-lOS8'e8) 1I8r prove to have serendipitous 
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effects. This set ot curves it!l simply a documented, best
estimate of the situation at the time oithe decislo~. 

2. RISK MANAGEMENT AS IT PERTAINS TO THE EARTHQUAKE COMMUNITY 

"Risk Management" is a term that has been determined by the 
insurance industry to represent that function which balances principally 
the economic risk Yithih a company or an industrial complex. I use it in 
the broader senee to include social consequences as well; ho"ever, I 
sb$ll diseuse it principally from the insurance point of vie". 

There are various techniques tor reducing or otherwise allocating 
tor earthquake risk (used herein to mean chance of loss). First. by 
Increasing knOwledge about earthquak$ 'r1sk, .one might mitigate the risk 
strictly through this knowledge. lor example, 1f expensive batteries or 
other typesot eqUipment are perched on a high shelf in a building it 
ndght be wise to relocate these items on the tloor SO that aeoondal'1 
damagetrom a tall under earthquake action vould not take place. A 
second technique for treating earthquake risk is tbrough loes 
prevention. In other words, by reducing the vulnerability of a structure 
or item, the lOBS might be reduoed or preven.:ted. By simply bolting dovn 
genentors, losses under earthquake action m1ght be prevented. Risk 
transfer is a third ".,. ot treatinB risk. That is •. by purchasing 
insurance one can transter the earthquake risk to the insurer in the 
event ota damaging event at a nominal annual oost. A fourth technique 
for treating earthquake risk is through retention. One can retain a risk 
either through simply assuming it and betting nothing will happen; then 
if something happens, by assuming .it will somehov be compensated for in 
another w87 (rederal relief, say) or through self-insuranoe. In the 
self- inaurance case, one simply sete aside a oertain amount of money 
ever" year whioh would be dra~ on by the riek~taker in the event of 
loss. 

In risk management there are various kinds of financial l08~s whioh 
may be incurred b,. various parties t 1) personal 10aa. 2) cOllUlleroial 
10S8, and ,) governmental loss. These losses might be incurred in the 
form of lite loss, propert,y 1088 or liability. Another"81 of examining 
sources of financial loss would be with the "balance sheet" approach. 
Herein, 108S8S might result from: 1) a reduotion in income. 2) an 
increase in expenses, ,) a reduction in assets, or 4) an increase in 
liabilities. Earthquake risk management simply aima at treating sources 
of financial loss through balanCing knowledge, 10S8 prevention, risk 
transfer, and risk retention. 

Up to this point, I have been uaing the word "risk" but I wonder if 
all readers have the same understanding of what tne vord means. For 
example, to some the word "riSk" means measurable uncertainty - something 
or some phenomenon which varies in some random fashion. Yet another 
defi.ni tion of "risk" is the uncertainty regarding the occurrence ot an. 
undesirable event. A third describes "risk" as a combination ot hasards 
measured by probability. A fourth, whioh I choose to use, involves the 
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unoertainty of loss. In other words, it is necessary that an exposure to 
a hazard be present fora loss to oocur. 

There are several classifications of risk which,dependlrtg upon the 
use, would require different game rules for accepting or tolerating. The 
first type of risk is called speculative risk, which involves chance for 
gain or loss. This involves the gambler or entrepreneur. The second 
type of risk is called pure risk. Pure risk involves the chance of 10s9 
or no loss; most often in risk analysis exercises it is pure risk which 
is of interest. Two other definitions come to use from the insurance 
industry. One involves fundamental r:i,.sk and the other particular risk. 
A fundamental risk is impersonal in origin and consequence. On the other 
hand, a particular risk orginates in individual events taking place and 
the object .in question experiencing the risk. 

Since risk is defined a8 the chance of lose, there are four 
9.ssociated fundamental parameters which interlink to cause the risk. The 
first involves the "'hazard." The hazard, of course, is the source of 
loss. The earthquake, flood, and the. air-polluting smokestack are all 
hazards. The second is the "exposure." 'l'his involves the quantity of 
loss possible; in the case of earthquake, the nearby city. The third 
parameter is the "vulnerability" of the exposure. In the case of 
earthquake, a block of granite would behave quite differently than a very 
weak unreinforced masonry structure •. When the exposure is people, not 
only the physical vulnerability but also the moral or socio-economic 
aspects must be traced. For example, all of the physical elements which 
make up a human being arA valued by chemists to be worth less than $20. 
Yet earlier it was computed that the average life is worth about 
$400,000. Obviously socia-economic conditions enter the situation. The 
fourth parameter that affects risk is the "location" of the exposure in 
relation to the hazard. One may have a very vulnerable structure that is 
worth a great deal of money; however, it is simply too far from the 
earthquake for the risk to be severe. 

Figure 4 represent the earthquake risk analyst's risk management 
process. The hazard can be modified by strain relief in the earth while 
the vulnerability 1s decreased by improved codes or design practices. 
The location can be modified by land use codes while the exposure can be 
reduced through warning. 

3. DECISION ANALYSIS 

Let us turn now to the process of deoision analysis. This involves. 
making decisions regarding mitigations or risk from a purely technical 
viewpo1nt. 

Figure 5 outlines the technical process. It requires seveJ."al steps: 

1. Generation of migitation alternatives which may reduce the risk. 
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,-

MITIGATIONS 

HAZARD .. _ { • STRAIN RELIEF -
+ 

EXPOSURE - { • WARNING 
,-

.' ,. • DESIGN REQUIREMENTS 
• OTHER BUILDING CODE 

VULNERABILITY • 
. - MEASURES 

+ -. 
" 

'.QUALITY CONTROL 

LOCATION - { • LAND USE. ZONING 

! 
RISK 

Figure 4. ,The MrinasementotR18k trom Earthquake b7 Mitigating the 
. "-'Hazard~ tneVulnerabll1ty of the Exposure, the Amount of 

Exposure and the Location of the Exposure 
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... 

2. Development ofarisk model involvingha8ard, exposure, 
vulne"rabili ty and locationol the exposure. 

,. Computation of outcomes usin8the risk model. 

4. Incorporating the outcomes into a decision model. 

5. Making recoll11il8t\datione based atr1ot11 on quantitative risk 
outoomes as modified by various decision processes. 

6. Depending upon the decision process that appears to be ",ood" 
tor the decision maker in qllllat1on, recOlUlencUl1g tbe alternative 
tor seleotion. 

In defining the decision model oilt should list the aUenatives ini 
table such as that presented inFi~ 5 and list th.e outcOntesM a 
function or possible future states of nature or states orman. 

'lgure 5 aboapecities three tlpea of tutureit Which could result 
from 'tarioua outcomes t t}le uncettain future, wherein the probabilities 
are nottmoYn, the unoertain future in which -probabil1tiea arekn01lll: and 
4lftt 1tfttaltl t'dure. 

Risk models assume 80me type of ph7sical model described b.1 other 
types of information. Using data or statistical .odels three 
p08sib~lities of an uncertain future when the probabilities are known can 
be'descri bed: . 

1. The expectation principle simply computes the expe.cted 'ta1ue 
from each outcome, and one S9lects the best alteritativetrom the 
standpoint of mini1llllM loss, minimWllcost, or maximum gain. . . 

2. The expectation variance principle :Ii1cludes the amount of 
uncertainty invol'led with each outoo.tJ ooraputed. In the oaae 
where two expected.,alues are the salle, the ·outcOIIIe with the 
high variance is weighted loyer. That is, uncertainty plaTS a 
role in weighting the outcome. 

,. In the ca8e of the most probable future, it one alternative 
dominates all states of nature with a higher or lower 
prollability, depending on whether benefit errisk is being 
computed, then the domil1ant alternative may be selected. 

Decision under uncertainty, where no probability, is known is the 
area where policy deCisions are round. Pigara 5 Sbowa an example ot 
three states of nature and four alternatives with 41fferent outcomes1n 
the box. Having only these numbers for decision makins there are ··se."en 
techniques which can be used for a single selection. 
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1. The optimist· ••• looks stall states of nature for each. 
alternative and selects thatalternativ.e.which provides the 
highest, highest benefit (or least, least riSk) •.. Thehighest 
benefit that can accrue from each alternative from each state of 
nature Is15 ldentifiedwitlt alternatlve.1. 

2. The pessimist ... does not ~ant to lose very much. He ·is> .. 
:?-. willing to sacrifice the largest gain if heel1minatesthe l"isk 

of a smaller 109s. So he examines the highest, low.est benefit 
for each alternative and tor each etateofnsture. In the case 
cited in Figure 5, this would be alternative 4. 

3. The in-betweenist ••• examines each alternative by weighting the 
highest possible benefit and the lowest posSible benefit from 
each ~tate of nature and for each alternative in the same way. 
He then selects that alternative which provides the highest in
between result. Again, examining Figure 5 and weighti~geach 
benefit both high and low equally, the in-betweenist wou1.d 
select arternative f for his recommendation. 

4. The question of dominance ••• involves the desire to eliminate 
the a1 terna,uvewhich is.dominated for all future stat(is .. of 
nature by some other alternative. Since alternative 4 dominates 
al,ternat-ive2 fot' illlruturestates of nature, .alternative 2.can 
be eliminated. However, since no other alternative is dominated 
by any remaining alternative, the dominance principle leaves 
three alternatives to be considered by some other principle. 

5. The equi-likelihood principle ••• averages all outcomes for each 
. alternative and for~l!chstateof nature, and. selects the .. 

highest average. In this case, alternative 1 would be selected. 

6. The aspiration level ••• requires the decision maker to select 
some benElfit. level below which no alternative is acceptable. 
Put another way, he wants a benefit levelofx or greater. The 
value of :x: is strictly a subjective value. Uthe decision 
maker selects the aspiration of 5 as his minimum acceptable 
level,alternative8.1,2 and 4 would be acceptable. ,However, if 
he selected the: benefit level to equal 6 as hls8spiration 
level, only alternative 4 meets the aspiration rule. 

. .. 

7. 'The principle of letist regr.ets eo. selects the a1 tel"naUve that 
·prodd!tsthe least possfble, .madmum regret trom each state of 
natul'e •.. Noting th~t the· maximum:r~gret for alternative 1 is 4, 
for alternative 2 is 9, for. a1 ternati Va , is 10, and for 
alternative 4 is 8, one wolildselect the hast maximum regret to 

. be alternative. 1. The ltorst selection under this principle 
would be alternative ,. 

Up to this pOint, l"isks anl benefits have 'been weightedeqUtil1,., 
depending upon the type of deoision principle one wishes to employ .•. The 
questioll ofutllitl has.arisen, however.· Is a 1088 which.cost~ twice as. 
much twice as bad? Let' ~ examine the d1ff'ere'ftCe. betweena. single· . 
national loss from an earthquake which costs $62 billion and·a 1088 of 
$62 billion spread hourly throughout the nation, wlfich is worse? One 
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single 1088 ot this size would be oatastrophio and would ripple through 
every eoonomic sectOr of the United States. However, $62 billion was 
lost from all accidents in 1977 [a]. These accidents did not appear to 
impair the ability of the nation to conduot business-aa-usual. Another 
way of looking at the utility principle is to examine the gambler who 
goes to Las Vegas with $1,000 and the gambler who has only $10 to bet. A 
$5 bet to the $10-limit gambler is much more important than a $5 bet to 
the gambler who has $1,000 to spend. 

Has the nation aotually included the utility prinoiple in its de 
facto deoision making prooesses? Figure 6 says that is has [a, 11]. In 
the case of transportation satety, Congress haa decided to invest more 
safety research and development money per fatality per year in commercial 
aviation than it is willing to invest in motor vehicle safety. In 1973 
the number of deaths per tatal accident for commercial aviation was about 
43. On the other hand only 1.14 persens died per fat"l accident in motor 
vehicles. Yet the Federal government spends about $100,000 per death in 
research and development aimed at improving safety in commercial aviation 
compared with about $a70 per death per year tor motor vehicles. A 
regression curve plotted through the transportation safety data suggests 
that the nation views safety as worth the number of deaths per accident 
to the 3/2 power. This ie a non-linear utility curv.. It states that 
the nation wants to reduce risk to the least maximum regret. 

Using the same procedure for natural hazard research. [12], but 
plotting the curve parallel to that for transportation, one finds that 
the nation is willing to spend about 20 times more on risk in 

. transportation than natural hazards. Consequently, when the visibility 
ot a hazard is high and where there is a possibility Of many deaths per 
fatal accident, the nation is wililng to spend more tor safety and to be 
nonlinear in its allocation of funding. This outcome is neither good nor 
bad. It simply reflects the public's conscience about the risks from the 
hazards in question. Nevertheless, these tolerable utility curves can be 
used in the decision-making process as starting pOints for determining 
acceptable risk for some earthquakes. 

Another perspective for considering risk and utility may be derived 
by comparing average annual losses computed for hurricane winds at 
different time periods. It is estimated that the loss to property from 
hur.ricane wind w11l escalate almost four times in the thirty years 
between 1970 and the year 2000 [10, 13] due to population movement to the 
eastern and southeastern seaboards. A one billion dollar average annual 
loss in 1970 may be tolerable. 'However, it nothing is done between 1970 
and·2000 to mitigate hurricane loss, the question arises as to whether 
the almost four billion dollar projected 1088 in 2000 would similarly be 
accepta.ble. Consequently, one must look at the trends in time concerning 
a particular risk. 

Another example of t~nd8 in transportation stlf'ety is preeented in 
Figure 7 [3]. Depending on the indicator at risk that the decieion lIlaker 
is concerned about, different safety R4D budget allooations can bs 
made. In the case of commercial aviation, thg number ot deaths per 
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accident is increasing significantly; however, the deaths per person-hour 
are decreasing even more significantly. Combining utility curves for 
deaths per accident and deaths per person-hour, one could develop an 
optimum RaD budget for reducing losses. Yet a different budget could be 
developed for anyone or combination of indicators the decision maker 
considers pertinent. 

These three examples of utility demonstrate that the decision 
process is not a simple one. It depends on a number of normative seales 
which are subjectively chosen by the decision maker. It is the task of 
the decision analyst, however, to present the various alternatives using 
the concept of utility and the decision concepts in such a way that the 
decision maker can rationally justify the alternative or combination of 
alternatives selected. 

In order to present an idea of the different processes which might 
affect the earthquake risk decision when considered from different 
perspectives, Table 2 ranks decision under uncertainty, with no 
probability given, for various people. 

1. The legislator ••• represents the public conscience and is 
influenced by it and special interest groups. His main 
motivation is to get reelected; however, in order to do this, he 
can't make too many waves. He must start as an in-betweenist. 

2. The public administrator ••• administers the law in the publio 
interest. He is charged with the responsibl1ty of building a 
mechanism to do what the la.w says. Being a bureauorat, he wants 
to make sure that the least maximum regret is not experienced 
during his tenure in office. 

,. The courts ••• interpret the administration of the law within 
the Constitutional framework. They are not gamblers, and thet 
are not pessimists; however, they definitely consIder the 
principle of dominance (preponderance ef the evidence) a first 
order in interpreting the law. 

4. The big businessman ••• represents the stockholders' interest 
for long term growth with an adequate annual dividend to keep 
the stock value up. Because he is big he has very little chance 
for a rapid growth rate which would drive stock prices up, and 
therefore attra.ct capital. He must maintain at least a "5% 
dividend every year with a good rate of growth on assets. 
Therefore, he too is interested in the dominance principle 
firat, with regard to the first-order of business in decision 
making. 

,. The small businessman ••• is first and foremost involved vith 
the company's survival. Secondly, he wante to mai.ntain an 
adequate annual growth rate that 1s hopefully about 20%. Thia 
growth rate 1s usually not achievable for big business, but is 
very possible for a small business. Therefore, the small 
bUSinessman shares the same attitud~ as the public 
administrator, in that he applies the regret principle first. 
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6. The cl tieen and oi tiz:tn .. «taups ... attempt to ma:dmile an 
iml11ediatelyperceiv~dgail'l for a deflnite· asplrationlevel. 
They want "no nuclear power plant here",therefore they wipe out 
the nuclear power plant alteftative and leave the gas, coal, or 
hydroelectric plante as the only alternatives. They drive the 
benefits from the nuclear plant alternative so low that it ~ 
be excluded. 

You may .. opine d1fferent rank orders of dec18ion maklng than that 
presented 1n Table 2; however, it shows that dlfferent people can aee the 
same problem from dirterent angles and therefore use dlfterent decision 
making processes. I have tried to compare the differentperapectives 
with logic, but' the logic preaenhd is my logiC and not necessarily 
correct logic. Ho.ever, the rank order of the average ot the six 
perspectives i8 virtually the same as the "loglc" column. 

In the tina1 analysis, the quantitative risk analyst, using risk 
model a and various earthQ.uake decision alternatives, .provides 
recolIIIDendations based on quantitative yet uncertain measures ot dollars, 
lives or utilities. He oannot automatically incbde1n the outcome the 
80cial, pOlitical, legal, administrative, and other seoondary and higher 
order impacts oraspeots of the problem. The tinalactions will be based 
on thein()entlveand the liability pe.rceived by the decision maker, and 
on hisauthor1ty for Malting deciSions. 

Therefore, I maintain that responsible action by the earthquake 
engineer involves a number ot tasks and activities. 

• Identifying the problem and the uncertainties associated with the 
problem. Spelling out all of the alternatives clearly. 

• Developing various methods ot analysis and detailing _ the problems 
and limitations with each .ethod. 

• Identifying various mitigation alternatives, strategies and their 
oosts that oan be uaed to lower risk. 

• Performing a quantitative analysis ot the alternatives under 
uncertainty. 

• Identifying all the Impacted- elements, the authori ties tor 
aotion, the economic, political, social and legal constraints. 

• Identifying the non-quantitative considerations and presenting 
possible alternative illpacte for further evaluation. 

• Developing results in a clear; conoise and accurate cOllllDunique to 
the eoclo-poll ttcalaudience. TlI is audience inc ludes the 
impacted persons, the decision makers involved. 
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These steps require the earthquakeeng1neer to lIlO.e belond h$'l 
models and numbers. lie MUst know something about eoonomic!lI, politics, 
law, social systeu, behavioral science, a8 well as seconds!')' and higher 
order outcomes. He does not need to lIIodel these in a deciSional 
framework, however, he must be aware of these elements in the problem. 
Since decision makers, for the 1II0et part, will Dot learn the technical 
problem at had, it behooves the technlc81 person to learn about the 
800ia1, administrative, political, legal and eoonomio upeots of each 
problem. 

Some observationa can be made at this point about the technical risk 
m88agement processest 

1. The techniques are seldoll ~iced outside the untveraity or 
research community.! . 

2. However, they allow uS to .I'Jt a total piOtu" Within the 
.knowable world. 

,. They permit U8 to withhold final judgment until allot the 
knowable facts are in. 

4. They require the development of models whioh are developed by 
people who know their business. 

5. They tend to make an obscure solution translucent, if aet 
transparent. 

6. Most importantly, they show us how to ask.,.. right questions'-

7. They allow us to question each premise macle within all parteot 
the anal;ysie. 

4. TECHNOLOGY ASSESSMENT 

4.1 MethodoloQ' tor Integrating Technical With Non-Technical 
Judgment 

In the preceed1ng 41scu8sion I allu~ed to 80cla1, admini8tratiYe and 
economic aspects that influence the decision making process. Technology 
Bssessment is an attempt to integrate theee "eoft" parameters into the 
total analY8is. Simply stated, technology assessment attempts to address 
the secondar,r and higher-order outcomes when a new technolQgy is 
introduced or an old technology is modified. 

What is a "technology"? It 1s defined ae " ••• the teohnicsl method 
of achieving a practical purpose." A "secondary" impact is one tbat is 
immediately derived troll the primary outcome. Por enmp1e, it a person 
is killed, on, direct outoome from the death 1s bereavement by the loved 
one. In a lighter Y~in secondar,y snd higher order i.pacts could be 
related to the story, "for want of a nail 8 siloe wo lost ••• tor want ot 
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a shoe a horse .was lost ••• for want of a horse a general was lost ••• for 
want of a general the battle was lost ••• for loss of a battle, the war 
was lost ••• " 

Technology assessment is not sCience, engineering, economies, 
political science or iaw. Rather, it is an art requiring talent, 
experience, and free thlnking,structured by logic which is impliCit 
within the technology being assessed. See Joseph Coates writings for a 
complete description of its process [14]. 

Schematically. I have presented an overview of an earthquake 
technology assessment in Figure 8 •. The assessment system is divided into 
three basic parts. The realm of quantitative calculations, which 
computes primary effects. has been dicussed. The economic and 
environmental system is the second area addressed by technology 
assessment, and can only be looked at from a semi-quantitative 
standpoint. One looks at bounds; estimates, or orders of magnitude of 
outcomes. The third area for inclusion in the technology assessment 
process is qualitative in nature. The socio-political system depends 
principally upon psychological and emotional considerations: therefore, 
one must compare the goodness or badness of an alternative with other 
risks which have similar C)utcomes oy using different types of decision 
prooesses (Table 2). Thesecollp8risone·give the deoision maker a 
perspective on the outcomes generated by the mitigation measure tor 
intervention or strategy. 

Table 'was prepared from a recent report by Petak, Atkisson and 
Gleye [2] dealing with earthquake and other natural hazards problems. 
They set forth various secondary and higher-order impact areas which can 
be considered when implementing a mitigation. Remember that the 
mitigation or "cure" can be worse than the risk. Risk reduction is 
treated separately. S~ that damage from an earthquake could be reduced 
by strengthening buildings through modification of the building code. 
One could trace five potential higher order outcomes (Figure 9). It the 
cost of construction is changed, this influences three more outcomes, one 
of these being the cost of housing. Cost, in tum, affects the quantity 
of housing, the demands for other goods, and so on. 

In the end, one must understand that the mitigation as well as the 
losses influences.!!!. areas of social conce.rn. It is the Job of 
technology assessment to identify these variables and their impacts and 
to address them in as logical, free thinking, and complete a mannerae 
possible. It will not be perfect. However, technology assessment 
attempts to identify the lOgical consequences of any decision as tar into 
the future as possible. 

5. CAS! LAW AND SOCIO-ECONOMIC RISK AND DBCISIOI AMALYSIS 

In the foregoing discussion I briefly mentioned the legal ingredient 
in the deCision/risk "stew." How do the courts treat risk and safety in 
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Table 3. -Areas otImpact That Could Be Considered When a Mitigation 
is Applied fOr the Purpose of lleducing a Natural Hazard 

ECONOMIC 

PUBLIC: ADMINISTRATIVE. IMPLEMENTATION COSTS IMPACT ON TAX ROLES, ETC. 
,- . 

PUBLIC UTILITY DESIGN. LOCATION, CAPACITY 
IMPACts OR INDUSTRIAL LOCATION PREFERENCES 
IMPACTS ON PUBLIC HOUSING: COSTS. LOCATION, DESIGN 

AGGREGATE: EMPLOYMENT 
IMPACTS ON CONSTRUCTION INDUSTRY 
IMPACTS OR LABOR UNION (ORGANIZATION, JURISDICATION, ETC.) 

PRIVATE: IMPACTS ON MATERIAL SUPPLIERS 
COSTS OF HOUSING PURCHASE 
COSTS OF HOUSING MAINTENANCE 
COSTS OF BORROWING 

ENVIRONMENTAL 

SHAPE AND SIZE OF CfTY 
POPULATION DENSIrV" 
LAND USE, OPEN SPACE 
EHERGY CONSERVATION 
MATERIALS SUPPLY 
AlTtRNATlVE ENERGY SOURCES (SOLAR, ETC.) 

SOCIAL/POlITICAL 

LOCAl/STATEIFED£ItAL AtmIORITY f .nJRlSDI'CTlOH 
l"SrtTUTATIONAL CHANSE (HEW REGULATORY BODIES?) 

E~TJONAL (TRAINtff& OF INSPECTORS, ETC. AND NEW 
EftGINEEIUffG SPECIALtIES?) 

DISTRIBUTIY£ dlJSTICE (D1SPROPOInUlMATE COST FOR POOR? 
ACl01 MfNOAtTJES?) 

TOTM. HOUSIHG SUPPt Y? 
LOW COST HOUSIHG SUPPLY? lISE OF ailE HOMES? 

SECOftI) HOMES? 
POllTJtAl CO$TS OF IMPLEMENTATION 
FE£LUiGS OF SECUIlITY. SAFETY 
£TC. 
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their decisions? Since the legal cons~quences are of first order 
importance to the outcomes of risk analysis and teclmology assessment, we 
must·examine some of the tenets involved in order to put this principal 
piece of the puzzle into its proper place. Do safetyconslderations 
lirfect the outcome of litigation, or do court decisions affect safety 
regulati.ons? This is the big question of today, since the courts are 
more and more becoming involved in social arguments. I maintain that 
safety considerations and court decisions should not be related: 

• Safety, in design, seeks an acceptable risk which is B priori 
design. 

• The courts seek out the loss-bearer which involves a posteriori 
fault. 

However, we JIlust recognize the trends in our legal system. They are 
such that fault no longer seems to take precedence. The old legal tenet 
" ••• ;tid he do wrong or did he do right ••• " does not seem to be the 
question any more. Rather, the new doctrine in the courtroom is to 
spread the loss from those who can' t pay to those who can • 

Thus, it seema to me that the courts are forcing Congress back into 
the position of representing the "public interest" when making laws. 
They have done this by developing t~elve major considerations that are 
delineated in almost every court decision in its findings or r~cts and 
conclusions at law [15]. These findings can help the earthquake risk ~nd 
decision analyst to scope the problem. If the role players in every 
major project assum6d during" project conception that a court action would 
be brought against the project it is my guess that many problems would 
not arise. Let us e~amine the following and im~gine the results if risk 
analysts religiously referred to these guidelines: 

1. The usefulness of the mitigation. 

2. The availabilit1 of a safer replacement structure • 

.,. The likelihood of injury. 

4. The probable seriousness of injuries. 

5. The obviousness of the danger involved. 

6. The public's expectations concerning the structure's 
performance. 

7. The possible elimination of risk through Ct'l.re or warnings. 

8. The possibility de eliminating the risk 1fi thol.lt impairing the 
structure. 

9. The "state-ot-the-art" of the earthquake community. 
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10. The financial cost of making the structure safer. 

11. Consumer willingness to pay for a higher priced but sater 
structure. 

12. The bargaining power of the owner as contrasted with that of the 
consumer. 

6. CONGRESS AND THE RISK MANAGEMENT PROCESS 

As I have indicated, the political process is involved in assessing 
t~e consequences of risk and mitigations for risk reduction. Let me 
outline some of the things I have observed from past Congressional 
actions. First, one must recognize t~at Congress does not solve 
problems! Rather, it delegates power to administrative bodies who then 
solve the problems. Second, Congress originally passed laws which 
created the right of limited judicial review, and the courts supported 
this limited judicial review alternative. However, with the recent 
citizen movement, various citizen's groups have challenged Congress in 
creating the right of limited judicial review. Because of this 
buffeting, Congress required citizen participation in admin!strative 
action. In effect, this ~llows citizens to ~ue the government in order 
~ test the "most reasonable" concept, not whether an administrative 
decision is reasonable. 

Some advocates say that judicial review is the only answer fOI 
solving today's problems. However, changing the judicial system from one 
which resolves problems to one which develops most reasonable concepts 
was not the intent of the founding fathers. Yet another suggestion has 
been to require more detailed and more involved Congressional 
standards. I disagree, People are people; and to force Congress into a 
straight jacket w11l only inhibit the process, not make Congressmen 
better persons. 

I principally disagree with the above postulates because the 
original intent of Congress was that it should decide Vaguely, because 
Congress can't solve problems. Congress says: "Define the problem and 
solve it." And this is good, because problems are not defined for 
Congress, They are usually too complex for general solution by a lay 
communit7' Further, bit by bit solutions may lead to general solutions, 
if Congreas performs ita proper oversight review duty. In rq estimation, 
there has b~en a shortfall here. The current technological and other 
problems that we face partly result from Congress transferring part of 
its responsibility into the judicial system, where it does ~ belong. 

7. AN EXAMPLE OF RISK MARAGEMENT DECISION MAKING 

This example involves assessment of alternatives regarding the 
correction of the earthquake hamards 1n the California State Capitol 
Building. [17]. The building was more than 100 years old and constructed 
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of'lnretnforced masonry. The original engineering report presented 
alternatives in terms of costs and general risks. Yet no decisions by 
~heSenate, the Assembly or the Governor's Office had been I118de. 
Therefore in order to provide a perspective for these bodies to make a 
decision, the risks and coats were translated in terms of bills each body 
had passed or signed into law that addressed the earthquake problem. . The 
first bill, Assembly Bill 2300, required the adoption of the Uniform 
Building Code"by all communities. Then in Senate Bill 519, the state 
mandated design levels for hospi tala. By translating the design levels 
in terms of de facto risk: and associating them with legislation which 
each one of these decision bodies had already made law, the decision to 
rehabilitate or reconstruct was immediately made. It is rather ironic to 
recognize that the only "risk" numbers that were persuasive in this 
example were "2300" and "519." Neither the cost nor the risk rate was 
seriously considered. Only the legislation involving risk that had 
already been passed by the politicians was the determinant. 

8. PUBLIC INTEREST 

In concluding this paper, I would like to briefly touch on the 
"public interest" which many believe should be used as a baseline for 
earthquake risk analysts. If a decision in any way involves the public 
at large, some discussion of this term is required. Today, we recognize 
six national goals that have been stated over and over again. They must 
be integrated through a Balanced Risk rationale to serve the public 
intereat. These are: 

• Energy 

• Ecology 

• .Ec6nomy 
INTEGRATED BY RISK BALANCING 

• Effectiveness 

• Environment 

• Safety 

These five E's and an S must be balanced in the earthquake 
technology that is being produced. Safety cannot be the sole ingredient. 

Many soholars in the public administration field have asked the 
question: "Is public interest a guide or a goal?" Or "Is it a flag 
raised by special interest groups?" [18]. Very simply stated, the public 
interest is either a "moral imperative" or a "process of 
accommodation." If it is an imperative~ then the moralistic guidelines 
behind that imperative should be stated. These are nebulous and 
indi vidual1stic indeed. If it is a process of accommodation, then it 
only involves "muddling through." 
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Who guards the public interest?, The governments involved as weUas 
private interests guard it. In other words, goverlUllent inanc! of itself 
is not the sole polioeman for the public; responsible aotion by interest 
groups - both 'citizen'snd corporate - is also required.' In thi$ case, 
the goal is to: (1) define what the public interest ,is in terms of the 
private and government interests; (2) assess the organizational ' 
effectiveness intended to serve the public interest. 

In the case of seismic safety regulations, one lIIust be responsive to 
the public desires and not necessarily to developing ,stronger codes 
because stronger codes seem better. It is obvious that some people are 
ambivalent in this case. They think nothing of letting old buildings go 
unstrengthened. Yet they cry "earthquake" when a nuclear power plant is 
planned; or they try to find a fault under a Liquid National Gas 
racUi ty. In either case, I believe it is the task of the professional 
to: 

1. Inform the groups at risk about his findings. 

2. Co_unioate the information in such a way that a high degree of 
oomprehension is attained. 

3. Be persuasive that he is "doing his best." 

4. Constructively involve management in order to be persuasive. 

What we are all looking for is responsible action; but how is this 
action to be promoted? Figure 10 indicates three basic ingredients: a 
senae of reaponsi bili ty and accountability, the awareness of the publiC, 
and presentation of alternative methods for risk reduction. The degree 
of responsible aotion is enlart~ed as these three ingredients are enlarged 
by the following pressures [19j: 

1. Research findings in the technicalcol1llluni ty 

2. Communication of research findings to the citbenry at large 

,. Citizen input from special interest groups 

4. The frequency and time since the last earthquake· event against 
which responsibility action is to be taken 

5. Decisions of the courts as they influenoe the sense of 
responsbility and accountability 

6. Professional and political ethical eta.rda 

In the'end, responsible action for serving the public intere" 
depends on technioal cOllUllunication and an integration of the social, 
technical, political, economio, legal and administrative frameworks which 
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at the same time involve and influence the publ1cinterest. The cono$pt 
ot balanced docio-economic risk analysis ae applied to earthquake 
engineering is yet in its infancy; however, t believe it is the technical 
community's reeponeibility'to take the lead in developing a process for 
achieving responsible action that not only is right but also persuasive. 
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the Rese~rch of the Engineering Geological Features of the 
Ep1central Area of an Earthquake of Magnitude 6 in Li Yang 
in 1979. 

Tong J1 Un1versity 

Abstract 

Duan G~g X1,anI 

WangJ1a JunII 

Fe1 Han ChangI1I 

Thisart1cle is based on the three macroscopic in~ 
vestigations undertaken after the Li Yang earthquake in 

1979. It is the result of the geological engineering 
work, prospecting and researching the Li Yang epicentra1 
area from November to December in 1979. It states the 
west-north structure of the earthquake source from the 
view points of geomorphology, se1smic geology and the 
meehanism of seismic focus. It gives a strong proof of 
soma anomalies appearing in the epicentral area. It 
analyses the condi t10ns of engineering geology with facts 
for the ant i-se ism1c work iIi se1smic focuS. It provides 
a valuable information for the cOmingreconstruct1on and 
lays a foundation tor the division of the water re610n ot 
the earthquake. 

. Introduction 

An earthquake ofMs-6 .0 took place 1ft the west-north 
, -, . 

parto! Li Yang country, kiangsu province, at 18.51' on 
July 9, 1979. The epicentral area was tromHanDou to 

1. Aasoclate Prof. Tong J1 Ulliv. 
II. III.·Lecturer. Tong Ji Un1v. 
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Sang Pei and the intensity RsVIII. After the earthquake, 
the departments concerned, came "to this piace arid did a lot 
of research work, such as macroscopic investigations~bout 
the disaster and seismicopservatlolls. Intll.ewhole work, 
there were twod1fferent viewpoints about the" structure 
which induced the earthquake. It was short ofa strong 
proof of the repetition of earthquake. There was no suf
ficient understanding about the strate texture, the dis
tribution of clay and the characteristics of engineering 
geology of the overburden in the earthquake area. There 
were no quantitative and qualitative analysis of the clay. 
All these were harmful to the analysis of the earthquake, 
to the adoption of, the anti-seismic measures, and to the 
precautions against earthquake. For the r~asons mention
ed ab6vearid on the, basis of the long axis from lian Dou 
to Sang l'ei<was selected and was arranged, a prospecting 
line along NW 2350 

( figure 1) to carry out, the seismic 
engineering geological exploration. The amount of 'Work 
that waS done is shown in figure 1. 

Table 1 

Item Amount of Works 

The total length of tbe BbC?ut 11 Km 
prospecting line 

Drill holes 

Screw drill holes 

":Static penetration test 
holes 

Standard penetration 
test' -, - -

12, total accumulating depth 
196.10 M 

9, total aocumulating depth 
12.40 M 

18, total accumulating depth 
207.80.M 

5 

Wave speed test in drill 15 
hole ' 

Samples of the undlsturb. 50 
ad soil 
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(Continued) 

Item Amount of Work 

Samples of the disturbed 75 
soil 

The appraisal of the po- 4 
larizing microscope 

I. The survey of the earthquak& of magnitude of 6 
in L1 Yang. This earthquake spread widely and w8sfelt 
in LinY1, Zao Aon in Shantung province in the north, in 

Lon You, Yu Huan, in Chekiang province in the south, in 

the Yellow Sea in the east , and in Jiu dlang in Kiangsi 
province in the west. 

Over 800 aftershocks (up tot he end of Dec. 10, 
1979) had been recorded after this earthquake. One of 
the aftershocks reached the magnitude of 4.8 at 16.48 
on July 11, 1979. 

The parameters in connection with this earthquake 
are given in table 2. 

Table 2 

Microscopic epicenter 

Depth of seismic focus 
Sei8micsequence 

The type ·of seismic 
cause of formation 

Theirlechan1sm of seismic 
focus 

Eas~ longitude 119°15' 
,1 27'5" north latitude 

12.6 D1 
'. The type of main shock and 

aftershock 
Tectonic earthquake 

JOintp18D8 If strike 'ldo , 
dip .222.5 dip angle. 54 0 

Joint plane II t 8tr1keo18, 
dip 118 dip angle 71 

The mechanism of focus was supplied by the eophy
Sical Institute of the National Seismic Bureau. 
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After TANG SHlJl earthquake on July 28,.1976, a short 
time-intervalo! forecast of seism-eartg.qualte was made for 
Li Yang area. According to th~ analysis of tectonic sy<s-

. ., . - . . . . ". 

tam, some geologists confirmed that there was the seismic 
geological background in that area. But the prelude of 
the earthquake was not so obvious that they could make 
the forecast exactly. 

Details about the macroscopic phenomenons before and 
after the earthquake were described in our article in July 
1979, and a supplement is male here about earthquake sound, 
sand eruption and overflow. of water. 

(1) Earthquake sound: 
The earthquake sound appeared before and at the begin

ning of the shock. People there gave a vivid p.icture of 
the sound. Amount; the 91 exo.f:1ples of macroscopic investi
gations, 62 examples were concerned with the sound. The 
macroscopic sound of 47 examples came from the north-west 
direction. This shows that the sound obeys a certain rule 
and there is a relation existing between the sound and the 
earthquake. From the direct ion of sound (figure 2), we 
believe that it was associated with the structure in the 
i~ direction which induced the earthquake. This is worth 
studying, because the structure that induces the earth
quake is the place where stress is accumulated and energy 
is released • EspeCially, it is more important to regard 
it.as~ ,Sign of pre qUake , because the Signals are strong 
and a good relati6nship'exists between sound and earth
quake. During Li Yang earthquBlce , a great many people 
whoh8dexperienced the earthqU8kein 1974 rushed out of 
their houses as' soon as they. heard the earthquake sound. 

Theearth~~~ starts. from a gl-adual change to a sUdden 
. . ",". "." :'". .' ". . ", 

one, which causes the rock to break and results in a 
fierce shock. Therefore we Should study another kind of 
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sound which is called "mioroscopio earthquake sound. tI Of 
course, it will need the specialists in geomechanics, rock
mechanics and the geophysio to make a oonoerted effort in 

carrying out the seismio forecast by earthquake sound. 
(2) Sound eruption and overflow water: 
The phenoaenona of sand eruption and overflow water 

occurred in Mr. Jiang's home in Nan-Dou town, in Si-Jia, 
Zhan-Ke and Yu Jis Lo T9 - Dong Mei brigade of Qiang Pu. 

oODUllune. All these places are in the area of 8 degree. 
The phenomenona is the most seriOus in the village called 
Yu Jin 10 Te. When the earthquake started, at more than 
ten places in an area about 0" mu, sand eruption and 
overflow water occurred 200 meters from the village in 
the North-East, and lasted. for 4 days until the mid-day 
on July 13. 1979. In this area, the ground vater table 
was rather high and the vater surface in the river nearby 
was only 20 cm below the land surface, the materials 
erupted are light mild clay called microsilt (figure ') 
whose grain Size, ingredient and differential thermal 
curves are basicly similar to those of the miorosi1t 
erupted in Mr. Jiang's home in Nan Dou. The distributive 
direction of the saDderuption and overflow water holea 
in YuJ 1& Lo Te 18 llW 2800 and the general direotion of 
the holes is NWW. It is obvious thatthephenoIRena have 
a oonnection with the earthquake struoture. AS the 
liquefied sand aoilmade the house. foundation 1nef~ec
tive, a two storeyed brick house belonged to Mr. Jiang 
vas collapsed (figure 4). Both the building of the !fan 
Dou Supply aDd larket1ng Cooperative and the.t ot Ban 

Dou Farm MaChiDery Plant ar~ br1ck-cement bUildings. 
Comparing these tvo, the tormer vas Dot much damaged 'by 

the liquefied sand Boil, whereas the latter got much 

damage, the house being built OD back-fUled 80il which 
caused differential settlement. It can be seeD that the 
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Vibrating inertial foroe of the house on the llquifiec:l sand 
'soii $~eem:s to be smaller., than that on the ttnliqu:1fied sand 
soil.· aanoEr>we:'may oonclUde th8.t if the foundation' loses' 
effecti"ieness,tlie'damagewiilusuallybe greatiy increased 
by earthquake, but it" is not necessarily so with the lique
fied. sana soil.' 

lY." 'the induOing seismic tectonic. The Li Yang 

earthqu8.ke of magnitude of 6 ,is an indication of the mOve
ment:of the'nangsu block. ·It is certain that there must 
exist'regional gf:tological tectonic background and the in

ducing'seismicstructu.re. The Li Yang earthquake is of 
tectonid'seism. 

"'':':(1) The regionalgeologicaf tectonic background: " 
This area is' in the south-west part of Klangsu pro

vince • It is in the region of the 1'e flecteu arc of' the' " 
east w:ing~Of'Huai Yang orographic type, which is iri th.e 
second 'rise band Of the' new 'Hila Iia system in the 'eastern " 
part of 'China. ' ',' 

The' eastern 'part or this' seismic area., Li<YSrig to' 
SdriWang ,'helongs tother±Se area~ The 'strata of Paleo":" 
zoic goupand Mettozolcgroupare 'eXposed to'the'surtace; 
The "middle" part , 'SlWlg Pei' to'Nant>Ou belongs to settle ':,' , ' 

araa,'arldisoofei-ad w~th QUaternary System exceptexpo~ " 
sure of "basalts Of. TertlQry>Perlod in a~few places. From . 
the dataof'drU~holes1n'Ya Xi tow, ShangPel,J1n ," , 

co~ty," it !sfound·that" down to 800 meters it 1s:'still 
TertiarfPeriod.; Thus ,a blookbasin of gloaban t"tpe has 

been formed'.NanDou basin (figure 7). Mao mounta1llis ' 
rising' continuousl), :and Nan Doubaain issinkirig' without' " 
any ':~lliterruption,tlierafore thiS is the 'areallherethe" '. 

perpendioulardifferential,movement is the strongest. 
In the south ofnangsu provincet' the depth (4) of' 

the basement is ~to7 KM and the deepest is 9 EM. 
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It is 7 KM in L1 yang. The bearing of the contour line 

is NE - NEE and NW ~ It is shown fr'om the conto1ir that 
" "" 

the deposit of' the ov'erbtirden is controlled by tvo fault 
groups in the directions of HE or NEE andNE. 

(2) The inducine seismic structure: 
So far there are several papers (2) <:~) (4) (5) (6) 

on the exposition of 11 Yang inducing seismic structure, 
and on the diScussion in common. They confirm that the 
intersection of the two fault groups NE and NW lsthe 
placedf inducing saiam, butthay have two different 
kinds of viewpoirits ~ 

a) NWW fault is the inducing seismic tectonic. 
b) "NUE fault is the main inducing seismic tectonic. 

" . "" "" '" ~ 

Our view belongs to the first (3). We must under-
stand the fault of inducing seism from the view point of 
seismic engineering"and must take anti-seismic measures 
against inducing seiam. 

First: From the map of the distribution of seiSmic 
intensity, comeone thinks" that the main tectonic is "in 

NNE because the total fomation of the intensity line 
map shows the" direction of NNE. But it 1S obviously 
affected by the conditions of landforms and lithoio~oal 
characters. The vest of the seismic area is Mao mountain 
and the east is the hilly land. It is narrow in the east
vestdireotion and side in the north:"sQuth d ireot ion ._ 
When the seismln waves arrive at the'mo~tain8 ot west 
or east, they will" attenuate quickly • The VII. degree 
area 18 'long in the south-north d1.Tectlon and short in 

the east~west direction, 8nd thereforelt shows thatthQ 
NNE is in'de:Veto'pment. But it is not suttlol~nt" to de-' 

termine tMt the direction of NNE is the mairi" teotonic. 
Seoond: Lookiilg at the VIII degree area (figure 8), 

we 'can see that the long axis is NWW and the VIII 'degree 
anomaly area is also NWl1, about 290°-3100 , Similar" as 
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theNWW fault, and it coincides with j01ntplane 1. Fur
thermore the long axis of the Vl!!' degree anomaly area of 
Song Xin to Y'an Xiais also NWW. 

Third: Zhang Zuo-Nan Dou-Bai Ma-Li Shui WI rift 
band is active and its bearing is 2900 _3100 • The exis
tence of the NWW rift made tbe Mao mountain seperate into 
several segments. 'l'he places where tbe rift pastthrougb. 
became mountain passes. The rift can clearly be seen 
from the satt lite photos. Crossing through difterent 
units,the rift which stretches right over a hUndred, kilo
metres is a bed rock rift and active erupting hand of vol-
canoes. 

Fourth: To the south of the valley of Song Pei river 
lie, six rivers cutted. From geomorphology and the dis
tribution of rivers it is determined that the N-B rivers 
are cut by N-W rivers at the contemporary age. This is 
caused by the underground tectonic movement of NWW valley 
that _ becomes the powerful proof of recent actions of NWW 
tectonic. 

Fifth: After the investigation of buildings wa have 
found that to the north of Nan Dou-Tang Zhu-9hang Pei, 
the buildings become dextral (figure 9, 10) and on tha 
contrary the earth surface became Sinistral. ' Totbe south 
qf that district, the buildings became sin1.8tr:al and the 

eartbsurface dextral. The $if" r- maohanism tbeory of 
seism~c focus enlightens us to consider that Nan Dou
Tong_Z,tlu-Shang Pei must be an inducing seiSmiC rift. 

,SJ,.xth: l{anking seismic brigade did the investig8tion 
beforeLi Yang earthquake of magnitude of 5.5 OIl April 22, 
1974. They diScovered the macrosoopic anormalies in 20 
surveyed vater points ( figurell) • In or arounct'the seiS
mic focus the groundwater table was universally ascended. 
but it was decended in most round areas. The asGending 

area became the ellipse type of NWW which was Similar to, 
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the seismic focus of macroscopic investigation. Hence 
these had the reference value about the NWW ellipse of 
groundwater ascending area in 1974. Figure 12. The 
compound columnar section of Quarternary strata. 

Seventh: In Dong Mei brigade where had fierce erupt
ing SWld and overflow water, the distribution of the 
holes was 290°. It showed that the phenomenon was con
trolled by NVW tectonic. 

Eighth: Within 62 examples of the macroscopic in

vestigation of earthquake sound, the sound came from the 
NW in 47 example. The sense of vibration was that it 
pushed people to the south-east. It is obvious that 
there is an inter-connection between the vibrating sense 
and the direction of inducing seismic rift. 

To Sum up all these we conSider that the NWW rift is 
the inducing tectonic. 

III. The characters of engineering geology of Quar

ternary strata in Li Yang seismic focus area of· magnitude 
of 6. In thiS seismic focus area the thickness ofQuar
ternary strata is about 15-20 M. After prospection, the 
results of the tests are the following: 

lao Soil-It is brown yellow and brovngrey c:rlayey 
loam with a few ironstones, calderites, a great many plant 
roots and a lot ofhumuses. The thickness is 0.2-0.6M. 

lb. Hued backfilled 80il- It is grey black and 
rather dense with a lot of pieces ot broken bricks and 
tilles. It is 0.5-1.7 M. In thickness. 

2a. Clayey 10am- It is brown yellow t grey yellow 
and wet with ironstones and calderites in soft plastic 
state. It is 0.7-1.5 M. In thiokness. 

2b. Mud- It is black grey with a lot of humu8ea, 
pieces of broken briCkS and titles and plant roots. It 
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18 0.8-1.0 M. Inthicltnaas. 
3&.. Light elvey loam- It :1.8 brown yellow and vet 

with a few ironstones 81'1d calderltee in soft pl88tic 
state. It 1s 2.'-4.0 M. In thickness. 

~ • Kuddyclayey loam- It is grey, grey vhi te and 
grey lIitll a little humus ao.d a few plant roots and Shells. 
In some places it is 1nterealated with clayey loam, aDd 

thin layers of silt. It 1.8 7-12 1'1. In thick:rless'and, is 
, ' 

diStributed in the bank ofeof/erda-.Its engineering 
charaoteriS bad. It is the ainstt-atum to control the 
damage of shook aDd the stab111ty of engineering struc
ture. 

30. Clavey loam. ... ItiSf91!Y I1tld wet with U-onnones 
and a few 11me nodules 18' pWtic state. It is' 1."".' M 
in thickness. 

4. C187- It 1S darkgreeri &rid rather wet 1iithuem
stones in st1ff plaltie states. It 18 2-5 M. in thick-. 
ness. 

,4L. ltUt- It 18· 118btJellft w1-'h calderl't •• &'rid 

lote of adoa in aed1Ui1cl .... tate. It 18 0.9 M. 1Dthiok .. 
ae88. 

5. li:tgll' ~1081l" It 18 .bro1rD ,..Uow. aat. Wft" 
with irot18tonea and a 'fh l1Jae D04ule8 i1:laott . pl&ftlc 
state. 1t181."'.1 I. U1. th1okneh. 

5t.. MltdiUii iantl-l~18graa8 E¢eeft, eU'tJi,..11cnr84 
rath$r wetvlth the #tiU8" ·ot rhoa1:J1.a tuartiS and a .all" 
quantlttot aUt in. Idcli_ d,.DIN state. It 1* 1.42.1.8 K. 
in tbiob ... and i.e ,panl.1 :1n th$ae aNM. 

6. Olaf., 10 ... It 18 red brown and .. t .. aM:' 18~ ,. 
e8clsaet · ..• 1 shale .. a~bered 1llatlff plaBtJ.C at." •. 

P1C. 12 1.8 tbe COIlpoUM 061""8.0'1011 .f Qartv- ' 
nary $tt-a"-. 

fa.1.·, 18 .'the, ~1~ _ .... 1oal ·Ch&raoteftJ· of 
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eaoh strata. 

IV. The analye •• at seiSDdc damage of the ground .ad 
. . 

foundation ot 8eismic focUS. The earthquake reI"ted to 
L1 Yang county on a large scale. According to the statiS ... 
ticsthere were over 120,000 houses collapsed, over 100,000 
houses partially oollapeed and about 12',000 houses tilting 
with gaps. The total amount 121 over :540,000 houses. Bine 
reservoirs were damaged.. The capac1 ty. at each r8servo1r 
was over one mil110D cubic metres. More than 500 oulveMs 
and slUice gates were damaged in variOUS degrees. Twent,. 

bridges were damaged. fhe seiSmic waves caused damages 111 

sixteen . communes. 90:' ot the houses in SODg Pei commune 
vere collapsed. OVer 7f1'I, at the houses in SODg X1n c~ 
,..e were collapsed too. The disasters were. serious. Prom 
the 1nv&st1gat1vere8Ults of seiSmic damage we can 8ee 

that except· tor the cU.8trlbuting rule of intensity con~ 
trolled by the 1bduoing tectonic, there 18 an ano1'Sli8ly of. 

1nten81~7 which 18 ooncerned with ltmdforms, topograpbJ, 
80U and t1P8 ot tOW'ldat1on. 

fh&re ·ttretwo domplete11 ·cU.tterEmt kindsolac •• " 
otseiela1olailag& that are onl1 t. _tree afty frOm ·eaoh· 
other. .fh8a·1t lIa.eoeasary to aa.«lpethe relat~OD~;P 
tiet1ffti1 the C0l141tlOJ1 of toUlldat10J1an4 the •• 1aD1c .... 

"". U4 tOflil'W.y8e r.tlatlve ·;anOl'lliQt1t1d.1:h the UlP' ot 
101lg1twt1a8l. sectiOZl ot the· aa1n u::IJJ bear1Dg of ·8e1sm1c 
t()0U8. 

(1) !he a1'1"" of toposN.Plal ,lUdtOftl8 8D4 sa-
4'110111& .tUal1c t91;(1).10 to ae18la1o «toe",: 

.. 1D4UoinC·ae1tbder1tt·ot li1 t_g.~ ~ 
,..ltude of , put tlIft. the 881aa1c toCUl1D the 

ddred:icm otJW • II· nIl clegree area the apaoe 18 rat .... 
er long 1a. the 1Y.-sB4U'&ct1OD and qute narrow' int_ 

n..sy dJ.1i8<ft'1oa,. In connection nth the two anoftlalles 
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of Nan Dou town and Song Pei town, the total space is also 
NWW. It illustrates that NWW inducing seismic tectonic 
takes the controlling function. 

The range of prospection is from the west to the east, 
Song Pei- Xi Tong-Zhang Jia Jiao- Qin Fong~ Nan Dou. From 
the analysis of the geological profile we can see that the 
landform is gradually inclined and the elevation is from 
+5- +6M to +2 - +3M. The elevation of the area from Xi 
Tong to Dong Tong is partly about +7 M. The piedmont of 
Li Yang area is wid.ely covered with "Xia Shu Soil". Since 
the time of upper Pleistocene of Quarternary, a fierce 

.. erOSion has occured. Then the furrows have been cut down
ward. and the earth surface has moved upward. It gradually 
forms an incomplete mound. A series of marshes has been 
formed because the furrows are cut downward to be depres
sionsand the Zong river has been cut out. For example, 
a certain thickness of muddy olayey loam has deposited 
in the Nan Dou marsh because the deposition of static water 
andman":,,made coffer have red.uoed the scope of marsh and en
lal'ged the coffer. The areas, lower than +4.5 PI arecof
fer lands on which there is muddy Soil of certain thick
ne$s. With the macroscopic investigation we get the rules 
of sei~m;io damage. The mound is damaged lightly. The 
gentle slope in front of the mound, depreSSions of c.otfer 
and the areas along the river are damaged. seriously. For 
el[~ple,.Nan D.ou town is in Nan Dou marsh and Zhang Jia 
Jiao, .Xin Cai Yuvillages are in the depreSSions along 

.. the river. All th~se seismic damages are controlled by 
microcosmic landforms. 

In the macroscopic investigation we found an anorma
lYe To the east of Song Pei, , kilometres away, is the 
Dong Zhang primary school in which there are two rows of 
classrooms in the direction of east-south, about 10 metres 
away to each other. Built witl1bricks and stones, these 
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'classrooJlls .:were ,all the s~~irl 'tOrm,' structure , mate
riali:inri~~rid'tfucti()ri..Butat'thetiirieo:feal'thqllt\ke, 
the~o~1;hr~W'wa$ 'allc()ll.~ps~and'onlYsome crevices 

"w~reca~~din the'n:orthI'ow whi6h has been in use till . .. 

now ~We did a: ma1nprospectlng on the anomaly. We 
arranged adr;i.ll. hOl'e, two 'static prospecting holes and 

'. f'OUr screw drillholes near the' primary school. It 
showed that th~ northern classrooms were on the mound, 
the upper part of which iaonly about one metre brown 

, yellow clayey loam. and'the lower part is clay in stiff 
plastic state. 8.6 M,downwai-d, it ,is the bedrock lightly 
weathered. " The claSsrooms of' the south row were on the 
gentle slope. ". The basement of the southern walls were 
just on the edge of coffer land under which there is 
mUddy clayey loam which is 1.0 M in thickness. Because 
the two rows were on the different conditions of micro
scopic landforms arid,Soil 'characters, it is certain that 
there were two different results. 

(2) The influence of basement soil to seismic da-
mage: 

As. the basement of bUildings, the layers were sub
jectedto the attack of seismic waves dur1Ilg the time of 
earthquake. Under the 'l1ct1on of building, th~ layers 
bear the feedback function of t.he vibrating energy of the 
build,ings, therefore buildings .and the. basemen1; togethe:r 
preVEJnt . the movement6fseismic force. , Theseismicef

,fectof,theCharacters of the basement soil should be an 
imJ>ortanttactor of seiSndc daktage.' Onekirld is the base
~n't'fELilUre, such as se1sml0Sink1.ng, 'crevice, sliding 
al'ldliquefiedsandsOil etc ,which b~eakthe upper oon
stru.e:tion. The other kindis'too't th~ effects of f11-
ter1ii~and-1ntel'lsifY1ngOf the basement soil reduce or 

" • '. '-, •• ,. < 

sharpen the damage 0£bu11d1ngs under thesetsDu.c action. 
It is very -1Jllportantto clarify the eng!neer1ng chlU'licters 
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of the basement soil in the analysis of seismic damage. 
The engineering characters of the surface soil of the 
prospecting area is in table 4. 

According to the analysis of the profiles of engi
neering geology, from the east of Dong Zhang primary 
school to 10 Tai Yu, the earth surface belongs to de
preSsion deposited with muddy clayey soil to adapth of 
7-12 M. Its water content and compressibility are large 
(=0.064). The soil belongs to the layer of high compres
sibility and. its' bearing capac'~ty is 9T/M2. The buried 

depth is about 1.0 M. 
As the travelongspeed of the seismic wave is Vs-

98M/see thiS layer plays a cont701ing function :in the 
whole range. It directly affec.ts the' serious degree of 
seismic damage • For example, there were two static 
sounding holes Jl4 J15 ~ the east and west of San Ca He 
village. 

From the static sounding curves we. can see that 
there is such.a thick mUddy clayey loam and that almost 
all the houses of San Ca He village were collapsed. 
Another example is that both of Zhang J;La and Xie Oei 

. . 

Yu demonstrated the same scenes. 
The J16 hole 1s on the thinning out of muddy layer . .. 

where the light clayey loam is only 2.5 Mto earth sur
face. There is a village around the J16 hole, tbenthe 
seriousq.egree of seismic' damage cannot. be determined • 
But observing the martyrs grave ston,esand tbe1rriga
tion ditch nearby we know that theseiSlJlic ,dam,ase vas 
light. 

On the both sides of Nan Dou town' two drillholes, 
OKl 0X2 were arranged. 'the soil samples of the holes 
show that there is ~ layer of 1I1OO4y' clayey l()fliJl of 12 M 

intercalatec1with thin1ayerof light clayey loam of 

2 ... 4 M. Based on calculatirlg tile criti,cal 1~quef1ed 
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rumming number ot . standard penetration of the layer t N 
equaled 8.:5 rumming nUmber (the liibt clayey loam of 
caculation minus one degree aoooztding to the determined 
liquefied standard of anti-seismic rules). Although 
this layer was not done the standard penetration test, 
to oompare with the lower layer, light olayey loam and 
Silt, th~ void ratio liquid index were larger than the 
lower layer but the upit weight of soil was smaller than 
the lower. We estimated its standard penetration rum
ming number wsssmaller than the cr! tical rumm1nenumber. 
It is the main layer to make the erupting sand and over
flow water. The erupt1n~ sand of the well of Nan Dou 
Jiang Xi Zong home and water becoming muddy had the re
lationShip with the layer. 

~ho~ there 18 no muddy clayey loam layer in Song 
Pei.toWD near the Song Pei post office, there 18 a layer 
of mud Qf 2 M in the clepth of 1.7 M. . The layer is Soft 
but 1t directly influenoes the serious degree of seismic. 
damage. 

Dttringthe time of earthquake the ac.cn ..... t~ energy 
ofth, . layer tr~ve18;througb the layer to the earth sur
faee1Jl th~' form of elast1c_ve. BeoaWJeof thedifierw ;,". " : .. ', ".' . ." 

Elnt· med1athe earth '~face ·effects are var10us and ex
press ~iffEt·rent..181Jl1c ,d.age. On viell of ant1-seia
m1ethe sottbe.8ement~ 8011 can enlarge the v1brating aa
p11tMe with the lOl1gV:tb~tlng period and p.oetponeathe 
tiane of.Vibrat1on. . ThiB,· phenolrl8l'lon~ggI'avates the damage 
o·f .buil4.ings. The·.liq~etiedOuttin" off seism of the 
satura:t1lig,Sfmdandi tJie'da,mpillgt\ulctlon of e1em1natlDg 
.c1S~ofthe·s~tt 801i are ueeM tor ant1-sei8m. Hovever 

which . k1nd Of the foundation it 1S. it 1f'i11aggravate the 
sel$m,!c d~, when. the ,elf vibrating period of the 
bi11ld1Dg is as s1m1l$.r as the vibrating per10d of the 
foundation 80ilandit w111 produce theharmonl0 Vibration. 
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With the evaluation of thecond,i1;i(m ofthe:fo~di. 
tion 'so11, Li Yang seismic 'af'feot<eip'rEis8adth~>'fU1lctlt)Ii 
of.amPligication' and.'filterof<th~·foilltd~tiori's6ii.,," 
The functlonwill ba'enl.argad<asthe:tb.i.ckries~~ftA~·S()ft 
soil is increased. The most houses were civil hO'lUJes1n . .... . 

the district of seismic tocue. The, type of,foundation 
was a unitarY strip ofjlall made of bricks. ,There was, a 
few, simple factories which h~ not formally been design'ed 
and calculated in the side of f01,lnd at ion,. It could not 
clearly show the relationship between the Sf3iSJ'llic damage ," 
and the type of foundation. 

v. The repeatability of the distribution of seis
mic damage: 

,To compare with the earthquake Ms=5. 5 in 1974,the, 
distributing region , the type of seismic damage and the ' 
damage degree were almost the same .Li Yang are,a had 

the earthquake twice in'5 years. It expresses the repeata
bility of earthquake and seism~c damage. Our country 
has many earthquakes. Itls {calculated that in,the his
tory of oUr country there were over gOoot;i.,mes ,of earth
quake among which' 6. ?to" belonged toe disastrousearthq11.ake. 

. ~.. . 

After ',liberation t there,1ulve"beenniora '<than 200 times 
. ;.0" :':.~. 

of earthquake which were over tlle<Ulagn:1:liude' of 6. Hence 
we must <hfive ,strangthto resia~~~h'\'theregeattilbili tyof 

.'. ," .' -., "',. '" . 
thg;:distribut1onof'se iSutic"clamSga. 

~i'lf~~'~:O l~~ in~~q0Ur1t~o~"~br9~peoPle are still'in', 
thepQneep~w~l~ttlga of<'cognitionabout ,the, phenomenon 
O'f~~,~~r~}1l~t:ab:i±ty "0 fss"ismicdfU4agein the same~ area. 
<,'. ", • • , ••• ". ' 

~;bn1t,,~~.saiSnii'e'''lle8Jjf: gflve us a usafqlccmsideratioD. ab0u.t, 
tMl~prabl-am.:;;u:Base-d?dlitnadataOflllagnetoteliU;ic~eth-: ' 
od. the~~:Qurid<,3wh:erg"';.lt&4"b9lehhappened'thehu~ 'earth-, 
quake i:ih;' h:fst:e~;':the:,tund~g<roUt1d,tempf3ra tura1shigh. ' , 
~On~>~th:e; '~,on trar~Lthe,uiitiar~ounaiten1~etiat'1l~. ofo~har' , 
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places ,is lower. Furthannore the high temperature band 
of the8~lsmictocus has the obvious direction. When 
thehugeearthqu~e is haPpened ,a great deal of heat 

, , 

energy is prOduced because of the faulting, friction and 
flercedeformation in the, place of seiSmic source. It 
makes that rock strata of the faulting plane raiBe the 
temperature. Wbenthe temperature ,of rock is raised, 
its streSs will be relaxed very quickly. Therefore the 
efficiency of accumulating the energy-of elastic defor
mationwill be decreased'assoon as possible in seismic 
focus. Then the place'of seismic Source cannot accumu
late a great deal of stress and break out huge earth
quake .As the time passing away, the temperature of 
the place of seismic source wllldecrease to the former 
state. At that time, the media can accumulate the 
energy of elastic deformation onc'e again and will break 
out another huge earthquake. Because the conduction of 
rock heat is slow, the interval of time is rather lone. 
By the experiments of solid physics it declares when there 

; 

is a fast tectonic function, it can compensate the de
creaSing of accumulating energy of elastic deformation 
induced byraistilg temperature. The frequency of huge 
earthquake may oe increased. We consider that the Mao 
mountain is continuously rising and Nan Dou basin 1s 
decending without a break. As' the functional force of 
tectonic is at high spee4 ,"it induceS the repeatability 
of LiYangearthquake ~ This assUDlPtion is not wall con-

. ." 

sidered and only therefarence. 
The anoth$r aide of tha repeatab1l1tyof seismic 

damage. There is a waak liiik in geologic body. By the 
prospecting study we can see that fromNattDou to Shaug 
Pe1, the depth of groundwater table is rathe~ shallow , 
and. the upper soil layer is quite soft (mud, muddyclayed 
loam etc.) The layer also consists of easily liquefied 
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light clayey loam and landforms are· special. These weak 
links were not ch~ged in. th~ two, earihquakesofLLYang. 
ThiS condition shows the a~ilityofanti-seismis'quite 
weak. While the teotonic Of indUcing seismic of the two 
earthquakes were all NWW, the tectonic lithological ' 
character are the 'basic factors of the repeatability of 

seismic damage. . '. 
Thestaokproblem, is the third side of the repeata

bility of seismic dama~. The earthquake in 1974 had a 

potential influence (3) '(13) to th.e earthquake in 1979 .• -
. ~.' . . 

Sun Pin sb.ari and' Qin YongQhan~ comrades .of engineering-
, mechanioal institute,gave $ good exposition for the pro

blem., We also paid attention to,~he problem in the time 
of maoroscopic investigation. ,The seisnticdamage:of,' houses 
was analysed :in my article (3) last year. We take -N"anDou 
highway and Song lin bridge as an example. c.' In the. earth-

, , 

quake of 74 ., the Nan Dou highway br,idge ,which is a double-
curvatUre arch bridge vas lightly harIJlad t but this time 
thebridga was heavily damage,d. This time ,the. platform, 

lhat st~bility Emd the damage was produced. -Under the 
action of seismic f?rce, the, ,road surface of the bridge 
heads' 'and the soil body along the river lost stability 
sank 'andSl1d toward the middle ot the river along e. 
faulting plane. At the same tinie.the platforms ~so . 

. ,,' " ......' ". . - . .-

sank ana slid toward the middle otthe river. ,At last 
there> were" 5-6' em d1fferencebetween the road surface of .'. 

the' bridge' heads ;md thepavement'of the, bridgepl~tform •. 
It· Is report$d that it y~u d~ not .P81.a.ttantion,to, ~ha,. 
problem, ~ou could not tind the d1fterence in, heigll~, of 
pavemsllt"andthe cre!1ces in the arch ring. That was. 
just'the ' interDal' haJ:oms ' attacked in t 74 • This earth- " 

quake 'increased the dama.ge'Of, them (fig. 16). It is more 
obv1oUS1n Song lin bridge. It is told that the bridge 
waS·not repaired and. solidified after 1:1; was harmed by, 
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the earthquake of 1974 • The earthquake of 1979 widened 
the:crevices of the stone arch bridge and the stone steps 
near the < bridge and the oollapSing apace (fig. 17) • 

. _These· facts stated that after the attack of earth
quake,the problem of ant1;"seism and solidying is very 
important. 

- VI. -Conolusion: 
1. In the coming maoroscopic investigation, we 

should gradually combine seiSmio geology with earth sur
face movement,. geological prospection of' seismic engi
neering (consisting of engineering geophysics) and the 
s·tructure of· bUilditlgs. Then we oan do agairist earth
quake in quality and quantity. It has the very inipor
''1;ant meaning: to -reconstruct -the damaged area 'and reeuce 
the' future seiSmic damage. 

" 2.e After the study ofNW tectonic of Li Yang earth
quake of magnitude 6. considering the earthquake. in Xin 

Tat,·Ke Jian, HaiCheng and Tong Shan, we' deeply feel 
thbt it is necessary to observe the faulting action from 
north to west. It 1s just the N-W fault which has thanew 
and strongactiving.Whenwe take turtherstep toans
lyse .P.k1ng, Tientsin' and Shanghai; the N-W fault cannot 
be ignored • 

. ,.J. By theinvestlgatlng reSUlt of thiS maoroscopio 
seiSmic damage, one end ofthese1sm.1c focus (VIll degree' 
is .at Dan Song village 'of Song Pei: commUne and the/ other 
end. is-at Da Li Shu t·own of QlnFel1g OOllllllUJ1e. Ve use'the 
result of the prospecting experiments to analyse the divi
Sion of .seiS1ll.ic1ntensity. in small area. lXoept for oon-
8ide~ing the base of the tectonic of inducing sel_ ". 
should pay attention to the influence of cutting off 
seiSDl .. of basementsoll, eliminating 8&iSm or f1lter and 

amp1ifY1:ng function. A.ccording to the rules ot d!vi41Jl.g 
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the site soil (11) ot,:the. designing standard of anti-
, , " .. ' ,"',. " .. ,"' ,,<. .' ".". ," ," • ,",' ," ., -', :" 

fJ91srnof .ind ustry-ci!(il-arc~li~ect\lre ;t.o ·tlle.west of 
Dong Zhang pr1marys~h()9lbeloIlgs to "1.1. s.i te·pand,and· .. 
to theeastbeion,gstofII.Siteband, inwhare mt1dis buried 

in the depth 01'10 M and is. harmful for anti-selsm of 
buildingS. With the investigation of seismic damage ,we 
suggest that the distribntingposltion of seismic focus 
Should be the Dong ZhangprimarlTschoolas one end and 
Lo Tai Yuvillage ofQillFeng Commune as the other end 
which ccnform with the practice cqndj,tion. It .is are
ference for the Seismi.cdeparlmentin duty. 

4 • The permissive bearing f.oroe of foundation of 
muddy clayey loam is 9T/M2. Based ontherule80f the . - . 

stal1dard of anti-seism deSign, if the so·ft clay layer of . 

VIII degree R lOT/M2 is in the mainforoed region 'Of the 
foundation of buildings we must adopt Suitable measures 

of anti-seism. When the plan of building andf01.Uldation 
.is deSigned, the common function, of upper struoture and 
foundation must be considered. The. model. of building, 
condition of load. type ofstr:ucture and geological con
dition must sytpetically be analysed. We should deter
minet)le reas()nable architectural measures, structural 
measures and the treEit1ngplan of doundat10n. Por ex
ample ,we may usepilefoundat10n or other artificial 

. . 

treating foundation,. enlarge the~ottom area of base-: - ,. ',.,'.. " "', ' 

D1~nt, .deepenthefoundat10n, reduoe. the weight of load, 
increasethe.whole.clla~cterofstruoture.and thebal'" 
an~ed._symtnetry et c • In LiYang earthquake area ,the 
strip foundation wall is .used.1.n a great marly houses. 

The wallbod1es.are,soil.wall,.hollow masonry-wal1 etc. 
There . were. variouS·degrees··.of·damage .in ·thisearihq,uBke. 

Therigid.i tyo:f: the whole'bOaYis littl~Whi~hi.s ··the 

main reason.J.Sif:the oontactcharacter oftbemud . .' .' . 

b~ick wall. is~ bacle.nd'the . 1.qte~sity of mortar joint used 
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in hollow masonry wall is too low. We susgest that the 
mortar index should not be less than No. 25 and the brick 
index should not be less than No. 75. When pond is USed 
as architectural site, people must scoop up sludge (mud 
and muddy soil) and fill the soil of medium sand, coarse 
sand and rubble, slag and clay soil and other materials 
which has no erOSion and has stable character. Then it 
may,prevent the appearance from the guest house of Nan 
Dou Farm Machinery Plant. 

5. There were only five years from Li Yang earth
quake of magnitude of 6.0 to the earthquake of magnitude 
of 5.5 in April 22, 1974. It is such a short time to 
accumulate a great deal of the releaSing of energy that 
we must earnestly research the seismic repeatability. 
Now we should pay attention to the latent influence of 
the earthquake in '74 to the earthquake in '79 and ear
nestly take the measures of anti-seism and increase the 
quality of construction. Then we can reduce the future 
damage induced by the seismic repeatabi1i ty. 
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Fig 16 SinkIng of the platform 
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ABSTRACT 

The purpose ot this report ls to summarize the current 
state-of-the-art and state-of-praotioe ln the United States 01' microzoning 
tor sealosie taotors that, atfect earthquake hazard and risk. Thebasio 
procedure for mierozonation is simUar to that tor macrotonatlon or for 
site speoifio evaluations, but has the specific purpose 01' detailed zoning 
f'or a v.arletJ of geologlc faotors over a limited area. 'l11e process of 
tIIlcrozonat10n oonsists of establishlng probable or credtble (maximum 
probable' earthquakes. f'orspec1f1c faults or sources. or for a region. and 
the zoning or an area for looal geologic factors that control the specUla 
hazard or risk in that area. thiS review sUflltllarl zes the geolog io fae tor s 
that irlf'luenee mierozonation decisions 1'01'" the folloWing hazards: surface 
tiulUnl and detartution. grotmd shaking, ground faUure,liquefaotion, 
sUbSidence, tsunamis, seiohes and splashes. 



INTRODUCTION 

~al, Statement 

The general methods for assessing earthquake hazards are similar for 
macro%onatlon, the determination of global or regional zones that are 
defined by plate tectonic related boundaries; micro zonation , the mor~ 
detailed zoning for local conditions; and ~ specific, studies, the 
precise determination of the hazards at a given point or site. 
Miorozonation for seismic hazards is herein defined as the process for 
detailed zoning of areas for geologic, seismologic, hydrologic, 
geoteohnical, regulatory, and planning factors to delineate areas of equal 
or similar exposure to hazards in order that planning, site selection, and 
engineering design can proceed 1n such a manner that the seismic risk is 
mitigated or minimized. 

The above definition is close to that of Sherif (1980) who states: 

"Micro%onation is a process for identi fying relevant 
geological, seismolog1ca1, hydrological, and 
geoteohnical site characteristics in a specific region 
and ,incorporating them into land-use planning and the 
design of safe structures in order to reduce damage to 
human life and property resulting from earthquakes." 

Cluff (1978) includes similar considerations in his definition: 

"Seismic mlcrozonation 1s herein defined 8S the 
subdivision of a region into areas or zones that have 
relatively Similar exposure t~ ,various 
earthquake.-.associated effects (such as surface fault i;~ 
rupture ,.ground shaking, ground failure, and water' 
inundation) • The aim of microzonation Is'to estimate, . ',"'; 
the location, recurrence l'rlterval, and relatt va:,;, ,," 
severity of future seismio f!ve'nls:tnan area so tha't,;:;' 
thepotent1al hazards can be assessed 3nd,'theerfeots' 
can be mitigated or avoided." ' , " ' ', .. " 

-: :-{':.-;-

The most oomprehensive review of geologic considerations for seismio 
microzonation is by Cluff (1978), who emphasizes the importanoe of 
multidisciplinary efforts, including oombining data and judgements from 
geology, seismology, geophysiC!s, engineering, and planning. The,newness of 
the rapidly elCpanding field of seismic risk and hazard analysiS, and the 
limited data base for predicting earthquake effects for speoifio zones and 
sites, make it necessary to inolude all possible types of data 1n 
microzonation. Micro%onation is a continu1ng process and data rromfuture 
earthquakes and new research Will make it possible to improve upon the 
present state-of-the-art and practioe. 

The rapid advance in application of microzonation. and recognition of 
its importance, is indicated by the Wider use of microzonation in many 
sdsmically active regions of the world and the increasing refinement in 
methods. The first major publication on micro%onation is the proceeding's 
vol umes of the Fi rat International Conference on Microzonation for Safer 
Construotion-Research and Application in 1972, with 64 papers. The 
proceeding's volumes of the Second International Conference on 
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(Hays, 1980), 

MiorozonaUon Is cenerally by hazard zonins alpressed as the efrect, 
or the probablllty of the .effect, generally 1n the format or a map, as 1n 
detalledpredloted earthquake intensity maps, sei!lllio wave amplification 
maps, liquefaotlon maps, aotive fault or fault zone maps, etc. 
Mlcrozonat10n for the desree of risk to man or hla works is senerally not 
considered. Genel".ally, the oompleted miorozonation is by a ·series of mapa 
that show one or more hazards, Some maps integrate the hazards into a 
alngle microzonatlon map (Sell and others, 1978). However, when planning 
for the· use Of an area iacompleted or implemented, so the land use is 
known, it is possible to prepare microzonation map~ for earthquake risk. 

Determin tstio and Probab iHstlc Methods 1n Mlorozonatlon 

Until recently, most se18171io hazard and r1sk analyses have used 
deterministio methods of analysis and most reaulatory agencies require 
deterministio methods for IUSSe58171ent of major or vital engineered 
struotures. Examples of determin1stic regulations include those summarized 
in Appendix B under U. S. Nuclear Regulatory Commission; California 
Division of,. Mines and Geology: U. S.Bureau ot Reclamation and U.S. 
Corps or· Engineers. The standards. or oriteria for deoisions .8re 01ear1y 
expressed, oommmonly in speoific .quantltative terms of geologic age or 
des.ree of fault aotivity, design ground motions (acceleration, velocity, 
displaoement, Spectral character, etc.), or specific geologio or 
seismolog1c settings. The zoning or microJoning specified for exolusion of 
bulldinU ror human ocoupancy as specified 1n California by the 
Alquist-Priola Aot (1977), is the area within fifty (50) feet or an active 
fault that has experienced displaoment during Holocene time (about the last 
11.000· yrs). This type "<tf resulat10n is deterministic in character. 

Deterministic methods have the character that a singlp number 
describes each independent variable and formulations of relations use a 
specific value for a dependent variable. Results are seneraUy present"!d 
in a single form. 

~obabl1istic methods have the charaoter that the unoertainties are 
organized With a probab1l1stle mo:tel that evaluates sources of uncertainty 
from either natural variation or incomplete knowledge. Basic assumptions 
are clearly stated and the relations oommonly are expressed in terms of 
exoeedanoe probability. 

Probabilistio methods were introduced for seismic risk analyses by 
Cornell (968). and oontributions that relate to zoning include Merz IJnd 
Cornell, (974); Lomnitz (Cl974), Douglas and Ryall (1915) t Algerm issen 
and Perkins (1916), Esteva (916). Ryall (971), Applied Technology Counc 11 
(978), Cluff and others (1980), and Ryall and Van Wormer (1980). The 
f.aotors ot: probabilistic methods for mlcrozonation include! 

(1) analysts of acceptable hazard and risk, 
(2) recurrence relations and. 
(3) the probabilities of exceedanoe for various exposure times. 

This -type of approach has been pro.posed and ust!d for regional ecceleration. 
velocity and displacement relations (Algermissen and Perkins.! 1976; 
Applied Technology Coun~il. 1978), but the short pertod of observation in 
relation to low recurrence rate, end the laok of allowance for a possible 
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Hicrozonation in 1918 included 119 papers. Because these two oonferences 
slJIIImarizethe current state-of-the-art, and practice, this paperw1lldraw 
heavily on the data in these proceeding's volumes. The summary of Cluff 
(1918) on the geologic considerations for micro%onation is an especially 
useful discussion of the topic considered in this paper. Other baSic 
contributions include Cluff and others (1972). The methods for evaluation 
of faults ~e reviewed by Slemmons 0972 and 1971), and Glass and Slemmons 
(1918).' . 

Purpose and Scope of Paper 

The primary purpose of this paper is to prepare a summary that 
refiects current state-of-the-art and practice in assessment or ttu~ 
geological considerations that are essential for micro2:onatit:)n for 
earthquake hazards. The paper summarizes the basic parameters and methods 
that are used in United States. The scope of the paper 18' intended to 
provide 8::basis of comparison of the state-of-the-art in China and the U.S. 
for discussion at a joint U. S. - People's Republic of China Hicrozonation 
Worlashop and field review of earthquake effects in China. 

Geological Topics for COnsideration 

Although microzonation for earthqua.kes requires an interdisciplinary 
approach to zoning for earthquake hazards, several types of evaluations are 
prImarily based on geologic studies, but some evaluations require parallel 
studies to be integrated. For example, the definition of active faults and 
active tectonic belts should consider both the long term geologic evidence 
and the briefer seismo1.ogic and historic records. The seismologloally 
defined epicenters, fooal points, and focal mechani~s complement geologic 
data on the location and !'latu"'e of activity along tectonically active 

. structures. 

The maintoplcs to be considered in microzonation studies are: 

• Detection, delineation, and definition of the character of faults which 
are oapable or have the potential for earthquakes. 

• COmpilation of earthquake recurrence and time-history dat",on rates of 
Slip along active faults, or on non-aotivity for dead or inactive raults. 

• COmpilation of data on put faulting events rot .stlfllating the she of 
potent1a~ future earthquakes in terms of earthquake msgni'tude or seismic 
moment. 

• Delineation of zones of surface fault rupture or loo811t~ deformation 
in order to evacuate surface rUpture or disturbanoe by subsldenc~, uplift 
or warping. 

• Delineation of potentUl seismic souroes in order to caloulate location 
anddistributlon or zan'es of attenuated Strong ,round motion and earthquake 
intensi ty. 

• . COlleotion of data on the nature and diStribution of areas af ,secondary 
ground failure by eal"thqu8ke generated landSlides, liquefactlon.· and 
subs1denoe or consolidation. 

• Identification of areas of potential hazard from waves c~ueed by 
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tsunamIs, seiches or splashes. 

Plate Tectonic Control of Earthquake Sources 

Recent worldwide improvements in earthquake detection, with the 
installation of the World-Wide Network of Standardized Seismographs (WWNSS) 
by the United Stetes in the early 196O's,and the inst.allation of 
comparable networks by several other countries. universities and research 
organizations have made it possible to define focal mechanisms, focal 
depths. and epicenters with a greatly improved accuracy and precision 
(K1ssingler,1918)' On a worldwide basis most earthquakes of Ms= 5 are 
located, and in the western United States the detection capability varies 
regionally from Ms:1 to Ms=s 1n local, well instrumented areas (Smith, 
1.918) . This improved detection level has led to the identi r1eatlon of: (1) 
seismic belts and zones at plate and, or boundaries; (2) stable zones of 
aseismic or weakly seismic character; and (3) improved location of focal 
mechanisms and hypocenter depths (Isacks and others, 1968; Oliver, 1972; 
Kissllnger,1978) It is well recogflized (Lomnitz, 1914; Dewey and Bird, 
1910) that the seismic zones correlate with active faults and folds in 
orogenic belts. The seismic character of different global tectonic 
settings is as follows: 

Convergent Plate Boundaries: Convergent plate boundary zones have 
the highest rates of differential plate movement of the three types of 
plate boundaries, up to 16 OIIi/year. These zones are long, wide and thick, 
8S defined by the boundaries of the usually associated subducting plat!!!. 
They contain large volumes of strainea lithosphere characterized by 
intermediate to deep focus earthquakes, which release a large percentage of 
the earths seismic energy. Because of the rapid strain accumUlation due to 
rapid differential movement, these zones have short recurrence intervals 
(some less than 100 years). Maximum earthquake for this type of megathrust 
zone may be up to Ms=8.5 to 9. These zones generally have active surface 
thrust fa~lts and may have an associated pattern of strike-slip faults 
(Huzita and others, 1913). 

Divergent Plate Boundarles: The oceanic ridge or rlft systems are 
divergent plate boundaries and are generally marked by extensional features 
including relatively short flssures, elongate depr.essions and ridges. 
Earthquakes occur up to about Ms=8 to· 8.3, h!lve normal-Slip focsl 
mechanisms, shallow hypocentral depths, and short rupture len&ths (up to 
about 100 km). Some conjugate strike.-sUp faults are usually present, 
including act1ve transform faults that may have earthquakes with magnitudes 
of up to about 8.25. 

Transform Plate Boundaries: Transform plate boundaries are major fault 
zones that connect divergent plate boundaties to each other or 
divergent-convergent plate boundaries. These zones are oharacterized by 
earthquak~s with strike-slip meohanisms and SWallow hypocentral depths. 
The pattern of faulting may be complex with splays or branches. The 
maximum historlcal magnitude, is Ms = 8.25. The earthquake volumes are 
smaller than for convergent boundarlesbecause the volume of the 
elastically strained lithosphere is thinner and generally not as wide (only 
about 10km thick for the 'f906earthquake on the San Andreas fault). 

Intraphte blocks: Most areas of intraplate blocks are teotonically 
end seismically stable reg1cn~ of the earth's crust, with widely dlspersed 
earthquake activity. which commonly cannet be associ.ated with oausative 
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faults, structures. or topography. There ls generally little or no 
evldence for active or capable faults. The earthquakes are generally of 
.h all ow focU$, mostly less than 20 kill. Suggested causes lnolude 
loading-unloading effect.s from chanses in sea level and pluvlal lake 
levels, sediMent loading or unloadlng, glacler and ice cap advance-retreat, 
crustal detlsity differences, iSostatic adjustments and other varlous causes 
that involve gradual ~ress changes and local structures. The max1mlJll 
historic earthquake for Un1ted States to the east or the Rooky mountain 
Front (except for three special lntraplate selsmic zones--the Charleston, 
South Carolina area, the New Madrid, Missouri region, and the St. Lawrence 
River region) is about 5.5 to 5.75. the maXimum ored1ble earthquake for 
such regions appears to be less than 6 with a maxlmtJII intenSity of about MM 
VIII. Bergman and Solomon (1980) note that for ooeanic intraplate regtons, 
the earthquakes from 1963 to 1979 show correlation between preexisting 
zones of weaJcness, are not generally associated with large. bathymetric 
rel1efand have shallow foci (generally less than 20 kill). The highest 
magnitude earthquakes that are not associated with kno.wn zones of weakness 
or large bathymetric relief 1n the oceanic intraplate regions is Ms=6.3. 
for worldwide earthquakes in the oceanic intraplate regions. 

The boundaries of intraplate blocks may be transitional for 
substantial distances. The seismic and tectonic activity in Western United 
States extends inland from the San Andreas transform fault to the Rio 
Grande rift and the Rocky Mountains of Colorado. about 1300 kill. Within 
this zone, there is a distributed pettern of active faults (Howard and 
others. 1978). Some definitions include such regions as part of intraplate 
bloeks. lbe maximun earthquake for the Basin and Range Province is about 
Ms=7.7 (Pleasant Valley, Nevada in 1915 or the Bakersfleld , california 
earthquake 0 f 1957). 

The normal method for estimating maximtJII earthquakes for the 
intraplate regions is to assign a "teotonic province" approach (Cluff, 
1918; Hays. 1980; and U. S. Code of Regulations, 1973). This method 
aSS\Jlles that for regions with no capable oro8u8ative faults, the maximun 
earthquake of a given tectonic t geomorphic. or geographio region is the 
maximtJII historio earthquake. or thls value plus a safety tactor for 
oonservatism because of the very short period Of historic observation and 
the low ra~ and longreotJrrence interval of' seismic activity. For such 
regions. probab1listio methods of ana1ys1s are commonly appl1ed 
(Algerllliasen and Perkins, 1976; Appl1ed Technology Councll, 1916; Cornell, 
1968. 1911: M@r2 and Cornell. 19111). 
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TERMINOLOGY 

Actlve, cap,ble and Dead or InsctlveFaults 

The concept of actiVe and dead faults dates back t.~l at least 1916, 
when Wood referred to "living" faults, and 1923'wben Willis distinguished 
"aetive"and "dead" faults. Microzonation tor' earthquakes is critically 
dependent upon recognition of active faults for establishing the magnitude, 
seismic manent, and groun'dmotion parameters for earthquakes that control 
the size end location olthe zoned areas. nte historical background and 
main definitions used for describing sotiveand capable faults is reviewed 
1n Slemmons and McKinney (1977). and up-dated in Appendh B of this report. 
Within this report the following te""sare used: 

Active fault: An active fault is a fault that has sUpped dur1ng the 
Jl'esent seismotectonic regime aTi'di'S likely to have renewed displacement in 
the future (see Appendix A andp. 1 of Appendh B). 

Dead Fault: A dead fault is 8 fault that was active during an earlier 
orogenic perlod, butTsfiO'tact1ve within the present tectonic regime and. 
~cordlngly does not offset late Cenozolc deposits or surfaces, and is not 
selsmically active. 

capable Fault: A capable fault is an active fault that is specified by 
regulatory agencies. as for the U. S. Nuclear Regulatory Oommission, U.S. 
Cod~ of Federal Regulations (1915) or the U. S. Corps of Engineers in 
Regulation No. 1110-2-1806 (1917), 

Controlling or Design Earthquake TerminologY 

Micro zonation for earthquakes is . generally based on assumed or 
estimated earthquake sources that oontrol the nature of the earthquake 
hazard for the zone specified. The concept tssimllar to that used for 
design of a structure at a given site. 8S indioated in the following 
derinitions: 

DeSign Earthquake (arter Newmark): The deslgn earthquake is that 
earthquake ror lllioh a structure is proporttonedand oonstructed so that, 
in the event or an earthquakewlth motion at the slte, there will be no· 
lOis of Hr. resultins trom damage or deformAtion of the structure. 

Deslln Eay-thquake (from U. S. Corps of Engineers Regulation No. 
H1~-1806) : A design earthquake defines the ground motion at the site of 
the Iftructure and forms the basis for dynaml0 response analyses. Usually, 
several destgn earthquakes for both the malimlJll earthcauake and the 
operating baSis earthquake as applioable. are investigated. 

Controlltng Earthquake'·Value: The controlling earthquake VAlue. or 
threshold value for IIllorozonation is the source earthquake that affects a 
region, zone or site in such a manner that a given hazard exists. The 
oontr'ollln·, earthquake sl ze (magni tucle ,intensi t)'. seismic lllaaent, etc.) 
1118)' 81 ther be an event that ma)' occur at an)' point wi thin the zone 
("floating earthquakes"). or It may be trOlll an active fault or fault zone 
out side the area. With ground motlon attenuat..@d to. the sl te. The 
controll1nl ,alue earthquake 1s that earthquake. or those earthquakes that 
provides tone or site effects that equal or exoeed a threshold value • 
CoIftIIonly tM lIlaxllt&lll, 1IIDilttMiop!ctabltt or ntlll't1JW credible ... thquake is 
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used for zoning, but zoning may be specified tor a maximllD probable 
earthquake, one that is likely to occur within a specified period, such as 
the life of a structure or the land use that is planned. The following 
definitions have been used ror design basis purposes and with modification 
can apply to use as controlling values or events for establishing zones or 
areas for microzonation. 

Maximtlll Credible Earthquake: The maximllll credible earthquake is the 
largest· earthquake that can be reasonably expected to oocur (same as 
maximllD expectable earthquake ). 

Maximl..ll'l Earthquake: The maximum earthguake is defined as the severest 
earthquake that is believed to be possible at the site on the basis of 
geological and seismological evidence, It is determined by regional and 
local studies whioh include a complete review of all historic earthquake 
data of events sufficiently nearby to influence the project, all faults 1n 
the area. and attenuations between causative faults and the site (same as 
maximum credible earthquakes ). 

Kax1mtlll Earthquake (values) : The maximum earthquake is that:. which occurs 
within the regton which provides the strongest ground mcHon or hazard 
.effects at a specific microzone. 

Hazard and Hi sk 

The microzonation for earthquake hazard and 
1nfluenced by the philosophy and purpose of thl!.' 
Reduction Act of 1977" (P.L. 95-121.1). which states: 

earthquakp rIsk i~ 

"Earthquake Hazards 

••• to reduce the risks of life and property from future 
earthquakes in the Uni ted States through establishment and 
maintenance of an effective earthquake hazards reduction program. 

Hazard is defined as a source of danger. or a chance of danger. 

Earthquake Hazards are the probability that natural events 
accompanying an earthquake such as ground shaking, ground failure, surface 
faulting. tectonic deformation. and inundation, which may cause damage and 
10S8 of life, will occur at'a site during a specified exposure time (Hays 
1980) • 

nte National Academy of Sciences (975) publication on "Earthquake 
Prediction and Public Policy" summarizes earthquake hazards as having the 
following effects: violent shaking resulting in vibrations, avalanches, 
soil liquefaction, lurching. seiches (oscillations and fluctuations in 
levels of bodies of water). and tectonic movement, expressed as regional 
uplift and subsidence. fault breaks reaching the earth's surface, and 
t~un8mis (seismic sea waves). 

1!!!! is the exposure to a hazard or danger. 
of the hazard in terms of a loss and 1s oommonly 
probability of occurrence or exceedance. 

Risk considers the effect 
expressed 1n terms of 

Earthquake r1sk is the probability that social or economic 
oonsequences of earthquakes. expressed in dollars or casualties, will equal 
or exceed speoified values at a site durIng a specif1ed exposure t.ime 
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seismic cycle may limit the validity of this method for some regions (Ryall 
and Van Wormer, 1980). 

The use of deterministic·· methods for earthquakereourrenoe 18 
explained by Cluff (1978) and Cluff, Patwardhan and Coppersmith (1980), 
These methods include the concept of earthquake oycles (Fedotov, 1968 and 
1969; Ryall, 1977; and Ryall and Van WOrmer, 1980). This method commonly 
uses (1) the earthquake recurrence relations of Wallace (1970) for 
accl..lllulated strain energy across the fault rupture surface in order to 
accl..lllulate strain on the total available fault surface, (2) then the size 
of the earthquake (magni tud~ or seismic .manent) as determined by the 
relative dimensions of the rupt.ure swrfaclle. (3) slip rate. and (4) stress 
conditions and the shearing resistance of the materials at the fault. The 
earthquake generation process is shown 111 Figure 1. 

Regulatory definitions for Micro%onation 

Although mapping for mioro%onation has been conducted in the United 
States for all of the main types of earthquake hazards, the threshold 
parameters selected for mapping zones are generally determined by the 
researcher. or the agency conducting the micro~onation studies, oomm.only on 
a case by case basis. Regulation has been established for only one type of 
microzonation. mapping, and development of active fault. zones in California 
regulated by the Alquist-Priola Special Studies Zones Act of 1972 and 
suhsequent revisions (Hart. 1917. and summarized in Appendix A of this 
report). Hart (1978) has descrihed this type of zoning in relation to 
microzonation. 

GEOLOGIC-SEISMOLOGIC FACTORS FOR MICROZONATION 

Source Meohanisms and Parameters 

Study of more than 100 examples of historic surface faulting reveals 
that most shallow focus earthquakes of over 6 magnitude have rt'lated 
earthquake size (magnitude and seismic moment). fault rupture length. and 
maximll1l or average displacement (Richter, 1957j Tocher, 1958; I1da, 1959 
and 1~65: Bonilla, 1961 and 1970; Bonilla and Buchanan, 1910; Slemmons, 
1977; Mark, 1977; Mark and Bonilla 1977. and Bon111a, 1980). Geodetic by 
Savage and others 0966. 1969), focal mechMlsm studies by Smith and Lindh 
(1918), evaluations of earthquake stress drop (Wyss and Brune, 19158) and 
the stress orientations of the United States (Zoback and Zoba~k. 1980a. 
1980b) provide strong correlations between the geologic evi~ence for 
faulting and 'orogeny, geodetic changes, sei.smio effects, and the general 
state of the stress. Regional geologic studies of faults and tectonism 
provide many examples of associated systematic relationships between the 
type of faults and their orientation in conjugate patterns (Huzita, others 
1973: Wright, 1976). 

The present data indioates that from earthquakes whioh have extensive 
surface faulting, including well documented prehistoric examples, it is 
possible to estimate the magnitude and seismic moment of the earthquakes 
(Wallace, 1977; 1978a, 1978b). determine sdsmicgaps, provide estimates of 
source earthquakes and their mechanisms. This. data delineates fault 
regions, and zones of t,igh activity (Slemmons~ 1967; Wallace. 1978b) and \ 
provides a oritioal input tnto microzoning. 
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Seismic Gap Relations 

The detection of seismic gaps to predict future or imminent 
earthquakes is important to adequate microzonation. Seismic gaes are the 
active tectonic zones between recently active fault segments that have a 
high potential for reactivation in the ne!ar future. The use of geologic 
methodS has not been widely used. for detailed evaluations of aoUve faults 
is a new neld • Several gaps in the historic belt of historic faulting 
noted by Slemmons (967) and Ryall and others (966) are apparent. A 
detailed and systematic study of active faults in central Nevada by Wallaoe 
(1978) led to detection of an important gap between the Pleasant Valley 
(915) and Dixie Valley (954) earthquake areas. The patterns and 
sequences of activity along the Northern Anatolian fault zone and along 
major subduction zones has led to delineation of gaps of speoial seismio 
pot~nUal. 

Attenuation of Seismio Waves 

The greatest loss of life and earthquake is from the affects of 
shaking on the surface and engineered structures. Shaking 1s generally 
strongest at the source and is attenuated with distance (Neumann, 1954). as 
shown in Figure 2 from Krinitzsky a .. d Chang (1975), The affect 1s 
drastically affected by local conditions, however, including type of 
bedrock and or soil. topography. and local and regional geologic structur~. 

Earthquake Magnitude 

The estimation of potential earthquake magnitudes from geologic data 
has been reviewed by Slemmons (1977) and Glass and S~emmons (1978). The 
main methods relate to the study of I'Ictive faults for evidenqe of historic 
or pre-historic earthquake~ that provide evidence of maximum or average 
displacement and total rupture length from single earthquakes to plot on 
the graphs or linear regression formulations of Slemmons (1977), Mark 
(1977) and Bonilla and Mark (1978). The relation having the highest 
correlation coefficient, and most readily !!pplted method is from the 
magnitude vs. displacement relation (fig. 3 and table 1). The magnitude 
vs. total rupture length 1s also widely applied (fig. 4 and table 2). 

The most recent quantitative method proposed for strike-slip faults is 
by Woodward-Clyde Consult~nts (1980). Their compil~tion suggests th~ fault 
slip rate may be directly related to max1111tr.'1 earthquake magnitude t.hat 
ooours along faults of this type (fig. 5), 

The use of fault half-length was proposed by Went'tlOrth and others in 
1968 for estimElting the maximum earthquake magnitude to be expected 
(maximlJll probable earthquake) for strike-slip fauHs. Subsequent usage of 
this method has commonly used a one-half or one-third fault length for 
estimation magn1 tude from th~ Bonilla or Slemmons formulations. In order 
to provide a statistical basis for this method, Table 3 is prepared. The 
data on this chart are preliminary, but suggest that use should be made of 
the one-fourth length. method. or the one-third method for about one 
standard deviation of conservatism. 

Seismic Moment 

The field data on rupture length and average displaoement, either with 
or without geodetic data, provides essential information for estimating the 
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aeismit: mcment (Wyss and Brlme. 1968; BrlD'lf!. 1970). This measurement of 
earthquake siZe Gan be related to earthquake magnitude by the formulations 
of Thatcher and Hanks (1973), lCanalilori (1977). and Anderson (1975), To 
date, this earthquake parameter has not been applied to microzonation 
methods, but its better correlation with earthquake yolllne and size, as 
well as improved correlation with earthquak~. intensltypatterns and seistnic 
energy release, will make wide use of this Parameter 1n the future. 

Stress Drop 

This parameter has not been widely used 1n miorozonatlon, but is 
related to the intensity of energy release. it tends to be low near major 
plate boundary faults, moderate near interplate boundaries. and high wi thin 
plates (Liu and lCanamori. 1980), 

Seismioity and Earthquake Distribution 

The use of geological data for detecting, delineating. ~nd determining 
the charaoter of active faults provide-s a more extensive distribution than 
is shown by the short historic and seismologic reoord. The primary cause 
for the variability 1n degree of correlation between active faults and 
seismiotiy is the generally long recurrance interval betwen m.ajor seismic 
events on most faults. Within the Great Basin the seismicity is widely 
dispersed and oommonly cannot be related to known active faults during the 
period preoeeding large earthquakes. The aftershocks generally define the 
faul ts that are activated during the main shock, or branches 01'" extensions 
dnveloped during the following readjustments. Much of the segment of the 
San Andreas fault zone that was ruptured in 1906 is aseismic, but actively 
creeping segments, the sargent fault and adjacent segments of the Hayward 
and Caiaveras faults, are well defined by epicenters (Borchert 1975). 
Allen (1975), Amhraseys (970) and others emphasi ze the need to conduct 
thorough geologic searches and evaluations to determine future hazard and 
risk. This will be discussed in "Assessment of Fault Aotivity and 
Earthquake Size". 
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Oeterminat!r)o of Earthquake Frequency or Reourrence 

One of the main approaches to earthquake risk analysis is to determine 
the relative seismicity of various seismic regions, or of faults, using 
seismologic and/or geologic-tectonic criteria. The method establishes the 
frequency, recurrence interval v or return period for earthquakes of. it given 
range of intensity or magnitude. The selection of the limits ot the 
se1smio area, structural-tectonic region, or fault zone is generally taken 
with an adequate size to provide an adequate historic record of activity, 
or to include a region with similar seismic potential and tectonic 
affinity, or a single fault rupture system or fault. The method can be 
used for deterministic evaluations or is amenable to probabilistic 
analysis. Generally, results of the seismo10gic-historic method are 
correlated or compared with geologic results. The two approaches are both 
subject to important limitations and shopld be considered C to provide 
complementary information. The methods are: 

,Qeolog1a Method: The long period of time between repetition of large 
earthqusl<es on major faults is commonly measured in hundreds of years to 
tens ofthOusand$ or, perhaps, even hundreds of thousands of years. The 
geologic m.ethods of estimating this time interval between repetitions is 
described in Slemmons (1977). 

The recurrenoe interval or return period is defined as the time 
interval betweenrepeti tionsof large earthquakes along faults or fault 
zones. Wallace 0977, 1970) based his method of estimating the recurrence 
interval by evaluation of the strain rate (also fault Slip rate) and 
maximlJ11 . earthquakes determined by historic records. fault rupture lengths, 
or by maximum displacements (Bonilla. 1977 • 1967). Wallace proposed the 
following formula for defining the reI ation: 

Rx " D/S-C 
Where: Rx = recurrence interval at a point on the fault. 

D = displacement accompanying an earthquake of given 
magnitude (related empirically to Richter magnitude), 

S = long-term strain rate (from offset of geologic units. and 
C = tectonic creep rate 

The results of Wallaoe's analysis for 
shown in Figure 6. Basic components 
cm/yr average fault slip rate from 
Dickinson and Grantz, 1977. 1968; 
relations; (3) mag~itude-displacement; 

the San Andreas fault system are 
of this analYSis are: (1) estimated 2 

the geologic offsets reported by 
(2) magnitude-fault rupture length 
(4) recurrence i 

nterval for a fa u1 t 
with an average slip rate of 2 em/yr, derived from (3) above; and (5) 
relationships with adju~tment for entire fault length an'd creep effects. 
This relationship shows that for a characteristi.c or assumed earthquake of 
8.25 and a 2em/yr slip rate (strain rate with no drag), the' recurrence 
interval is about 350 years. Slemmcns (1917) used more ext~nsive worldwide 
earthquake data to classif'y fi;lults by degree of fault activity to develop 
the earthquake recurrence interval-Magnitude-slip rate relations of figure 
B1 in Appendix B. This chart suggests, and field data from many parts of 
the worldlndicate (Ailen, 1977. 19'75; Wallace, 1977, 1978; Ambraseys, 
1917, 1971: Sl,h, 1977 , 1978a, 1978b,) that return periods for major faults 
are from 100 years or less for major plate tectonic. boundaries with 
boundary sUp rate or 10 cmlyr or greater, to perhaps 100,000 years or 
greater for faults with slip rates of about 0.001 cm/yr. Sieh <1977. 
1918a. 1978b) has shown that prehistoric earthquakes for- the Palette Creek 
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8r"ea ot' the San Andreas f'~ul t zone (wi th an average slip rite ot' about 3..Jt 
(lillY!") is about 160 yetir 8. 

Clutf"r; (;t911:t.,. 1978) classU'les and oompares rault$ by, degree ot' 
aativ 1ty tith recUrrence. InUtrva1 s. Shown sohematit:al.ly (Flgtre 7). Cluff t 
and others (980) shOw a scbematiodiagT"aIiI to define ti1lte Within a cyoleor 
interval, with t.he size or the energy stepS 1n eart.hQuake magnitude relat.ed 
to t.he dimensions of the rupture surfaee, s11J) rate. ,stress oondit.tons 
(stress drop), and shearing resist.anoe ot t.he materials at the hult. They 
apply these relations to the Wasatch fault zone in Ut.ah. 

Seismologlc-Historlc Method: This method is aft'ecl'ted by limitations in 
t.he statist.ioal validity of the brief historic or instrumental Seismologio 
period of data acquisition, limited abiHtyto detect .. seismio events ot 
lower magnitudes, and the d1t'fiC!ulty or arbitrary nature of selectinl the 
maxlmun magnitude or intensity values for determination of design 
parameters or for microlonation. 

The plotting 1s usually based on the following relation ot Gutenberg 
and Richter (1965) 

"N 1s the nunberper year ot' sha1low earthquake having 
magnltUdeequal to orgreate1" thenM, in area A. The area 
may be selected to limit. a fault zone to oorrela~e with 
geologic methods for evaluating 8 raul t .. " 

'lbe formula 1s cOllRllonly placed in the followinl format: 

log N = a - bM. 
Where N is the nlJllber of earthqtf8!kes per unit time per mit 
area ina given magnitude range, with a and b the two 
oonstants to be determine~ tor the area. 

Examples of studies using the above type of analysts are given by 
Algermissen and Perkins (1973), Applied Technology Counoll (1978), Ryall 
and others (1966) tor western United States .. 

The primary geologica1c'onslderation for this type of analysis is to 
properly define the full and aocurate dimensions of· a fault zone, so that 
only earthquake activity 1s used in the formulation, or to subdivide the 
region or zones into units of s1milar or identical levels of seismioity, 
tectonic setting, stressrleld (Zoback and Zoback, 1980; Hays 1980) 
summarizes some of the regional stress relationships. 

Assessment of Fault Activity and Earthguake Size 

Introduction: The importance of deteotion, delineation, determination 
of character, evaluation of fault time history, and the assessment of the 
potential of faults as a hazard or risk is a problem that has received 
attention from geologists in the United States fotmore then' a century. 
The. range in action or' approach by geologIsts 1n relation to the hazard and 
risk has varied from academic studies of faultS with no. attention paid to 
potential aotlvity. 'to ignoring or withholding evidenoe for faults, to 
oomplete and integrated studies with thorougha~5seSSlnent of hazard and, 
risk. The ideal microzonation for fa 14 ts si!llfcieterminationof oOhtroll1t1~g 
or des1gnearthquakes from fault data should be undertaken W'it.h a "multi" 
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approach (Slemmons, 1972; Cluff and others, 1912; Sl emmons , 1917; Glass and 
Slemmons, 1978; and Cluff, 1978). This oompletes the assessment using as 
many sources of information as possible. The methods for applying the data 
to mlcrozonation for faults are disoussed in Cluff and others <1972; 
Slemmons (1972), Cluff (1978) and particularly in Hart (1978). ihe general 
methods of evaluating aotive faults for the determination as source 
earthquakes for design or zoning purposes is rev1ewed 1n Slemmons (977) 
and Cluff (978), 

Detection of Active Faults: The detection of active faults is possible 
from the youthful geomorphic expression of scarps, the offset of 
geologically young deposits, historic observations of rupturing and offset, 
and seismologic evidence that defines a segment of the fault. that has 
experienced activity. The most important single source of information is 
from the geomorphic expression (Appendix A of Slemmons, 1978 and Slemmons, 
1979) by characteristics types of geologic expression. Many dozens of 
kinds of landforms are developed by surface faulting, and some features are 
characteristio or suggestive of the type of fault or slip direction on the 
fault surface. The "shopping list" of features that should be sought for 
are inclUded in Tables 3, 4,and 5, from Glass and Slemmons (1978), 

The single most important method for searching for young fault soarps 
15 by use of low-sun-angle aerial reconnaissance and photography. The 
method was first described by Slemmons, (l969), Cluff and Slemmons, (1972), 
and Clark (1971). The basic method uses either the highlighting effects on 
subtle geomorphic features of low-sun illumination or shading effects by 
back illumination (Glass and Slemmons, 1978; Walker and Tre~ler, 1975). 
The methods may use either seasonal or daily variations in sun aximuth 
according to the specific orientation of the fault zone being evaluated, or 
the general orientation of faults of the region (Figure 8). The daily and 
seasonal sun angles are accurately tabulated by Clark (1971), with the 
variations for 40 degrees latitude shown in Figure 9. 

Delineation of Active Faults: Delineation of active faults is 
generally conducted by photogeologic studies, particularly with the aid of 
low-sun-angle aerial photography or radar imagery that provides a similar 
effect (Grant and Cluff, 1976). The use of "multi" imagery analysis is 
recommended, using a variety of scales, and types of imagery, including 
multi station (stereoscopic), multiband(multispectral) • multidate 
(multlseasonal), multistage or multilevel (multiscale) , multipolari2stion 
(for Side-looking airborne radar, SCLAR), and multi-enhancement (computer 
or optical modification of images), using multiobservers (to reduce 
personal \dases in interpretation). This "mul t1" approach is described by 
Glass and SleMmons (1978). The best results are obtained if synoptic or 
small scale imagery is used to supplement more detailed scales, and if 
aerial reconnaissance is used to supplement. laboratory and field studies 
<from Slemmons, 1912). 

Characterhation of Faults: The characterization of faul.ts is the 
determination of the sUp direction or separation of faults~ This is 
important for determining the type of fault 1.e., normal-slip, strike-slip, 
or reverse-slip 8S general types, or for a more detailed classification, 
the use of the diagram of Bonilla and Buchanan (970). Any classification 
is best accomplished from field observation or trenching of faults, but may 
be preliminarily aSSigned by the geomorphic expression (Slemmons, 1972; 
Cluff and Slemmons. 1972. and Glass and Slemmons, 1918) or regional 
conjugate field relations (Huzita, and others 1973: and wright, 1976). 
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Clau1flcation of Aethlty: The class1f'lcaUon by activity IDay be 
general or descriptive, as, by assignment ot aotivity QrcapabiUty as 
Usted in Appendh B. or by determination of'sl1p oratrainrate using the 
classifications of Slemons, , , (1977) or Cltif'f'Cl978). Thus the 
class! ficationmay be a simple !lac t:,heti " or "deadti ,tyPe(Append1x.!).or on.e 
otdegreeof activity ,as.wHh "extrem~l y high" ,"high"" "moderate" ,etc. 
QUantitative measureso,f t'he degree of actiVity.ayalso beuaedtor 
application ofprobabl hUc approacile!l to " mlorozonatlon, including 
recurrence rates. 

The determination of the rate of activity of a fault may be defined by 
recurrence. This can be expressed by either geomorphic expression or 
stratl1raph1c or soil-stratigraphic methods. For scarp morphology of young 
faults, the preservation of faulting events m8Y,be pr&aerved by level!! that 
CAn be detected by field measurements or by low-sun-angle effects. Wallace 
(1917) pro poses a sequence of degradation (Figures 10 and 11) ,thati S 

exhtbited by a fault from its initial steel) fault controlhd scarp, through 
a series of lower slopes or gradients t.hat are initially debris-controlled, 
to an eventual, gentle slope that is oontrolled by slope wash. The age 
relations of scarp slopes for the Great Basin of Nevada are shown in 
Figures 12 to 1 q. Bucknam and Anderson (1979) note that in addition to the 
factors described by Wallace. the soarp height affects the rate of 
degrading of the slope angle (Figures 15 and 16), The type of surficial 
material by the fault also affects the rate of degradation (Dodge and 
Grose, 1980) as shown in Figure 11. Nash (1980) evaluates rates of Scarp 
degradation by computer modeling.Crig. 18, 19. and 20). The age of soils 
cut by faults can be used to date the fault time-history as noted by Peas@ 
(1979) end Bell and Pease (1980). Their studies indicate various 
conditions that may complicate the use of the methods described by Wallace 
(1977) end, Bucknam and Anderson <1979-). The general use of soU 
stratigraphy has been summarized in relation to geomorphio applications to 
engineering geology by Slemmons (979). 

Design Earthquake Values: The analysis of faults, including the 
determination of total length, maKimum or average displacements during past 
earthquakes, total rupture length d urlng past earthquakes. percentage of 
total length ruptured during single event, and determination of slip rates 
for strike-slip faults all have been used to estimate the magnitude of past 
earthquakes. Examples include the mapping of "fossil" earthquakes in the 
central Nevada region by Wallace (1978b), to determine seismic gaps and to 
determine the maximum probable earthquakes for many of the reg10nal major 
faults (from rupture lengttlsand maximllll displacement>, and approximate 
recurrence interval (for Holocene scarps). 

Woodward-Clyde Consultants (1980) have evaluated the siip rates for 
many strike slip faults intheworldCfig. 5) 1n order to estimate the 
msximlJll probpble earthquake for the Newport-!nglewood fault zone with a 
slip rate of 0.5 IIIII/yr. This ohart suggests that there is arelat1onsh1p 
between slip-rate and the maXimlJllprobable earthquake magnitUde. ' 

In order to estimate maximllD probable earthquake magnitudes for 
strike-sUp faults, Table 6 relates maxil'lUfll historiC surface ruptU!'e length 
to total fault length of the fault zone. The mean historic rupture length 
for 11 faults of 200 to 1300 km length is 22 ~ with one standard deviation 
of 1 percent. Thus a raUlt of' 1000 kin length WOuld be expeoted to have a 
maximl.lll probable earthquake, by rupturing as 220 kin length, segment With "a 
magnitude or about 7.8. 
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MICROtONATION FOR SURrAC£ FAULTING AnD DEFORMATtONHAZARDS 

The identifioat:lon, classification, oharaeterizatton, and del1neat.ion 
.flctive faults w'lthrespect to permanent around displacement (surface 
rupture orderOrmat1on) csn gr~atl1 reduce earthqUake hs-zardSin urban 
aress (Slemmons. 1972). Microzonetion for these hazards shoUld consider 
the abcwe paramet.ers. using photOgeologieal, geological, geophysioal, 
hydrolog.ical. and sub-surfaee exploration data. 

Microzonation of this type was first ctisoussed by Sl_or!! (1972) and 
Cluff and others (1972), although t:be discussion of the problem has many 
earlier reviews f inclUding La1lSon (1908), Willis and Woods (1923). 
Louderback (1950), and many others. The first (and only) regulatory 
adoption of miorozonation for aotive fault hazard • including surface 
displaoement, is the Alquist.Priola Speoial Studies Zones Act of the State 
of california in 1972 (Appendix A) with. subseqUent revisions. Hart (1977, 
1918) reviews faUlt h8zardzon~s 1n California inolUding the policies and 
or iter ia (at though not regulated by legislation) of the State Mining and 
GeolOgy Soard, the Guidelines tor Evaluating the Ha.zard of Surface Fault 
Rupture. and the Suggested OUtline for Geologio Reports on Faults. 

'nle normal prooess of study of aotive faults for m1crozonation uses 
the general methods suggested by Slemmons (972) and Cluff and other~ 
(1972). Slemmon.s (977) suggests guidelines for assessment Of faults ana 
earthquake magn1tude, and Glass and $lemmons (1978) summarize the use of 
imagery and imsgery analysis 1n active fault studies. The process of 
evaluat10n for mioro2:onation generally involves a sequenoe of steps as in 
Table desoribed bySlemmons 0972, p. 352) and determination of aotivity 
as 1n Table 7. . 



HICROZONAfIoN FOR GROUND SHAKING HAZARD 

Ground shaking during 8ti earthquake is a major cause of loss or lire, 
injury, aod damage. Seoondary effeots inolude Uquefaetlon. landslides, 
tsunamis and subsidence, initiated by ground shaking ,and discussed 1n 
other sections of this paper. 'ibis section deals with theprimsry effects 
or ground shaking. mainly the failure of engineered struotures in response 
to earthquake induced c1Ol1c vibrations. Failure (oroompetenoe) of these 
structures is dependent on several facters including .(1) basic design of 
the structure, (2) acceleration and direotionof' acceleratiQn exerted on 
the struotureby the ground shakirig, (3) frequency of' the shaking, (4) 
duration of the shaking, and (5) regional and local attenuation and/or 
fOousing 6f the shaking (i.e., location of the 8OlIroe earthquake). The 
first of these factors does not fall within the scope of this paper. 

'!be oonspiolous effeot of variousgeologio formations on the strength 
of ground lDotion (intensity. acceleration, velooity,and displaoement). the 
h'equency. and the dur.ation has long been recognized for historio 
earthquakes (Lawson. 1908; Kanai. 1952. 1953. 1956; Medvedev. 1965: and 
Hays. 1980). Neumann (1954) has examined the 1949 Puget Sound earthquake 
for effect intensity of looal geologia oonditions (fig. 2). Seed and 
Idriss (968) and nonovan and Mathiesen (978) have used equivalent 1tJ11ped 
mass systems and wave propagation theory of ascending shear waves in 
explaining loeal effeots on San FranciSCO. Some of the fa.ctors Infiuencing 
the response of the surface to seismIc waves are summarIzed by Hotlsner 
(1970, 1975); and Schnabel and Seed (1973); and Seed and others (1976). 

Widely used ground motion parameters 
effective peak acceleration (EPA). peak 
displacement, and response spectra (Applied. 
Donovan and others, 1978; and Hays • 1980.) 

for miorozonatlon include 
aoceleration, velocIty, 

Technology Council, 1977; 



MICROZONATION FOR GROUND FAILURE HAZARD 

General Statement: The widespread distribution of' secondary-,ground 
faHures of rock, debriS, and earth, atdlstances of up to sev'er'al hundred 
miles from causativ.e earthquake epicenters provides extensive eX8i1lples ot 
the effect of earthquake lIIotton on or instable materiala. The types ot 
ground failures that may occur are dependent upon site-specifio oonditions 
and 1nclude all or the types listed in Varnes (919) as shoW' in Figure 21, 
22, 23. These ground fail ures ooour in rock, debris, soil, and 
comb1natlone of these 1n the following manner: 

1. FaUs 
2. fopples 
3. Rotational slides 
4. Translattonal slides 
5. Lateral spreading , 
6. FloWS , , .' 
'7. Complex movements of combinations of two or lItore of the above. 

1110se ground failures (some translational slides, lateral spreading 
and flows), whioh are liquefaction induced, ate discussed 1ft the 
D'licrozonation for liquefaction suSceptibility section of this paper. 

Macrotonation for landslide potential has been aooomplished by 
Radbruch-Hall and others (976) for the United States, prlmarl1 y using 
slope and geologic parameters, and topographio and geologic maps. ntese 
maps on geologic ffettings, when taken in (lombination with seismic source 
are useful for initial evaluations of the importance of this hazard or 
r1sk. 

Ground FaUureAssociated with Historic Earthquakes: Reports of the 
occl:Irrence of· ground failure triggered by earthquakes and the en3uing 
damage and lose of 11fe is numerous in the literature, including Lawson 
(190S), Youd (918), Morton (971), Nason and otherS (975), NUsen and 
Brabb (1975), Youd and Perkins 0978-), Youd and Hoose (1978). Keefer and 
others (978), Hays and others (978), Youd and Hoose (1978). Clurt (1971), 
Shepherd, and others (1970), Tocher (1962), and numerous others. 

The hazard of ground failure 1s well discussed by Keefer and others 
(1978) 1n a review of the May 31, 1910. Peru Earthquake •. The earthquake 
triggered ground failure in a large mass of ice and rock. The ensuing 
debris flow trave.led over 60 kilt at velooities·. for 280-1100 km per hour. 
Within four minutes the flow had killed over 18,000 people, mostly in two 
burled towns. Geologic and historic evidenoes (Keefer and others, 1918) 
indicate the ground failure potential was extreme in the area, and 8 years 
before, a debris sUde which was not seismical1'y induced, had killed 4000 
people in one of the towns bur Led in 1970. Also, one of the towns was 
butl t on a debris flow, 

Harp end other s (1978) report "The Ms::7. 5 Guatamal a earthquake 0 f 
February 4, 1976, generated at least 10,000 landslides, which caused 
hundreds of fatalities as well as extensive property damage." Landslide 
data from 15 historic earthquakes by Keeton and others (978) indicate the 
relative abundances of different types of landslides as shown in Table 8. 

Physioal Conditions Conducive to Earthquake Triggered Ground Failure: 
Ground failure from earthquakeeffeots is dependent on many parameters 
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11101 uding magn! tude. distanoe. att~nuaUon (bOth local and restort'sl, 
focusirfk. rock or soil type + degree or weatherlng, jointing. oon$OUdat:lon, 
slope angle. and previous tectonlcbisto:"y. 

Table 9 shows a. preliminary assessiftentotKe~ter and otMrs Cl978lot 
seUmlcally induced landslide susceptibil1ty. . . 

Methods t~t' Detecting Ground'ail ure PoterfUal f'o1'-»lcrozonat,iQn::D;!ita 
for assess~nsground tal1ur"e poteotialfor the purpose otmtcr.~:iZona't.101ican 
be obtaineifby ,"r:lous methods inolucUng: ,(1) 'field .1ravestlgations,'U) 
photoSeology. (3) geologic and topographic maps, (4) computer-8el\etJit~ 
slope maps, and (5) sub-surface investigatton e.s.boreholes and 
trenching. 

An excellent example of.microzonation, forlend'!!lide patential. fQr1!l1e ' 
La Honda, California, arE!. hu been prepared by Keefer and otherS'(i91SJ. 
Thelr interpretat.ion tsbased on dataf'rom II detailecfeng!.neerbig-g..,logio 
field investigation, 8 published map of unconsolidated Quaternary 
lIatertals, and a oomputer generated slope lIIap. 

Bell and others (918) have ,d-eveloped a com't>titer-slmulated earthquake 
hazard model for the Reno, NevaCia, 7.5' minute quadrangle.ln~luded V1.th 
their hazardmedelis the pot~ntial ,tor Slope instablUt"Y, baaed on a 
composite computer generated set.to response olassifioation ar.ad diglted 
alope map of the area. . 

Glass and S1elllmons (1978) indioate that the geomorphiCf fe~ture8of 
landslides are diagnostio and very long lived. PbotogeologiomethOds 0'" 
detect landslides of up to ~ens otthousands yelrs in age .. 'Morton fI971), 
Glass and Slemmons (978) I and Keeter and others (1978) indicate 
seismically induced landslide potential may be evaluated by observing 
existing landslides In the stUdy area primarily by phOtogeolcigio 
tnterpretation. It should be noted that various authors including Keefer 
and others (918) suggest that reactlvatioft of existing ground failure 
oocurs at a low rate (Table 10) but areas Whioh hay. many existing 
landslides ate especially susoeptible to reaotivation of new landslides 
during an earthquake. 
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HICROZONATION FOR LIQUEFACTION HAZARD 

General Comments 

The identification and determination of the potential damage from 
seismically induced l1quefactiotl is an important geological-seismological 
element of earthquake microtonation. Assessment and zoning for this 
phenomena may be accomplished by either: (1) simple. deterministic methods 
using e~rthquake sources in oombination With geological hydrologic data on 
soil s and sedimentary units, or (2) deterministic methods using 
susceptibility concepts as outlined by Youd and Perkins (1978) and Youd and 
others (918). 

Youd (913) and Youd and others (975) define llquefactipnas the 
transformation ofa granular material from a solid state into a liquefied 
state as a conse.quence of 1 ncreased pore-water pressure. 

Sherif and Ishibashi (978) define liquefaotion as a: 
"Phenomena whereby oertai" sands and sandy sol1 totally lose 
their supportive· capacity and behave almost l1kel1quids under 
dynamio or earthquake-type loading." 

Sherif and Ishibashi (978) report: 
"liquefaction is brought about to a great. extent as a consequence 
of pore-pressure buildup and to a lesser extent due to favorable 
reorientation of soil particles in such a way that the soil-water 
system enters a stage at which.it exhibits least resistance to 
applied forces. In engineering practice thr. soil is considered 
to have liquefied when the pore"'pressure rise reaches the value 
of the total overburden stresses on the sol1 .. When this happens, 
the strength of the soil reduces to zero •• " 

The liquefaction prooess isa transformation process primarily resulting 
from earthquake motion in susceptible materials rather than a liquefied 
now ortypeofgtoutld failure. although ground failure Is a oommon 
cOfisequenceof liquefaction. Ground ·failure does not ooeur at random but 
is lim.ited tocertaint.ypes otsusceptihle materials Whlchare in oertain 
geologic-hydrologic settings. and OCCt:lTS when a tbreshold shaking· Intensi ty 
(acceleration anddul"ation) is exC:eeded. 

Youd and others (1975) define three categories of l1quefs¢t1on related 
ground failure: 

(1) Flow landslides, generally on moderate to steep slopes that are 
underlain by water saturated. loose, granular, low density 
soils(or dry loess - Varnes. 1979) : Susceptibility may be partly 
controlled. by variations in annual olill1ate or groUndwater level. 

(2) Lateral spreading. commonly on gentle or nearly horizontal slope: 
thiS type of failure is oommon along free (aces at stream batiks 
that expose deposits of susceptible material. 

(3) Quick-ooM ition failures in flat areas with hIgh water tables and 
loose to moderately dense .granuhr materials: This type of 
'eilure results in loss of bearing capacity, resulting in sinking 
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and tiltIng of structures, embankments and other types of 
surficial loads into underlying llqu1fled sediments (e.g., 
Nlgsta, Japan and San Francisco, Cal Hornia) • 'Ibis type of 
failure commonly is accompanied by "sand voloanos" and water 
spouts from the exhalation of the liquefied material or 
pore-water by overburden pressure. 

Nature of Liquefiable Materials 

The types of materials whioh are susceptible to l1qutfaot10n are 
desoribed 1n geologic terms for specific areas in several studies: Youd and 
others (l~15) fOr the San Franslsco, California area, Bell and others 
(1918) in the Reno, Nevada area, Youd and others (1978) for the San 
Fernando Valley, California, area, and Ishihara and Ogawa (1978) fOr the 
Tokyo, Japan, area. 

In general ,materials suscpetible to liquefaction are 4escrtbed by 
nl.l!!erous other authors, including the Japan Society of Civil Engineers 
(1973), Youd and Perkins (1978), Ferritto and Forrest (l918), Sherif and 
IshIbashi (1978), Anderson and others (1980). 

The Japan Sooietyof Civil Engineers (1975) published graphs ot 
liquefaotion of sands using peroentage of fines vs. particle size. These 
graphs give limiting bounds of very easily and eas1ly liquefied sands as 
shown in Figure 24. Youd and Perkins (1978) tabulat~ the estimate 
susoeptibility of sediments to liquefaction during strong seismic shaking, 
considering depositional environment and age of sediroents. Their results 
are shown In Table 10. Ferritto and Forrest (1978) define susc-eptibll1ty 
to liquefaction 0 f material IS in geological engineer Ing paramenter s, 
inoluding dynam1c shear stress level, oharacteristics of the shear stress 
record, relation denSity, initial effective confining stress, drainage 
conditions. grain oharaoter.1stics, previous stress history. and other 
paraTH~ters which indirectly affect liquefaction. 

Sherif and Ishibashi (1978) report sands, silty sands and clayey sands 
are soils which are potentially liquefiable while clay, silt, loam organic 
soil gravel and others are less susceptible. The use of techntques and 
parameters similar to Ferritto and Forrest (978) is indicated. 

Anderson ;:md others (1980) consider suscep,tibil1ty to depend 
essentially 00 the nature and age of deposition of subsurfabe soils and 
their grain size d istribut ion, relative dens! ty, and topdgrahic aspects. as 
well as the depth to the wat-er table. They use the factors and conditions 
compil ed by Hell ey and Lajoie (1979) as shown in Tabl e 11. 

Liquefaction Associated with Historic Earthquakes 

An excellent report on three cases of liquefaction of the same area 
near Tokyo, Japan 1s well documented by Ishihara and Ogawa (1978) and 
Kuribayashl and Tatsuoka (1975). The very short recurrence interval tor 
earthquakes in the Tokyo area, and the high population density make this a 
speoial example for l1que-faction recurrence. The data for tbis area shows 
a similar susceptIbility for the three earthquakes. This suggests the 
importanoe of past .. events in a given area for determin1ng liquefaotion 
,potential (Of" future earthquakes. 

Examples within the United States inoIiude the 1954 Fallon-Stillwater 
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e~thquakes in Nevada (Toch~r. 1956; foud and Perkins, 1978), the 1906 San 
Franoisoo, California earthquake (Lawson, 1908; loud and PerkinS, 1978), 
the 1964 A13ska earthquake (Youd and Perldns. 1978), and the 1917 San 
Fernando Valley, CalifOrnia earthquake (loud and others, 1918). 

ApproaChes to Miorozonatlon for Liquefaction Susceptibility : 

Developm~nt of liquefaotion potential maps for microzonatton 1s 
desoribed by Youd and Perkins (1978) using two faotors: 

(1) Whether soils or subsoils are present whioh are ·susoeptible to 
liquefaotion and, 

(2) The probability of the ooourrence of suffioient ground shaking which 
will liquefy susceptible material. The follOwing is a 
brief summary of their method: 

Ground failure susceptibility is a funotion of the geotechnical 
properties ofa unit and its topographio poSition. Using the data in Table 
10 of this report, a geologic map of the area is prepared and susceptible 
units are shaded to indioate their relative susoeptibility to liquefy on a 
separate ground-failure susceptibility map (figs. 25a and 25b). This 
step may also account for water table level asa deep water table, below 33 
ft (10m), lowers susoeptibility by removing the pore-water. 

Faults and other source areas for a study area are mapped and data of 
the aotivity of the sei5Mic sources is gathered (fig. 250). From this map 
a contoured map of seismic sources 1s draW!1 ( fig • 25d) showing average 
return periods for earthquskesof the. seismic sources, Contours are drawn 
using fault lines or areas rather than epicenters. Epicenters define only 
the first pOint 0 f seismio release and not the zone of seismic energy 
release. The contours are based on th~ empirical data of Youd and Perkins 
(1978) as shown in Figure 25e. '!be map of return periods is shaded for 
various return periods and overlain 01'1 the ground failure susceptibility 
map. This yields a map of liquefa~tion-induced ground failure potential 
(fig. 25f). More study information is required to quantify liquefaction. 
and ground failure susceptibility and to dlfferenti9te between 
susceptibility levels of different gec>logic units. for use in probabilistio 
analyses and site specific studies. 

LlquefaotiolJ susceptibility de.termination methods Various methods 
of definirrg the susceptibility of materials to liquefaction is outlined in 
the literatllre. Historic data on liquefaction phenomena may be used where 
the records are adequate, e.g., compiled by Ishihara and Ogawa (1978) and 
Iwasaki and others (1978) for areas in Japan. 

In-s1 tu methods include penetration tests ool'lducted 1n the field as 
outlined by Ferritto and Forrest (1978) and Dexfulian and Prager (1978), 
Geologic mapping for layel"!Ci sediments is useful (Ishihara and Ogawa, 
1918>' Arya and others (1978) outlined methods for the verification of 
liquefaction by fit!ld blast tests. 

Various liquefaction theory and laboratory tests from borings and 
samples are described by Ferritto and Forrest (1978), Sherif and Ishibashi 
(1978) • Youd and other s (1975). "foud (1973) t and Nemet-Nosser and Shokoch 
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H:tCHOZONA rION FOR SUBSIDtNC£ HAZARD 

Settlement of'Cohensionless Seils 

The cyolic vibrations of earthquake shaking may cause surface 
subsldenoe by any ot three basic mechanisms or combinations thereof: (1) 
reduct10nin volume from realignment of.' soil grains, (2) reduction 1n 
volume from removal of pore water during liquefaction, and (3) lateral 
1II0tionor sol1 profile on unrestricted $lopes. 

R~UCltlon of so11 volume by about 2.5 teet of settlement by oO!llpaction 
in . an alluvial deposit of 1168 feet thick is reS)Orted by Grant! and others 
(1964) frdm the realignment of soil grains during the 1964 Alaskan 
earthquakes. Measurement was made possible by a r1gidwell caSing imbedded 
in bedrock below the alluvium. Seed (1970) reports differential settlement 
in several examples between abutments and backfills on bridges, highways, 
and railroads. This type of failure occurs in unsaturated, non-compacted 
depos1 ts. 

Seed (1910) also reports various ease histories of surfaoe subsidence 
from a oombination of loss of pore water (liquefaction) and graln 
realignment. Examples inolude ooastl1ne~. islands, rher and stream banks 
highways and building foundations. Numerous examples of loss of pore water 
are d isoussed earlier in the liquefaction section of this report. A 
secondary hazard from subsidenoe of unsaturated and saturated fillS may 
exist as floodIng of the subsided' areas. either from nearby bodies of 
water, or the water foroefully ejected during liquefaction. 

Lateral motion of soil profiles may occur during earthquake vibration 
M'iere so11 profile 1s unrestricted horizontally. This situation may oocur 
on coastlines. river and stream banks, and artifioial fills tor bUildings, 
dams, oanals. highways. railroads, and reclaimed lands. 

MICROZONATION FOR TSUNAMI, SEICHE AND SPLASH HAZARD 

Tsunamis are long period water waves (5 to greater than 60 minutes, 
Wiegel, 1970) whioh historically have ~aused great loss of life and 
property at great distances from the causative event. It 1s likely that 
.the major cause of catastrophio' tsunamis is rapidly occur1ns teotonio 
displacment of the ooean floor (Wiegel. 1970). Additional causes may be 
underwater voloanic explosions, landslides and nuclear tests. Leet (948) 
reports that tsunamis 1n Japan 1n 1896 caused over 21,000 casual ties and 
destroyed over 10. 000 hom es. 

Se1ohes, or OScillation of 8 body of water within itS reservoir t and 
splashes. waves caused by rapid landslides, may cause danege 1n two 
manners. The first 1s flooding of low l}ting areas adjacent to the body ·of 
water I and the second is cresting of tMretainlng structure. i r the water 
is impounded by a dalil. A rockfall during the 19611 Alaskan earthquake (Bolt 
and others, 1911) caused 8 splash on a bay which scOured trees from the 
shore at the mouth of the bay to an elevation of 1550 f~et (500 m). In 
"before and after" photographs of the bat entrance (Bolt and others, 1911) 
the "before" photo shoWS soour marks on the terrain bounding the mouth of 
the bay, but. not as high as 1n the "atter" photographs, indicating the 
lM"oblem fs recurring in some casu. 
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Excellent histories of other tsunami, seiche, and splash disasters are 
given in Weigel (1910) and Bolt and others (1917). In addition. theory of 
long wave motion is received by Weigel (1970). 

Microzonation for tsunami, seiche and splash hazard is diffioult 
because of economic feasabll Uy. Run-up (max imu:n water elevation> in Japan 
has been in excess of 105 feet about sea level. Configuration or 
topography of the ocean bottom and the shoreline are determining factors in 
r·l.ln-up height t as Well as source parameters and wave properties. The 
danger from these hazards is inherent in most low lying topography near 
oceans, lakes and reservoirs. 
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scarp (Wallaee,1977). 
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INITIAL SCAAP HEIGHT (METERS) 

Fig. 19: Relation oCslope angle and scarp height predicted by the~lope degradation model fOfsCIlrps wIth 
initial slope angles oC 25·. Each curve repre'le!lts a ditTerent value of I. . c (value in parentheses). Values of I. 
assuming a value of 4.4 )( .10- 4 m1!year ror c. are printed outside parenthests. The times needed for scarps with 
initial heights oC two. four. and si~ m 10 degrade to an angle of 17.9· arc indicated (5.000: 20.000; and 45.000 
years retlpectiveiy J. 

, 
:_SltP 3 __ ". 

fOR OArED SCARP 

'4~~~~~----~·_+~1 

Fiji;. 20 : Procedure for determining the age oC an undated normal rault scarp In cohesionless materi~1: (I) 
Free hand curves are IIlIed 10 thedals from Ih( dated llndundllted scarp~ (sImulated data used 10 l)1i;; e,ample): 
12, A horizontal line is drawn that will intersect both .:uroes (drawn 011 IS' in th" e .. ample): (J) V~rtk:als are 
drawl1lhrough the int\!rsection~ of the bOfit-onlal line with the.:urves for the dated and undaled scarpsloderiH' 
H. and H. respectively fH. "" 1.57 m and H • .. 3 14 in in thi~ example,; 14, As~uming lite valut orr to be the 
sall'iefotboth scarps, irl"istheage of the dalcd scarp-and I" i~ Iheage o(the undated scarp: I." 1.111, II J)l. For 
this ~am"le. if the age of the datw SCIrp is Id .. S.OOO yean Imt undated ..:,up is ' ... 20.000 years. 
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Figure 21: Landslide Types in Bedrock (Varnes,l97U). 
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'TYPE OF MOVEMENT 
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sI,dI. 

n. auDES 
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--..'~
_talonlont 

«-~ ",orwimin 
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_""'bieN 
_1IbI.,.t-.. -. 
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.... t.poInt--.tt..qon .... of grwrity of rt.. unit. 
SUf1IcI (If ruptu ... cone-. ........ d. 
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MowrnM'II PRCkml ...... tlY .. 0f9_ or ... .,..,., or 
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~tfr.quentlVb~fyc:ontf'Olt.dby~ 

of .... kneII. NlctI.hutts.;omts.btOdI'\tpl_.~ 
_lftiOMil'l-stl_.trength~11V"'ofblcldrcl 
dIpotlts,orbvtht~~firmbedroc:kend 
O'I'ItfIy,,,,dnrINI. 

IV. LAT.lRAL .. READS 
Dbtrlbuadl.,.,. ... tlnliDn~ntlln.fnctund~ 

A.Wllhou'.-'IOtfllltldeOft(rOlIi"o~ ..... r., ...... orronooof 
plink fI_ IprMfoml ...... tI., in t-dtcelo.). 

8. I .. wtrich ."tert\illll 01 ~k o. soir .... ultl from liqwfletion or ~;e 
ftowor aob)lcen,fnI1frl.l. 

v. nows 
A.. INIIEOAOCIC 
Ind"'~IV _dn ........ formarion....:lsurf'.a.t _ -.l1_dMI:> 

-(ftIp.lrwoIm.lnmtl.,. .. own~ty~ml .... dil· 
fInntiJI ffI(We!I'IIIID 8InOng rwlet"''''v irltlClljnrll. MoWmtntt mJV 

1. e. II,,","*'Y IhNr Iurlecn mlt ... .,.,...my not conl'llCbd: 
2. Rauilin toldino. blndinll. '" bulQing; IN 
3. Aaughlv.imulau ttIMII 01 viscous fMdI!JI dinnbution 01 

wloeitin 

B.INSOIL 
~twlthi"dllPltC«IlnIMluellth"th.fQnlltlbtlbymovlnlf 

rnet...o.t or thelPC*Hldlnribution of valoc:itin end dilPl..::tmentl 
~,thtlMofvileClUlflu;ds. SUpwrl __ d!inmO'li",,-mI'ttriII 
_-.nv_, .. klbltor_IftOO'l-l;!Md. 8 .... .......,~lnOI/lnll 
_Iftd _ ... 1 ill pi-. m.., be. ,h'f1) w .... of dlft.rtntill .... ow-
~~ or. _ of dlwibuftcllhur. Mcwt""""'-"" frtm ."tremely 

,1_. 
ATfOf' MOVEMt 

SCALE 
AsIpro .... _ ... ""'" of_of "-' 

"'~hlflOthescelebttow 

,,' 

*-, 
~i 
ml 

.llom!i'!i~~~ 

1 H'L vi I .. ''''IU'' .... ~ 
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-... ~ 

~~£~~~~i~: 

~,> 

Gr.YIty doWnslope moYI'mtflt of 
~roc:tsltflde08IQ1thtmerginol 
.~hMin 





t. f:ALLS 

(DOMINANTJ 

TYPE OF MOVEMENT 

""lnrnotion~lIKIltl)ltt.dln.ne. ... rourtto. ••. tncl,",-frwt./I. 
-tbv'-PIwodboundl • ....trolJI"8 0f tr.arr-tsofbedrodl.oraoll. 

II. TOPPLES 
~t dINI to ton:. m.t (:lUll'" ow.rhIming moment .oout. piyot point 
"owthlt~ofgrMyot tbt unit. If unchK:bct _11..-.11 In ."',.,.. 
slieSt. 
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-yo. 
~-
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.. TRANSLATIONAL 
Moomr.nl predofninantly -'ont ...,.. Of' ... p..,... or . '"'" 

gtnttyundumorysurilocn. 
MowmInI f..-queontly is nructv~l, IOOr'lUQII..tby 11.1"'_ 

of MtktleV,WCfIas. ftvltl,jolnU,btdCI'ntpt.ntS,1rId 
nrirtiClnlljnth_.~~I .... .notblddlld 
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~y""drtrltIH. 
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.,...."t ... ~~rfietfnlylnQclunlts .. ~tslMV 

1. a.-'OIItImenysharsurt_thlt.-eaoplnlltlV"",connectld; 
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MrMtntnt "'ttlllt 4iIPI.-.cf "*II ,1ICh ttI.t ttle form Uktn by monng 
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_usnIlynotvkibleor"-"'on-lived. 8ourtdtry~mcrvinll 
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DRY Sot.ND FLOW, f1IPkt .. ~-
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Fig. 24: Ranges of particle size distribution curves of sands which 
have possibility of liquefaetion(Japan Society of Civil Engineers,1973}. 
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Fig. 25a: Geologic map of hypothetical area (Youd anI;! Perkins, 1978). 
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Fig. 25f: Map of liquefaction-induced ground failure potential for 
the area (Youd and Perkins, 1978). 
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You have all of the original Tables except Table 7 and 8. 
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~ab1. 1: Equations of B.et Stral,ht-L1ae fo~ HagDltude 

VeraUl LOI Displacement! M·. + b Loa D (froa Sleamona. 1977). 

______ ~Fa~ul~t ______ _ 

Iforth America 

!test ot vorld 
Worldwide 

A. normal-sUp 
B reverse-sUp 

C normal-oblIque-slip 

D reverse-oblique-slip 

E strike-sUp 

A + C 

B + 0 

C + 0 + E 

C + !) 

B + E 
A + C + E 

B + D + E 

2" 6.7~5 

51 6.821 
15 6.150 

20 6.821 
11 1.002 

8 f). 150 

!5 6.911 
30 6.117 
28 6.757 
11 6.846 
44 6.705 

1" 6.692 
"1 6.767 
58 6.737 
47 6.142 

0.995 
1.120 
1.191 
1.050 
0.986 
1.260 

-0.150 
1.211& 

1.226 

1.023 

1.206 

1.165 

1.200 

1.221 

1.18e 

Standard 
Dev1ation 

0.595 
0.549 
0.5.1 

0.4"9 
0.469 

0.395 

0.421 

0.639 
0.431 
0.506 
0.586 

0.451 
0.606 
0.549 
0.597 

Table 2: Equations of Best Straight'"-Line Fit for Magnitude 

Correlation 
Coefficient 

0.840 
O.611J 
0.791 
O.m 
0.11a4 

0.612 

-0.063 
0.814 

O~77" . 

0.6710 
0.794 
0.568 

O.su. 
0.606 

0.195 

Versus LOB Fault Length: M • a + b Loa L (from 51eamons, 1977). 

Fault 

Korth America 
Rest of world 

WorldY1de 

A normal-slip 

B reverse-sUp 

C normal-oblique-sllp 

D Teverse-oblique-sLlp 

! .trike-slip 

A+C 
B ... J) 

C+D+E 

C+D 

B+J 
A+C+£ 

B.D+! 

26 
~9 

15 
18 

9 

10 

1 

31 

28 

16 
Its 

17 
ItO 

59 

"1 

·0,146 
2.91l 
1.606 

1.8"5 
Ia.14, 
3.117 

4.398 

0.'97 
2.042 

3.355 
1.149 
2.992 

1.042 

1.20. 

1.357 

1.504. 
0.920 

i.182 

1.151 

0.717 
0.913 

0.568 
1.351 
1.121 

0.841 
1.262 

0.918 
1.271 
1.260 

1;211 

Standard 

!!!!!.!lliA 

0.628 
0.500 
0.603 
0.521 

0.161 
0.457 
0.340 

0.694 
0 •• 90 

0.320 
0.650 
0./t31 
0.66/t 

0.639 

0.638 

CorrehtT;ii 
·Coerne1ent 

0.81; 
0.680 

0.72" 
0.575 

0.932 
0.604 

0.522 
0.175 

0.666 
0.833 
0.731 
0.652 
0.171 

O.121t 

0.758 
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Table 4: Common Geomorphic Features of Reverse-slip Faults 
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Table 6 
Table of major strike-slip fault' t with •• tiut.d. total length, 
and percent of fault ruptured dU1"lng earthquakei of about MS • 6 
Of greater. 

FAULT, DATE TOTAL LENGTH RUPTURE LENGTH PEaCENT 

San And-reas 
1857 
1906 

North Ana<to1 ian 

1939 
1942 
1943 
1944 
1957 
1967 

8.2S 
8.25 

7.9 
7.3 
7.6 
7.4 
7.1 
7.1 

Fairweather-Queen Charlotte 
1899 a.S? 
1949 8.r 
1958 7.9 
1972 7.1 

Montagua 
1976 

Awatere-Wel1ington 
1948 

7.5 

7.1 
Clarence-West Wairarapa 

1855 .. 7.5 

Hope-East Wairarapa 
1388 6.1 

San Jacinto-Cerro Prieto (incl. 
Coyote. Superstition Mtns., 
Superstition Hills and . 
Imperial faults 
1934 7.1 
1940 6.7 
1968 6.4 
1979 

Calaveras-Green Valley 
1861 6 
1979 5.9 

. (KH) (K.'l) 

1380 

1330 

1150 

1100+ 

547 

600 

410 

290 

272 

370-400+ 
435 

350 
SO 

265 
190 
40 
54 

380 
350 
170 

230-270 

laO? 

160 

S5 

? 
64 
33 

29 
16 

Hayward-Rodgers Creek-Healdsburg- 28S 
Maac:ama 6.7 48 

1868 

OF LENGTH 

29.0 
31.5 -
2~:1 
19.9 
14.3 
3.0 
4.1 

33.0 
'JZ':O 
15.8 

21.4 -
IS.31 -
26.7 -
13.4 

10.7 
---r:4 

16.8 

The mean for highest percentage on each fault (underlined) • 22.1 
Standard deviation • 7.45 
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Table 7: Criteria for Recognizing an Active Fault(Cluff and others,1972) • 

. ~~ ----------------~S~~ifi~e-c~riw~n~.~------·-------

Geologic Active fault. ind.icated by young geomorphic feat~rvs 
, such as: fault sCarp;>, triangular facets. faulL finS; 

fault slice ridges. shutter ridges, otT.~et streams, en· 
closed depressions, fault valleys. fault troughs. 
sidehill ridges, fault sadq,les;ground feature!' such 
as: open tis!lures, mole tracks and rurrow~. rejuve
nated ~treams, folding or warping of young depo5its, 
(limps.· ground-water barriers in /'e('l.'nt alluvium. 
echelon faults in alluvium. arid fault paths 0,\ 
young surfaces. Usually 8 combination or tht~~ fea
tun's is generated by fauit movements at the sur· 
face. Erosional features are noL indic.lti VI.' of active 
faults, but they mav be aS5()Ciated with !'ome a(;tive 
faults. Stratigraphk offset (if Quaternary dep"sits 
by faltlting is indicath'e of an llttive raul! 

Sei!lmological Earthyuakessnd microearthquakes, when well 10-
cat('(J instnJmentaliv. may indicate an active fa.ult. 
Absence or known earthquakes. ho .... !'ver. dCles not 
elisuy!!' that a fault is inactive. 

Historical Historical. manuscripts. lIew~ accounts. pe-rsonal 
diaries. and boob mav describtopa;;t earthqu:1kes. 
surface faulting. landslidinl!. fis5uring or .olher re
lated phenomena. Usually for 3 large earthquake, 
there will be severnl accounts in the historical rec
ord. Evidence ('If faultcre"p or geodetIC movements 
may be hd;cilt.,d 

TABLE 8: RELATIVE ABUNDANCE OF DIFFERENT TYPES OF LANDSLIDES 

Mbst Abundant , 

Least Abundant 

Falls and shallow, disintegrating slides in rock 
Avalanches. falls, and shallow disintegrating slides 

in soil 
Latel"alspreads 
Cut-slope failures 
Slumps and block slides in seil 
Slumps and block slldes in rock 
Wet flows 
Rock fall-avalanches 
Liquefaction-induced landslides in artificial fills 
Re-activation of dormant landslides 
Landslides in artificial fills not due to liquefaction 
Sub-aqueous landslides 



Table 9: PreliminafY Assesemeut. of Seislllically Ind.uced LarulsUde 
Susceptibility (Keeferanc! other'St 197a). 

LA!roSLXIlC TYPES SOM! DlVtRONHMS IN 1;IHxa LAtmSLIDU ME I.tICEJ~ . . 
iO OCCUR 

lock fall-avalanche. Very ateel'. nry h1llt slope. tlln ai-a eQmpcsed 
chletl; of daeply weAthered. closely jointed, 
or hi8alysheaf@drDek.~nd that are b.lna ovor-
se~~'I!i.!r.~d by tleUv,p era.siol'l 

SlllJlllll aad block . P!cdel''ltl tOIUap ilop~s ift.seay 4ifferent typ •• 
d ttf .... 'ftroek of rock 

Hoek falls allel 1. ROek .1.ope •• t:eep~r f,ha03S· . 
,hallow, 41110to- 2. Rock dopes "Uh CalUIi &i:cuavllt1ona at their 
.ratlftl roek slld •• lUIIU 

3. Sl~pe. contsln!n, vearhered, aheared. 
clO$dy j.,lnted rock . 

Of 

Falls, avalanche •• 1. Stee~. IItgh dopes contaln!a" certain i<tp\ds of 
and shalloY, dis- "''lakly cemenll:l!d m.uerUls such as some idnds of 
lntl'!gtat1nll .Hdas loe~s and somo volcan1cpumLee ~oLl~ 
10 1011 • 2. Sue .. ridge fl.lnks and .trelllll bOlaltt c:unca Inlnl 

\U\$fW.Ifll.U<:\ ~ancly Of ,nl:y SOUl "'1f:~ III tel" or 
nc "ohe~io.n -

Sl~8 and block Moderate to"tteep slopes 10 sCllb derIved froll! 1I1I1I'Iy 
s11des La loil dU{eunc type!! of rock., plU'tlclIl,uJ:,<, In •. rt!.a.s 

..,ttlt abunrial'ltl)re-'!lCl'Itint la!ldsUd ... ,i<?!'o,Hes 

Re-actlvat1oft of Only relative17 IlIIall nUJlberl of dormluit l.1ndsUdes I do~nt landslldes af";' n-.ctivatN by c:arthquakll9 
_in ~",tt 

.. 

Laeeu 1 a"l'1I414a 1. Are.. of &emul1y low rellet underlaln by ~any 
d1ffttene klnds of unconlolidated ,~tut4ted 
Holoceue sandy or s11:y =Ateri.l. 

Z. Stee" high bluffs eontai~ing layers ot s~nslrLve 
day ot UqueUoblesand.or.Ut all definea ia 1 

3. Uneomolctedsaturated ~andy· arclfiei~l fills 

Wee. nowe Steep to vary 'geaeleslopes underlain 'br some kinds 
df ,ill::J1."ued 5atidv 01.' ,Uty '!Iotb 

Sup-aqueous Fronfll of deleas o~ f~n deleas, p4rti~ularly 1n art'''~ 
landslides und<1t"latn I:,., '1a~ur~t~d Hqucd ta~ te 'dod or !lUt 

~t-sloDe failures Artificial cuts 

Llquefaccion- Uncompacted, s8turat~d, !allliy i..l.11. 
induced landdLcles . 
1." artlftc '..tl 'il1~ 

Landsl!de. 1n .rei- Maor d1ff.~eDt.tTP@S of till 
Udal H 11 oot 
caused by lique-
faetion 
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Table 10. EstilbaUd Susceptibility of Sedimentary Deposits to Liquefaction 
dur1ngStrong Seismic Shaking ("loud and Perkins. 1978). 

Type of 
deposit 

(1) 

River channel 

Flood plain 

Alluvial fan and 
platn 

Karine ret'face. 
and fllalns 

Delta and hn-
delta 

Lact'ustrln4! and 
plAy. 

Colluvlu9I 

Talus 

Dune. 

Loess 

Cladd till 

TuH 

Tephn 

Re.tdud Solls 

Sel.ka 

Delta 

Eeturine 

Ileach 
ttlgh vave 

Imergy 

loll lIilve 
energy 

Lagoonal 

f.ore .~!tore 

Unco"'l'ac ted f it I 

C('\"'n~c t "d f 1I1 

LlkeUhOo.! that Coheslonlu5. S,'IIl:..enu. 

e.neral. dl.- When Saturated. Would Be Su,ceptibl. 

tributlon of rn t_In· F,,~ti"" I,· .. b ... "'. ".t~~.I.\ 

cobtatonlesa Pr .... 
sediment. .Pld,- plell-

·111 deposit!! COO ,I' ~oloeell' toct!ne tocene 
(1) C]) (4) (5) (6) 

. (,0.\ /,,,,,,,.! "E'M" .. I t 'Dosi r. 

Locally variable 

Locally variable 

Widespread 

W1Jesprud 

Ilidespread 

Variable 

Variable 

Wtde.pnad 

Wldupread 

Varhble 

Vat" lable 

~ar. 

wtde'r>rud 

Rare! 

t~c~ltv v1rlable 

WldUl'read 

loeally variable 

\lid.spread 

1I1desprl!'ltd 

teealty v.rldbl~ 

LOO:-'llb .... It:lable 

VArlabl4! 

Varl:lhle 

very h18h IIiRh 

High Moderate 

Hoderate tOlol 

- Low 

High Moderne 

H1g" Mo.!crate 

Mi!h Hoderate 

Low tov 

R111" !'foderate 

H18" HI8h 

Lov Low 

1.0l0I tov 

Illgh IUgh 

Low tow 

Ill .. " MoI1erate 

b) COlslal 7."lO~ 

Very 1I1gh Htgll 

Hlgh ~oderatil 

~enlt. 1.-

High Moderace 

High Moderate 

Hh.h HoderHe 

Ie) Artificial 

I Very hlgb I 
Lov 
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lOlol Very low 
LOIoI VilifY low 

Low Very 10101 

Very 10" VII'ry tolol 

Low Yery 10101 

LOll Vf>rv loy 

toY '1ery 1_ 

Very low Very 1<KI 

Low Very 10101 

High Unknovn 

Vet'y 10v Very lov 

Very tall very low 

~ 
, 

Vet'y low V~ry low 

tow Vac- law 

LOll Very low 

Low Very lOll 

Vl'rv lov Vl!ry lov 

LOll '1"ry low 

tow VtH:y 10101 

lOll Yp"v low 

= 



DEFINITION OF "ACTIVE FAtn.T". "CAPABLE FAtn.T". AND "DEAD rAtn.T" 

Currently there are .. no universally accepted definitions for "active 
fault" and "inactive f~lult", or "capable fault." The wide range in 
definitions varies from those based on very low rate of aetivltyor 
recurrence (as used for siting of nuclear readors and other vital 
structures) to definitions restricting the term "actlve to faults with 
historic offset. The original definition by Willis and Wood (Willis, 1923) 
included the following ··four essential elements, which are stUl tt1dely 
used: 

(1) Aotive faults have been offset during the prE!sentseiStllotectonio 
reBime. 

(2) Active faults have the probability or potential for future renewal Oll" 

recurrenoe of offset. 

(3) Active faults Mve evidence of recent activity, as may be shown 1>y 
physiographic evidence. 

C_> Active faults may have assooiated earthquake activity. 

Some earlier definitions of active faults (WOod, 1916; WIllis, 1923) 
classtried fsults as "alive" or "active" with potential for futlJ!re 
r~ourrence of offsets, or "dead" and no longer likely to be reaotivated. A 
few definitions restrict the term "active" to faults with historic evideMe 
of activity. Tn view of the ionadequacy of the historic period of 
observation to sample the long-term activIty of many faults, most Workers 
prefer to include geological evidence of activity. Examination of the 
definitions l1sted 1n Table 1 suggests the folloWing general 
characteristics for active fault, capable fault, and dead fault: 

Aotive fault: An active fault is a fault that has Slipped during 
the present selsmotectonlc regime and 1s therefore likely to have renewed 
displacement 1n the future. The fault activity may be indicated by 
historic, geologic, se1smologic, geodetic, or other geophysical evidence of 
activity. The activity or fault slip rates may vary from very low. with 
long recurrence intervals, measured in tens or hundreds of thousands of 
years. to very high. with short recurrence intervals. measured in tens to 
hundreds of years. Recent offset along faults With long recurrence 
intervals may ~ither be recent or ancient. Some workers compare active 
raul ts with active volcanoes. which show e1 ther historic or geologically 
recent activity, or are dormant, but with the potential for future 
activity. Defin! tions generally include a time indication of elt~er the 
most recent offset or a recurrence interval. The most widely used 
dert"1 tion of active faults in ourrent engineering prac,tlce 1s tho!!! raul ts 
with evidence of Holocene displacement (approXlmAt~ly the last 10,000 
years). Some definitions include th~ connotation that active raul ts may 
move or have offsets dur1ng the Ufe of man-made :!ltructurf!s, but rno!!!:. 
WOrkers prefer to define the term 1ndependently of applicatIons or man-made 
structures. 

9apable fault The term, ~apable raulL.t is def1ned by the U. S. 
NUclear Regulatory COmmiSSion (1915) for siting nuclear reactors (see also 
U. S. Atomic Energy Commission. 1973). A s1rnllar definition by the 
tnternatloMl AtOl'!lle En,ergy Agency (1972) is s\JI!I!!Ierited 1n fCrin it tsky 
(1914). These definitions restrict this term t~ faults that have been 
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displaced onoe during th~ last 35,000 years, or more than once during the 
last 500,000 years, as shown in Figure Al. The U.S, Corps of Engineers 
(1977) also use the term capable fault, with a definition that is similar 
to that of the U.S.N.R.C. 

Dead fault: A dead fault is a . fault that was aotive during an 
earlier orogenio period, but is not active within the present tectonic 
regime and aooordingly does not offset late Cenozoic deposits or surfaces, 
and is not seismically active. 
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TABLE 81: REPll£SENTATIVE GEOLOGIC USAGE OF THE TERMS "ACTIVE FAULT" AND 
CAPABLE FAULT t" 1923-1976. 

. Referenoe 

WoOd (1916) 
earthquakes 
faulting." 
speoiali2ed 

Defirlition 

Wo.od recognized geolog io 
along "recognizable bel ts-
He called for "s thorough 

survey of 8urfaoegeology." 

evidence for reourrent great 
'living' zones of geological 
search for living faults: a 

Willis (1923) : " •.• two classes of faults are distinguished: acUve and 
dead. These terms at-e used vl!ry much in the sense in which we speak of 
ective volcanoes or dead vo.lcano.es. An active fault is one on which a slip 
ls. likely to oocur. A dead fault is one on which no movement may be 
expected ••• Wood designated as active all faults on which there has been a 
movement wi thin historic time. and also all faults upon which physiographic 
evidence of recent surface dislocation--'trace'.. pheriomena--could be 
obtained.... Hence any fault that is related to growing mountain 1s 
reasonably subject to the suspicion of being an active faul t in the sense 
that a sl1p may occur." 

Louderback (1937): "The criteria for arriving at a judgement that a fault 
is active are geological. historical, . and seismological.... The best 
geological criterion is based on evidence of recent displacement along the 
fault. and especially on evidence of a series of displacements, running 
through a long period of time and coming down close to the present ••• , If a 
fault shows evidence of repeated movement.s d.uring Quaternary time, up to 
and including very recent offsets, as, for elCQ!I'Iple. in very young 
alluvium ••. future movements are practic all y certain. •• Observatlorral 
evidence includes fresh or youthful nonerosional scarps, offset atreams and 
alluvial fans, longitudinal depressions and sag ponds~ deformed and 
displaced recent deposi ts. and simil at phenomena a10ng the fault or shear 
zone •••• Historical evidence lies 1n the records of earthquakes the 
descriptive accounts of which permit reasonable- reference to a particular 
fault. A seismographic met.hod of learnlng what. faults ina region are 
active is that .of determining the locations of centers of origin of 
recurring small earthquakes. These earthquakes... indicate that the 
faults along which they are generated are unstable and subject to repeated 
adjustments. " 

Louderback (950) " ... active faults are those which are undergoing 
movement now or have moved 1n recent geologic or in historic time, and are 
liable to recurrent movements in th(E1 future ••• In the study of a faul t as to 
its active-dead status. it isdeslrable to. determine if pOSSible, the 
diastrophic period and phase to which it owes its eXistence. Although 
there is evidence that under certain conditions some faults which 
originated in an earlier period have been reactivated, sometimes with a 
different type or direction of movement in a later period of disturbance, 
most faults have an active lite history that is dependent on a local or 
regional phase of acute diastroph1c ~ctivity which is limited in time. 

"The active group cuts all formations, including the Recent, with 
which they come 1n ~ontaot. have direct expression in the topography. and a 
number have undergone movements accompanied by earthquakes in recent 
histo.ric time ••. 

"Criteria ••• that a fault 1s active are geological, historical, and 
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seismological ••• 

ItThe actual observable evideneeincludes such of the following as thy 
be available in the particular case: fresh or youthful scarps offset 
streams or alluvial fans, a Hne of horizontal depresslons(not the effect 
or erosion) or sag ponds, and deformed 01" displaoed Recent depos1ts. 

"Historical evidence lies in the reoorda of earthquakes whose 
descriptive aooounts perm1t reasonable reference to a Pttrtlcularfaul t. and 
especially records of actural dlsplacements of the ground along a fault 
11ne. 

It A seismographic rIIethod of learning what faults of a reg10n are sotive 
is to determine the locations of centers of orig1n of recurr1ng small 
earthquake ••• 

"The most convincing occurrences are naturally those in which 
geological, historical, and seismological types of evidence are all 
available and concordant for the fault under conSideration." 

Schultz and Cleaves (1955) : "Fractures that are known to have experienced 
dislocation within historic time are known as active faults •.•. If the 
seismograph records show that earthquakes occur along a fault, it should 

be regarded as active. Similarly, if accurately located bench marks 
~lhibH hor1zon'tal or vertical displacem~nts. any faults \mown to exist in 
the area should be regarded as active ••.• 

"If a fault is ••• overlain by younser stTata that are notdlsplaced, it 
is ••• inactive •••• The physiographic evidences of active faulting are (1) 
bold escarpments, (2) sag ponds, (3) offset streams, and (q) shutter 
ridges .It 

Trefethen (1959) "A fault 1s considered live if dlsplaOements have 
occurred along it within historio time whereas a faUlt on whioh no recent 
slipp1ng has taken place is cons1dered dea~~ 

Sherard and others (963) : " By definition, active faults are those which 
either are clearly undergoing movement 1n historical. or geological time. 
Dead faults are those which show no sign of having been sQtive in reoent 
geological time." 

Cluff (1964) : "An aot1ve fault 1s a fault that shows conclusive evidence 
of movement in Recent geologic time. To be classed as act1Ye, the fault 
must cut the Recent deposits such as alluvial fans OT' alluvium, have had 
ground rupture during historic times, or show seismologio evidence 
(ep1oentral plots along the fault of activity). Many of the known aotive 
faults mapped today show all'" three types of eV1denoe, Le •• geologlc. 
historic, seismologic." 

Allen and others (1965) "In the absenoe of st-raln-accumulation data or 
historio records of major earthquakes along a given fault, the only 
sattsfactory criterion for aotiV'ity lies in geological evidence that 
displacements have taken place along the fault 1n the recent geologic 
past ••• 

"Faults that have had suff1<!lently I"eo·ebt !IIovelllent 
ground surface is a very young and ephermet'al feature. 
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ev1denoes of faul tins (e.g. scarps • sag JX)nds; ofrsElt drainage lines) are 
powerful tools in identifying and study1ngaotive faults, but in practice 
it is difficult to use tht'se features to compare the degree of act.ivity 
between different faults or toestabli$ the time interval since the last 
major displaoeme~t 

" ... ifStream offsets and scarps 1n alluvim 
criteria for· activity of faults, then tMterm 
events dating well back into the Pleistocene epoch, 
100,000 years •• " . 

are to be used as 
'active' must apply to 
perhaps as muoh as 

Albee and Sntith (966): " •.• theuse of the term 'active fault' •• ;reveals 
that most· geologists use the term 'active fault' in the sense expressed in 
Webster' se dictionary) def'1n1 tion that act1ve means 'in action. moving.' 
Although various workers have used various types of criteria for 

. recogni zing action, the I ength of time since last displacement has been 
considered ~ be an .ess.ent1aloriterion. Whatever the criteria, .the use of 
the term impl1es a judgement on the part of the geologist that the feul t is 
in aotion and that 1 twill eventllally break again. 

"Activity is not just a Single state, but varies over a broad spectrUm 
of degrees of activity. For example ,some faults are exceedingly , active,' 
others are moderately 'active.' andsoineare only slightly 'active.'Use of 
the term 'acti"'ie faul t' without ·qualification rings of greaterauthorfty 
than is usually possible in most oases regarding faul ts and engineering 
works. 

"The more obvious evidences of fault activity are historic surface 
faulting, the occurrence of large earthquakes related to a fault, and 
measurements 0 f accumulated strain." 

ttln add ition to the seismic record. geodetic measurements may provide 
a criterion for recogni~ing activity and estimating the degree of 
aetiv tty .... 

"Geologic evidence on 'the degree of activity' is a more powerful tool 
than setsmtc or geodetiC evidence because the geologic evidence monitors a 
fau) t over a time period 1000 or more times as long as the accurate seismic 
and geodetic records." 

Bonilla (1967 and 1970) : "An active fault can be defined as one that has 
IIiO'VeCf in the r.ecent past and may move in the near future. The' recent 
past' as used here includes the current hour and extends back an indefinite 
time that many geologists would take to include at least the Holocene Epoch 
(about 10,000 years). The 'near future' as used above includes a length of 
time on the order of the useful life of engineering structures or the time 
span considered in long-range plans for the future. The determination of 
whether a fault is 'active' as defined above involves geology, geophysics, 
geodesy, and engineering. Some criteria currentl y in use are (1) ~be 
occurrence of earthquakes that can be related to the fault with reasonable 
assurance; (2) one or more episodes of surface ruptures (including tectonic 
creep) or acut.e· bending in the recent past as defined above: (3) 
instr~ental evidence of elastic andlnelastic strain; and (4) structural 
coupling to another fault (or other tectonic feature such as 3 monocline) 
that is active. At present, some active faults may not be identifiable, 
but the ability to identify them should improve with time." 
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1!!1.ernational Atomic Ff!.~J~Y. Agency (1968): "lbe most. serious problems 
appear to exist in those l'eg~ons characteri-zed by long, d.On1ffnuous faults 
and faul ttcines that have had a history of recl,Irrlng surface displacements 
within the past few million years. %Jeh zones can generally be recognized 
by geologlstson the has13 of' physiographic evidence of geologically recent 
ground displacements. ·a1 though thhvlrtually demands the avall.abil1ty, of 
high-qual! ty regia.nal aetial photographic coverage •••• A nJUch difficult 
problem 1s the determination of the probable degree of I activity'or the 
Ukelihood of a surface break within the llfetimeof theprojeoted 
struotll'l"'es. and this mu~t be Judged on the basis of (1) how reoently the 
fault has broken, (it) how frequently it has, brOoken 1n theP$st. and (iii) 
regional' seismological. geological and,geodetio consIderations. In such 
regions, the largest displaoements as.well as the .largest earthquakes ' can 
usually be associated wi ththe longest and most. throughgolng.fault systems. 
Auxiliary and branch faultIng adJacent to "the maIn fault represent an 
additional hatard during a major earthquaKe, and the geologbtshould be 
able to make anes~imate of such a possibility on the basis of the previ.ous 
history of faul tins in the local area. 

"Another hazard is the possibilit, .Of sUppageCor creep') along a, 
fault even in the absence of earthquakes~ Reoent studies suggest that this 
is most likely to occur al~ng the same kinds ot major fault,zones that a~e 
the probable sources of large earthquakes, and this Is therefore one more 
reason to be careful in avoiding such faults in the cOnstruction of 
critical facilities such as nuclear power plants. 1I 

Cluff and Bolt (969) : "Act1ve faults usually are asSociated with one or 
more of the following: an historic reoord ot faul tins. the occurrenoe of' 
earthquakes along their courses, evidence of geologically recent movement 
(the last few thousand years)'~ and slow fault slippage.. Afaul t should be 
considered active if it has displaced recent alluvium or other recently 
fonned deposits, whose surface effects have not been inodiried to an 
appreciable exter.t by ~ro:3ions, which bas earthquakes located in the near 
vicinity and whose recurrence of movement Is expected." . 

Wentworth and others (1969) : "A fault is actiVe if beoause of its present 
t~c tonic setting. it can undergo movement; from time to time 1n the 
immediate geologic future. This active state exlstsiodependently of the 
geologists ability to recognize it ••• ~ 

" •.• selection of the criteria used to identify active faults for a 
particular purpose must be influenced by the consequenoes of fault mOVelllent 
on the engineering str uctures involved ••• 

"Positive identification ,of specifio faults as active, or as 
sufficiently active to be of conoern for a particular engineerlng-problem. 
is not possible except for those fetor faults that have exhfbite~repeat,ed 
activity in historic or very recent geologiC time •••• In the following 
discussion, all faults exhibiting evidence of late QuaternaryJliOyement with 
appropriate length to· Site-distance ratios are includ~ as Worthy of 
consideration •••• " 

Flawn' (l970) : "Acti VI!! faults are faults along t.mich t.here has been 
movement in historic or recent geologic time. or along Which recurrence of 
movement. is predicted or is likely to oCl:rur; deadtaultsare those along 
wich there 1s no indication of !IIov~mentin historic or Recent geologic 
time and no reason to predict a reourrence of !IIovement ••• Studlesthat. 
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demonstrate a(!oumulation of strain 1n rOCKS 1n an area 1«>uld justify 
reclassifioation of a dead fault to the active category. Faults in sei.smic 
areas, even without a history of movement, are more likely to slip than 
faults in regions witout a history of seismic activIty." 

Wentworth. Ziony. and Buchanan (970) : "A fault is active if. because of 
ltspresent tectonic settil')g. it 'cian undergo Movement from tilne to time in 
the immediate geologic fut,ure. This aotive state exists independently of 
the geologists'ab1l1ty to recognize it. Geologists have used a number of 
characteristios to identify ee tlve faults. such as historic seismioity or 
surfaoe faulting, geologically recent displacements inferred from 
topography or stratigraphy, or phYSical Qonnection with an active fault. 
However. not enough is· known of the behavior of faults to assure 
identification of all active faults by such characteristics .•.. 

"Selection· of the· criteria used to identify active faults.for a 
particular purpose must be inn uencM by the consequences of fault movement 
on the e?lgineering structures involved." 

U. S, Atomic· Enern Colllmission';'-PropOsed Amendment to 10 eFR Part 100 
Appendix A (971) : "An active fault" is a fault which has exhibited one or 
more of the following characteri.stics: 

ten) Movement at. or neal" the ground surface at least once in the past 
35,000 years or more than once 1n the past 500,000 years, In the absence 
of data permitting absolute dating, faults with sufficiently recent 
movement to leave peroeptible evidence of surface rupture, surfaoe warping. 
or offset of geomorphIc features are oonsidered active faults, 

"(2) Instrumentally well-determined macro-seismicity for a fault 
located 1n the continental United St~tes west of' the Rocky ~ttntain Front, 
or in Alaska, Hawaii, or Puerto Rico. 

"(3) A relationship to an acti"~'tault ac:eOrding to characteristics 
(1 ) or (2) such tlia t movemen t on one Could be reasonabl y ex pected to be 
accompanied by movement on the other .~, 

Garf and others (1972) ; II A fault alolns whioh there is recut'rent movement, 
that is usually indicateo by smaH. periodiC displacements or seismic 
activity." 

InternationalAtomi~ .Energy Agency (972): The follOwing sumrnat"y is from 
Krlnitzsky ( 1974) - "The Inter.national Atomic Energy Agency criteria are 
s1m11ar to the U.S. criteria. but add! 

"(a) Evidence ofereep movement along a fault. Creep is slow 
displaoement not necessarily accompanied by ms(!roearthquakes, 

nCb) Topographic eviden,oeof .surfsC!e t'upture. surface warping, or 
offSet dfgeomorphic features. 

"They would further classify active faults on 8 geomorphic basis as 
followS: 

"Class! - H1gh rate of movement, greater than 1 m per 1000 yr. 

"Class B - Topography shows clear evidence of dislocatldn. 
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"Class C - Topography shows indistinct evld@t1ee of diSlocation. 

"Class D - No evidence of amount er rate of dislocation on which 
quantitative assessmel'lt can be based, but fault is eonsidered capable of 
oausing surface faulting. 

"In general engineering practioe a raul t is considered to be active if 
there is displacement within Holocene d~pc~its ,egardle~s of datable 
evidenoe. (Examples: fault displacements within 5~Trace gravels, alluvium. 
or g1801a1 outwash.)" 

Wesson ana others (1912) : "Faults with 8 potential for generating damaging 
earthquakes have been id·entified by the following criteria .. -ordered by 
decreasing certainty of current activity; (1) historic and/or current 
seismicity or ground breakage; (2) physiographic faulting features and 
disturbances 1n Holocene sedimentary deposits which indicate displacement 
in the last ten thousand years,; (3) st.ructural geologic 'evidence for 
displacement in Quaternary time (last three mil110n years); and (4) 
geophysical anomalies suggesting displacements in buried bedrock coincident 
with anomalous distribution of surficial deposits." 

Grading Codes Board (1973) : "With regard to seismic acthlty. faults can 
be divided into three major groups (A) active faults; (9) potentially 
active faults: and (C) inactive faults. Th1s grouping is based ofl the 
following criteria. listed in ord~r of decreasing hazard. 

":l. Aotive faults: These faults are those which hav~ sOOwri historical 
activity. ThiS category includes such faults as the San Andrea!", San 
JacInto, and Newport-Inglewood. 

"B. Potentially act! ve faul ts: These faults are those t based on 
available data. along hhich no known hisj;orical ground surface ruptures or 
earthquakes have oc~urred. These faults, however, show strong indioations 
of geologioally reoent activity. 

"Potentially active faults can be placed in two subgroups that are 
based on the boldness or sharpness ot their topographic features and the 
estimate~ related to recency of activity. These subgroups are: 

"1. Subgroup One - High Potential 
s. Offsets affecting the Holocene deposit~ (age less than 10-11; 000 years) 

b. A groundwater barrier or anOmaly oocurring along the fault ~thin the 
Holocene deposits. 

c. 

d. 

This 

Earthquake eploenters (g~nerally from small earthquakes occurring elose. 
to the fault). 

Strong g~morPhic expression of fault origin featUl"e~ (e .g. faceted 
spurs. oftset ridges or stream valleys or siinl1 ar features. espec-ially 
where HOlocene topography appears to halle been lIIodiried). 

. "2. Subgroup Two Low Po~ential 
sub'kroup is t.he same as 104 t b, or d above. with theexceptiofj that the 

indications orrault movement ban be only determin~ in 
Pleistocene deposits (Iess than 1 fOOO, 000 ye ers ago)· • 
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"c. Inaotive faults: these faults are without recognUed Holocene or 
Pleistooene offset or activity." 

U. S. Atomic Energy Commission (1973) ~ "A 'capable fault" 1s a fault which 
has exhibited one or more of the following oharaoteristios: 

"( 1) Movement at or near the ground surface at least once within the, 
past 35,000 years or movement. of a r,ecurring nature within the past 500,000 
years • 

. "(2) Macro-seismicity instrumentally determined wit.h recc>rds ot 
sufficient precision tOdemonst'rate a direct relationship With the fault. 

"(3) A struotural relationship toaoapable fatllt aooording to 
charaoteristics( 1) or (2) ot this paragraph suoh. that moveIIIEmt on one 
could be reasonable expeoted to be accompanied by movement on the other ,." 

Zion~, WentwOrth, and auchanan 0973') .: "Faults of a region can be ranked 
accorcling to likelihood of future movement on the assumption that those 
with the most recent displacements probably have relatively short 
reourrenoe intervals. Selection of those faults considered to be active. 
and thus requirins more detailed site investigations, must be influenced by 
the consequences of' possible displacement on the engineering works 
involved. For example, all faults in the region with ptoved or likely 
movement 'during late Quaternary time (past 500, 00 years) may be considered 
active for purposes of siting nuclear power reactors and other structures 
that require large safety factors, whereas many such faults might not be 
considered active for less critical land uses.~ 

Grant-Taylor et a1. (1974):" A Class I AC'<ti ve Feul t is one that has shown 
repeat.ed movement over the last 5,000 years, but may also include those 
with a single movement 1n the last 5,000 years and repeated movement in the 
~. . 

last 50,000 years (Officers Geological Survey~ 1966). Al class I fault 
moves sufficiently often and the displacement that occurs is so large that 
it has defir'lite planning relevance. Officers Geological Survey (966) 
states: 'Classj& ! Active Faults are liable"to m.ovement of up to 4.5 m in a 
period of time that could ,be the same as the life of a structure. As no 
structure can hope to withstand- such a dislocation it is recommended that 
no structures be built across the trace of aclsss I Active Fault, or 
across the presumed continuation." 

Nlclaols and Bt.tchanan-Banks (1974) : "The definition of what constitutes an 
'active fault' may vary greatly according to the type of lan~ use 
contemplated or to the importance of the structure. For example, the 
Atomic Energy Commission regards a fault as active or 'capable' with 
respect to nuclear reactor sites it has moved 'at or near ground surface' at 
least onoe 1n the past 35.000 years, or '!!lore than once in the past 500.000 
years' (Atomic Energy Commission, 1971), A definition tor purposes of town 
planning in New Zealand defines as active, any rault on which movement has 
taken place at least onc~ in the last 20,000 years (ToWn and Country 
Planning Branch, Ministry of Works, 1965; originally published as 1.000 
years by typographical error). Commonly. faults are regarded as aotive and 
of concern to land .. use"plannln'g, when there is evidence that they have moved 
during historic time or. through geologic evidence. there is a significant 
likelihood that·· they Will move during the projected use of Ii particular 
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structure or piece of land •. Beo.8use geologic evidenoe may be laaking, 
obscure, or ambiguous as to cpeoific times of past movement, geologists may 
be able to estimate relat}ve degree of aot1vityonly aner aragional 
!lnalysls that may extend tar beyond the·looalityunder consideration.. Such 
analys1smaybe based onhistOl"ic evid.enoeof fault movement t seismic 
activity (ooourrenoe of. small to lIloderateearthQuakes along the fault trace 
even though not· accompahiedbyobvl()Usfault lIloyement), <tlsplaoement of 
recent earth layers (thoM deposited dUfoing t~epast'O .. Ooo years). and 
prescenoe of geomorphically young, ftlult-ptOQuoed features {scarps, aag 
ponds, offset stream courses, and disruption of man-made features such as 
fences and curbs)."· . . 

Sherard. Cluff. ana Allen· (1974) i " ••• an active fault (or potentially 
active raul t) is defined as one on whiClh there is sufficient evidenoeof 
displaClement within the reoent geological past to make it reasonable to 
anticipate that future surface displacements oould ocour within the 
lifetime of a dam (about· .100 years) • Itmust be emphasized, however that 
this definition implies the exe'rcihof judgement bygeologlsts, and that 
there Will be non est differenoes of opinion among competent geologists 
special12:1ng in this field aa to the likelihood of dieJ)laoements on a given 
fault.!' 

U. S. Nuclear Regulatory Com!!11ssion (1975) ; "A 'capable fault' 1s a fault 
which has exhibited one or more of the following charaoteristioe: 

D( f) Movement at or near the ground surface at least once within the· 
past 35,000 years or movement of a recurring nature within the past 500,000 
years. 

"(2) Macro seismicity instrumentally determined with records of 
sufficient preoision to demonstrat.8 a direct relationship with the fault. 

"(3) A structural r~lationship -to a oapable fault acoording to 
characteristics (1) or (2) of this paragraph such that movement on one 
could be reasonably expected to be accompanied by movement" on the other." 

~sson . i!nd others (1975) .. "It·· is not now poss1bleto determlnewlth 
certainty if a fault w111 sustain movement in the future~ We' must assume 
that if a fault has been active over a considerable length of time (millons 
of years) and has been historically active or shows evidence of movement in 
the ge0l.0gically recent past I !twill moSt likely sustain movement 1n the 
fut\lre. Evidence from historicaUyactive faults both here an<t abroad 
indicates that this assumption is generally valid. Extensive studies or 
the geologic and tectonic settings of historic earthquakes... reveal tbal 
the faults responsible for these earthquakes were charaoterized by at least 
one or more of the fo110w1ng features: (1) historic earthquakes with or 
without surface fault displacement, (2) ephemeral physiographic features 
such as sag ponds, offset streams, and linear ridges that suggest recent 
faul t ,displacement, and' (3) offset Holocene al'ld Pleistocene doeposits and 
ge()II'Jorphic features ••• Faults along whiah these characterbtics are 
developed are oommonly termed 'active fault. '.11 

Lensen (1976) ; "An active fa·ult can be de-tined as a fault that has moved 
in late geological Ume al'ld willlllove again. The N. Z. Geological Survey 
(Report N.Z.G.S. 7, 1966) defines art active fault ~ore preciSely .. as a 
fault 'along which there lseltherev1:denceofmoYement since the beginning 
of the last glaCiation (50,000 year$ ago) .r evidenoe of repeated moYement 
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in tbe last 500,00 years.' 

"The main advantage of classifying active faults lies in assessing 
their liability to future movement, baaed on the assumption that a fault 
that bas moved frequently in the immediate geological past is likely to 
move with a similar frequency in the future. 

"Classification of active (aul tsmust thus be designed to refl-ect the 
history of past fault movements and classes with high, medium, and low 
frequency of demonstrable past activity can be aSSigned. 

"The classification of active faults adopted by the N. Z. Geological 
Survey is shown below: 

,,! Cla§s I Active Fault 1s thus either a fault that has shown repeated 
movement over the last 5,000 years or with a single movement over that 
period and repeated movement in the last 50,000 years. 

" A Class II Active Fault is less active with eitber repeated movement 
over the last 50,000 years, or one single movement in the last 5,000 years 
and repeated movement in the period of 50,000 to 500,000 years. 

"A Class II! Actiye Faylt Is the least active with eIther a sIngle 
movement over the last 50,000 years or repeated movement during the 
50,000-500,000 year period." 

LJ. s. aureau Qf,Reclamation (1976l : The U. S. Bureau of Reclamation is 
considering for some r'egions the use of new criteria for the basis of a 
definition in which "acti'le faults" are defined as those that have 
exhibited relative displacement within the past 100,000 years." 

CaliL'. Diy. or Mines . Bod Geology CHart, 1917) : Alquist-Priola Act. 
"Active faults are those faults which have had surface displacement within 
Holocene time (about the last 11,000 years). Such fa·ults are considered as 
active and hence as constituting a. potential hazard" 

!,l,S. Corps of Engineers (1977) ; A capable fault is one that is considered 
to have the potential for generating an earthquake. It is defined as a 
fault that oan be shown to exhibit one or more of the following 
oharacteristiCs: (a) movement at or near the ground surface at least once 
within the past 35,000 years; (b) macro-seismicity <3.5 magnitude or 
greater) instrumentally determined with records of suffiCient preCision to 
demonstrate a direct relationship with the fault; (c) a structural 
relationship to a capable fault such that movement on one fault could be 
reasonably expected to cause movement on the other." 

Haxs Cl2aO) ; An active fault is "active if, because of its present 
tectonic setting, it can undergo movement from time to time in the 
immediate geologic future. A oapable . fault is tta fault that has the 
potential to undergo future surface displacement. A fault is oapable if: 
(1) it has had late Quaternary or more recent movement, or (2) macroselsm1c 
activity has been asSociated with it • or (3) it has demonstrated struotural 
relations to a known capable fault sllch that movement of the one may cause 
movement of' the other, especially during the Ufetime of the projeot under 
consideration. n 

u.S. Code of Federal ReaulatiQDs (1980) : For a Site specific definition 
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of fault activity "... the recency of mov"ement is based on the 
determination of movement within Quaternary time ••• " 
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A SU~V'E:Y OF INTENSITY ANOMALY DURING OtSTRUCTIVE, EARTHQUAKES 

CHEN DASHtNG I 

ABSTRACT 

.. !naceordance with local site conditionst such as faults, 
locs,ltopography and ground soil, various instances of inten
sit:yanomalydurlng destructive earthquakes occurred in China. 
sitlce the sixties are illustrated in the paper. On account 
of the fact that these influence factors are ever changing 
and often mix tbqether, when studying the possible intensity 
anomaly due to a specified factor, the other factots 1n the 
ea~,eW1U be selected to be nearly the same in other cases as 
far.as possible,.ot from the statistical point of view dis
carding the possible influence of other factors. 

th~ results are as follows: effect of non-causative 
faults on int:ensity is not obvious. Those villages located on 
the top or ridge of isolated and projecting hills are much 
seriously damaged. Oamage of structut"es on rock site is gene
rally not so heavy as those on other ground soU. Indistant. 
area far from the epicent.er of strong earthquake, tall and 
flexible structures on soft and deep soil are more heavily da
maged than low and rigid structures because of long period vi
bration. Ground failure is one of the main causes making the 
structures damage seriously on soft SOil, but: soil liquf!!fact
ion occurred under several meters of overburden has t.he advan
tage as an isolation layer against: vibration, and lowers the 
degree of damage of structures. All these arp- the main causes 
Of various anomaly of intensit.y. 

INTROOUCTION 

Since I1b@ration, we have paid great attention to field 
investigation of destructive earthquakes and study of qreat 
historic earthquakes. A lot: of isoseismal maps have been col
lected(Ref.t>, and areas of high or low intenSity anomaly are 
often shown in these maps. FOr some historic earthquakes oc
curred early 11"1 the past, the records are generally very sim
J!)le,. fromwhleh only meizoseismal area, heavily damaged area, 
fll1qhtly damaged area and felt area can be obtained or eva
ltlated, but the existenee of Int@flsity anomaly can stUl be 
seen in soa1@isO'seismal maps. For example. in the isoseisl'Ml 
Jflap of th'e Sanhe -p inqgu earthquake CM!!:B) of September 2, 
1679($@eFlg.1). vuttan (no record of damage to buildingS', 
-'fIle1 and YOtlgqlng (b()th had minor damage) were low Intensity 
~nlMllalotts Ires, while abeut 500 lcm fat' front the epicenter, 1n 

rIX;:~cta~e' R~aea.rch PrOfflUUJot, Inatltu't@ of Enqlnf!erinq 
M.ehafties, Aeadetn18 SinH~a. 
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the neighbourhood of Xugou and Taigu of Shanxi provinee, there 
was an area 0,£ high intensl ty enomal y (minor damage). In many 
iso~eismal maps, areas of intensity anomaly will not be found 
be~aus~ of the limitation of the scale or other reasons. As 
for intenSity anomaly locations, they are often to be neglected 
and hardly seen in isoseismal maps. 

Study of di~tribution and causes 6£ intenSity artomaly has 
an imJjortaht: and prattlca,l significance. It is one of the ma
jor basss for selecting engineering construetion sites and 
land Use.planning, and Is also the main basis for checkin9 up 
result:: of theoretical analyses. We consider that local site 
conditionsj such as faults, local topography and ground soil 
are the main factors for intensity anomaly_ Since loc'a1 Site 
cOr'ldH:ions at'e ever changing, and several factors, often mi~ 
t0gether, so in the study of the possible intenSity anomaly 
duetoa Specified factor,theother'factors in the case will 
be selected to be nearly the ssmeir'l other cases as, far as po
ssible, or from the statistieal point of view. discarding the 
possible influence of other f,actors. It should be noted that 
the causes of many intensity anomalous areas are oftlO!n not 
clear due tot:he lack of engineering geology and geological 
tectonic informations. Some causes are just conjective, and 
may be unreliable. For instances, during the Haiyuan, Ningxia 
earthquake (M=8.S) of December 16,1920, there was a high in
tensity anomalous area (intensity X) with approximately 100 
square kilometera around Tongwel County in the region of in
tensity VIrI (see Fig. 2). The soil condition and building 
structures were bothessel'ltially similar inside and around 
the anomalous area. Researchers of the Lanzhou Seismological 
Bri9ade, State seismological Bureau deduced that the intensity 
anomalous area was due to existence of the underlying active 
fault which moved during the earthquake. FUrther investigatIon!'; 
are needed to explain the causes of some high intenSity ano· 
malous areas, ,SUCh as Liaoyang, Xiaoshangwuqi and Wolongquan 
etc .. during the Haicheng earthquake (M=7.3) of February 4, 
1975 (see Fig. 3) (Ref. 2 '. ar'ld Wanggezhuang low intens! ty 
anOmalous area in the east of Tangshan City during the Tan9-
shan earthquake of JUly 28, 1976 (Ref.3). Somebody also as
sumed that the special ~ondit:ion of inner structure of the 
earth and propagatlna paths of seismic waves may lead to in
tensity anomaly, (Ref. 4). In interpreting the eause why 
Jinqxing~ Huolu high intensity anomalous area (80-100 km from 
epicenter) occ~rred dur:ing the xingtai earthquake (JV!=7.2) of 
March 22, 1966 (ae~ Fig. 4). the researehers of In~tltute of 
Geophysie. Academia Siniea considered that the main cause was 
due to the total reflection of seismic wave~ ;at the bottom of 
the earth crust. Field observation was carried out: in that 
anomalou!!larea by us. and we eonalde1"eCi that the main causes 
are due to t:he existence of a certain depth (more than 20 m) 
of spongy loess and isolated and prOjecting topography (loess 
ridge and terrace with gullies on both sides). 'And there , 
were no high intensity anomalous areas within a radius of epl~ 
central ,distance of 80-100 km. 
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A survey ofin~ensity anomaly during destructive earth
quakes which occurred since the sixties is presented in this 
raper. Various instances of intensity anomaly are 11lu~trated 
n.accordance with faults, local topography and ground soil 

respectively. These available data are mainly adopted from 
the fi~ld observation reports of the Institute of Engineering 
Meehanics, Academia Sinica. It should be noted that int~nsi
ty evaluations are mainly based on the damage of single or 
several storey buildings in villages or cities. 

EFFECT OF FAULTS ON INTENSITY ANOMALY 

Prom earthquake engineering point of view faults can be 
divided into causative faults and non-causative faults. The 
former one is the fault which generates earthquake while rup
turing. In a s~rong ear~hquake~ the causative fault can be 
judged according to the distribution of damage, ground break
ages and source mechanism. Those faults not in the areas ex
pected to occur are belong to non-causative faults. 

Generally speaking, the shape of meizoseismal area is 
controlled by causative fault. Everybody agrees to khlS opi
nion. Even so, sometimes the damage distribution along the 
entire rupture varies considerably. For example, during the 
1975 Haieheng earthquak~ the new fault traces at Xlaogushan 
stretched from Toudaoqou in the west, passed through Erdaogou, 
Xiadian, Yangjlapu to the northern part of Yaopu. At Toudao
gou, only fine cracks could be seen on the wall of several 
buildings on rock site located ten more meters from ground 
breakages. The damage index of the village was 0.11-0.33. 
Xiadian is situated on terrace of Muxi River along the fault 
trace near Touda,ogolJ. The surface layer consists of gravel 
with a small ~mOlJnt of sand. The level of underground water 
t~ble was roughly 3 meters und~r the surface, and the damage 
Inde~ was 0.66. If we plot the damage indexes of 19 villages 
located near the causative faults versus fault distance in ac
cordance with various kinds of ground SOil, the damage index 
does not decrease with the fault distance, but varies obvious
ly with the categories of ground soil,a9 shown in Fig.5. In 
the figure, ground soil I 1s corresponding to the overburden 
on bedrock, the depth of which 1s less than 2 meters; ground 
soil II is the general stable overburd~n other than ground 
soil I and rII; ground soil III is saturated fi~e sandt silt t 
silty soil and various kinds of filled land up to four metei!'S 
under the ground surface, and the level of underground water 
table is rather shallow. It implies that the t:rend of inten ... 
sity rating along and near the new ground 'breakages is not 
higher than the epicentral intenSity. 

Geologists and seismologists oft&n ex~~ain that intensity 
anomaly res\Jlts 1n the existence of fault underneath. Accord ... 
ing to what we observed 1n earthquake,sites, those non-causa ... 
tiv@ faults far from meizoseismal area or located near epicen
ter but not intersected with the causative faults do hot have 
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6bvioUs r!fr~ci:s on d~lftaqe. Oftly those hOff .. ea:UtlC1tl ve faul h1 
located near meizoaeistnalarea andlnterseeted with ca,\lsative 
faults or wideandseriotJ:sly ruptured non,-:ca\.ts-ative £'aultl 
near theedqe of causa.tive faults may cause damage morese'" 
rious than usual. 

Durif'l~' .the Tonghal, Yuttnan earthquake (M==1.7) of Janua ... 
ry S, 1970 we- InsJ:)ected 35 villages located just 01'1- the right 
of non-causative faults, and compared their damage indexes 
with those on similar soil. as shown 11'1 Fig. 6(Ref.S). From 
I:he difference of such damage indexes, we got a similar re ... 
suit consistent with the result mentioned above. _ The ground 
soil is classified according to the overburden of ground 
breakages • 

. tluringtheYongshartiioiOagtian. Yunnan earthquake (M=7.1.) 
of _ May 11t. 1974 an area of h19h lntens! ty anomaly existed 
around xlaping .. Huilongwan wH:hln the region of intE!nsity VI! 
in the northwest of Jishaj lang River. Near t.he east: bounda .. 
ry of the anomalous area the Dam<!otan Fault passes throU9h • 
Somebodysuspec:ted -I:hatthe anomalous area was related to the 
fault (Ref. 6). Ac:eOrdlhg to our field investigation. in the 
anomalous arealnten~ittes of villages such as Huilongwant 
Lujiawan and Xiaplngwere all VIII. They scatt~red 1 to 2 
'kilometers far from .the west of Dama-otan Fault. villagE!s of 
Xlwoluo. Yaz:t.wan. Zhujialiangzi and wayaoping distribute in 
an area be.t:weenthe ,villages mentioned above and oamaotan raul t. 
Their intensity ratings were all rather low, nearly VII. In 
t\dditlon, there were no phE!nomena of high intensity anomaly in 
the vil~ages located on thE! southern part of the fault or in 
an. area 1. to 2 kilometers from the east of the fault (see Fig. 
7). This means that the existenee of Oamaotan Fault was not 
the cauSe 6f high intensity anomaly. 

J\c:eordinQ to the figure tn the report of the Haieheng 
e~rthquake published by the Liaoning SeiSmological Bureau. 
We determine the villages through which the non-eausative 
'avlt~pass. Then, we plot the damage indexes of thesevil. 
lages in the figure showing mean damage attenuation eurves, 
a.s shown in. Fig. 8. The distribution of damage indexes 1s 
r-~.ndom, so there is hardly that; non-causattvefault eaUlfeS 
damage to be mote seriously. In XiaoShangwuqihlqh intensi
ty anomalous area mentioned above·, there is re!11y a fault 
passing through, but:. the distribution of villaq@! hea"lly 
damaged doesn't: fall into a strip and the effect of faults 
is not obviously seen (see rig. 9). Aeeordlnq to the te-!'ult 
of our field invest1gaH.on the actual atea of' f'llql1 intensity 
anomalous arE!8 in Liaoyal1qis much smal1erthllrt1:hatqlyenbY 
therepot"t.of Haic:heng earthctuake l'Ubli4h~d byLlaonlnq Sels
molbgl~alSuretiu (see r1g. 3 and 10 ) •. ,And d&maqt'!tobul1dln~s 
1n 'Yl11aVe's locat~ bet:weenthe anotttalOUI.8rea ah'dthe baiz1-
hi! Rlver mal", faul1:8 was not 86 h@a~,asthat it, t"8 ·&noma ... 
I'crus .an~."so",e. can negate that. t:ht!!~ecurt'enet! o'f t..laCJyan~ 
.1'\omale.,·a~ea 'wa! due toth@effeetdffaUl t'h . 
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· During the 1976 Tangshan earthquake, an area of high' 
intensity anomaly occurred in a basin surrour'ldedwlth moun
tains around Zhenzlzhen, Luanxian County, as shown In1='I<}.11. 
The Taoyuan Fault, passes from Yougezhuang through Yuj iatuo in 
the south of Zhenzizhen toward Ganhecao andXindianzi. Ac
cordir'19 to aerial photographs, the shape of high intensity 
anomalous area, in which the percentaqe of totally collapsed 
buildings was greater than or equal to BO'%,was roughly con
sistent with the strike of Taoyuan Fault. 'But damage In vll
lages t.hrough which Taoyuan Fault, passed and outside the ano
malous area was not so heavy_Fat-example, in Xlying and 
Xlndlanzi, percentage of totally collapsed buildIngs Is only 
2M. The intensity anOITiCHousarea was completely located in 
basin. Atypica1 log in Lon<]tuo indlcatesthattheoverbur
den is a kind of purple solI with shells and the bedrock is 
never seen up to 130me.ters depth.Xiying and Xind~ an~i both 
are located at: the foots of mountains. Consequently,the 
high inf:ensityan()1nalywas'mainly dueto'the effect of qround 
soil but not the eff,ect of Taoyuan Fault. ' 

Fig.t2 is the isoseismal map of the Songpan, Sichuan 
earthquakes (both M ... 7.2) of August 16 and 23, 1976. Locatlon 
of faults 19'a190 plotted in the map. The researchers of Si
chuan Seismoloqical Bur-eau (Ref.7) suggested that there were 
three areas of high intenSity anomaly caused by faults during 
the earthquakes: a high intensIty anomalous area (intenslty. 
ratIng VII ) around Tanzishan of Talping Commune, Beiehuan 
County was just conSistent: with the strike of Beiehuan-Zhong
t.anpuF'ault; other two high intensIty anomalous areas (both' 
lrttensity ratings equal to VIr) were around Majia ... Hujiao and 
Nanping":Hanan. ,There were faults just passlng through the 
1Il1ddle of anomalous regions. Bisldes, they assumed the shape 
of intensity VII area around Nanpln<] County and Wenxlan Coun
ty to be an arc and this should be related to the movement of 
Wenxian actlve faults. This ,'1stoo farfetchf!d. It, can be 
seen in the map thateit:.her Taiping hlghlntensity an'Ot'ftalous 
area or other high intensity anomaloUS areas, such as Majla
Hujlao, Nanping-Shuanghe-Hanan,SierZhaland SOfl\gpan ... Zhen
jiangquan ete. weE-a all scattering along the river banks. 
S'o the high in 1:erus Ity anomaly may be" mainly due to the soft ... 
neSs of soll.(see Fig.13 and 14) 

In addltion. t'rom the shapes t>flacselfJ1ItIl.SfJf '08 ,'" ' 
earthquakes, 'I!tuc:h a8 i~osell!1malH,sof theYatwlllartg,Gttancjio.. 
tcm<J e'arthquafte (1'1.6.4) of July 26, 19&9 al1d the LIYa"g, ,,' " 
Ji&nqahuear1:hquat8(M.6)ef July', 1919, ltct!lft beaeen that 
even thouqh the nen.e:8usatlve faUlts .ttlctt NY control tn. 
region are dee" 8f'1d b1g they have no obv1ous eftecton lnten ... 
a1ty. ' , 

and 

EPPtCT OP LOCAL TO"OGRAPtfY ONIN1'!M'$:tfY AMOMAL'f 

In mounttUnotlw r~1on and hilly l·M., .':teetflf" .lttftt1on 
loeal tOf)oqraJ!)hy on intenSity are obvl"S. This". bee" 
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identified many times by field observations that buildings 
located on the top ~r ridge of isolated and projecting hills 
are dam~ged more seriously than the similar buildings on the 
plain with similar ground soil. But, ~s for rock site the 
effect is not obvious if the elevation is less than 30 meterS. 

During the TongchuaM t YUnnan earthquake (M=6.S) of Fe ... · 
bruaryS, 1966, Silicosis Hospital in Xincun, located on the 
top of 5uoshan mountain and some villagesori spurs or ridges 
of Xiniushan mduntain and Houzibo mountain suffered more ~e
riously damaqe than those on the plain (Ref.8). 

The Luhuo, Sichuan earthquake (M=6.8) of Augunt 30, 1967 
otcurred in mountainous region along the Xianshuihe River 
(Ref~9).Buildings in Xlnda scatter~d on the diluvial fan at 
the exit of the RilOnggou gully. Tho~e totally collapsed 
buildings were located on the spur of the diluvial fan which 
was formed in the early era and was disrupted in the recent 
era, and only a sma1l number of buildings located on the mid
dle part of the diluvial fan which was formed in the recent 
era collapsed. Rilongcun village, at the right hand side of 
the Rilonggou qully, was situated on the plain near the foot 
of a ~ountain and was only one kilometer to the north of Xin
da. txc~pt a case that walls of three bUildings were part
ially tollapsed, only fiss~res could be seen on the walls of 
thp remainder. Oangka, Shawan and Kaga of Shawan Brigade 
scattered along a straight line of 1.5 kilometers long. 
Auilding construction and ground soil condi~ion of these 
three village~ were similar. At Oan9ka, buildings scattered 
on a rather steep slope and one of them on a spur. At Kaga, 
buildings also scattered on a slope and a spur, only Sawan 
was lotated on a plain between the two villages. During the 
earth~uaket buildings on the spur were totally collapsed, 
those on the slope were partially collapsed, and for those on 
the~lain,only fissures could be seen on earth walls of 
buildings, except that one building collapsed. 

During the 1970 Tonghai earthquake, there were many 
cases which showed the significant effects of isolat~dand 
projecting hills on damage: (1) Tang2:icun village (mor-e than 
30 dwellings) and Mahuangchong village (roughly 70 dwellings) 
of Jianshui County were six kilometers far from the epicenter, 
and were located on the ridge slope of a projecting hill and 
the corrosive low land; two sides of which were facing the 
hills and the other side of which were cut by a ·gully, res
pectively. Both ground soil consists of a certain depth of 
weather~d residual slate clay. The damage irid~xes were O~73 
and 0.55 respectively, the difference of which Was roughly 
equal Eo'one intensity rating. (2) yutangcun village (more 
than 70 dwellings) and Xiaoyutangcun village ( 15 dwellings) 
of Eshan County both were 15 kilometers from the epic,ehter. 
The buildings scattered respectively on a ridge of a red 
soil hill and a.gradual inclimed slope at the foot of a moun
tai~'~~ sand~~clay with crushed stones~ The damage index of 
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theformer:- was 0.86, and 0.23 for:- the latter. (3) Pulongzhai 
village of Jianshut County located in th.e region of intensity 
YIlwas .,19 krn. far trom the epicenter. Buildings scattered on 
the ridg~ of a ~ock hill (48 dwellings) and an earth slope 
(20 dwellings). The damage indexes of these two parts were 
0.42 ?ndO.26 respectively. Paishagouvi1lage (79 dwellings) 
was sltuated at the foot ofa weathered ~ock hill not far 
from Pulongzhai, and its damage index was equal to 0.28. 
(4) Lihaozhai of Jianshui County was located on a hilly land 
of weathered rock. 13.5 km far from the epicent~r and had a 
damage index equal to 0.44 (more than 170 dwelllngs).But 
the damage index of Abuguancun village (100 dwellings) which 
was 1.2 km to Lihaozhai village and more nearer to the epi
een~er was equal to O~29. (5) Jizicun village of Jianshui 
County (mor& ~han 70 dwellings) waS located on a ridge of a 
~ountain, 60 m higher than the surrounding in the region of. 
lntensity VII and 12.5 km far f~om the epicenter. The damage 
indeX was as high as 0.7 (corresponding to intensity IX) and 
~he intensity ratihg was nearly two higher than the surround
lng. According to the statistit ~nalysis of damaged dwell
ings of 67 villages located on isol~ted and projecting tbpo
graphy,the "damage indexes were greater than those on plain 
(0.07 to 0.25) (Ref.S). Effect of isolated and projecting 
topography On damage on various ground soil are shown in Pig. 
15. In the figure, the abscssa Di(I) denotes the damage indp, 
at the location of village con~idered in the damage contour 
map of ground soil I; and the ordinate denotes the practic~l 
damage index i of the village considered. It can be seen 
from the average tendency that, in statistical sense, the 
effect of topography is enlarging the damage to structures. 

During the 1974 Yongshan-Daguan earthquake (Ref.6) ther~ 
were alsO many cases which showed the effect of isolated and 
projecting topography on intensity. For example, in Huilong
want Lujiawan-liudui, Xiaping, Zhujialiangzi, Juejiping (see 
Fig.7)t on the ridge in the west of Wayaoplng. upper portion 
of Heiboluo and on the massif in Shawan etc., the damage 
In~reased. Fig.16 shows the relief of Lujiawan-liudui. In 
.the figure, the ~rrow indicat~s the direction of inclination, 
from high elevation to low elevation. Lujiawan-liudui was 
located-in the high intensity(VIII) anomalous area. The 
dwellings scaH:ered along a narrow band on an isolated and 
projecting massif at the edge of a ridget the saddle-like por
tion in the middle part and ~he upper portion of the ridge near 
the piedmont. Their intensity ratings were IX,VII and VITI 
resr:"ectively, and it means ·tl:tat the high intensity anomaly in 
Lujiawan~liudui WaS due to the effect of local topography. . 
Xiaping was sitUated on an isolated massif in front of a 
mountain, and a sketch of its local topography is shown in 
Fig. 17. the g'round soil was of talus material, consistin9 
of Weathered product of igneous rock. The upper layer was 
loose and ,cohesIon less soil, and the bedrock at the bottom is 
seriously\;,eathered. This village was also located in an 
area of high intensity anomaly (intensity rating is equal to 
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VIII) in the region of intensity vtI. Under such circum
stances t the high intensity. anomaly was due to the effect of 
isolated and projecting l".1.dge and thick loose overburden. 

During the 1975 Haicheng earthquake the topography of 
the earthquake site was rath~rsmooth in the west part and 
hardly no isolated and projeetingtopography existed; the . 
east part was of low hiPy land. Most isolated and project
ing topogtaphywhere villages located were formed by bedrock" 
andvl11ages located on the nearby plain were on the Quater
nary overburden. Thus, both factors, loeal topography and 
ground soil, were mix together, so· the effeet of topo<;traphy 
wasn.ot prominent. But there were still some cases, by which 
the effect mentioned can be explained. F'or example, in Hou
yingcheng, Bali Commune, Haicheng County there were three 
buildings located at .the edge of a steep slop~ on theta" qf 
a hill, totally collapsed, and the damage index of the other 
buildings was only 0.40 •. M: Tashanpuvillage, the damage in
dex of single storey brick buildings located on bedrock of 
the foot of a rIdge slope was equal to 0.20, but similar 
buildings on the upper portion (bedroek) of the ridge, about 
40 meters higher than the former one,suf'ered more seriously 
damage and Its damage index was equal to 0.21. Although the' 
effect of bedrock on damage was not noticeable, but it was 
enough tQexplain the fact that as elevation increased damage 
to buildings was heavier. 

During the Helingeer, Nelmeng earthquake (M.6.3) of 
April 6, 1976 (Ref. 10', in Dongfushishan vIllage, Xindlanzi 
Commune, there were nine buildings located on a radial pro
jecting platform surroutlded by gullies on three Sides, and 
the remaInders located on a slope of the nelbouring hill. 
The damage indexes of these two groups of buildings were 
equal to 0.89 and 0.46 respectively. In Chafangcun village 
the residental area in the east was located on a spur with . 
gullies at both sides, ar'\d the residental area In the west 
dlstributedQna slope. The damage indexes of these two.areas 
were equal to 0.77 and 0.55 respectively. But for the build"" 
1ngs on the spur, the delmsge indexes In ft'Ont oland behind. 
the spur were equal to 0.96 and 0.64 re1l~eetively. The da
mage indexes of buildings in Lattlad()n~yaovillaget located on 
isolated massif with thin overburdeh and. em the plai,n of ra
V'iftebaSe, were equal to 0.13 and 0.41 rtfstMetl"1ely.But 
thoa_buildings loeatedon ~ock null's.!' with a gehtl~ slope 
between the two residental area$ flM!!rrtlontdabOve had a damage 
index only equal to 0.40. Sestcttts, t:he shapeo'.ma •• lf was 
different. the faet reflects that: b'edroek !sben&lielalto 
earthquake resistance. 

Durln9 the ttGn91inq,YUftluttt 86;rthqua1cd (M.?! and 7.4) 
of May 29. 1976 (R~f. tt}, a fr'~d,n.tor.qel:trlMa'OCHznal 
village and ltt'1MS-ry senoolof Zha.,yan~ c~., Longt!n9 '. 
county scatter*CJ on an ls01a,t:4!!dartd pro,eet1n't)masslfwhlch 
was 40; meters: hiqhet' .than the plain, at one side of the 
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intersection of the Pazhang River and the Supa River and on 
a spur of isolated ridge, respectively. Their damage indexes 
were equal to 0.83, 0.64 and 0.79 respectively. In addition, 
five masonry workshops of Luxi Machinery Factory were located 
on a plain formed by a gully, and 72 Single storey adobe 
buildings with timber frame scattered on isolated slopes aside 
of the workshops. The damage index of the former was equal to 
0.30, and the latter was 0.75. 

During the 1976 Tangshan earthquake, a block of Chinese 
temple buildings with timber framed structure (built in the 
Ming Dynasty and rebuilt in 1957 for the last time) scattered 
on the top of Jingzhongshan mountain (bedrock) with an ele!a
tion of 507 meters near Sanyingtun of Qianxi County. The 
frame of the structures was seriously damaged or collapsed, 
and the intensity rating reached IX. But there werl! no build
ings collapsed in the nearby v1l1ages( Zhishanzhuang ,Meng~huang, 
Liaozhuang and Nanyanqzhuanq etc.) which were all located on 
bedrock or thin overburden at the foots of the mountain. 
There were roughly 130-170 buildings in each v1llage, and only 
the upper portion of a small number of stone-built gable walls 
and the outer part of wall toppled down. The intensity ra
tings were all roughly equal to VI. Those villages are roughly 
on a level of 220 to 250 meters above sea level. It should be 
noted that there was a fault with N50E strike direction pass
ing through the east part of Jingzhongshan mountain to the 
east of Zhishan~huang village at the foot of the mountain, but 
there was no evidence that damage of the surrounding villages 
became heavier due to the existence of the fault. It was thus 
clear that the black of temple buildings was s~rlously damaged 
merely due to the effect of topography. .. . 

Moreover, the researchers of Lanzhou Seismological Bri
gade, state Seismological Rureau discovered that during the 
1920 Haiyuan earthquake, in loess plateau at Tianshui dlstric:t 
the intensity ratlngs of some villages on elevation approxi
mately 100 meters abOve riverbed were generally one de9ree 
higher than those on the banks of rivers. 

EFFECT OF GROUND SOIL ON INTENSITY ANOMALY 

Intensity anomaly due to ground soU have absorbed Pf!(J
ple I s attention for a long t 1me. Bedrock and thin overburden 
on rock: are generally to be considered as the cause of low. 
intensity anomaly, and thick and loose overburd'en may cause 
htgh intensity anomaly. D:tfferent'!e in intensities onbe<:trOCk 
8.1d soil site,alt:hougn a small distance apatt, oeeUrf"ed in 
many cases and this identifies the fa~t above mentioned. It 
can also be testified by the intensIty attenuation on variOUS 
soil during the same earthquake. 

In G ... ang~hOUt 810"9 the river banks of the Zhujlang fU .. vf!r, 
,round soil are of diluvium (slud()e from riverbed) arid filled 
land, and in the northeast ,art: of the city is the Tertiary 
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mountainous ret;J1.on.t)uringthe Heyuanearthquake ("'.6.1> of 
March 19, 1962 the residentalarei!tondiluvium sOll.andfilled 
lanclwas heavIly damaged, but that .on themountalnousreqlon 
wass 1 19ht lyda.maq~d. . 

. . 
During the 1970 .' Tongha1· earthquake (Ref. 5),. high intensi

ty anomalous .area's distrlbUted'alongthe shore. of'Jl1uhuLake 
1n '1'ongha1 'couhty and Talong of QUjiang,andthe lOW intensity 
anomalous areasseattered In the west of Tonghai County at . 
Laoj i(\nshanand Muehengshan .In the high intensity anomalous 
area, the soil .1susually not g~~, .a.l"Idcon'trarily, the soil 
11'1 the low Int'f!nsi ty.anorinUous areas mentIoned ab'oveisof 
ground soil I. Somevll1aqesonbedrock,1n hIgh 11'\ten81ty 
anomalous area at the shore of Jl1uhu Lake, sueh 'iUI Shl1ongcun, 
Wanqjlaba and HUJlashanehonq etc., \lterealsod.amat;JedeOnsidl!ra
bly slightly. Accord1ng totheeorrelation bet\lteen damage 
versusgrounds.o11ol?talned by me,ans ofstatlstieanalysls, 
using large.amount: of fleldd'ataof field observation. It can 
be seen that in comparison with the othertype8of ground .80i1, 
damage tostruetttreson l:"o¢k site were always more slight, as 
shown in Fig. 18. 

During the 1975 Ha1ehengearthquake, there were a""rox1-
mately 50 Villages, ofwhlehthedamage was siqnlficantdiffe
rent 1n dif/erentlocat:lons. Among these, there were 23 vil
lages in which differenee in damage indexes was greater than 
0.2 (corresponding to one intensity rating>, and r'nostofthem 
were due to ground so11 (Ref.2). It was usually th~t bUild
ings located on bedrock or thin talus accumulation near moun
tainsllqhtly damaged, and bulldings located On lOl')se over
burden of alluvial soil near riverbanks damaqed heavily. There 
were also many eases showing Significant difference 1n damage 
In the neibourlng villaqes. For example. Xiadian(i.0.66) of 
ManggouBrigadeof Gushan COMmune was loeated on terrace of 
Muxi RIver. No bedroek was :found in a well of ten meters 1n 
depth, and the level of undergrdund water table was about 3 
meters •. Y&nqjiapu (i=0.64) was not farfrorn Xiadianand also 
situated on the terrace. YaoPtJw~s eloseto aflfOttntain. Ma
jority of buildings in Yaopu-qldui (1.0.29) scattered.~ ~oth 
slo~s (if asmallCJully. Li,iapu (1.0.25) and LinjiaJie (i-
0.19) "ere leeat:ed at theu~streaftt of the qullyt5n bOth slopes. 
The tred·Cf damaqe att.~nu.tlcnfro", terraee" tcthe upstream 
Of t'h'&qul1y was rather obvi-Ous. In adcn.t1on, lOW intenSity 
anOm$lCU8 ,areasc>eeut'l"eC2 In a wide at'eaof ground SOlI I er 
stiff. CJroUfid seflI!, !ueh as Qin:,chil1n,ai-eaOfZ".u,la Com
M\lne df tln9'tbu county, Ca1ji~ at-eaof GlIant-un CO~. an 
area from TanCJchi CotltftU·fte to Xt1Jiaqou and Xi,aod'~, and 
Fan,ltilyu area of Halehen9 county ete..nluzhttanga .. ea of Hai
cheng COtlnty was a h191'1 ihte:nslty anomaloul area 'Of qtOUftCi 
soil ttl. . 

Relidental Il'nl 1ft the 1976 Hellnqeer earthq ••• ite 
aeattiu"ed ;fIIa!nl y on tl~rraees and valley flatlof lCM'.' OVer
bUrden (Ref.10h SOMe))uilcU.n~. l·n low llft •• itya".," 
QintshUlhe and YOuyu were serlouany damaC}ed mainly due to 
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differential settlement Of the ground. In la,madon9y&~un 
village, those buildings on soil suffered damage' more serious 
than those on bedrock. . 

During. the 1976 Longlingearthquake .'. (Ref .11), intensity 
rating ina basin was f,ound higher than the surrounding f and 
ltwas malnlydue togr·O\lndsoil.. Zhenanbas1n extended in 
northwest; dJrectionwith an area of 6kmlong and 1.to 1.Qkm 
wide. Inside thebas!n there were three-step terraces which 
were 2-3m, 8-10m, and 25 ... 30m above the bottom of bas'in res
pectively.Ground soil inside thebas!n consists of Caino
zoic strata more than 200 meters deep with six layers of coal 
bed (the thickest layer was abO.ut60- 10 me.ters). And ground 
soil outside consists of granite of venShan.perlOd, residuum 
with a certain thickness. on the margin o·f themcunta!n top. 
Sand, gravel andresldual deposit eoveredtheslOPe of the. 
mountain. The highest percentage of tctallycollapsed build
ings on granite in the surrounding of theba9inwasn'ot: high
er than 3~, but the percentage6f thoseonloos'E! .deposit in 
the basin "as equal to 50~generally, some even reached 70%. 
In the Mengmao basin th,e dama(}~ indexes of villages or build
ings in the baSin, such as Me:ngmaojle,Mengtnao primary school 
and Zhongbianzhai, ranged f'romO.56 to 0.67, but villages lo
cated on granite near the boundary of thf!basln, such as Xi
bianzhai, Wujia~un andYangjiazha·! ett.,wer:e not: so hHvily 
damaged, the damage indexes ranged from 0,27 to 0.32. The 
overburden of the Menomao basineonsi!ts Of, from surface 
downward, one meter of clay in grey-black c.olour, .2-3 meters 
of sandy clay 1n grey-brown colour, 3 meters of white clay, 
and an interlayer of grey-white clay and alluvial gravel, but 
no bedrock was fou·nd. The underground water table is appro
ximately one meter in depth. 

During the 1976 Tangshan eartt\quake, overburden 1n the 
north part of the meIzoseismal area was rather thin, limestone 
outcrop existed onDaehen~shan,and 1"enghuangshanmou.,tains 
and a lOW intensityatlOftlal'ous area was formed. N().422 Cement 
Factory, Tangshan Steel Pl~ntal'ld auildlngPorcelaln Fac:tory 
near Oachenqshan mountain were riot so heavily damated a. 
buildings in the south part ()ftl'J •. rnelzosels~l'.r.a. Per
certtages of totallyc:ollaps~bu1.1dlnq. estimat.fr.the 
aerial photOgraphs were on1y5'0%, butthose,inth:,othttrparts 
of the meizoseisma1 area were ritore th'an 90'; •. In TilttfJlaehueng 
Coal Mine, majorltyofbuild1.nCjJ:s 1n restctental area on thick 
overburden col lap •• d , but in the northWett.t r(l!.4iden~al.r.a 
at the foot of a hill CsbOut 2 meter'! ofdepo.'lt aboVe lime
stcme), not tat from t·hefoI'M_r.at"ea •. $infl1ar s'lngle Ifto·rey 
stone buildl,",. .tre·..,ly. "l,J;,lftlf, .Ot.~ctJI~t'.t .. tyd:am*fed,."d 
only a smalln'1:i1ttbttr Of:t:J\J11<UfWjIcft$l;lapsed.zf:i.-nuetIl1 
(inb~nsity rat:1tuJ VI) lrttl'1enort11w .. t of ~;;andUftyln. of 
J18mci county 1. loe.ated n81!rttre .;clt ef at)'Ullyonthlet 
CJ~erbuHen. Alohgthe9u11 y to the uttstr •• '" direction ttle 
damage deere.sed q-rtduall:Y., At JizhuaMil;Jzl,.s ·the overburden 
became thlner, the tnteh,slty ratinq d~"~!Ufetl· to v, and the 
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effect of earthquake on Xletuoai village in the ur:rstream 
portion of the gully was hardly seen if not carefully Observed. 
These villages were all located 1n an area of intensity VII. 
Such phenomenon, that damaqe deereases, gradually along a 
gully from the exit to upstream, was not individual. The 
cases of seven brigades including Llaozhuangzi of ~aimiaozi 
Commune not far from Zhaozhuangzi were also similar. The 
high intensity anomalous area in Zhenzizhen of Luanx!an Coun
ty mentioned above was due to the deep deposit in basin. The 
researchers of the Tianjin Seismological Bureau assumed the 

. urban area of Tlanjin and Tanggu re~ion as an area of high 
intensity anomaly of rating VIII. When analyzing the cause 
of high intensity anomaly, they considered that besides the 
effect of ground soil, Seven old river courses and a great 
number of filled pits also played an important role. Accord
ing to the geologic mass properties of petrographic faCies and 
the characteristics of earthquake response of geologic mass, 
the researchers of Institute of Geoloqy, State Seismological 
Bureau, explained the cause 6f high int~nsity anomaly in the 
suburb of Beijing, such as the following villages: Wangjia
chang of Shunyi, Changgou of Fangshan t Lutuan of Changping, 
Langfu of Tongxian and Caiyi of Daxing etc., and theyconsi
dered that the main cause was ground soil. 

It should be noted that intensity anomaly may also due 
to the particular case of soil layers. Por example, vuttan 
was a low intenSity anomalous area, twice in the past earth
quakes; once during the 1679 Sanhe-Pinggu earthquake, and the 
other during the 1976 Tangshan earthquake. In comparition 
with the surrounding of anomalous area, it can be seen from 
the geological settings that the tectonic strl1-:ture within 
the anomalous area is not developed and thebf"ldrock under the 
overburden remains intact. dround soil in the anomalous area 
consists of deep and medium dense sand with multi-inter 
l~yers of cohesive sOil t filtering or isolating the high and 
low frequencies of seismic waves propagating upward, thus 
causing low anomalous intenSity. As for another example, 
when there is a layer of moderate dense cohesive soil, seve
ral meters thick, over a saturated fine sand layer, the lique
fied layer willaet as an isolated layer and reduce the vlbra
t.ionof the superstructure, if after liquefaction, the layer 
still has theeapaclty to support the load transmitted frorn 
!lu.J)etstrueturE!. During the 1975 Haicheng earthquake, field 
invest·lgatlon of damage to buildings in 15 villaqes was made. 
It was found that damge to buildings in villages whereseri .. 
aus sand blows W't~N!found was not so serious as those in the 
surrounding wh.re no sand blows or minor sand blows occurred 
(~ef .2'. P~of)le ealled such liquefaction phenornencm as "wet 
shock" .l!nd saidtha't damage ii' wet Shock 1s not serious, but 
that in. f'dryshoclt tl is serious. Similar phenomena w~re also 
oceurred Inthe 1970 Tonghai earthquake and the 1976 Tarrgshan 
earthqualte.C&rtainlYt if. the overburden a'bove the liquefied 
sand in too thin or too soft t then ground ·failure to a cer
tain extent will occur and increaee the.daMaqe to 
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superstructure. Such phenOmenon' hadbe~n ". seen dUrin<1the 
1975 Haicheng earthquake in Suxi of Qigou ¢ommunet lfongguang 
of Haicheng City Commune, and Dangji:at:u,nofGanwant;J Commune 
~tc. 

Moreover, .' during the 1915Haiehengaarthquake wedisc::o
vered thatdamageto f'lex,ible high .... rise brick chimneys in 
Panshan, DawaCboth il1tensltyVII) •. Yin9goucity (intensity 
VIII). Haicheng andDashiqiaoCb()th .~n,tensitYIX),was .rM~arly 
the same. InHo'I1gyangCoa1 Mine* l1'Iot:etharfhtindredJd.lometers 
frOm, .theepicenterf high-rise structure.stsuchaswfneh house 
oftS rrt~tershi9h inthemineshaft •• xiliarysl1aftOf41.7 
'meters ihi<1h,.l>rie:'kehrmneY'of:40m.~t1!.tsh19h, 'chargil'rg hopJ)er . 
0'f.'2?3 meters .hlgh t boiler ... bUJ1c:tin'qOft6.7 .. metetsh-iqhwith 
innet' ... frame atr,ucture"transformer sUbst~1!ion andinachinery 
wotk~hop of masonry st,ruetureeto*c:tartraqed .fn various degreet 
but.aeoresof' smal1buildih9s.~nth~rte-i9hb¢urhoodwt!realmost: 
intaet (in't1'le.ar~aof inteh:sity VIl4i . This phenomenon 
impl!esthat at distanc:e' rar ,I rom tHe.epleenber. '. e$peeially 
01'\ loose'a'ndd~~p,grotJl"ia's:olll. lon9PE!rl:od~ompon~nt Of 
earthquake...,i'bNi't!tmls ,p,reaominsnt. 'DU'ringthe .191S Tan<1-

. sha:n ea,rthqtJak~t· lnTlanjln~re9ionw~al's.ofoundf;he similar 
phenomenon. Flexible strllctures, such as chimneys and high ... 
rise plants damaged moreseriotisly than the rigid buildings~ 

SUMMAR"! 

, Summarizing what mentionedabovf!, . if: can be seen that 
themail1causeo.fintensityanomalYi~p.raettc:.ally due to 
local site conditions. 'l'heeffeetof varIous pararnE!ters of 
local <sl tecondlti()ns on inten~ityariOl'l\aly a;reas follows: 

. (1) Ef,fect .of non-causative faults On Intensity anomaly 
is not obvious. and gro~l'\~:l );;011 in the fault rupture zone as 
we~l. as the ordinary'~~1)fil1 infltiencetheseverity of . 
damage. ThOSe l'Ion .... eausativefaultslnters,e'ctedwith causa
tive faul tan:(i;:~cc:at:ed ,neat" ,themelzosel~alarl!a, or those 
seriously btoken Qrlarge ... seale nono.ieausatlve .f(i'Ul ts :l'~,ar the 
edgeofac:aU$a,~ive faul tmay inere:aseth'esevf!tlty of ;, 
damage. But so~egeologistsst~11aUt3ges.t that the ,existence 
of faul,t 'wl11c:auselntensity anornal y.. '. 

(2)'BUildlrigs on. isolate<:iand Pt"O:j:eeting massif or 
ridg& will be mores~t'-iC)u$ly;ctarnaged thllAthose on ,tbe plain 
wH:h the: saml!! 9r~nd~(,ll.; gt.ttonthe. roc:k Site, f£ eleva
U.on is,not:h!.cj,hettha'n i 30rnei::ers,stieh ~:rf~etlsr not:· 'Obvious. 

(3) ..Eff'~c:t:of~~r~Ut1d.()~l . en inf:.fUlltyanottta:lY arf! 
, rather·c0ffti)1ex. txlJt:eneeotJ,edrQek ,or ,th'ln::~oVet"btt~et'rl~ , 
ge~tiltytfte!:'.ea.~'c,)'\ wttYi,n~\.r.'t81 ty'ariOmaty~e1Jt'$t ana:. loose 
and "dee, . t-o,11 " <t:l!!pt)j~t:ftta,y .e~u:s.e '.' h19h ,i"t.:erts~t:1 ,.,l'tO~~~;~. ' 
AlthO\l<Jh ,q~otti'ttf'f:l!~lUf'em~Y.I1!\'er~a:Sie .~l'1~.~~:t~1r"Of da~,.«1~ to 
s.truetut"e$,on l~'est)!l" but £h'eA.f<lti~f't:eti~,;.~tti~at~ f'tne, 
$8:1'\d un:d:ei'l~!'nbyseVet'a:l fM!t.ers~f'.:e'(!)b'e~sl.,e: ,10:11 may play 
anlftt'POl:'t~tii:%-'~le ,1,n iltol'atil)nan-d; :t:hU'$jfeduee tHe>, vlbtat10ft 
l1-ntintay d~~~$se 1:he,su~t's'tt"u(!1:'\d~' d~1f(ttfle. . Itladd1't1.on ,at 
pta~!lar from epi~enterf 1bn9 ~er.t'ddvibr.t1onon l~se and 

• a~! 



d~e.,ground soil may eau!e damagef:otal1 and flexiblettruc
tures more heaviertnan 'tho,eOf sh6r-t and riqidslructures. 
Loeal tot'J09raphy oftenrel~tes toqrot.Uid, $()11conditlon. For 
example, inmourltaln area, as the thickness of'c),,&rburdln 
deerE!ases from the exit o.f a qullyto Its upstream dIrection, 
damaqe also deereases 9radually;~round s~l·'at the ,:~,~;l.an·d 
slte, such as old river courses and a~i:t!nt plt's .. ,~1s rather 
soft. 
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F'ige2 rOl"lgwei hig'h'intenslty anOMCllOtiseit"ea 
during the 1920 'HaiyUan ~at'~hquake 
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Pig.12 Isoseismal map of Songpan earthquake of 
August 16 and 23, 1976 (R~f.l) 
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Fig.13 Tsoseismal map of the 1969 Yangjiang earthquake" 
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CONSTRUCTION OF A ZONING MAP OF THE EARTHQUAKE GROUND-SHAKING 
HAZARD \lRICH SHOI']S THE EFFECTS OF GEOLOGY ON SEISMIC \fAVES 

.", ~ -

U It 'U H ' (1) .. a' er w. ays ,,' 

ABSTRAC1f 

Zoning of the earthquake ground-:shaking hazard - the division'of a region 
into geographic areas havingsimUai;rasponse to ground shaking -ts A complex 
research 'task. ' Currerit - zoning maps use the' best availabU geologic ~nd 
se'lsmological data to depict 'the ground-:-shakiug hazard ln, terms ofcot'ltoured 
"alu~s of the peak ground, motion '(accelerai1onor velocity) expected ats1i.es 
utl.derld~ by rock in a 50:"yeai p~riod of tlme,atthe 9O-percent probability 
level." The usefulness of, such maps'" can be improved' substantiallY,' by 

" incorporating' the',. fteq'uency-dependent effects W'hich the earthquake hult 
mechan:lsm ~'nd the geC!iogY,haye on propagating sj!iSmic ,wave~. Although mOre 
elJlP:l.t-ical dat;.a. apd re.seareh are Ge.ede.«4, incorporation of infonnationabout the 
~rouncl response' ina region, a:ppe.ars to be, a feasl'Dte and pl)ysicallYmeanlng.ful 
way, at this tl~~ to extend zon! ng maps o'f the g~ound-9haking haza-rd .. 

I NTRODUCTlON 
~~ 

S'eismic zoning is deilnei as the division of a region intQ~ gepgt'~phic 
areas or zones , each hav! ng a similar t:.esponse thToughout its extent to a 
1'8rticul,_llr ,earthquake. hazar,d. Thee goal of~oning is to deHrte as precisely as 
possible ,the ,10'~flt_iQn,. frequency of occ,urtence, B.nd relative .se"~rny of 
hazards . (e.g. J-'~)Jrface fault ruptures, , .. ' g!'ollnd shak1ng,* ground failures, 

, ,., •• '." J '. • » .' ,~. ~'. ' . . 

tectonic g,eLormation., and_i,l'l.1:!ndation) expected within g, zone. On,ee these 
parameters ,have been ,.defined for, all zone~and hazards in a region, the 

, potentiaLPk.ys~~l ,~ffects ofea~h'\;tazard. can be. mitigated" throughappropr,iate 
actio'ns such as: .. a\Toidance,.:la~d,::-use pl~;n.ing, engineering dedgn,and 
distribution of losses through insurance. ' . .' . 

-,"" ._ ~ -<i 

. This paper ,(tiscus.ses zoning 0.£ :)~he ,sro'lnd-shak:t.ng ,hazard; which is a 
,complex research task (Figure 1) requiring the. best available information 

',on;; (l)"frequency, M e~~thquake>occurreace," (2) :mechal\ks :,o'f{aultfng ·.for 
past and present earthquakes, (3) the attenuating charactedst.,fcs (f£ the 
regional paths along which the seismic waves trave1 i and (4) the physical 
properties of",t,he lO,cilltQCR and, soil column underlying the·sHe:.,f interest 
and controlling the ground response. Progress in constructing toning maps of 
the ground-shaking hazard has'been"sloW',bec8iiSedtfta '-are very limited in each 
of these four general areas of research. For example, the historical record 
ofse1.smic1ty in the tll1lted' States' 1s5hort, encompassfhg about 1>00 ,toY' 300 

"years.; ~nd variable 'spatial1y,"tnakirig recurrence' re1af'ions:d:tffieult' to 
define. "Only-a 'c£'elof':st'rong-motfon a-ccdetograms such as .. reCorded at- Pacc1'ima 
Dam' duringthe ot 1971 Sa~ Fr!,rnand'o, <Cali'fot'nH. earthquake and at El Certtro 

:.,. t, -~. ., - .., -t~ .~ ~ 

" • ". ,'. " .1 ~ 

~,I)DepUty for Resl:!archAP'PUcafions,"U;.S'. Geological -Sl\rVey,Re~~on; ~ . ';',' 
V-irgin'ia -22092' ., .. -;;' '"; .,. "'.' ': ' .. , 



durtngthe tCJ40 and 197" tmperblVaUey. Callfornl •• eert"queltes. hllVe b~en 
obtdned suHlelently neu th~ csusattv .. fault to conta1n the Signature of the 
dynamiC:. Uutt rupture. . VeTyfev;<aC!ce1erog talUS have bf!erl recorded on arrays 
u:undlngafl!Vh!JndredkUO!Ileter,Erollltheearthquake source and underlain by 
thesalltettpe and. thtektie8!J< ofi-Qcltorunconsolldatedmateriat· therefore. 
reglonaf.attenu8tlon· telatlo1\11 are either fmprec18e or nonextstent for IDOlt 
faglonedf the UnltedStateth· . Aho,dataahowlnsthe variation of ground 
response as afunctl()t1oLtl,e.spatlaU" var"lng phydcal properties of the 
underlying so11 and roctc.are VeTY Umlted. 

Cyrrent·· ioni n8 of the sround-shalUng haurd - The !Dap shown in "1gure 2 
18 an e:t.l!tpleof tlle cunent state-of-the-art 1n zoning of the Bround-shaklng 
huard in the· UnHedStates. "'18 ·lIIap. Which mlBht be. c1assHleli as a 
lIIacrozoning map. was preplfTed b, Algertntuen andPprklns (1976) and was used 
todeHnethe setsmlcrhlk to"e! in the ~ppl1l!d Technology Council~' 1978 
model code. . OnHke prIor zoning mllps. ft depIcts the .vlrhtton 0' a sround
shallting parameter (peak ground ace!! 1 eratlon) in terms. oltne probsb 11i ty that 
a certain level of ground mot ton will occur at a specUic locatton underlain 
by the sarlle 1Uterl~l. rock (Le., a soUd matertalelCposed at the surface or 
und!Ilyingsotl and having 8 Bhear-~ave velocity greater than 765 m/s at nall 
(10 percent) strains) 1n a gtvf!n interval of tilGe (50 years). Thismap 
represents the ground-Bhaki"g husrd in tenne of tl1epeak ampUtude of 
acceler4t1on. one characteT'tstlc: of thestreftRth of the setslDic: signal. The 
map incorporates known dU'p.rences In the Eastern and Western United States 
of! (1) Bei9lGiclty. (2) geologic characteristics of seismic souree aones. and 
(1)sei9mic attenuation rateB. 

Construction of the 20nlng map shown in Figure 2 involves the steps shown 
schelllatlcally in Ft&ure 3. The first flUlt ts to auemhle the historical 
selslllicitydata and to decide upon the spatial and telGporal distrtbution of 
the historic eartllquakes In discrete seismle source lones (Inset A of 
rtgure '3). In defining the seisratc $ource zones, all avaUable infonation 
about the correlations between earthquake oecurrences and other geologic: 
processes and structures are used, including: 

(1) location of the boundaries of cru9tal blocks which are undergOing 
eOf'ltrasting displac:elllents (lto".rd and others, 1917) 

(2) history of vertical and horizontal regional tectontemovementl (Caetle 
and ~ther9. 1975) 

(3) location and history of active faults (Sieh, 1978), and 

(4) tectonic stres. <Zoback and %Oh8clt. 1980). 

Each seismic source 20ne ts chosen so that it eneloe88 an area of teiSlIlie 
activity and, to the extent possible. an area of related tectonic: eletMnts. 
lal'thquakes are assumed 'to be equally Ukfoly anywhere In a .ouree lofte. to 
have an average rate. of' occurrence that is constant 1ft tt1lle. and to fonowa 
Poisson distribution of recurrences. ~t present. 11 seil~le souree 10ftet have 
been deUned for the "ntted C;t4tel ("isure 4). 11\e feet that the let9l'll1c: 
source zones are shown as being larger In the !astet"n "ntted ~tatel t"an 1ft 
the Western United Statel reflects the relative bet ofknovledl4! 1ft th4! east. 
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Seismic attenuation curves (inset '8 of 1igure 1) that 'pecHy how peak 
ground ",otion decreases wtth increasing dlstance frOll the causative fault in a 
region are essential when construct lng a loning iliaI' of the ground-.haldng 
huud. tn spite of the Ullllud 8t'ound .... ot lon data the curns shown. In 
'ilure 5 are considered to be phYlleatly reasonable. albeit 1111lplHled. 
estilllates of the rfl!glonAl attet\uat1on rates for peak acceleratton· at rock 
sites In the Western end 1-astern United Ststes. The curve. for the 'WeStern 
UnIted States were proQnsedby Schnabel snd Seed (l9n): those for· the !astern 
United 'States by Algerlllis!en and Perklns (1916). 

The cU'nuhtlve probsbtllty dt9trlbution function (inset C of Vigu!'e 1) ill 
calculAtp.d for each site In /II region in the construction of a loning up of 
the 8round-shakln~ hazard. This function alton one to detemine (1) the 
number of times that a particular level of ground shaking (e.g., peak 
acceleration) is likely to occur 1" a 8iven period of years at a glven site, 
and (2) tht' mad",UDI level of aceeleratlon for any level of probabiUty. 
Contour IIIaps, such as shown 1ft figure 2. ne then prepued to .how the 
variaHoft of peak 8round motiO'l in term. of .pec ific exposure tilles and 
probabilit, levels (lMet 1" of 'tsure 3). 

Characterizatlon of the ground 1II0tion close to an active fault t. one of 
the Mat difficult part. of the p!'obll!lll of eonstl'uctiag a zoning IIltp of the 
ground~sha1(in8 hazard. The current data set 18 too limited to resolve all of 
the technical issue. concerning this problem. lJowever. unique ground-motion 
data e'igure 6) acquired In the 1919 tlllperial Valley. California. earthquake 
t'einforced current thtn1c:ing ln S01lle areas and revised it in other areu. 
These data shoved that the peak ground aceeleration. and velocities can be 
quite luge (t.e. greater t~." 1 g and 100 ca/sec. respectively) $ndcan vary 
considerably from site to dte withln 10 1c:1II of the fault (Porcella and 
Matthlesen 1919). The peak acceleration ftS about 0.5 8 greater than that 
recorded in any prior earthquake and the value of pealt acceleration on the 
vertical cOlllponent was larger etose to the causative fautt than that on the 
horiaontal component. 

IMPROVED ZONING MAPS 

One wa, to i.prove current loning maps of the ground-ehaking hazard. 
which are _based on mapping peak ground ",oUons, i8 to incorporate the 
ftequeney-dependent characuriatlcs of ground shakinl caused by the flltet'ing 
eff ec ts of the geology. Body (P. S" and SV) waves generally cause the h l&h ... 
ftequeney (2-10 Hz) eOl1lponents of ground !haking and sull'ta'Ce (ltaylefgh ft'cf 
Love) vatves generally cause the low-frequency « 1 "%') components of gro'Uftd 
shalttn8. The lIIechan le, of faul t rup ture at the eftthquake source and th6 
geology atons the transmtsston path and a't t'htt local site modify the 
alilplttude. telllpor.al. Ind sJ)ectnl characteristic. of the setslIIie waves as they 
ptopagate ft01'll the caualt lve fault to the siee, e-nhanc1ng the waVe 4111pHtude 
and dUI'AtlOft ln sOl1le narrow ranse of frequencies and redueing them in 
othert. At the stte. sttuctul'es 81so aet as fl1urs ha"ing fatrly vell
d.Uned trequlJneles of vibration and respond to the ground shaking 
apptoXilllttely 8$ dftped \lUlu-spring lIlechanlcal s,stents (Flgure 7). "ence, 
lon1n8 maps that depict the frequency-dependent characteristic. of ground 
.haktttg are p1tyUcaUy ftl()re correct and have a Widet varlety of potentUI 
appUcattons in euthquake-re91Stant destgn than do lon1n8 up. that are based 
Oftaapptng ,*ak ground motion. 



Current knowledge of the frequency-dependent effects of the source. 
transmbsion path, and site has been gained from observationa1 and 
instrumental data from past earthquakes aftershock sequences nuclear 
explosions, analytical models and· laboratory measurements. These data. 
although limited. have collectiv·e1y provided evidence of the DIOst i.Illportant 
frequency-dependent effects. including 

(1) . The dom:l.nantepectral composition of ground motion and the corner 
frequency (i.e.. the frequency where the high- and low-frequency 
trends intersect) shifts to the long period end of·· the spectrum 
(Figure 8) as magnitude and Geismic moment increase'. (Magnitude and 
moment are re18ted to the mechanics of fault rupture). 

(2) The Earth's crust. which acts like a low-pass filter OJ'! the 
propagating body and surface waves. causes the high-frequency spectral 
energy to nttenuate more ·rapidly than the low-frequency energy 8a 
distance from the causative fault increases (Figure 9). 

(3) The regional seismic attenuation rates. which depend on the physical 
properties of the Earth'g crust and upper mantle in a regIon. can var~ 
conSiderably from one region to another (Figure 10). 

(4) Duration, of shaking, which depends on fault ruptut1! characteristics, 
can differ markedly for high-and low-frequency spectral compdnent8 
('Figure 11). 

(5) The amplitude and frequency cbaracterlsticA of groundmotiGn rec()rded 
at two adjacent sites, dependent on the physical properties 
(thickness, shear modulus, density) and geotuetr,y of the soil and rock 
column underlying the s1te$. can dUfer greatly as a consequence of 
the amplification of body and su~face waves (Figures 12 and 13). 

. , 

Local gl'ound J'~~ - Incorporation of the filtering effects of the local 
soil and 'rock column underlytng adjacent sttes in a region 1s probably the 
mC)st phys"tcall.y meaningful and practical way. in terttls of current knowledge. 
to improve zoning maps of the ground-shaking hazard. TecHnical I1terature of 
earthquake engineering an4 engineering selsmQlogy since the early) 900'8 has 
recognized and documented. that structures ~ounded upon· unconsolidated material 
are frequently damaged in earthquakes. More impPt'eant. the damage 
'di~t;ribu~ion on, manyoccaaions h8~ been recogtl.ized asbetng sit~e related. In 
this case (Figur~ 14). man-made &tructures having natural periods of vibration 
coinciding withthQse of the, underlying soH column have a greater 
susceptibility to damage than. structutes having natural periods of .vibration 
,that differ ,·from those of the soil column. 

Past.studies (Seed and .Idriss, 1969 Murphy. Weaver, and Da,vis. 1971' 
Borcherdt, 1975- Murphy andlJewlett. 1919; Hays. 1971, a,b: 197B; 1919,'Rpgers 
.a,nd Hays. 1978: and Hays ·and others' 1979- 198[.) have used ground-motion data 
to define the ground response of local areas. These and other studies have 
shown tllat t?e, transfer function. defined as the average ratio,. of the 5 
p.ercent damped., horizontal velocity t'.,asponse spectra .for a pair PI sites. is a 
function of the, shear-wave velocity. thIckness. water content. and, ge.ometry of 
'the uncon.sol1dated materi<li and rock unc!erlyingthe sites; 't'be study by 



1\oset'1l and "a1s (1918) suggested an illportant telearch re8ult~ nattely. that 
the horhontal trans·fet ftif'lcUonfor .. 8 pair of eites lit re'p~IlUble and can b.e 
deUt11Ilned fairly accurately from groU1"ld-ftloUon data eneo1Dpasslng a vide ranSe 
In. levels of pealtgroundaeeetet'ationand in d:rnartlte shear atTain (defined as 
the ratio of pea1t ground velocity t'ecordedat the site ,a1\d the shear:":wave 
veloeity of the near-surfacemlludal underlying the stte). txpet'tence has 
ahow that the most useful est11Iult.@ of the transfer function is obtained by 
averaging the spectul t'Iltios derived from several recordingt at a pair of 
stations. tether than from a stngle recordIng. The ideal case is to record 
gtound-motion data at two sites whose separation i9 s'fft811 relative to their 
epicentrd dtstance9. tn thi8 case, the admuthal dependence of the 
earthquake source function i8 not a biasing factor altd the transfer function 
will lUinly depict the frequency-dependent effecucaused by the differences 
in the phy91ca1 properties of the 8011 and rockundeTlytng the two sites. The 
trangfer function is not source dependent that 18, it 1s not· dependent on 
azimuth or arigle of wave inc::1dence unless cOlllplex 3 ... dll11enlional structure i. 
present at the source region. ' 

An example of borhontal traftSfer functions derived from the ground
lIIotion data slImple recorded 1n the 1971 San 'Fernando earthquake Is shown 1n 
Figure 15. These transfer functions correspond to "oliday tnn (HOI). 3838 
Lankersh1me, and Glendale Munlelpal Building (GKB) and are calculated relative 
to Griffith Park Observatory (GOe) (ttogeu and Hays, 1978). The levels of 
dynl1ll1c shear-strain esUlllated from the values of peak ground V!loctty and 
shear-wave velocity at these four dtes were on the order of 10 percent. 
The levele of peak ground acceletation were 18 to 28 pereertt g. !8sen't141ly 
iderttie41 transfer functions for these sites wete also obtained for ground
motion data recorded from explotiotls. 

Although the San Pernando earthquake produced more 8trong-tIIOtlon 
accelerogtalll8 than arty prior earttlquake, tbe·grourtd-lII.oUon data sample was 
Inaufftele.nt to define the3roundresponse within ttle Gl~dale, California, 
area accurately enough for ule inflOtllng. TbeafUtahoe'k data reeorded On the 
se18mical'ray of· broad-b.and instrufllenta (Figure 16) deployed in Glendale aFter 
the earthquake. however, cOntpl1l1lented tbe strong-motion data ssmple and 
provided a basts for calculat1ng site transfer functions in Glendale. 'P'igure 
17 Utu8t.tates hori%onul tta:nsfer funeUOfts for- (1) 'Verdugo Parlt (station 
38) relaUve to CrHftth Par1( Observatory (st4~.1on 46), (2) Verdugo '!Jark 
relative to Clendale ~unlebal '8ut14ift3 (sUtion 41). and (3) Clendale 
~ut1ie1.pat Bu1.lding relaUV'e .to ·GrUftthParlt Obaerifatory. Sutton 41 is 
lOC4Ud ott t1'lle)t(>30 m) alluviU1ll' sutton 38 is located on thin « 30 tt) 
allllViu1'lt at the bllSe of t1te Verdugo 'Mountalt'l8~ and station 46 is located on 
granitic toc1(. The first ttrO transfer funetlons s11:ow a signifIcant increase 
In the amplitude C)f Bround tesponse at the 0, 2-seeond period, The transfer 
funetion for thin to thick al1l1Vlut!lshtN9 substantial 8mpltHcatton for 
periods less than Q.3 second and essentially identical response for pertods 
greater than 0.4.econ4. Thus, the ahort"'period components ate attenuated 
mOTe In the thIck section of alluviUm than In the thin section of alluVium
The transfer fUTletion for thick alluvlUr1l to rack does not show the 
amplificatlon atshot't periods that the transfer function: for thIn attllVIW'ft to 
rock shows. 

Two 111891 of Iround response for the Clendaleat'ea are shown {nFigures 18 
and 19. the Hut map (Fisure 18) ahoVS the ground reaponse. relative to 



rock. for the period "and 0.055 - 0.16 seeot'ld. ~eC.U8e of the belt of 
adequate eontrol 1n SOllie parts of the aru the COt'ltours are arbitrarily drawn 
to confort'll with the interpreted distribution of 9011 and rock 1n the! area 

. (?igure 16). The Largest '1alues of relathe ground response for this short
pertod band oecur 1n the '11cin1ty of station 38 and eoincide with the 
dUtribution of thin allu'1ium along the mountain front, especially 1n the 
northeast part of the area. This zone is Where amplification of tbe hi8h
frequency ground motions would be expected. The second 11141' sbOYS the ground 
reaponse. relat1¥e to rock. for the period band 1.82 - 2.46 seconds. The 
largest values of ground response occur 1n tbe center of the area and 
correspond with the thick diuviulildeposiu. 

Ground-response rups. such as those shown in 1'igures 19 and 19. can be 
used in conjunction with a m~p of the probabilistic ground sbaking (see Ptgure 
2) or a map of the actual ground sha1dng ("Figure 20) eltperienced during the 
San Fernando earthquake to divide the Glendale area into ground-shaking huard 
zones. Such zones could be used to guide cotlstruction. atid land-use plannitl8 
and to modify earthquake-resistant designs. On the basis of ground response 
maps, planners and deci910nmakers might choose to locate,for exalilple. low
dse. acceleratiotl-sena1tive buildIngs at sites other. than sites along the 
Verdugo mountain front When thin alluvium over1y1ng rock causes tbe h1gh 
frequenc les and . peak ground aecelel'8t ton to be 8mplH led. Also. high-rise 
buildings having fundamental modes of response of 1.8 - 2.5 seconds range 
might be locatecl at sites other than in the center of the area where thick 
altuvil.lDl deposlU cause ampl1fication of the long-period se1.smic waves. The 
ultimate application would be to utilize frequency-dependent ground-response 
maps. such 8S. these. to zone for. the ground-shaking hazard as well as for 
other earthquake hazards (e.g., landglidesusceptl'bil1ty and liquefaction 
potentlal) and to guide structural design considerations. 

TECHNICAL .PROBLEMS 

Construction of zoning maps which Incorporate frequency-dependent effec·ts 
caused. by the local geology lEI controversial. primarily because of the 
limitations of the available e~pirical ~ata. T~e data are simpLy too limited 
to establish accurate frequency-dependent relat10ns and to resotvp. completeLy 
technical iS8ues .Eluch as~ 

(1) Over what range of ground-mot Lon data .and levels of dynamic shear 
strain Is the site transfer function repeatable and essentially 
unchanged? 

(2) Row does ground response vary wi th depth belov the surface? 

(3) What uncertainty is associated ~lth a mean site transfer function? 

(4) What physical properties control the spatial variation of ground 
response in various geoguphical .reglons o~ the Untted States? 

lUsh-strain ground shaking - The question of the dependence of a transfer 
function on the level. of dynstI\ic shear strain 1s one of the most important 
questions needing resolution. Local ground response 19 compliCAted by the 
fact that sol1s can behave nonlinearly· their shear modulus and damping 
charactertsticsare strain dependent. ltesolutlon of thIs technical question 



will not "e possib te Uftt n ground-1ftot1('1'l data are aequl red near the causative 
fault for earthquakes of magnitude eM ) 7 and greateT. Such data rill permit 
more precIse zoning of the 8round-8ha~ing hazard In the vicinity of the fault 
lone--the area where high-strain effects are greatest. 

Velocity seiaaograms (see 'igures 21 and 22) can be ua~d 1n conjunction 
with the shear wave velocity of the surficial aaterials to estimate the strain 
level induced In the so 11 and rock at a dte during past earthquakes. the 
procedure 18 to diVide the peak particle velocity recorded on the selslllogum 
by the shear-wave velocity of the material underlying the site to obtain an 
estimate of the level of dynamic shear strain. Tables 1-3 contain peak values 
of velocity recorded in past earthquakes. ~epresentative values of shear-wave 
velocity, detemined for unconsolidated materials in the San 'rancisco 'Bay 
region (Gibbs and othere. 1916). are' 

(1) 

(2) 

(3) 

(4) 

(S) 

(6) 

(1) 

(8) 

(9) 

(10) 

55 to 115 m/sec - very 80ft to 80ft clay aftd ailty clay 

160 to 190 mfsec - med1um stiff clay and ailty cla, 

170 to 305 mfsee - very stiff to hard olay and silty ~lay 

210 to 310 mfsec - sandy clay and silty toam 
,~ 

240 to 270 m/aec - interbedded sandy gravels and sUtycl.y 

150 to 250 m!sec - loose to denae aand 

250 to 400 mfsec - dense to very dense near-surface 8and 0-12 m thick 

250 to 570 m/sec - dense to very denAe sand 12-30 m thick 

400 to 500 m!sec - near-surface gfavel 

420 to 750 m/sec - deep gravel 

On the basis of these data, the greatest level of dynamic shear strain Lnduced 
tn 80tl and rock during past earthquakes (for which accelerograms were 
recorded) was about 2 x 10-3 percent. 

The regional attenuation relation for peak velocity proposed hy Seed and 
others (1976) can be used In conjunction with values of shear-wave velocit~ to 
est!~~te ihe epieentral distance to speci'ic levels of shear strain (e.g., 
10· , 10· • etc.) in all euthquake. Sut:h An P-Cltimltte 19 shown in 1='t~ure 2') 
for a geo~raphic area assumed to have surficial matertal~ characteriz,d by a 
shear-wave velocity of 200 m/sec. The epicentral distance t~ the 10- level 
of shear strain is about I9 km' the distance to the') x 10- level is About 
2 km. If the 5 x 10-3 level of shear strain m8rk~ the first onset of 
slgnlflcant nonlinear behavior (as suggested by rlatareported by Rays and 
othets 1919) at sites underlain by unconsolidated material. relative to that 
for rock sites. the size of the zone to account for the effect of high shear
strain effects ie not very large. even when the ground is poor. 'or better 
ground (e.g. 'b-SOQ1II/aec). the size or the hlgh-straln zone 1& smaller. Thus. 
the tastt.o~ incorporating high-strain effects and local ground response in 
zoning mapa of the ground-shaking hazard appears to be feaSible. 



The OVE'!ull complexity of the Mrthqualte faultlng mechani8m 1II8ket it 
Hfficult to predi.ct the sei911llc wave t1pe that will cause thepeakgt'ound 
velocltyand induce theshearstraln in the8Qll c~luflln at A.gtven loeatton. 
"owever. s01'll~ general guideHnescan· be .~iven . on thebu18 of cunent 
~ow1edge ahout wave propagation and theava1.hb1eel'llp,irtealdau. 
Close 'to the fault. the loca.tion of thest.tetehtil1et" the fault rupture 
surface 19 the controlling factor. 13ee4ttsl! of the complex nature of a 
propagating fault rupture , marked differenees .1n the levels of peak ground 
motton w1.11occut' at points located indifferent dlrections from the fault 
eurface ( Archuleta and 'Brune, 1975). Ve't'! near the center of a fault surface, 
the predominant low-freq1lency IIlOtiOfte are lrithe direction of fault s11p. 
Large ttatteveue !'!ottons are observed at the ends of the fault and neu the 
front of a propagating rupture (e.! •• 1966 ParkUe1d and 1971 San fernando. 
California, earthquakes). 1n a 9trike ... sHp earthquake.(e.s., 1940 Imperial 
Valley. C41ifotnla). vet"tical gro.und tIIOtions are geMu1h slDaller than 
horizontal ground motiona aad richer inhlghfrequel'lc1es. (ffo1ol'ever.the 
oppoelte wae tt'ue in the 1979 Imperial Valleyearth~uake). It appears that 8 

location directly. in line with a propagating fault ru"t'ure will Uke1y 
experience hIgh .8n\pUtude shear waves haviagp4tticle motiona transverse to 
the plane of the fault. Relative1, higher frequencies and amplitudes 101'111 be 
experienced at points ahead of the t"uptut'e than behind ft. 1ft coritrtlf't.a 
location at 450 relatIve to the fault plane wHL likely be rich ill 'P-waves 
havtngpartic le tIIOtlanud ial to the est'thquake source. 'thua, the location 
snigeometry of the fault rupture surfaCE! is very important when describing 
the veladty ground motion field clOSE! to the earthouake source. 

At distances of seveul rupture lengths or mote £rOt'll the causattveFault. 
the characteristics ofgt"oundshak:l.ng are realit:l.vely elisiet to define. 
'Because the e41."thacts l11tea low-pass filtet. the high-frequency body-wa'le 
enet"Sy causbg the pettk gt'ound accele'tation i89harp1y atteauat@d within 11 'ew 
tens of kilometers .•... l\eyond tht8rang~~. the Rayleigh wave. which propagates at 
about 0.9 the shear-wave velocity ana attenuates lIlor~ slowly with distance 
than the P and S waves, f1."equently produces the peak velocity on the 
seismogram (Figure 21). ~ere are exceptions, ho~ver' it appea~9 that sites 
underlain by several teM to sevenL hundred mf!teu of unconsolidated 
materiatswill ft"equently record l'i .vell developed 1tayleigh wave ("Ranks, 1976) 
that causes the peak groundvelocltyat the !lite. Such a wave typically 
shows dhpersion. h!19wave1€!t'Igths ranstng frol'll a few hundred meters to sevet'al 
kilOTlleters, and samples a faitly large portion of the 'tarth's crun as it 
propagates. 

The focal riepth of the earthquake should abo be considered in zoning. 
1ncreastng the focal depth tends to reduce the surface .wave energy retative to 
the body wave energy. Therefore. one would expect ellrthquakes having shallow 
focal depths (e.g •• o-~n 1c1It in .the New Madrid. '(iuouri., and Charleston. South 
Carolina Areas) to be 11Iore efficient genera tot'S of surhce WI1'1es than 
earthquakes having deep focal depths (e.g., 50-M 1011 in the 'Puget Souad, 
"'ashingt~n area). l:'or the deep-focus earthquakes. other consitieration8 3f'e 

important in eva1u4t:l.ng the llk@Hhooa of !lUong 8udace waves at the sUe. 
The moqt importAnt consideration is whether the geologic 8tt'ucture and the 
distribution of the near-surhce unconsoltdat~ mater-ids can cause trapp~d or 
channel waves to forlll. 



veriaHan· of ground.Ies-ponse tlithJepth - Data showing the va dation of JrO,Uftd 
response with depth arE! meager in the United St&ti!s.1teeently. data ha11e been 
acquired at tilt teo in Nevada using surface and subsurface InstrU1ftent Arra,i. 
At one site, identical inatrU1'llenU were emplaced in rock (t~f)ln the bottom 
of a 41 ttl drill hole at Reatty, Nevada. and at the surfaeeoti-al1uvlum. 
Explosions werE! recorded on the array and used to establ1shthe mean transfer 
function (P'1gure 24). The spectral amplitudes of the 8ubsut'faeegrourid 
motions are les9 than those on the surface. with the subsurfaee valuesbelng 
about one-tenth of the corresponding ~urfaee values in the vielnity of 0.3 
second, the chatactet'1.stlc site period (t.e •• the period that correspondlJ 
approdmately to four times the thickness of the alluvtum divided by its 
shear-wave velocity). This result is valid only for low-strain ground 
motions. 

Uncertainty associated with a mean transfer functiOn - The best data available 
for defining the mean transfet' function was obtained in the 1911 San 'Fernando 
earthquake. Although the available data correspond to low-strAin conditions. 
the mean transfer. function appears to be remarkably repeatable. Figure 2S 
shows the mean tt'4tlsfer functton for station 38 relative to station 41' It Was 
derived from 10 aftershocks recorded in Glendale, CalIfornia and has 4 
standard deviation of 1.50. 

Horizontal spatial vari~tion-2!. groundres!,onse - The ground response in an 
area 18 uniquely related to the laterally vsrying phystcalproperttes of the 
subsurface geology. Each geogrllphle area has its ow characteti&ties. of· 
ground response which are controlled by one ot Yliorephydcalpropettles of the 
soil and rock: thickness, lithology. geometry, water eofttetlt, Ihear-wave 
Velocity, and density. For example, Las Vegas. Nevada,is a elastic eltample 
of an. area where the prinetpat charactet:lstics of ground responS4'4ppearto 
correlate with the effect of lateralc:hanges in thickness andUtholbgy of the 
alluvium in Las Vegas valley (Figure 13) Ofl propagatingltay1etgh wa~ea (Mtltpby 
and "Pewlet t, 1975). In Salt take Cit,. Utah, thickness and deg'ti!e of water 
content b, WQlght appear to have thG gteat~8t: affect (t'ht1~ 4t'ldothe.r8. 198!) 
on the spatial variation of ground responl!le. 

If one could define the SUbsurface geology at dte. 1tith:ln an atea ftlOtre 
aceutately, it would be e4rsiet to predict the pdntlpat characteristics of 
local ground retlponae. A site model. auelt as shoWn itt rig.ure 26 far the 11 
Centro, California, tite. is needed for all sites in an area. 'Modele Hke 
this require borehole data and geophysical mell9ure11lent9 (e.! ... , _elhic 
refleetiOtl lines t velocity spectra) and are generally unatUinable without 
great expense. 

9 ... 9 



SUMMARY 

Although current zoning mAps of the ground-shaking hazard wIll remain 1n 
use for some time. improved maps that incorporate the frequency-dependent 
effects of the fault rupture And of the regional and local geology on seIsmic 
waves will evolve only as adVances in data gathering, physical undet'9tandlng. 
and capability to model numeric81ly occur. Such :!loning maps w111 require 
additional data. including' (l) strong ground-motlC}n t'ecords at outface and 
subsurface locations in many areas for a wide range of levels of dynam.ic 
shear-strain, (2) seismic-wave transmission ch8tacterisUc8 of a wide range of 
unconsolidated materials overlying rock for a wide range of shear-strain 
levele. (3) inforTflation fI'M in situ and laboratory measurements on the static 
and dynamic properties of a wide range of subsurface materials. and (4) better 
understanding of the faulting mechanism and the important differences it has 
on ncar-and far-field seismic radiation patterns. 

9 ... 10 
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Figure 1. Elements involved in zoning of the ground-shaking hazard . 
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Figure 2. Probabilistic 20ning map showing the pe.ak a.cceleration at 
sites underlain by rock In the conterminous l,lnitf~d States (Al&ermis~em 
and PerkIns, 1976): A IO-percent probnb11ity exists that the specified 
level of ground-shaking will be exceeded in 50 years. 
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Figure 3. Schematic illustration of the elements involved in construc
ting a probabilistic zoning map of the ground-shaking hazard. A shows 
three typical seismic source zone configurations and the grid of points 
at whiCh the ground-acceleration hazard is calculated. 1. shows typical 
statistical representations of seismicity for the three seismic source 
zones and peak acceleration attenuation curves for the region encom
passing the three seistllic source zones. .£. depicts a typical cU1Inllative 
probability distribution F(a} of ground acceleration at a given site • 
.!! shows the extrt!!me probabiUty F 'x t a fot'vaTious levels of peak 
ground acceleration and exposure m~s f it a given site. Acceleration 
values obtained in.Q for every site form the basis for constructing a 
cottfitour map such as shown in figure 2. (Algermlssen and PerkitlS. 1976). 
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Figure.5. Average value of peak acceleration at sites underlain by 
rock in relation to distance from the causative fault. The solid curveo 
for the Western United States were proposed by Schnabel and Seed (1973); 
the dashed curves for the Eastern United States by Algermissen and 
Perkins (1976), ' 
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Figure 7. S~hematic illustration of the en,semble of damped mass-spring 
systems which are used to es·timate the frequency-dependent response of 
structures to ground shaking from the 1940 Imperial Valley, California, 
earthquake recor.ded at El Centro. 
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A METHOD OF SIMULATING EARTHQUAKE 

GROUND MOTION BY EQUIVALENT BLAST EXCITATION 

ZHANG XUE-LIANG~ HUANG SHU-TANGI 

SYNOPSIS 

By comparison of' tbe dynamic response characterics of' 

bUilding structures under earthquake and blast excitations, 

a method is suggested to generate an equivalent blaet shock 

with variousf'requencYf amplitude and duration of' .action, 

which will produce same effect on structural respoDse, as 

an earthquake with expected intenSity. This method can be 

used not only :for the study of' structura.l response charac

teric8, but for the study of various factors , such as grorJnd 

soil and topography etc., af':fecting earthquake ground motion 

in the testing field as well. 

INTRODUCTION 

Various experimental method are useful for the study of' 

dynamic response of bUilding, ground soil and local topo

graphy etc. under earthquake excitation. First, it would be 

better to establish some strong-motion observation stations. 

on various site condition and buildings located in the 

l!Ieismic active sone to acquire strong-motion seismogram.(l) 

(2) The negative f'eature o:f it is that we could not pre-

Oi •• ly predict magnitude, time and place of occurence of 
f'uture earthquake. Therefore, up to the present time, only 

a liMited number of strongfttotiollseisitogramshave b •• tI 

acquired in th. trorld .. On other words. it is independttnt of' 

man's 1fil1. Second, we can make a survey of' cons.quellces of' 

tai"thqune damage. and then with appropriate judgement w. 
,.t an idea about tbe cllaractertcs of' earthquake damage. 

1 ~eilitllolotic.l :Bur.au of Jiangsupro't'lnoe. 
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Needless to,say, the meaning is only in the qualitative sen

se,with the change of conditions. the conclusion is doubtful. 

and third, dynamic model test may be proceed using earth

quake simulating shaking tab!" •• Though it has been widely 

used in earthquake engineering,the size and weight of' tes· 

ted model is always restl'icted by the capacity of shaking 

table,so it is very dU'ficult to carryon a large scale mo

del test,satisf'Ying dynamic Similitude.())What is more, to 

simUlate local site condition and geographical topography. 

Blast induced ground motion has been employed to study the 

dynamic response'of' propotype and model at site,but the es

timate is also qualitative, f'or it takes into consideration 

only the magnitude of blast induced ground mot!on.(4) Our 

method takes the adVantage of' desirable features of' blast 

induced ground motion. and at the Same time, we make ac

count for frequencies, ampl! tudes and durations 01' action 

o~ blast shock, as all these factors affect the structu-

ral damDge3. Based on the fact, that the dynamical struc

ture response is the same under earthquake excitation And 

blast induced gI'ound motion, it is possible to generate an 

equivalent D~a3t 'shock to simulate the earthquake ground 

motion. Us:1ng th:1s method provldes us posibility to c&rry 

out research work at site. not only we can study the beha

,vi our of earthqUake resil!l~ant structures, besides. we can 

get an idea how the local site condition affects the earth

quake ground motion. The main concept of this method is 

described asfollws. 

~REDICTI~N OF INTENSITY OF BLAST INDUCED 

GROUND MO nON 

Tbere are a rtt:llnber of factors. which g.lve inf'luence on 

Ilagnitlide of blast induced ground taotloil, f'or eXa1Ilple, 

charge size, burial depth of explo.;ii'f'e, physical parame

ters of source, propa~ation ptli"th, local site condi tiona 

and epicentral distance etc. According ~o th. observed re

sults, with increasing char,.. ai.* til. 1nduced maxiMWI 

ground acceleration increasee whil,. with increasinS die· 



tance apart f'rom the epicenter, it decreases. Thus, an em

pirical f'ormula can be expressed a8 rOLlo¥s.t5J(6J 

3/A 0( 

a=K[7fJ (1) 

where 
a maximum particl'e aCtel.eration or ground motion 

,m./sec.,; 

Q --- explosive weight (kg) I 
,R --- epicentral distance(m); 
It, 0(. --- constant, varies with local site condition. 

Approximated values of coefficient K and 0( can b. deri

ved statistically from the data of observation, they are 

gi"en below 

hard bedrock 

medium bedrock 

k-150, 

k=220, 

-1.7; 
-1.67, 

shallow surface s01l k-)OO, -1.6. 
According to the formula (1). the oorresponding earth~ 

quake coefficient of blast shock in the hol1zontal direc

tion is 

KHiaa/g 

and accordingly, in the vertical direction is 

Kva~.a/gt Cor small epicentral distance; 

Kv.(2/3)K
H
-(2/)a/g for large epicentral distance, 

where 

g --- acceleration of gravity. 

CHARACTERISTICS OF BLAST INDUCED 
GROtmD MOTtl ON 

n.aigra spectrum {'or blast earthquake resistant cona-

truction can be writt.en as 

~ aO.03/T1 .,.. 

f3 a2.0, 

daMping ratio ~aO.O~. 
"here 

follows. 

T)T 
, mJ 

l' < Tm; 
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'I'm ---periods of the response spectrum at its peak va

lue \ sec); 

dynamic magnification coefficient; 

--- period (sec) ~ 

It is shown inthefiglire 1. 

Compare the respohse spectra and Foul";l.er·spectra of 

. bla.st induced gt'ound nttJtionwi th those of' earthquakes, you 

can see they h::1vtJ·the same characteristics. (5)peakof blast 

response spectrum is very Sharp and occur within the range 

of very short periods,triore than D.lsec.spectral curve dec

rease rap1.dlY with increasing period, and with periods more 

than 1 seconds. t it tends to zero. 

DISCUSSION OF THE METHOD 

The damage of buildings is mainly related to f'requen

cies, amplituq.es and duration of' action of the ground mo

tion. But those factors of blast induced ground motion are 

different f'rom that of' earthquakes. Vibration f'requency of' 

the former 1s very high, the main frequencies.of accelera

tion range from 15 to )0 Hertz; duration of' motion from 0.) 

to 2 second; the amplitudes of acceleration may approach 

even to 25.)g. A large blast of nearly one thousand tons 

causes damages only in the vicinity of it, and apart from 

the epic~liter more than orie kilometre are rarely damaged. 

What about earthquake, vibration fr.qtienci8a of it range 

from 2 to $ Hertz; (7)duration of motioni! longer, some

timeS it ma"Y approaches 40-50 second; (8)(9)(lO)peak: value. 

observedacceler-ation is about l.)g. A severe earthquake 

May cau&. damages lip to several hundred kilometres. Expe
rienee indicated. when th4!J maximum acceleJoation of' eartb

quake ground motion exeeect 0 ~ 1« (equi 1raUfnt to grade 01' 

intensity), the buildings would be damaged to !Jome extent. 

But only wh&n the Maximum acceleration of' blaLllt motiOnMo

re than 19. the bUilding. begin to aecompany with light da

mage. This fact oan be explained by their respons8 IIpectra. 
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At the period of 0.2 sec •• the dynamic magnUication coeffi

·cient of bla$t motion is only 1/2.25 of that of earthquak.$, 

.. and at period of 0.) sec., oIlly 1/7.5. Tllevibration.of .ge~ 

neral engineering structures varies :from 0.2 to 0.4 sec., 
: . ." , ". 
therefore, this maybe one of the reason why building struc

tu.res ca:tl~e$ist mu.ch nigher value of blast induced gro\lnd 

acceleration. And besides., the dynamic s.trength ·01' material 

of. bUilefings may be inoreased under short perio<l of dynamio 

loadings induced by blast shock. So ,the main differences of 

blast and earthquake ground motion consist in their dH'fe

rent response15pectra and their dif1'e:rent period of action. 

According to this, we may design equivalent blast shock with 

correspondingfrequ~ncy. amplitude and duration of action 

which. will produce B.ame e~fecton str.uctural response as an 

earthquake with expected inten15ity. 

The main idea of the method is described· as below. Assu ... 

me the building can be represented by a·straight cantilever 

beam, dynamic response of the building can be obtained from 

response spectra. Apply the condition o:f equival~nt damage, 

the arti:ficial earthquake can be generated with equivalent 

earthquake intenSity. The equation for determining It'spa

ramaters are given below. 

1. Analysis of building damage under earthquake action. 

Using response spectra, t.he inertia :force corresp.on

ding to the J-th mode of vibration at point i is 

where 

KH bori zo'ntal earthquake coef'f'!cient; 

C' --- syn'thetical influence coeff'icient of structure. ; 

" a. __ ... dynamic maganif'icatioll coefficient of j-th mode; 
(-'I' .. 

. 1zi. --- p8:r t.1capation 1'actor of J ... th mode; 

XjUJ-_· alllplitude 01', j-th mode at point :1; 

Wi ... _- lumped weight 01' bUilding at point 1. 
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Total ehear of'. building at point i 

base shear 

resisting shear strength 0'1 building 

aO=[-cJF \6) 

where .. 2> 
. [1:] ---allowedah.ar stress .(kg/clI ); 

F ---cro.,s.,;.section areaof'be~\Cmil). 
If" the building is da;mage~ due·to shear. then at any po-

int i, if' 

i'aiinre will 
U' 

occur. 

but base shear 

or 

then failure just occurs at the building f'oundation. 

or 

At the critical state of!)l'ailure. we have the equatioD 

~ == c{f~[fFX(.) 'W,J' 
tJ {=, d (j d 

.; . tllF 
~ =rz; /$[£ A./f(; ~ (c)Wlj-T" 

"!'i til '=1 r;; v·· u . . 
If the tIt.ter.i.al and ~ype of structure. is given, the.D 

(8) 

the t-ight hand sfde t.anu of equati(UI{8, .... known. If' we 

take theultlt1t.te dyn .... 1cal strength of Material. then 
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, .....• .' t 

OZ.l, and we obtai.n the ori.ti.cal·e,ar'thquake coef'f'i.cient KH 
of' building' ta!luret:i'Oitltlle.equation( 8). 

2. AnalY8i.orbuildingda~~gedtt. to blast Shoc~. 
': . 

We ju.st prooeed in tho same way, .}>last induced inertia 

f'orce of the J-th mode at point i i8 

(9) 

Q,' j+[4-kJz~.f.X.(iJ~].2 (10)' 
j' . d dd 

base shear 

or 

~=-J1-(t""Cz!1'lj ~() Wt·y \11
) 

If' sbeai l'ailureoccura, ~nd tne, ,base, shear 

Ij.l!!kr:t 0 

\.:(0 .. ' ~ 

(12) 

then the failure occurs tit the building f'oundation. 

wbere 
K is the coefflcient introduced, considering the increa-

sed dynamic strength or mate,.ia! .. 

or 

J. Detemination ot equivalentblaat; shock. 

Coefl'icient Koan be.obt~ined fromequation(12) 
"" = 'KlltZ' ~ti:Jf.x:((T~~J2 '. . " '.' iV jl 't, (~ ~,iI . . _ 

. . QO 

_ KHCz)~if /3,;'l,lJr,)W,;j2 
I< - '.. d~ 1tJ,{JF. . 

on the I'igbt hanc:llic;le of ~uatlonPJ) all te~s are 

kilown. 8)(08,t .the hori.ontal earthqu,8.ke 0081"1'1c1ent of'b1aet 

.ra,. 1s 

obi.in 
d)'namicmagni£ication coerf'1c1ent 01" blast mot.1.o*,. 

tl'_ d •• ign a.,.ctr. for hiaat earthquake. If the ul-
. ,", - ..',,' . 

t::l.lft: .. t.ct1'Dflltt:eet,..,."tb of' m8.te"i8.1b&s been taken, then 
.... 'f ..•. '.. ." •. '. • 

01-O'Z.1. i$ t .... bl.a·~ and earthquake cau.e. .,dentical d_~ 

~o t'IM lttiild'lncli t thell va ha .. 

10-7 



or 

j i[t kI1C2A.'l.X.· l()W]2 =k /~[f-~'c;g.'I'l ~(Y"'l'J2 
·cJl:;' . I-;;'.~' d 'Ad (='" . I d ';) (7 

After rearrange the terins ,we get-' 

(14) 

Using the ,:formula( 14), we can oe8ign equ~ valent .,.blast g.round 

motion with various frequencies, amplitudes and'duration of' 

action f'or any given earthquake intensity. .' . 

EXPERIMENTAL STUDY. 

The proposed method has been used f'or stability analysis 

ot an earth dam XingWIB.!lgzhuang 01 Anti reservoir inShandong 

province. The mAIn instrument used 115 RDZ-1-12-66 type accw

I erof~raph wM,ch is of •• ~t-'triggered electro-magnetic type 

with 12 channels. Wide freque"cY,rangeoflinearity (0,5-

80 HZ:l~),ad.justable sensitivity (0~5-10gal/mm, ,,)speeds 

of recording paper (2.1, If.8, 11.J em/sec). Such instrument 
- . 

is especially sUitable for measuredJent ~f ground motion with 

rather high frequency content and measurelll'ent of' structure 

vibration where simUltaneous recording-at.a number of points 

is required,.(ll) Two columns A 'and B of' loam ramed in layers 

wer. used as standardlllodels located 18 and 22 meters :from 

theepicent_r r.s,pectively. Tbe dimensional' columns iSt 

cross-sectional ar'ea 51cmx71cm. height4tn. The attenuant 

curves of blast ground motion, the ift1'ormation of'80urce atld 

observed test data are Shown rttiJpective11 in Fig~2liind given 

in· tab 1e 1,2. 
~f'ter the actioll of blast, the colutilll* ob.iot.tsly danta- . 

gsd due to shear. The crack .• of col un"'. cut. through the 

cross section at the baae, the crack wide o:f colunm A is 



about )cm, ..,hit" 01' the coluna. Dis very:l'ine. it. relative 

displace.ent existed at 2 metre heigbt1'l"om th.ba ••. of'eo ... 

lunms, whichattaiha to a maxima value$ 01'2.5cm andl • .5cli 

1'01' colunms A and B respectively. Near-by the bas."8 Gf eoltiDfJl. 

there are vertical and horizontial cracks a·tid ralls ot. pie

ces of' soil, at the lateral 9url'ac8$ of'colUDms obs.rv.ct fine 

ct-acks below the section 2m height. f'rom the base. 

INFORMA'l'ION OF SOURCE 1able 1 

Serial number of' epicenter Ro.:! 1(0., 

Position 01' Horizontal distance 
source from the axis 01' 10 -80 

dam (Ill) 

Altitude 153.503 157.027 

Depth of' source (ai) ·12 12 

around water level (Ill) 164 166. 

Explosive weight (kg) .5 :l00 

Volume of' explosive room (m) 0.-0072 0.)0 

Plugcd length of' well (m) 10.1 12 

Exploaive coef'f'icient of' 14 24 
concentration 

bperience indicatea that the clam age of' cblutadta 111"8 du .. 

to aheal". 1'hecoluD1II :B 1s just at the cWitical atat. of' eta
_age. theft tite cri t1.oal earh.qude ooe.:rticrl'ent o1'coiua I 
can beobtallttul f'l"omth.equatioa(8), -wh.re right hand $id_ 

t.rilia ~'an 'be .obt&1ft8d tfoOIb tHe latertoHnUa. S1nc. the cl. 
otJlll •• ct .... d _:ttlly dtte toehoar. ohl, tbtt .hard •. 1'oHl .... 

ti6tilt of'coltdfih would b. tl!Lken Iftto cou8id.ratiou. 1.'ho J-tll 
perlods of' coltmi1 ii. 

°.11.1". tli .... _- oe.:tric.teftt r.tl.c.d the ,.tl16 •• t .1 ... tl_ ... :. 
I 

tI --- oolUJIM •• iClltC.'. 
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, --- acc.leration o£graTity (C_/S80 2 ); 

f --- weight of.' material o£ p.r tltU t volulh8 (kg/.') J 

·G --- Ilfhear modulus. 

From the r.rerence (121, we get 

c.p,,,4 .48; %e1. 49; c{J3 eO.895. 
AccC)rd:Ulg to the tes<t data at site, w. take 

Vs ~ 1- = 200 "'Isa: 
substituting in the equation (15), rtt'st th ... e p.riods can b. 

calculated as follo~8 

1'l-0.0286se(" l' 2s0. 0095.ec ; l' )sO. 0057"eo. 

corresponding mode shapes can hA obtain.. E~o* *he r.f.'.rence 

(12' • 

Based on the test data, the dynamic strength of' material 

can be raised 5~ than the static value, and finally we get 

QO -1.5 (CF+Wtgc.P) 

-1.5 ( 1. 0 ~ O. 51 ~ 0.11.'( • 1 ... 6 X 0.2») 

-1.4 t., 

where 

e and q, is coefficient of friction and Tiscoclty respec

tively, the magnitude of which gets from test. If.' we take the 
I 

ultimate dynamical 8trength of material,then C
Z
.l. 8ubstitu. 

ting In the equation(R). w.obt.in 
I 

Ka-l.4/J.798-0.J7 
that is which the co.1 umn B approache ... damage of.' 9 grade o£ 

intenSity. Substituting the observatJ.onal aazilllUlll value 4.42« 
of acc.l.ration at the ba •• of column B into the .quation(l) 

get· /(HCz). i[~ f3J~X:fc')Wt·ji 11.11·2"/ ~2.'l-°7 = -7b 
K=· oJ t. '_(50 - - /.'100 /' . 

f we 

AfteS" getting the values 1<. we can calcula'" the oartlht 

quake co.ff'ici.nt ot: blast .hock from the equat1on(14) £or 

dosigbed equiv.l.at blast ground motion with expeoted •• i •• 1c 

inten8ity. 

Por exurpi8 f if' W. 81imulate all .artbcl .... of 8 &r-ado of' 
• int.nsity, that 18 Ka-0.2. From the equat10a(14), ~. obtain 
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Table 2 

MAXIMA VALUES OF OBSERVATIONAL ACCELERA'l'ION 

Serial n_ber 
of 

test pOints 

1 

I 

1 

I 

2 

2 

) 

4 

5 
6 

1 
8 

Serial nuMber 
of 

seismometers 

04 

06 

211 
2,4 0, 
07 
08 

09 

10 

11 

12 

1) 

04 

as 

06 

07 
08 

09 

10 1, 

Position Peak 'Valu.. Epi e en-
located of' t:l".8,1 dis 

A bas8 
A top 

Aba •• 

A top 

B bas. 
B top 
Ground 

.. 

.. 
n 

.. 

.. 
Top of 
dam 

Toe of 
dam 

Ground 

" .. 
" 
" 

aoeeHtration d.istaJIoe 

Haria1 Ve .. ti-
(<<> oa1(g) 

6.S 18 

1.4S 18 

5.)1 18 

).4, 18 

4.142 .22 

1.61 

4.) 
).2 

1.48 

1 •. 42 
0.727 
0.548 
0.141 

0.276 

0.158 
0.)00 

0.171 

0.184 

0.10" 

0.025 

22 

)0 

42 
58 

7) 
100 

146 

72 

14.,1 
li2 

56.8 

6).6 
72.4 
212.5 

Tbi.e is aft • .uple f'Ot' simu1atitlg eal'thquad:. ground _

tiora by .quiV1llleat bla.t eltoitatiora of' in8tutan.Ou.Il •••• 
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but the duration of' dlotioll is ahort •• , .CM adopt the blast 

dela.,ed tim.iIlt_Mral intb •• icinity ofa.otiohato .. in
crease. duration of' blast .grouad llot:1.on .• 'the. duration d .... 

layed time inte",el can be ch*t.nid.nedallll toll0.a 

t.*0.2)O-(Ri +1-R1 )/ •• , (5' (16) 
wh.re 

0.23 --- IIlfJan dUf'ationof' liain vibration of' blast ground 
motl"ODi 

C -_ ... cottatailt (O*O.,-:t.O). "'arl.s with charge 8i*._. 

li+l t Ri --- distanc .. ,.'ource0:l.+ltOito detector. 

APPLICAT!ON IN REGIONAL S'f}ISMIC ZONING 

'l'heproposed .ethod can h uee. to etudy iD.dividually 
tho._ factor. which a:ftect the ground dtotioll charactttric8, 

such ae .achanismof' *ource, propagation patll and local sit. 

condition etc. It can a180 be used to study the r.pfJa" of .f
f'eots of earthquake at the ...... site. coilliq from different 

equivalent blaet .hock; to stuCy the rule o:f variational cha
racterica of a~t. reapon.e with r •• pAct to propagation path 

and looal aite ooDdit1on; to .:ttidy the dynamic ehara:ct~ric8 
or ground soil und.r dirrorOtit d.tof'fWaticm atat. of' it. oct 
.0 on. t-be te.t r •• ulta cO pro'f":i.dtt tt .. e:fdl quabtitatift ltl
f'O:i'lllation tor etruetural d •• ip and f'"or rltfgfcJnal •• ta.io 110-

ning. 
ne ... thod needa .,,_rif'1.cation ,1ft pt'actt .. aDd f'll~tb.U!· 

ilftprov .... t, '0 .8 •• ,b.tteJi' r6£1.ot the ground _tioll ell •• 

raoterioa at the eit6. 

ACKNOWLJ!fJG.ft1' 
flIea"thore "1.~h to thUle: Eng1a..... Li J .... cbub ad1! 

tti~ tor ttteirCNat ."l'Ol't to 1u,.,1.t. tll. eSpitriIMttt at 

a1. te. Utu.f'Ul8U,,,. t i", "" '1'01' ..... 1'. WAilt 4uannuaa dd 

Lin 0 •• ar.'f'ato-1'"ul1y ackDril."'d. 
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" ,USING AIR REI10TE-SENSINU TECHNIQUE IN STUDY OF 
'-i'»'GSHAN EARTHQUAKE HAZARDS AND HAZARDS 1t'lICROZONING 

-,.-: 

I •• Introduction 

Seismology is to a great extent a science of experiment. 

Great earthquake in constant occuring has advanced the sCien

ce of seismoloQ. Man's knowledge of earthquake begins 11i tb 
- " 

the f1eld 1nspection of the damages caused by earth-

quakes. 1he study of in-a1 tu and abnormal catastrophe has pro

moted our understanding of theseismal science. Ouraia a 

country with frequent shocks, hRVing plenty of historical re
cords on earthquakes, which supplied us, as early as 3000 

years ago," with precious materials in researching on China's 
earthquake. 

However, these matal'ials are too simple compared with 
thosee;ot from a great earthquake area nowadays. In the mean 

time; we are unable to see back the on-ai te condi tiona of the 

time .Up till now we can not even catch the all-round condi

tions of the site for the limitation of our eye-sight in the 
lnspecrt10n "of the damages caused by an earthquake. Mallet wro
te in "the Gx'eat Neopoli tan Earthquake of 1857: 1b.e First lrin

ciplesof' Observational Seismology tt : "When an observer first 

el'1ters'upon oneot these earthquake-shaken tOlfns, he finds him

self iii the m1dst of utter confUSion. He "anders Over masseS 
of dislocated stone and is appalled by spectacles of de sola

tion.It 1a only"by Baining some commanding pOint, whertoe a 
general Vi ell " ove2' the Whole field of ruin can be had, and then 

, by patient In8peot10n of many details of overthrolf f that we 
at length perceive onc~ for all that the apparent confusion 18 ______ .~ ________________ w-________ ~ ___________________ ___ 

* ESrthquake Research lnsti tute , State Se1mnologioal Bureb. 

WuOhang China 
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but surficial." 
In order to find!1"commanding pOint "wh1,.ch suits the in

spect10n . 'of· any field hit by shock and directly takes· down 

the actual spectacle of an earthquake, aerial photo is intro
duced into use in the investigat1onsofearthquake damages. 

ille first world aerial photo for the purpo·se of examin-
ing earthquake damages might have been taken by G .R.L8wrencJ,U 

when the April 18, 1906 earthquake took place at San Francisco. 
Jiis c9Jl1era was ,as heavy as ~1000 pounds and was carried up~ as 

high as 600 m by a balloon-kite .with some aunliaryinstru
mente. a photo taken in size of 1. 35X2.4~s a reSUlt~] After-

warde lJith the development ~of aerial naVigation and photography, 
a f .. ", pictur~s weretakenaft.r SOMe earthquakes in the ser
vice of paTtial catastrophe caused. 

It wss notunt1l 19409 that the aerial photo used for the 
pUrPose of inspectio·n of earthCluake darrU!:~ges· on· a large seale 
in a certain area developed gradually. Directly afte·r the 1949 
Fu_ui earthquake, a photo was taken by the U.S. Ann)' with the 
sc.ale .from 1: 5000 to 1t 10000. And an inVestigation on damates 
on the ground surfaoe was made at the ~same time bY' the G80g";' 
raphi c.Survey. On June 1 6, 196'4 a Magnitude 7. '7 sho ck hit 

- -

Nilssta aerial photo was carried out above the Niigats Akita 
regions ovcer150 pictures were got, different scales from 
1: 22000 t01 ~25,OOO included. At the same· time infrAred photo 
was also takrJ~JIXl'964 the Uttited statesPhotOg:raPhiedtb&An
chorage· aree. after tbegreat· At€utk'a 'shock,· scale· 1 : 6000~~lWe be
gan our aerial photo in Xihgtai ares, when it was struck .i!'t. 
1966-. Later on w. liCO'l1mUlatedalot of materials on the basi. 
of taken pictures' from thfJair in HaiehEJllgt Luhgling aQdTang'" 

shan,and so developed our skill to some extent. . 
On speaking of the value gainedthtoUgh aerial photo On 

earthquake damages Takaha!hl said:"'e have lett preCious re
cordS for our d.escettdan,(s. If AlJ a matter· of tact, 'OWing to 1ta 
accuraoy arid dexteri t1, ae~ial is an iatport$!lt means to off&r 
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us with necessary imformation on shook damages on site. !his 
has sol vedconoemed problems met by Mallet in hie, investiga
tion ot Neopol1 tan shock and some other recent earthquake$. 
And what is more, aerial photo has very high geometrtcaJ. accu

racy and can be ecrutinized clearly. 'lbe spectacle take.n. in 
g089 close to that in an earthquake that occurred in a flash 
and imforDlation can reach us very soon in a wide range. Even 
It the field. has been recovered, we can still carry out re~ 

search on the shaking conditions that. arertch andinstanan;'" 
9ous. For this reason aeria~ pictures wC)uld become the baSic 
materials for us to see the damages and abnormals and make fur
ther study of earthquakes. 

lbe interpretation of aerial pictures on shock dFiJQSges 

show! the advantages of aerial photo in the investigation ot 
earthquake hazards. TakamBsa of Tokyo Uhi versi ty spoke at the 
Japan-American Earthqu~ke Predication Conferenoe. saying "1he 
aerial photo interpretation is very usefUl. to the analysi8 of 

, dam8Bes caused to the ground objeets. Earthquake damages cart. 

be diVided into a) ground deformation, b) ruins of buildings, 
factories, bri,dges, roads, embankments etc. c) flood in low-
lying arees (including those below the sea 1131'.1)4) combina
tion of the three or less mentioned above •. .All these can . b8 
asined throqgh the interpretation at aer1alphotos • " He 
thought this method not only useful but also· defined th& oon
tents of earthquake d.amages. Su.ch c18s$if'icatiotl certaiDltis 
not perfectly good. For example. cc:>nf'lagration is not an ori
ginal disaster caused by an earthquake but a second811 one. 
Therefore this method ot olasSification might not be wi table 

. -
for other places than Japan to which it is good. HOweYer this 
dOes not negate the wide use of the interpretation ot aet!al 
photos. 

Nowadays investigations are mostly carried out qualitati
vely about earthquake ha21ard8'. while quanti tati". in"estlsa
tiona are seldom made.ihe significance of analytical in1'estl
Bations was clearly proved after the .April 1906 S$n Franeico 
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earthquake by N. R. Reidf~ analysis of. the survey· lines of both 
sides across San kldres faults and by his ttelastic rebound hy
potheses" of,earthque.ke genesis. Btlt it's a pity that little : 
has been done in this respect in the heavily shocked areas. Re
gular aerial photo and the method of analytical survey . make it 
possible to do quantitative analysis of the ground deformation 
in these areas. AS mentioned above the analytical photo trigo
nometric survey takeri after the great Alaska earthquakei8 one 
of the instances of' quanti tative defo mation measurement. How
ever their conclusion .did. not run out of the SC01!8 of ptlOto~rfr 
phic geodesy, not in good combination with geography, geophy
sics and geology so as to be able to work out any. seismic' ana
lysiS •. 

In accordance with the experience gained after the' great 
Xingtai earthquake,we oarried out Some aerial photo survey 

drawings and interpretations on Tangshan event • In fact wEi 
have really done much more with this than with any other shock' 
occurrences home or abroad, either in scope, content, quantity 
or in the resUlte we have got so fal' •. What we have done has 
much to do not: ·onlywi th ae'ri'al photo survey and drawingsc1en~ 
ce hut also "i th aerial remote-sensilig" technique ." 'l'h~refore o~r 
work in Tangshan is actually an experimental investigation of 
aerial remote-senSing on the earthquake hazards Which oecurt&d 
there ... We have fir.ished the analysis of earthquake abnomalE! on 

the basis of thisresul ting materials. 

II ~ BASIC MATERIAl,S 

.' .• ,. Aerial photography 

!the great Tangshan earthquake tookplBce on July 2A 1976, 
In order to get for B wide investigation various inforinetio.n 
and materials on the f)1'ent an'd have the ruined .. regions soon 

reoovered, we began our aerial photo 4irectly thefol101fing 
day. 1be area; about 15700 square kilometers,for,photo was 
divided1nto two pertet ~ng~l1~n'surveyregion( eastlOIlgi:tude 

117°3O'--119·00 t , north latitude 39~051 -4CtoS' ) and 'l'1Bnjin 
'1-4 



$Urveyregion ( east longitude 117·0,- 45" ... 117-30' 00", north 

lati~de. '9-05' ... '9015'), coveri.ngalmost all the area w1thil'l 
the intensity vnt1sose:l.smal •. 

. :th& camerasw,r. Swiss Rc-8an4 SoVi.et ,+,-T9 tyPe t photo 
.cales1 ,20000. ,: 15000, 1:1 0000 and ,: 500P respeotive11. The 

. . 
films .ere blaCk-an4-white, infrared bleok-and-whit sandin .... 
fraredfalsecolour.The repetition ofrlight oourse 6O~,1he 
repetition at transversal coutse 40~, th~ o:blique angle not 
01"er20

"""", ?l. More thtUl 140 lines vere passed andover 11200 
8.et1al pictures were got. !thermo-infrared sweep photo was also 
tat.n. 

2) Unrect1t1·ed mosaic and controlled photomosaic 
~. aerial. photo over "e made up the following mosaic 

rough d.raw1ngs at traediatr1but10n: tour for'l'angshS\n and olle 
tor Guye w1 th soale at 1: 5000. 344 for the whole survey area 
wi tb soales. of 1: 10000" 1: 1 5000 and 1: 20000 ~ For compar181on 
we aleooQmp1led a ro~b drawing at Tangshan before the acc1d

ant, soale 1 :14000. 
Dur:1.ns the make-up we applied three methods in revising 

the control paint, of which the best. is our uSing electl"'Onic Com

puters to tighten the netleveldiffe~enoe in the aerial dAlte 
are$.Weuse four methods to correot the mosa~c. among which 
the optic oame best 1n resul~. For thevholearea494 photo 

pi_fle v1e"'dra,,~nss were made,,1.th .identical 1: 1 0000 scale. 

,):Lhe 1nterptet,.t1on otearthq,uake damage, 
W. cal"rted out 'two 11'1terp:retat1oI'1S, otlebe1ng tor COlllpU

ins lIlf11)s 01 dam_es, the other executed on the 'bas18ot ftud)'-
1t11 lars' quantity ot fundamental, ... t8%'11118. !lie fomel" ",as 
db1'll mainly to show the original 4ata ot .,arthquake Clam.,.e 
taken tnand 1nterp'reted on the aerial p1Ct\lHs, whtle'the lat .. 
tel' done for' the research on the earthquake hflsards. Hel'l lIlattl-

1)'. ttl- former is discussed. 
1hephenome!1a shoWtl by earthquake damages appear in 1'Il~ 

wa18. containing .,ery 1ntricl1te oontents. In ol'd.rto ".1th, 
need tor et:udy ofe~rthquak. engineering and geognosy, data_.s 
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to thegro~4obj~t~an4 the ground surface are oonsidered to 
be the main contents :in general. 1be de.magesto ground object$ 
refer to the state> and inte~~ity'( percent.) Ofd~fOrtD.a.t:tOp., 

. " . " .., 

ruin, and collapse of buildings,oommUrdcatiotis and hydraulic 
pro jects, etc, 1ncluding<fi.ssure" moui'1tain"avBJ.Bnche, 1&rtds11p, 
water spurting .ith sands~ c.oll~pse atl~the block of the rivers, 
and. thed.1splacement of natural groundobject$. All these can 
betaken down by means of aerial photo if.i th oomparatively 
lar~e scale. 

'1lle interpreting of photowBS carried out line byline 
andp1~ture by pioture, by using the cubicreflective mirroro"r 
SOl1le other interpreting instruments to magnify the pictures, 
with the ~nterpreted eont'ente riiarkedon the pictures so as to 
be offered for drawing • 

4) 'Ihe mapso.f Seismic damages 
Wi tb the old map for reference, making \lSe of the aerial 

photo plane. View drt!1wing and .. thar~sul tof.in.terpretat1on, wa' 
made up the "1976T.ngshan Earlhquake M~P .. ,641 1n all, sCale 
1 :,1 OOO-s~'f .printe.d infou,r,901o~rs. The ground Qbjeot8-,.~:re re .. 
paire.dand. mea$uN,d.throughthe interpretation of' the.a:tth
q'9.~k.,da:~ge, JMloture.e t atldthe grounctappea:tan6~ was ··dtoe."n . 
frol'llt :the .. o~4.map., ,.~e Q,~ntents of them.apcame mainl.yfrom the 
, a 1qOOOtyp"p.f .draw;~~pUl>11~lled 1n'1974bl t.h~~'at~$ur
vey Bi,l,reau, somEt ,SYllbolsbeing~dded accorci1ng to the daiDage .. 

• : :' ."'" , <," " .:": f -" . : ", . ..' -, < " •• c·~ ." ". ~. .' ,'", .' 

contents. This helped us anal,.!e the seiem1c abriortnal. 

funotion and geologioalstructures in theearthqilake atea. 
Sothe.pt.l~nom.,na of. damqesare d1ff.re~t and variou.. !he 
coneot understanding '~rHi·<li"i.ton Qfthe .dAmag.a att~· abnot
mala a~ the pre-eond1 tiona ~1n s-tud!11ngan fJarthqU.ket '. t!s.r.'::' 
foft it. t,V1.taltQ, hBveaua.ll-tOund invt'etigatton ,of t)1' macro-
•• 1_i,t; darn8g;phei'1o~enOlt. 1t a,ener&l ful.~h1~ o~~aChci.V~ , 
ed,~tp1'ea.ent byfield 1nllHi~tion. ..1hie tille .e

o 
~tl:l~ 
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ed the remot.e-sensing method, whioh. proved to be rnuohbetter, 
making richer the oontentsotmac:ro.eeism:lostudy~ 'Ie are 
to deal with suoh probl ems in the follOWin.gpsgeesa water mo

ving out with sande, ground fi~sute,hou$e f'alli:i1g etc, cause4 
by earthquakes. All theee oan be clearly seen in the aerial 
photos with a lfide range, being typioal eno~h in the macI'Osei 

. ernio ,earthquake hazards. 

1 ) Water moVing up wi thsand!l 
11118 is; one of the main phenomena of the damages.· tottle 

ground surface. Tangshan had a wide spreading ofwater-satuT-
~ . . . 

ateaSE1ndsduring' i tssha.king, rang1ngfrom t.he south foot of 
Yan Mount to th. beaoh of Bo Raisea. Owing to'; th$' differenoe 
i11 g-rollnd sUrfaoe and th'e extent to which t.he shaking reached, 
Various di!tr1bUtion!'1t~re found. We will ·discuss as fOllows: 

. A) the charaoteri$ttos ofd1stribution 
Wa had fOur di vi$iO De classifi8 d aooording to the damage 

extlttlt and its ;aensity.'1'he first diVis10rL~h01fed that, Cll1an

tittOf- vater"'saturate4sandsoovered. thtt ground widely, in 
rir1pea fo~, 0108f, mak±ng e serious ai.$tUiter. It present-· 
ad whit'eor gre1ish color ifitbe 8erialphoto, differ1ng£reat-

., ly from the COlor ofgroundobjectsatoun.d. Itappes'!'ed mU9h 

allare!' . with its fresh 'oolor111 the infl"8ted-felse oolored. 
photo, there being i1'1tens1ve color ditf'erence.1ih1s 'W4sdiatl'i
butldACfrosS·,llluv1 .... d.luvtlmd.lt!1 of!ruanlt!'lfer. 1he second 
diVis10fl'shlnrt« a 'bett.r'coriMtioti '1th 'uitef' ... $~tti:rateds8.t.td.$ 
oov8,ring-e6trte 'Pirt8 ofthea1-sil. It .• as greY"'''hlte orwh1te~ 
sc&t'tere4 ontha photb'! Vie •• Ita di't!tribu.tion lay in the cen
tral 'paM of' th6 area $hocked.Ylh.at 18 1f~rlhment1oiling' is . 
thet1tlthe soutb-east ~of this di9ision theft we:r&,8.1oq the 
aricient or thepres8ht tlV'er Cfourses;,an'dbe:r ot sand;y",close-
11 co"lere d belts, going ttl then rectiOt1 ot no rib-no rth-ea'8t • 
11v$ ofth" looked clea:rer·,to.2tli111' tl1etiv-e-f'ir$t-diVision 
abl'lol'lllal belts itt this Part .. -1teth1!-dbe1ng .muoh bette!!- 1f1th 
_1lll sandy plots or beltlJ" ~f.atte2'8dhe'tt Jll'1d the1"e, sp:read1ng 
mainly on-'the SO'll'th-8flet rU1Ji't -of the' area. -1'h8 fourth -d1ntion 
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was the region snocked. slightly. Itvaa of separe.te,8t~ped .... 
• a11 ar~a$. spreading mainly over the n~io1l8 aiong the, p1'e-. 
sent nversand thebasinsbetlfeen the h11ls~ 

B) the form of water rnevil\gup wt'th sands 
and the combinate form 

In study of the forms ve divided them.intot1fo classe81 
the bas1cformand thecomb1nate form. 'lbe ba,:Lc, reterrlta to 
the bl1s10 unit forms 1n th1s diV1sionsuoh 8s oirc~ar. st:r1p
ed. The cirCUlar form appeared in the p:Lotures as wh1tecitcle, 
or near-circle with diffAren+' diment;ons; 1fhile < th .. str.t.ped 
1fere olearly seen 1n the fonns of broad stripes, "hleh cObs1.
ted of one single or lIore than one str1pe • 1his might possib
ly be the passages formed during the sahd 11quifaotiob 

," > --

1nto cracks where wate:r had spurted outw:L th sands,wi th 
relation to the ancient river courses. The combinRte was the 
combination of basic ones tormed undeJ.di~fere~t'topographY. 
For example, there appeared at t1mes someth-ing11ke grids on 

. .."' . 

the ridges and slopes. In history there happened to h~ve sQlIle 
. . . ,-

zones of tan-sharp with sediment,. caused by the. burst o~rtv.r 
banks, taking the shape of stripe4brooms.ln ,the pictures they 

. C"·;'.. "', . 

were clear enough witb tbe upper,partn8rro" and the _lov.r 
spreading out. '!he narrow part was asinsle line, "t\iletha 
"ida part put' on the shllpe of an arc spreading olit"ard _a1()n& 
one side, not getting aoross a single length of11ne,sQ •• ti"'. 

. . . . . ." "". ,""", 

along both Bides, but st11lnevergettingaoroas atingle.· . 
length of l1ne, 'aaoh keepilt"t)!l one sltie' reSpticttl.elY. ','a\~' . 
took round. forms alObg tne antl:\.en1;r.1V'.r COU~'.8 attd lntht 
zones ne~ the modern, riVEtl"S turning. 1he :pioture'slto".,a cr., 
oolo!' to the anoient river beds sndabrlght1f1l1t.eaolbr'tc 
the water-saturated sands. In addi tiblh ... found-'dae 8"* ... " tttk-
1ng the foms of l1.nga,,'tfhlch might be th' rttialtid6ra of th, 
ancient lakes, still urtlmo'ttn to us.. ' 

!to INa \Jp froll tbe" above, ,..h ••• thl. _fl.tl) ull of ... ttl' 
with sandsd!V'id*d1nto t .. o large p.aria, thl:tf.,. ·btUJ10 4111 

combinate; inclUding six feria". o1rOlllUt.triplftt •. Cr14<le'4, 
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broomed., curved and ringed. It is the distributions of rivers 
and ancient river courses and the geographic characteristics 
that have effects on the formation of each state. 

,0) the type of moving UP 

As can be seen from the aerial. photos, there are differ
ent colors to the mOVing up of water with sands, its change 
ranging from the bright white color to the dark grey. It lOoks 
much clearer with the infrared false colored photo, on which we 
can see the color chl;Ulgingfrom bright vhi te to light blue or 

" , 

light green, the former having an obvious contrast in colors, 
'While the latter appearing muddJ.iilg. 1hey cover the ground ob
jects to different extents. With the former, all the low 
ground objects are covered completely. fut the latter only goes 
along the objects, such things as fields, ditcbes etc. still 
in olear vision. ibe.refore according to the color intenSity, we 

have "" got three types: 
a) .spurting type: the most intensive 
b) overflowing type: rather intensive 
c)saturat.ing type: the leas:t intensive, in which w~ter can 

be seen, but no damages to the sandy ground. 
"lbe cause tor forming these three types pe'Thaps come 

from liquifaction extent of the sandy ground. Thi!lsho1fS 
vaneties ""of· dEimages tiffected by the shaking force un~.,r dif
ferent plaoes and geograph. 

2) ground fissure 
In order to study the prooess of seiSmiC mechanic!f 

ground fissures lire generally eli vided, in the investigation of 
ground'Surface. into tectonio fissure andnon-tectonie fissure 
Ot'6ri"gin81. and seeondary.'Ihe fi!lsures oaused 1"or tbe 10s8 of 
gravity in tht secondary fissures are called the gT8vltytis
sure bysomEt people inengineeting 1nvestigatiOrl. such as fis-

, .. " ." . 

~re!! On the highway elopes, river banks and mountain bOdies, 
owirtg to the lass of gravity caUSed by earthquake force. 80m"" 
are called wet fisSUres tor there are water-satu:!'$ted sands ri.

si'f'lg out of • Contrary-to them are dry fissures. Wet fissnres 
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can be interpreted through the moving up of water-saturated 
sands. The aerial photo gave a clear sight with thiS. Dry fis
sures can also be scrutinized by interpreting wi thi.n a certain 
I1m1 t. tor example ,the fissures along the rivers anc1highways 
on both sides of the Victory Bridge are clear enough. But Rome
times becaus-e they are too small to scrutinized, they can only 
be known through the displacement of the ground Objects along 
both sides of the fissures. However if there is too 1i ttle of 
displacement, and no 0 bvious distinction on the cOlors, ·i t 
would be a little difficul tto interpret • Here we "ill d!s
ouss some of those fissures cotliparati"ely big IIJnoUgh in sizes, 
and clear enough tabe seen 1nthe photos. 

1heareain whi.ch fisSUreSglthered is approxitnatelySi
milar to that lfi th wa'ter-satutate6 sands sce.ttere·d,~ngin8 
:tromthe east Part - ...... including Huili, Ml1cheng Luannan, Lei
ting to the west --- inCluding Tangsh9ll, Gaozhuangtze, Jiu'bU
hujGUDla,Shiaoji. Max-ever, a :tew of scattered fissures oould be 

found in the survey ares. 
'l'tle shapes and fomations .of the :tisSUre came. in various 

forms. mey may be taken as follows: A) thft shape of: B. 8insle 

line t B) of a curve, 0) of oblique arrB.ngernent',I))o! para .. 
llal arrangements, E) of brooms, t) ofsemi-circlt§, G) of ra
diations. Among these, the dryfissurss of oblique Br.rangt
menta are of greater significanoe to the. anal.ysisofground 
motion anathedev~lopment of earthquake mechani!tll. :POl' et ... 
ample, fissures in Luann . district, Tangshan,werefOUlld ar-o 
ranged frout north to east, wi thlong extention. O'n th$ 1fhole 
constructiot1ofthe f'ormation,.the:re wlsanobV'1ous c11stinction 
between the east part and the westpal't, .the east pa:rttakin,g 

. the shape of a petal,"hich Stirely has sornathins to do with the 
succassive Chan'g8s of theLuan River. In the eastpatt,llb ob~ 
vious distinction could be seen except for in the north seotion 
of this part. Bttt there1UUI regula't destination along both sid- . 
as of the present and ancient river oou1'sel!i. 

~) . the oollapse and ruin of housebuild1ngs 
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'Ihis iaone of the disaatersbrought by an ea.rthquake. 
The investigation and researeh on the buildings shocked do~n 
eBn, in an earthquake, in turn, to promote the knowledge of 

some ot the seismie specialities. The building damage is one 
of the mSincontents to define the ert terions ofintensi ty in 

making up macros'eiemie i!oseismal map. Owing to the wide spread
ing of buildings in the earthquake area, it beeomes the typi
cal speciality in reflection of the earthquake,and the basis 
in study of the ground motion and the earthquake engine~:ring • 

Because of the enonnouseffeets caused by a great shock and 
lots of the inhabited points, it is rather difficult for us to 
get takno"the .. conditions in time of some of· the shocked areas, 
and we have even greater dlfficultiesin knowingofthoseW1th 
their ground badly damaged. Similarly. it requires great ef
forts to get all-round infonnation about the building clatnE1ges, 
espeCially in mountain and wa.ter areas. If a oarefill inspec
tion should be done even to those region!!! where some recovery 
ha·s been dOhe, the method 1n present use is not good enough to 
adapt the research on it'lstst'ltaneous earthquake damages. For ex-
3mple. there is a lim! tation to the lnspeotibll of the earth
quake OCCU1"rttdin the mountainous regions so as to reduoe the 
effeetot an ta.rthquake research. Through thls exp.rimelltal re

s.ll!'Ch ollselsraic damage happened in Tangshan by means ot aer
ial remote-sensing, ".hold that the two mentloned problems 
ha".foUild the $olution. This has proved to be nice and provi
dea us not Only ;,1 th It true look of the whole region,but 81., 
wlthsome datfl about the damages, on the basis of whiCh 'Ie can 
oarry out ou.!" rtsearel'i work at.any tilne about the conditions 
olose to' the instantaneollS 8a!'thquake. 

a) Hou8eIIJo!ei!tllal Map 

According to the interpret1ng resultso! theaer1al photo, 

1f. have got .aoh peroent ot the house damage in all the inhabi
ted. poInts and marked 1 t on the 1t1976 tlingshan Se1sm10 Damage 
It.,". 1\lt there are atilt separate and soattfJred material.. 
wMeh can b. uSed. for further res.arch. we have studied and 
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regulated all the materials for the purpose of studying the 
characteristics and the laws of the earthquake damage distri~ . 

bution. And, in combination with visual resul ta, lie have com

piled . the "House Building Isoseismal. DistrlQutionlYlap" accord
i.ng to the deteof the percentage of the house cOlli:tj)se,thet 

is, the i30rlthm map of the house building colla.pse .In seep%'
dance with the different rates of percentage, we divided the 

damtJJge, when analysing the basio materials, into nine grades, 

namely: over ·95% , 85% , 70-75" , 60-65%. 5O-t;5~ , 30-40% , 
1 0-25~ , and all compiling the map, into four sorts ,namely: 
the fir:!!t, all collap!ed, over 95~: the second, basicly eoD e,p

!ed, 80-90; the third, mostly collapsed, 50-70%; the forth, 

partly collapsed 30-45% and the fifth, few collapsed, 10-25%. 
'l'hecriterion of "oollapsing" bere or in the map is approxima
tely equal to the extent of· "turni~ over" and "being oomple

tely fallen down .. in the New Chinese Intensity soa1e. The 
house types are ona-story·or.milti-story buildings as seen in 
towns and count r;ie s , such as adobe house, wooden, brick-and
stone ·etc •. The large t~pes of buildings are not included in 

this diVision. 

111e House Isoseismal Map shows the specialities of dis
tribution of the damages to house buildings in the earthquake 

area and~ivesthesam. effect as got from the eal"thquak. 180-

intensity map. 

b) the comparisonbet-ween the House Isoseismal Map and 
the Intensity seale 

The ttTangshan Earthquake Iso8eism9.l map " oompiled 
by the Tangsh!Ul Seismic Crew after its macl"Oseism1c study 
is areS'ult of large quantity of field inspeotion. It hae the 
sa.me advantages as thepr;vious map, the diagram being brief,· 

the intensity lines smooth and regular, the superior direction 

of the long axis in the epicentral region ptotnint§nt '.and the~ 
being some zones with high and low intensity. Ifw8 comp~e the 

two maps·with each other, and give the correspcmdance bet""fl 
eacngrade of various sorts of damages and intensi t1. then ,,~ 

can see: the first sort correspondent to eleven degrees: 
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the secod to ten; the third to nine; the forth to eight, the 
fifth to se'ven. It can be found from the comparasion that in 
the regions where they have corresponding damages theirgeog

raphiclocations and the range they cover are almos-t the same. 

rut the outlines of the range differ greatly. Some nu,mhersof 

regions with abnormal difference in height, they 10cat10nA 

and outer range do not go in comp~ete accordance. These distinc

tions require further study. However, the reason might be that 

the number of the resident pOints and the collapse pereentgot 

from the -interpretation of the aerial photo Bre much bigger 

than those from macro seismic study. that is to· say, the 

house isoseismal map '-might possibly . offer more damAges and 

details of eo me abnormal phenomenon so as to make the diagram 
of the isori thm more complicated. But on the other hand, to 

be closer to the true conditions is also possible, !therefore, 

putting the method of the interpretation of the aerial photo 

into the use of examing earthquake. damages has its own advan

tages, being able to satisfy the needs of seismicA3urvey in an 

ide~l way. 

Here we have an additional matter to make clear. The seis

mio destructiveness in Lusn Count Region, because of "!;he rq
peatltion of two shocks, has reached the first sort of SE!ism1c 

damage according to the interpretation of photo aerial.1lie 

intensity map has this classified into nine degrees on .the ba
sis of Mag. 7.8. If making a comparasion between thefi~st 

cla.ssification and degree nine, then we 'Will find that the lo

cations of south and north parts are co rresponditl8on the 

whole, while there is a great difference in the west part. 

In conclusion, usiIl€ the interpretation method ot aariEll 

photo to diVide the house damage and 10 compile the mapo'! da

mages is an effeotive technique in the investigation of earthquake 

damages and in study of the seismic characteristics. This has 

ereat~da new technical 'Way for the research work on seismic 

damages, although there E\re some limitation existing. For ex
ample, there are quite a lot of factors influenoing the 
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damages of house buildings. But at present 'fe think it to ". 
no other factors than the result of the earthtJ,Uake foroe that 
effects. 1bU8 the destructive charaoteristios . got are otlly 
general lIla01"088i.io ones. 1hrough the study of· the eftecting 
faotors and the treatment. at the results an ideal achiev8!Ilent 
would be obtained in applYing this kind of new technique. 

4) microzonat1on at seismic damages 

We haven't so far got a method of the 1I1orozonation of 

earthquakes in uniSOn in our oountry. It was usually measured 
accord:l.ng to the experienoe of earthquake damages in a destruc
ti ve· earthquake and somephySioal quantity. A.t present, the 
mac ro seismic oharacteristios areshom mainly by the 
intensity map. ibis passable1n the way to the ordinary earth
quakes. But in deSCription of the damages that occure 111 latge 
industrial cities like TBngshan with dense population. It is 
impossible to completely deSCribe the oorrect charaoterl,st1cs 
of the damages, While negleoting a certain of rich phenomenon 
ot earthquake damages is on the other hand possible. !'uriher 
more, accurate experience oouldn't be offorded , whloh is need
ed to the small ZOning of the big and m1ddle cities. So it is 
necessary to make research work on miorozonation. 

In doing thiS, we must classify thed8lllagaa wltichfoltll the 
small units of the a:rea for research. tor instance, we had bet
tel' try to get a knowledge ot each factory, street, district or 
even each of the hOllse ruined in the shock. Only 1n this way, 
oan we get a bette1' foul'ldationfor our research. Here.e "111 

meet t'fO d.1ttieulties. One is too Ib\tehwork to do, manyhaJ1~ 
needed. 1'be other 1s the 1imi tatlon of time, for weha,,' to 
finiAh thesu:rvey in a very short t1me, otherwise wefaU to 
catch the real cotldi tlonsof the 1tlstatltaneous .hoCk atter its 
reoo1fery. ~e longer the time the leas actual COthU. tiollS ". 
w.ouldget. Then thematertB1sgot in hand would be of 11 ttl;e 
8ip1!! csnee, "i th even the rtsul t of gi 'f1ng eoll" conclusions 
so as to mislead. OUl" rese9.1'ch work. And if w·. do this by ra
lting on our han4s in carrying out the fle14 1.,."1011, 
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that would be muoh more dit't'icul t or even impossible. In order 
to solve this problem we have tak&n the exper.Llilentaldivision 
on a tew of 'l'angahan's typical seismic instanpesbYmeans ot 
the aaterials ot' aerial photO.The microzonat1ott ot the1lhole 
oi ty will be disoussed in another paper. 

We chose the follovingdamage phenomenon for the inter
pretation and research in our work: the buildings QfaU sorts 
in a factory; the cOllapsed or semi-collapsed ciVil hOuses and 
buildings of other sorts; the river bank sliding mot:l.on; sround 

t'issures; highways. railways and bridges eto. 1tle resulte 'ere 
good enough to be able to scrutinize easily all sorts of da
m~es. 1broUBll the pictures of typical instances"e could di
rectly see the states of all sorts of earthquake dBtilages.Be
cause they are rot uniform in the extent of being damMed and 
their spreading range diit erent, using only one inten$1ty level 
to sho. the damages in a heavily-shocked. are8 could not meet 
the need for the further research at earthquake as well as 
earthquake engineering. It is therefore necessary to C81'l'Y out' 
the research on micro zonation to sat1sfy the advlllnced researoh 
work. 

Conclusion 

Seventy-five years have passed Since Lawrenod took the 
t'irst photo ot' earthquake datrtages ill Sln. Fr9n01soo and it has 
been fifteen years since "e began the interpretation of the 
aerial photo on Xingt91 earthquake. With the dtWalopment of 
seismology and the aerial photo .technique, th1snew method has 

fOUlld its use 1n the research of earthquake" But o1li1'1& to the 
1111i tat 10n ot sorne reason,i t is still in the ii'll tiSl stage ot 
e:Jtpefilllent. Compared 'Ii th the previous .ork, it is but a a." 
try either 11'1 its 80ale, tan&e, methOd. or theule i1nd ree.arch 
of the materials. Aocording to the good pOinte montiolUtd ~bo,.., 
it haa pl"O"ed to have tIlore advantages than other means to lase 
aenal remote-sensing technique in analy8iilB and S'tudyil'll 
great earthqUake destruoti veness and som8 other abnormal phe-
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nomenon in combination wi th SOE necessary field investigf?
tions. 

ihe cause analysis m~ntiqned in this article will be dis

cussed at soma other time. With the· successiveadvence of 

seismology and aerial remote-sensing technique this new means 

will be used more and more widely and deeply in the study of 

earthquake. Nowadays, there is such a trace shown by the use 

of space satellite in investigation of earthquakes. 

During the course of my writing this article I used for . 
reference the following three reports that are notpub11shed: 

"Aeha.l Photo .And Drawing Of Tangshan Earthquake If byZou lu8-

(}ong, M.ay 1978. 'tThe Aerial Survey Drawirg of Tang shan Earth

quake And The Initial Study Of Seismic Damages" by ZOu XUe
Gong. Chang Bu-Chun. "The Aerial SU,rvey Drawing Of TangShan 
Earthquake And the Int erpretation of The Seismic Damages If by 

Zau Xue-Gong, Ji:l,ng Lin-Zhan and Jiang Chun-Ming. Jiang L1n

Zhan and Jiang (,l)1un-Ming did a lot of work about the zonations 

of house drunagsssnd rise of water-saturated sands. Chang Bu

j~hun and Chang Shi-Liang had heen OUT oooperators with the 

job. To them I express my thanks here. 

Y:.istakes are inevitable and any crt tici.9m or SUggestion 

will be welcome. 
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USE OF AVERAGE WEIGHTED SHEAR MODULUS IN THE STUDY 
OF SITE EFFECT--DISCUSSrON ON THE CAUSE or LOW INTENSITY 

ANOMALY IN YUTIAN DURING THE TANGSHAN EARTHQUAKE 

LIV ZENGWU, DONG ENCHANG, LU GENSHE:NG, 
WANG DONGQIANG AND W8t PEIHENG 

INTRODUCTION 

Durln9 the 1976 Tangshan earthquake, an area of low 
intensltyanomaly Occurred in Yutian County, about 50 km 
in the north-west of the f!l!picf!I!ntf!l!r. It was an area of inten
sity VI e.rle16sed in an area of intensity VII, it is not 
stranqe thastth~rt! existed low intensity anomaly during at 
least two earth~uakes in the past. In the 1679 Sanhe-Plnggu 
earthqua1ce,the recorded damage in Yutian was obvIously s1 ight 
in comparison with the surr.ounding area. As for the tVll'O 

~arthquakes mentioned, the Tangshan earthquak ... of M=7.8 
located in the south-east of this area, while f:hpSanhe-Pinggu 
earthquake of M=A located in the north-west, about 60 km 
away from this area. Magnitude" and the epic~nter. distance 
to Yutian of these two earthquakes are Similar, but the loca
tions of epicenters are just opposite in direction, that 

. means the existence of the intensity anomalous area in Yutian 
does not depend on the location of the epicenter and its 
direction. The cause of anomaly has resulted from the site 
characteristics. On the basis of boring and velocity measure
ment in the field, correlation of soil characteristics insldp 
the anomalous area and outSide to the earthquake damage 1~ 
presented in this paper, using the average weighted shear 
modulus, G, as a criterion. Also, the Ci'\USP. of anomaly and 
the effect of the depth of 5011 layer on p.art:hquake damage 
are discus~ed. In addition, reliability of microzoning, 
using the average weighted shear modulus, lstestlfied by 
the field measurement data. 

GENERAL rtATuRES OF THE ANOMALOUS AREA 
AND SELECT tON or MEASURING POINTS 

The north part of Yutian County 1s near the mountain 
reqiOft, the overlying layer of which is thin and outcrop of 
b@drock occurs in some places. The ov~tlylnglayer becomes 
thicker from north to south,the depth of the layer in the 
southexc:eed,a20.o m. The topoqraphy becomes plain too. Soil 
layers conSist of interbeddinq of clay, sand and sandy gravel. 
The 8Oi1 1n the north part and central part is more dense, 
gravel layet' can be found up to 20-30 m near the ground 
surface, While the so11 1n the south is not so, dense and. the 
loeationof th<e gravel layer is deeper. The anomalous area 
consists of most part a In the north and the eantral part of 
Y'u,t1an C1Itun"ty, formlnga north-A!ast zonA with a lengJ:h of 
about 30 km and a width of 10 km ap-f'roximately (Fig~"'). 

In _rder to examine tfi,@ sol1 layers 1n thear •• and firm 
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out the cause of anomaly, 26 villages were selected for 
exploration. Boring was carried out: in 13 villages inside 
the anomalous area and in the same number of villages outside 
that area, longitudinal and shear wave velocity in solI was 
also measured. Depth of the bore holes is generally20-3Om, 
some of which up to 40 m. Wave velocity measurement in a few 
boring holes was carried out only in a shallower depth owing 
to the collapse of the holes. Sample taken holes and stan
dard penetratIon test were also performed to obtain the 
physical-mechanieal properties of the solI in the area. 
Location of the measuring pOints is shown 1n Pig.i. Damage of 
the villages in FIg.1 is denoted by the damage index. 

Downhole approach was used in the wave velocity measure
ment. Vibration was generated by either hammering wood plate 
(shear wave velocity measurement) or iron weight (10ngitud1nal 
wave velocity measurement) on grQund surface. DistrIbution 
of velocity of the 10ng1tudinal wave and shear wave with the 
depth of the b~re. hole was Obtained. The instrument used was 
PS-5 seismoscope. 

CHARACT£IUSTICS OP THE SITE SOIL 

Relief in YUtian County Is plain exeept in. the north, 
which is near the mountain and the topography i8 complex. so 
the effect of relief on damage is small. Besides, Yutian is 
far away from the epicenter of the Tangsh"n earthquake, so 
the effect of eplcentral distance can be neglected. 

In the study of site effec·t during the Tonghai, the Hai
cheng and the 't'angshan earthquakes, it is known that there 
is a good relationship between the average weighted shear modu~ 
lus of the soil and the earthquake damage (Pig. 2-4). There
fore the average weighted shear modulus can be used as a 
crl terion to measure the effeet of soil. 

The average weighted shear modulus is defined as: 

where Gi ·Pi V~l 
layer. 

G;::~rhiGl 
is the dynamic shear modulus of the ltft 

layer{ton/m2); 

Vsi- veloeity of Shear wave in the ith layer (nt/sec), 
H ... effective depth of the lurfaee 1011 (til). 

h1* thiekne1Js Cf the 1th layer (nr). 

Based on the log efla9r ... of the .• elected bOt"e 1ie1. and the 
wave vel&:ity ·datt., aver'8ge ,,*ltJftted ilffe __ lttS of Hl1 
layers of different depthS eM) can btl Ot;t.1·t'lttafr6tl the aboVe 
fCrmtU a. The results andth6 e&~.~dlftt diem. ,lndex.iI, 
are lilted 11'1 table 1 and plotted in Flt. 5,.1. OWing to the 
variation of the volume weight af the soil1n the lnvestlq_teet 
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__ Is not so 9r~at (from 1.9 to 2.1 9/cm3), an average 
value of 2.0 glcm is taken in the calculati.or\ forsimpll
city. 

Table 1 " 

Wave velocIty Damage Average', weighted 
Name of vil1aqes ( 3-Sm) index shear 3tf10dulus2 

2x10' tonlm 
Vs ~c. i G

tO ' G20 G30 
1 Mashanshi 181 410 0.16 17.4 21.8 22.4 
2 Xiao~huanqzhi 125 320 0.13 ,17.2 22.9 24.0 ., 3 Ershl11pu 150 460 0.01 19.625.1 -e 4 Zhushuwu 117 278 0.03 23.6 27.4 -to 5 Shl11tuo 158 567 0.05 9.8 19.3 -., 
6 North L-lu.11a 114 267 0.20 11.8 18.0 21.3 G1:J 

,co 7 Nelfuan2!hUanq 147 491 O.OS 15.6 21.1 -....... e Taizh~,zhuan~ 129 5S0 ' 0.0'1' • - • -fO .,e 9 Jl.jlal'\t 104 696 0.18 9.6 13.9 -,,0 10 Calt:lnqq-it!lo 1ee 300 0.15 " 1t.8 14.9 ,,16.8 .... c: 
ClJtO 11XlaoSh'antou 210 714 0.11 24.6 26.5 28.2 c 12 HOUhudlngfu 168 380 0.02 11.2 17.9 18.5 H 

13 Xiakan 16:1 _,156. 0 .. 04" '33.8 25.3 24.6 
14Xiejiazhuang 168 456 0.40 20.0 23.2 27.4 
15 Maipo 160 638 ' 0.46 8.4 15.9 18.9 

: 16 Huxiuzhu-ang 97 356 0.52 8.2 11.8 15.9 

'" 11 Xiaoquan 145 400 0.29 16.2 - -m 18 Nanehang 179 410 0.39 4.4 9.2 11.2 ., . 19Woluogu 111 356 0.49 4.6 8.2 10.5 s:::s 
""0 20 Zhullaothuang 100 400 0.62 2.6 8.7 12.2 
$.-4 21 East Matou" 1'68 318 0.63 22.6 2,3.1 23.5 
"to 22 ~ast Xlnzhuanq 115 622 0.46 9.6 15.8 18.8 or4 E 
VJ 0 23 Tangyunpu 118 350 0.38 3.8 8.0 12.2 
""c :t to 24 west Luzhuang 155 667 0.58 13.2 12.9 -0 25 East Luzhuanq 172 320 0.12 14.0 14.4 -

26 ShiJiapu 103 376 0.49 - - -• Not adopt$d in the calculation owing to the complexIty 
of the topography and the base rock. 

1. The deJ)th of the site so11 which should be taken in the 
Itudy 

Prom 1'19.5-7, it 18 .hownthat ttl.re exl.atl relatio"'l 
between averaqe ftlthte'd tttWtar modull 01 1011, thedfilpt::h of 
.hlel1 are 10,20, and 30 1ft r •• 'POCtiY~Uy (ecnmti.ng from the 
9rcNndlufifaee', and thi! ct •• Indb,bUt, .atter1nq of 
wh1eh 11 cflffet-Itttt. There II C)efter"al trettd t"'4t the hlt"er 
the ft'IOdUltUI, ,G, the .... ~lert~.daYft*9.1~,1, or ... lle 
.... 1'.&. ,I~ ,~Ittfatt".a""raqe ,wei~hted ."ear modulu. II 
Il 94- ~lt.rl"lft ...... rlft' the effet .fllite .011 on 
dallUlfje. ' 

tX.d;r .. t"'&!~~,::~f~l;onbet .. n),~ and 1,' 1 t 1. found 
t"..t G~' ..... lat .. "·ci· •• ly with 1 t. tft. lell ~ft .f 20 II, 

it ... !' 



but not so for the depth of 10 m, showing that 10 m in depth 
is not sufficient showing the effect of so11 on damage. As 
for the depth of 30 m, the relation between G and 1 1s not 
better than that for the depth of 20 m. Therefor~, 20 mis 
the required depth of soil which should be taken In the study. 
Of course, it is true just in the c<\se where the bedrock is 
relatively deep and smooth. 

At present, some, either at home or abroad, assume that 
the depth of the surface soil (0-5 m) plays "the major role In 
the effect on damage. In the study of soil effect, some even 
uae the "softness" of the surface sOil to predict the earth
quake damage.. In order to discuss the problem, relation of 
longitudinal and shear wave velocities of shallow surface 
soil layet- (0 ... 5 m in depth) with damage is given in Fig. 8 
and 9 respectively. Obviously. they are not closely related. 
The same re'sul t has been obtained in the Tonghai earthquake 
and the Haieheng earthquake (Fig. 10-12). It 1s known that 
the '·softness" of soil, i.e. rigidity, ean be reflected by 
wave velocity. The above result shows that only the "softness 
ff of the surface soil cannot predict the effect of the site 
soil on the damage. It is not a critical parameter. Of 
course, damage also would be induced by differential settle
mentowing to extrp.m~ly soft soil. 

In summary, it is assumed that, in the evaluation of the 
~ffeet of eite soil on damage, surface soil of only several 
meters in depth is not sufficient In the conSideration, and 
the appropriate depth to he taken in consideration should be 
20 mt for the common low-rise dwellings. 

2. characteristics of soli inside the anomalous area 

From the above discussion, it is known that soU lay.er, 
20 .. _", tl'l.lcJc near the. ground SUrface, plays a ma'orrole in the 
effect on damage. Therefore, 20 m of solI 1s taken for the 
comparison between the soil inside and outside the anomalous 
area. In Flg. 6, villages marked "x ft are all inside the 
anomalous area, G values of which are almost: higher,while 
those of the villages outside the area, whleh suffered •• rioue 
damage, are lower. Owlngto the fact: that average weighted 

- shear moduluB practIcally re'lects the 8veraqerigidlty of 
soil layers, welqhtedaccordlngto their thickn.s_, it: shows 
-that the reason why the damage of the anomaloui area i. sl19ht 
is that: surface soil of 20 m in depth has a hi9-her"lllversge 
weighted shear modulus". 

CHtCK OF MtCROZONING BY M!ANS OFAV!RA~! W!IGHTED 
SHF.AR MODULUS AP-PROACH 

tt" has been attemJ)ted to micro-zone part of Qtnhuanljdao and 
Tan9sh:an CIty using,averagewalght.dltl •• r modulu-a. The relia .. 
bl11tyof this approach 1s of ma1neoneelt'n to ttl. We have 
compared the mlcro2loning using this approaeh vith the damag,e 
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distribution in the investigated area. The, procedure of the 
approach bi'\sed on the1'angshan data is as follows: 

1. Based on the data in table, i, calculate the ,average 
G of the above area 

G =a-"t.Gi =,166. 3X102 ton/r1?, H ... 20 m 

, , 2. Calculate thest.andard deviation of Gt of individual 
village '" '.,~.. . 2 . 2 

a =j'tZ(G.;;G t ""S7.2xl0ton/m 

3. Talee I ""O.675xt:s=38.6xt02 ton/m2 as an index to 
divide the area into small regions. 

4. Villages having G~ G+d' =20Sx102to~/tr?areelassified 
into region I, where the soIl condition is 'better atid the 
expected earthqu,!1ce damage to b,e 'occurred will 'best igtttest-; 
villages havingG+r~G~-o are classified into~eglonII, 
where the soil c,oneJi ti"'n is moderate and tlie.expectedearth
quake dam2ge to be occurred will be alsom6derate; villages 
having r:,.t..G-i are classified into region It I , wh'ere the soil 
condition Is poor and the expected earthquake damage to be 
occurred wIll be serious. . 

In Flg.6, villaqeswith dlfferent damage index i are 
plotted according to their G values a.ndthe region defined 
above. Obviously, damage·of the villages locatedi" region 
1 is relatively slight (1< 0;.2) and that of the villages 
located In region III is serious, while that o'f the villages 
located in region II is eltherslight or sE!!rious ( only a few 
number of villages), r.efleeting that damage is generally 
moderate. 

The above results testify that the microzoning in Tangshan 
agtaes with the damage distribution at the site baSically, 
showing that this apprC)ach is practieally reliable. 

RELATION BETWEEN THE. PROPAGATION VELOCITY OF SHEAR 
WAVE IN SOIL LAYER AND ITS DEPTH 

Bas@d on boring and wave veloci;tyrneasurementdata, a 
summary of variation of velocity of shear wave in. soil (inside 
arid Outslda theanomalotls area) is mada for coheSive soil 
(iricl,udtngc::lay ahd elayey soU) . and sand soil (including sand 
and sand 9raveI) (Fig .• 13 and 14 r. 

Fr'omFi~.13 and 14, variatl,on of shear wave velOCity with 
dep.th in sandy solI is nOt great whereever inSide or outside 
the anortlalous area, but var.iationbecomes obviOUS for the 
layer consUlting gravel S,and ahd gravel inside the area (marleed 
with "xtf).As fOr COhesive soil t there is a tendency that 
velocity of shear wave increases wi thde'p.th f . but it happens 
only outside of the area. The aboveca!e.reflectsthe fact 
that damage anoWt'aly is' induced by th@ dIfference of soi 1. 
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Inside '. the anontalO1llt 4rea ft'he'.1l"t~"lil1t"VOlft •. "Uli'lY coarse 
"artieles, whl1~ outside .. tWeat"eaf,.~"~e1a;11y.tftt,,,esouth' Of 
yutia", coun~Yf ,tWe' sOilpart:161e"s"8teS('I\Elller'and . uniform. . 

A best:"fl~. r:.<;~.1!s10n ,f!qijat,~o~< t~t':the eottel:~ti.on be ... ' 
tween shear waV'! . V~1.~ltya"~>d:e~thott6!1 by the least 
$quare .. ineth6d.ls.g1Vl!n.'·ln.Table'2.·It·,ls,shO'Jtn in the table 
that the COrf'lelAtloF\ iSnQtCJ~ct'fot"Sfind'y 5011. 

"01'1 Coe cent 

8t'ea 

.of.· correlation 
.63 

0.21 

outsfdet. 
anbmalous 0.48 
area 

. . , 

CONCLUStQN . 

. ' 8ased On the attovtf St8t:t!M~1'tt, the f(fllow1ng eoneluslon 
eahb~ summarized: '. . . 

1.formatlon 6f the lOW Inten!llty anomalous area 1n 
Yutian iscausf!d bythes.otl charaet~rlstles "in' that area. 
The common features of the', sltti!soiil in .the area are that the 
average we19htedshe:atmOdtilusofthe soil, up to 20m from 
the ground surface, lsrela1::ively' high and 1.t con81sts of 
more ooat's'e particles. .... '., . 

2. :!nthe case 'Wh'ffi'e theb"edt'oekla dee."l! located, the 
depth of so11,influencing thedsmaqe 18 about 20 m from the 
ground surface for comtriOn low ... rlaedwelllnq (except for the 
case Of foundatio·n failure) •. SOil,less than 5 mfrom· the 
ground surfaeer., has noobvlCU8 effec:t on damaq~. . 

3. In eOmJ)arlt1on,tiththedal'lta-=reatthe site,it"is 
assumed. th:at'themlero."nlt:\Oa~roac:huai"g the avel"aqe weight
ed . shear modulus isrrsimplft. practlealand ba.lcally rellab1e 
approach. .•. .... '. ; . ..... ..... ." 
·4.It:.lsproveda~alnt;Jii.t.the averaCje weiqhted shear 

mc>tlulus lsa.gooderltet'icn 11"1 _as'urtJ19 the effect of so11 
on danulge •. It 1s a1s'o a useful criterion in the study of 
fol1 effect. 

. . Some of the . tf1HW'&C(:jneluslona have been. ttlstItied 1n the 
othet'earthqu~lCe8 at'ld8e!sftlle.J!'~ions. Research work in this 
respect st\'Ould .11ee'at"rt;ed fUtthet' on 1n order to prove the 
genera18~C1nitle.",ef!.fthe ,~pproaeh in' the praetlee. It 18 
aiso offmTJt)rtstftttlqfiJ:fte.aft:(!e1n damaqe 'J/)red'!,c:t:1nq and 81 te 
.eleetlt1~. . . 
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CHARACTERISTTCS OF' LIQUEfACTION Of .. 
CLAY,EY SILT, AND IT'S F1ELb DISCRIMINATION 

. BY 

I II Shi Zhaoji t Yu Sh~usong 

ABSTRACT 

The first pa~t of this paper discusses ch,racteristics 
of liquefaction of clayey silt in the cyclictriaiialt~st. 
Difference of liquefactioncharacteristlc'Sb,e;ween a,and,)' soil 
and clayey silt is pointed out. The second,r>attofthe paper 
reviews the current discrimination methods. ltlstestif ied 
by fests tha·tdifferent clay part,icle cont~n'ts would beob
tained from. di.fferent grading .analysfs.me,thods. . This effect 
should be taken in consideration for the determination of 
coefficients!n the discrimination formula. At last, a lique
faction discrimination formula is 9ivenb~th apptlcableto 
clayey silt arid sandy soil, based on Chinese and foreign data. 

INTRODUCTION 

Since the 1975 Haicheng earthquake and the 1976 Tangshah 
earthquake, problem on the liquefaction of sandy soil and 
silty soil, contoining a small~mount of clay particles 
( d ( O. OOSmm ) is mote appriciated by the Chinese engineers 
increaSingly, stUdy of fo~mulationof empirical formula and 
approach for discriMinatin4 th~liquefaction Of. clayey sit 
has. been carried out U~J. At,tentlonhas been. drawn to this 
problem also.!n foreigncoLlntries with certain exper'imental 
investigation performed(1-81. In the modified Chinese aseis
mic. code (1979), it is pointed out that the discrimination 
formula for the liquetfactionofsandy 5011 cannot be used 
for clayeY silt, b""t. noapprorJr1.ateformula is given in the 
cOd.e. Therefore, ltisah' urgeritneed to. solve the .pr(lblem. 
Two respects have to bestressed·on the study of the lique
r.aeblon of claYey silt: 'first, its liquefacti~n characteris-· 
tlcs(diffl';!rence of liquefaction characteristlcsforclayey 
silt and sandysoHtClffectil"1gfactors etc)~. and secondly, 
de.vetoping of reliabled1scriminating fleld approach. This 
paper gives a summary of study performed!n IEM on the above 
respects. . 

CHA~ACTERISTICS OF LIQUEFACTION 

One of the--characteristics of clayey silt isthst it 
eont,ains not only 1,arge amount of sal"1d and 511 t particles but 
a small am6unt6f clay particles which inf1uence its eharae-
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teristics. The f,ormer makes, i~ liable to liquefy, while 'the 
latter prevents. Obviously, when the clay pa'rticle content 
is sUfficiently large, no liquefaction wouldoccur~ But, at 
the same time, such soil with large amount of clay particles 
is clasSified as another type of soil, e.g. clayey soil or 
clay, but not clayey silt. Ar; for the s,oil with small amount 
of clay particles, it is necessary to examine through tests 
whether it is liable to liquefy or not. If it is' liable to e 

lique,fYt its liquefaction characteristiCS, resistance or field 
discrimination should be taken inconsideration. ' 

LiqUefaction characteristics of clayey silt in this 
study were obtained by means of electro-magnetic cyclictri
axial apparatus. Frequency of' the sinusoidal' input loading 
is 1 Hz. Samples used in the te§t are Bcm high and:3.91cmin 
diameter. Time of consolidation is2 hr. for different con
solidation loa'ding ~ Undisturbed clayey si It samples are used, 
taken from Tianjin arid Shansi respectively, physical properties 
of the samples are listed" in Table 1. '. . .. 
1)c.Char~cteris£its·in the developing pro~ess of st~ain , 

It'is shown in the test that "unsymmetry" occurs in the 
triaxial liquefaction test of sandy soil under isotropic con
solidation loads, that means when cyclic dynamic stress is 
exerted, strain in tension arid compression produced are not 
equal. Strain in tension is always greater than that in com
pression. 'R'ut this diff"'etence in strain is very,small (except 
in 1:: he C,8 se of random wave load ) and can. be neglected (as in' 
F'iq •. 1). Typica'f recor'ds ,of liquefaction test for sands of 
three diffet"ent d.ensities are shown lnl:he figure •. 

But, for c,layey silt, such "unsymmetry" is especially 
obvious. For low density samples, strain in tension. is 4-5 
times greater than that in compression; as shown in.Fig. 2. 
As fo~ .high density sampl~s, even n.0 strain inccmpression 
occursduringqertain initial cycles in the test, strain in 
compression oniy occurs'w~en number o~cycles is sufficient 
large and ,isa,lways less than that in tension (Fig.3). It is 
alsoshciwn in the test thattliehigher the density, ,the lower 
the dyn~miccstr~ss, arid consequently the later the strain in 
compression ", appear~~ ,Test ,results seem· to show that. undi15~ 
turbed clayeY's~lf:', sample dd.ffers ·withsandy.spiL~ampl.e in . 
that, . in thepro¢ess of liquefaction, ,clayey silt, sample fails 
chie£ly in t~rlsiQh, the higher the r::tensity, the mo,r~ obvious 
the' phenomena, but the ca.u·se' of "unsymmetry" should. be further 
studied.., 

In case of consoli¢ation under anisotropic loading, cha
racteristics of strain il'1 triaxial liquefac-tion test do not 
differ· much wi~h those of sandy soil, they all fail in com-
pression. " .. , ...... ,", 
2) ,D:evelopment of pore-waterpre,ssure,' ,.,. " ' 

. In case Of consol idationundet.isptroplc 10a<;Ji,~g ,no 
matter how hlghdenscty is. the developing'prccessofpore
water 'pr'e-ss'Ure 0.£ u:ndistw;'bedelayey sllt is that" in· the 
beginning, thepore-:-ltia ter. pres.sute" increases 'rapidly and· then 
decreases gradually to aeorrstant 'value shoWh in Fig.2~nd3,. 
The developing process of pore-~ater pressure of clayey silt 



is'qui,te simtla.r to that of dense .sand, but differs from that 
of lo'osesahd and medium dense sand; in the ra,t.1:.er, sUdden 
rise. inporepressure:orten.occurs in a .certi'lln numbe~ of 
cycles (Fig .1). In.additton, increaserat~ 'o'f, pore pb§ssure 
is affected ohviously by dynamic str.eSis amplitu~e, he. the 
Itigher the dyna;micstress,the quicker the' rise of pore'
pressure (Fig.4-S) • Relation between pore-water pressure ' 
ratioU/UMIlX and cycle ratio N /Nl is given in Fig.4-~, . 
where Nt is the number of cycles, in which. the pore presisure 
approaches or equals the confined pressure 03 in consolida
tion, '. U Max is the corresponding pore pressure. Such 'cha.rac"; 
b~risticsalsoesistsin con so! idation . under anisotropic lo-a<;l
ing , Fig. 6 shows the .test result for conSOlidation pressure 
r.atio Kc ",2.5, From the Fig. the effect of dynamic stresS 
amplitude is very obvious. 

When a sample conso1 idated under isotroplc loading 0"0 is 
exerted by dynamic cyclic stress:!: ad • its max. and min. prin
cipal stress .and direction of principal stress planewiU 
varies periodically ~t an an~leof 90. When pore pressure 
occurs in the sample, variation 'and calculation of the effec
tive max. principal stress 0:' and min. principal stress (f; 
are shQwn in Table 2. 1 

Another Characteristic of the development of po're pressure 
in undistu,rbed 'clayey silt is that, . under loading of-6d,(Tj 
approaches to zero rapidly, and effective principal stress. 
:at~o Oi' I cr;reaches a very large v8!ue,while un~er load
~ng.of "'(feu O"idrops slowly, as shown ~n Pig.7. ThJ.s c~arac
ter~stic correspon9sto the 'fun symmetry" of stress. mentJ.oned 
aboVe, or. associated with each o·ther , because, when - Odacts , 
rapid decrease Of(f;wl~l cause" the developing of· strain in 
tension. . ,,' :. . 

Developing of pore pres'sure in undisturbed clayey ,sil t 
is. quite different from that in sandy soil. Test results 
are shown inPig~8-9 for sandy soiis I.<dthj)r =43% and 90% res
ped::iVE~ly. It ,can be found that: variation of 0'; and~:lcr; 
in bo.thpositlve Cl'ld negatlcedirection is sirnllar under load
l~g.of'cyc:licdynalT)ic stress ±a;.. , values of there two .quan
tJ.tJ.es .are a1 so similar. . Obvlously _this corresponds to the 
fact that unsyminef::ry'of strain in sandy soil is not,obvious. 
3) e;ffect of denslty ." '. . . 

Similar to sandy soil, density.hasa qreat effect'·on t:h~ 
lique'factio"rresd.stanceof clayey silt as in the case of. sandy 
~o,ll. Fig .• 10s,",ows the reI atlon 'bet\;teen: l.iquefacti9" sbress, 
ratio~tJ,'-~f1o . and dry untt weight')'d' -. . t.1-quefactionre:si,s
tanceof 'the three undisturbed clayey slIt: samples' all in
creases 'wi th.thefr' dry unltwelght , but the rate of increase 
differs' forc:tifferentsbilt' S-1so11 has the greiitestrate. 
Besides, density has<a similar effect on the liquefaction of 
disturbed 'clayey sift. . . .• ". . 
4) Effect of lnfti.a.lstressstate· in cohsolidation .. 

. Tnitial consolidation loadtnci is an, importantfac:tor in ... 
fluencing5and1iq~efa(Hidnt in a -givenc:ondii:ionr there is 
a 1 ineat relat:ionbetweel1"'11quefact:ibn. stress ratio and G;' . 
or ftc. 'Thes'imUar effect he-sbeen . also. reflected by t:h~ 
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inltia~ stress· stat~in. o(:msolid~tlonf<?r und!.s~:b#~'E!d,,¢laYey 
sil t. ~' ,,5' 19 .11 . shOWS. the relation betweenO"j 'a'nd ·,mrE!:q~lred . 
to produc::e$%of .s{:rainil') . ~O.cycl~~ Cl.E!.n=20)in:t'herange 
of Kc. e1 •• 0';"2.S. .¢. il'l0reases W1t:h OJ 11ne·arly<buttht!··~H:r,aiqht 
line representing such relation doesno'~pass through ,the. . 
origin" showing that, liquefaction. stres'S~ ratiowh!cl1 in'creases 
with. G",doesnotkee.pat a co~stant •. but dec,rea$el;9;radually 
as shown in Flg.12. In addition,!n the rang,t;!.ofo;.e.O.S,;,2 .• 0 
kg/cm' f liquefaction stress ratio increases wH:h.kt. linearly, 
as shown inFig.1~. Test results also show that lna certa.in 
range of (1" andke t agoo'd lineCtr relatiQnexlsts between 
. Odand max. principal stress in consolidation O't'" .1<e 03 as 
follows (Fig.14)! 

'ed ::;: A.fo serf (1) 

where A and'Bar~constants to be determined by test; for soil 
'ofS ... 1 type,. A=O.22 kglcmZ B=O.41,when 0", =O.5-2.01~g/cm2 , 
Kf. =t.O-2.5,n=30.andE.=5%. The adVantage .of equation (1) is 
that,thec6mbinedeffect.of ·03- and 1« is considered t so the 
equati.on becomes more practical. 
5) Effecl:of·strueture 

Comparing the test results of undisturbed sample with 
those ofdlsturped sample; it is found that structure of soil 
'has a great effect on liquefaction of clayey 511 t. ',. 
Typieal results of triaxial liquefaction test for dist\1rbed 
clayey silt are shQwn 1n Fig. 15 and 16 respectively, where 
1:\';0 dift'etent characteristics froni those of undisturbed sam
ple are found. Firstly, even though the "unsymmetry" of 
strain exists, but this phenomenon is not obvious; secondly, 
<f{ in the tension direction does not· approach zero rapidly, 

also cr; lIT; does not approach to a higher value.' !f compared 
Fig.1S-i6 with Fig,1 and 9 for high density sandy soil. it is 
found that deV~lop~rtg st~ain~nd pore p~essure in- the lique
factiop process of distUrbed clayey Silt are quite similar 
to dense.sand. ' 
. Such difference of undisturbed ~nd d'isturbedclayey silt 

in liquefac'tion may berelcfted to the effe'ctofclaypartlcle 
content •. F:or;~-lsoil, wher.a .. ld=l. 54g/crrrl . it is shown by 
thestatlc .tr. iaxial test that .. ·i. nte;r. nal·. fri. c.~ion~n.g.leP .... of . I 
undlsturbecf sampl'e 1s33.6° andcohesivefot:ee CJ.s>O.17kg/cnr, 
while .... ~. of distut'bed sampledo~S no.tchangebasically .. (~32 .'!J 
but cohasiveforce Cd:ecreasest.o O.07kg/c!na.fShow~ngthat 
the differene~. of Undisturbed .i3hd disturbed sampt~""il'''' 'med,a
nical properties·!scaused. by.·til'te .vatiatlOn· ofeo,hesive ,force. 
It lsassumetlthat'tht!! maln eft$ctof claypartic:l'$slnclayey 
silt is the cl!lmentation formed i,nthepartic'li!:& ()t"soil ag~1"e ... 
9a tes,thus lnoreaslngthe cohes·1on. Whent:heS:~f'UeturE!fi;Ii 1s t 
thiscemE!'ntatlon is then destroyedandcol'tseqtlently cohesion 
decreases.' Therefore, c'ertain mechaniealpr()pert;i~sf iliclud
'n<j ,liquefaetionchat'acteristicsof disturbedcl·ayeysiit 
t:~nd·sto. thosE!' ofs'lil'ldysoil. ' . ", ... '. . , 

'The, effect .of clay particles dry $trucb;u:·~.fs,al$o ,shown 
inPig.17 t inwhidh relation betw~en' the l1que.faetlori ·res,is
t:anee 'ratio ~{equals the ratiobet:ween liquefact:.ion.sttess 
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ratio"Of,undtst:ur'bedand dls:t:urbE!d c:layey s11 t)and the clay 
part~elesc6nteJ1t 'f14, is· shown. ,The higher, the M4 t thehi9

t
'."hhe

e
t" 

theRval0'E!:"l.;e.,:th~ gt'eaf;er.th~c:la,y parttclecontent: f ", " 
obviousthia'sf:ructure e'ffa,ct. , It ,is clear that the struc:ture 
ofclayeY,s.tltisn.of~mlYca1Jsed by c:ementationwhlch ,~i pro
dUcedbyt~e lohCJ1durat:lonaetlon of c:1aypartic:les but also 
bysalf:c~entat,~o1'l iahd waterflltnabsorptionef:c. However it 
isre,asorfab1E! to assume that structure is ,chiefl y built up by 
cemen,taf:ionproducedby claypartic:les. 

PIELO O:r-SCRlMINATION APPROACH 

There are a number ofapproac:hesforf:he discrimination 
of,liquefaction of clayey silt inthe:flelrl, but all i:lre of 
empirical approaches. Most of theappJ:'oaches ut.11ize the 
macro-data to obtain a diseriminaf:ingformulaor critical dis
criminatin9 VaHle by means of statist!c $nalysis. These 
apprC)aches have thefoll0w!ngdf~advant:agel!r~ , F'irstiy,charac
terlstics ofg1;'adinl;J Or clayeystlt is notta~enin conside
r~t:ion, dIscriminating formula.does,l'\ot'include,f'aetors also 
related to particle gradlng;secohdlYt althooC1hsOlne discri
minating formulas COnsider the ·effeet Of gradingt such as 
taking si1 tpartlcleor clay particleC.,ntent in conSideration, 
but. the particle analyzing method us,ed .is nbt: illustrated and 
no stress has been put on the.ef'fect.of',met:hods on liquefac
tion discrimination. Some inVestIgator evenuseeombined 
grading data.(such as M4), obtained from dIfferent analysis 
in the staf:istlc analysis to established a discriminating 
fcrmula;thirdlYt test data used in most.oftheemp!ric:aJ. for
mUlas ·are taken from'l'iclhjin regiononlYt those f:aken from 
other regions are scarcely tlsed.Oiscriminating formulas are 
scarcely related to test data of sandy soIl • 

. ' ItiS'E!xpecb~dtoesf:abl1shaconvenienf: lind reasonable 
discriminating· appr-oaeh .eonsi(ieringchc1t'sc:teristlcs of both 
clayey sittand s~ndy50ltan(f,p6intin90tJt, clearl y how to 
obtain the data and 'cest: mf!t:hods. 
1) . E:f~eet .. Of' par:tieleanaly.sls methods on clay particle 

eonteht " '. . . , 
" '; ,,' ,.Ex.periem::e;shows that. c:,lay partlc:lecon~nt M.t, ls8good 
ind~:~ to ch8ra;ct,et'1~e the llquef~act.fon potent!alofclayey 
Silt,lt1.s0f'tl!n ,ut111~ed /B.s<ts.tatlst!c: data Inestabllsh 
a,:dJ,se~lft'tinatj,nr;,f~!'~la. ',:tn. Ord~* .tc) studY theeff~ctof 
pat"tlco;le ~na:1Y$'1S' meth06.Oh"C:1'ay pa"tielec:()ntent ,of elayey 
$11t:tg;ratUn~t'e!,t:ha:$ ;bl!'el'Ycar'l"ied01Jt t~r. '4 kit'lds of soil 
(Table 1)ae~6t'Cf11'fqto"the:tol10\11.tn<l, Methot!;s: . 

,,(a') '"N~ d'i$persion !~.petfomed;ba!Uc:ally. the soil sample 
fa b~11~,onlY fOl"2 hJ!", ' , " , 

, .(,b) W:'e,tlkdlspe:rston is ~rtot"tned t usinq 1 !-qU!d ammonia as 
a dl.~~sant.·. " ' 

(eJSt:ron9 dIspersion is ~rformed, usIng ( NtlPdr)6 as 
dl&peorsant., .;, ' . 
. TestresJ,t;ll: of the abOVe In@tJlt()d!! is listed 1n Tab1e 3. 
lI't'Ol'tthe table, it isobvlous that the composition of par
ticles obtained depend!! on, to a great: extent, the l'Itethod of 
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dtspel:'sio~U$ed J. clay particle content obta!ned in the .s:t;rong 
dspet'sloM is greater than thatobtaine'd inth,eweak'disper
sion! ev~ntwtce greater than the latter. ':t'herefore, clay 
parb.clece>ntents obtained by differeht par,ticel analysis 
methods cannot bemlxea together in~'estab~ishin9 ,the discri
minating fotmt.tla, unless check tes-t<ormo;difica·tfon has been 
made previously. . For the established dls'crimtnatlng . formul a 
above. it is t1eCessary to pOint 'outlhe part~cle analysis 
method used t otherwise errd.r wtl1beellsily ,made'.fn,discrimi
nation, especially in the discrimination of critical condition. 
2) Ll9J!efacticm discriminating' approach applicable to sandy 

SQ~l also . . 
.... We h~ve two groups of data obtained ih the field for dis

crJ.tnJ.nating liquefaction of clc:l.yeysilt, the first group was 
taken from Tianjin cityarea,~ .the clay particle content of 
whcih was obtained 'by theflrstahalysis method.m.erH:i()rH~d"ln 
the last p~ragrapht . i'.e.n6 'dispersant waS addt*l,;:andthe; . 
sample was boiled fot 1 hrlo only.: There are 86" data in this 
group, ofwhlch49 dacawere taken 'from the llquefa~tion sites. 
The second group taket1from Tianji"; Tan~shan e~e.",donsists ". . 
of 126 d~t:a,<of whic:h 48 data wers taken from the; liqUefaction 
sites. ( Napoa )6 ,was u~edaS a dispersant in the particle 
an a 1 ys i sfort hi sgr'oup. ." . . . ..j 

(a) Liquefaction dfscrim'lnati1"l<,:1 formula c:ohsistent.wlth the 
Chinese aseismiccodeC for sandy soll) . ' . 

Fig.18 gives the 'summary of certain tesultsof the first 
data group, showing the relationb'etweenblownumber of 
standard penetratiohtest N6U·:(,fo:r liqUefied ,and unliql:Jefled 
5(11) and M4 ~,tthre~: different depths (d5eS;6 arid 7M .. ; depth 
of water table'dw !'!!2.0rvt.). ObV'iOlHfiy' the crit:ical blow nUiTlbE!r 
N" flecreaseswith increases of M4t and there seetnst:o'exista 
linE'''lrrelatlon. In the case of M4=O t i.e. in the ,case of' 
sandy SOil, the critical blow Number N· shOUld be,taken 
acc:ording to the spec if'lc: at ion irtas'eisrniccodei' therefot"e, 
the follOWing discriminating forrnulae-xists . ' 

ff'-: "J'- :f)M4 (2) 

when the measured N value ,is great~r than Nit value, no 11que~ 
faction .will occur~ or vlceversa.In the case of M&;=O'f. that 
means the soil is sandy soil ,N"~N', ~hiChist,he,same'as·the. 
the discrimihation formula in the ~seismic: eode;therefore· 
formula (2 lis applicable both to clayey, Silt:artds:andysoil. 

D in formula. (2) den6tes>ch~' slope .of th~straig"'t I-ine '. 
shown in Fig.18 t which can be O,bta:t'i1~ bygraph~c sol~ti()t:' t 
fromt:he available result, it::~:snot§o'e~o'Selyrelated to 
the depth of the layer and,the water table'level. For,:f:he 
1st~grou'Pof data. D=0.664. 'percent ofsu:ecess Indlsc:.t:'irnl
nati,ng . liquefaction is 93%fa$>~ort11:e2nd9:roupof.datatake,A_ 
fl'ottr TlanJinCit'y (92irtl"tUmberJ. O~1 .. 0tpercel"tt,ofsucc:.ess in . 
diserlminatlngliCIuefactloriiS84%tthedlffe:rel"lce.lnsucees~, 
results in th'e variation of[pattTclean.alyslsmethod. .' .:.... '." a 

. Formula (2J iSOl"lly sUi,table fc>r reglrm.of i~tensityVII..r,j 
furtherst'Jdy shouldbecarri$d' out to' prove whetlier it !s. 
suitable fcr reqionof intensltyvtt or IX t 
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(h) Liquefaction discriminating formula applicable to sandy 
soil also 

Statistical analysis uSing both clayey silt and sandy soil 
data is made 'in order to o_htalnadiscrimlnating formula sui- '. 
table for both' soil. Sandy soil data aret.aken· from ref. (4). 
H,4 of. sandy ,soil·· is taken as zero in the analysis. 

, In ordertoin'c;:reasethe accuracy indlscrimlnation f mo
dificationcoe>fflcfent~andnonline.ardiscriminatln9 metho.d 
C4 t 9 ,10)~re uS,ed. Pi"'; factors which have a large effect on 
liquefact19n aretaken1nthe statistic analysi~, namely, depth 
of the soil layer, Xi. in meter; blo,., numbers. of standard pene
trationtast: ,Xt ; water table level; X3 .. in meter; clay parti
c~ec('"tentX4 (in %.. hut M4 =5 is taken when substituting in 

.. (2) e'thd statisticaifo,rmula); ground acceleration Xs ing. . 
(0.Q75g for intens:it:,YVII, 0.15g for intensity VIII and O.3g 
for 'intensity' JxJ" '" ' .. " 

Statistic.al results of the' first group of data are listed 
on the lef'te:olumn ,tnTable 4, which gives the coefficient in 
the discriminaf:lrigformulatmean valuealid $bandard deviation 
required for the modificationcoefficient,critical index of 
liquefactionpotehtial 20:: -1.217 and percent of success Pr =0 

89.10/0. Theeorresponding results of the second group of data 
are listed on the right column, with 20= -0.4167, Pr =86.4%. 

CONCLUSION 

1. Compared with the results of sandy soil, unsymmetry of 
strain of undisturbed clayey silt is more Obvious. During 
liquefactioM, strain in tension of clayey silt is much greater 
than that is compression t showing that the sample fails "in . 
tension" principally. Consequently, when the sample is sub- . 
jected to tenSion. its effective min. normal stress approaches 
to zero rapidly. butder;reasesslowly when the sample is sub ... 
j eeteq ... to compression.',;" In .add! tion, tt1e P9re.pressure of un-

·disturb'edclayey'silt·wouldnot be increase. suddenly on the 
contrary,.' it -incre"'~es very rapidly intl)~beginning., .' then 
dec:rea~,es i tst-ate gradually. The Incr~ase rate of pore pres
sure i$~ also af~ected. by 'the amplitude of dynamic stress and 
in.ereaseswith the. latter. rnthe, liqqefaction cproc~ss of un
C!ls~urbed clayeysilt t suchd(!welopin9 charater.istic of pore 
pte~stire and st,rain have been only reflected in cyclic tri
axHtltes~)ther~ason should be further investigated. 
2. DensityaQd in11:1.al stress state in conSOlidation are also 
import~nt:,f~~J:drsaffeetin9 the liquefaction of ~layey sn~. 
It -issh()w",;:~. "the testresultS.that there exists a. good 11near 
relation bet~enthe dynamic stress required to produce 5% of 
straln'ancf;';~H~"f'IIax'~ principal stress .. ft. in consolidation. 
3. An imppt~§lnt effectof,clay particles in clayey silt is 
formati9r'l;":ofc~m~.!1Fation,th~~strength7ning. the. struc:ture of 
undisturbe~t.'c'l~yey s.il t and increasing J. tshquefaction re
sistance.' When U:s nt ructure and cementation are destroyed, 
propertie~;:"o~<~rayey -; 1 tapproach to those of sandy soH in 
advance, th.erefor:e strain arid the developing process of pore 
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1?rel:'H~Urein li.Cl1Jefactloh ofdtsturbed clayey silt are very 
si'mi14t· tothbse of dense sand. . 
4 •. Llquef'actloh discriminatingformuta for clayey. s~H:. must: 
include parttmetets.showingt:neeffectorCjrading,suC::h as M4 .• 
'I'heeffect or pari:;ie1e analysfsmethodonthe clay partiele 
content sho,uld .. be·emt)ha~r!z@d.eac:hdiScriiTiinatin9forrnulaeor
resp.ond to a specified method. otherWise et'i'or would be made 
in. diserimination. . For the critical condltionofdlserimi- . 
nation (for example the calculated index Zapproaeh' the c:ri.t:ical 
index 20), which Is of nraineoncern, effect of the error woUld 
be greater. .... ... . . . . 
5. Formula(2) and'table 4 are bothsuttable for sandy soil 
and clayey silt, but formula ( 2) is.on1y applicable to region 
of intenslty \lIlt •.•. If l'todis·persanEis used in the pat'tlcle 
_ahalyslSt DitlfOrmUla (2)lsequal toO.G64,wh11e{ NoPO!.);' 
is used as adtspe,t:'sard: f thenD",.1.0.ltls sUggest:ed.t~ use 
M4 fromf::he1stp'a~tieteanalysismethod (l.e. no dispersant 
is. added" tQestablish and improve the discriminating formula 
for.conve.nience and reliability. .., ,. 
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FOUNDATION PROBLEMS IN ASEISMATIC OESI'GN OF 
HYDRAULIC STRUCTURES 

* WANG, WEN-SHAO 

SUMMARY 

In aseismatic design of hydraulic structures the safety of their 

foundations should be studied comprehensively to meet all requirements for 

stability, seepage control and allowable deformation. Six main problems 

are discussed. TI'ley are problems of active faults, weak seams in rock 

foundation, soil liquef.action, soft clays. safety of seepage cOhtrol syHem 

and erratic ground. Special attention has been paid to soi 1 liquefaction 

and soft clays. Engineering remedies of these problemsar'e also mentioned. 

INTRODUCTION 

In asehmattc deSign of hydraulic structures a comprethens i vestudy 

s/!lould bemedetomeet all the requlrments of foul'ldatlon safety against 

ihStabilfty, seepage faJluresnd unacceptable deformStionaccording to the 

type and form ,of superstructure, the engineering and hydrological geology 

of foundatIon, thehydraul ie and operat iolia I condftlon of project and the 

se I am' c as:pect and ground motion at the site. S I )(ma in foundat Ion prob 1 ems 

are cons tdered based on Held records of earthquake dama~ed areas In China 

during past two decates t questions raised by many our design engineers for 

new hydraul Ie establ rshment~ ilnd experiences obtaIned in other part of the 

world. 

.. ,: ., 

P~08LEM ot ACTIVE FAULT 

There are " few cases appear Tng In recof'ds that some hydrau 1 r c 

stru(~~res have been damaged by fault breaks during strong earthquaJces 

(Sherard t etc .• '914). San Andreas Dam, Upper CrIsta. Springs Demand Old 

San And,.eas D,,., were at' sheared by theS," Andreas Feu 1 t during 1906 San 
Francisco eart"quake. All American Canol\I was sheared at one place by the 

EmperlatFauh during 19i40 EI Cent/'o earthquake. The bed rock of Hebgen 

Re!ervolr and Its dam Site subsided about 3 m in average with maximum of 

,bout ".7 m due to ve rt I ca I d i sp 1 "cement of the mal n HebO'en Fau Tt dur I nq 

'!59· Wes t Ye 110wstbne earthqu.ke. 

* Head, o.partrnentof hrthquake Enqlneerin9. Water Conservancy and 
Hydro-electr I c Flower Aesearch I nstHute 
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Table I gives some statistical data of historIcal fau)tbreaks and 

their maxmum displacements. l\ rough ~orrelationbetween length of break and 

maximum relative displacement of groond on opposite sides is shown in Fig. I. 

Since there Is no way to prevent fault break to occur, it Is required 

to avoid erecting hydraulic structures across potentially active faults. 

It is certaInly prohIbItive to build concrete or stone masonry dams over 

active faults owing to their brittleness. For embankment dams it is advr'sed 

to use z6ndd earth and rock fIll d~mswith thlckim~~rvious 2tay ~ore~ 
',\." .,,,-

protected by well proportioned filter and transition zones to prevent piping' 

throuth cracks whick'~lght-be openne~ by fault breaks. 

PRQBl EM qFWEAK S.EAMS I N ROCK FOUt./DAT LON 

Firm rock foundations can sustain safely against strong earthquake 

waves, but weak and soft seams, espe~ially low dip angle mud bands or water 

c;oftenning rocks,-are troublesome to stahl! lty and deformationo! concrete 

Jar's .~n\i locks because of their low strength and low frictional Angle. Their' 
~..... -, 

behavior under dynamic earthquake action is even nof well understood. . ~ .~. '. ~ .. 
Special research for this problem seemS necessary. 

Another problem which should be cautioned Is the possibilIty of ~ 

breakage of 'waterl ightmE(!mh.rane e'ither of n~turalimpe:rvio~;;'(~tratao'r of 

man-made cut-off diaphram wall or grouting curtain In pervious foundation 
~.. . , . ". -.. . -... , .' . 

by strong earthquake actip~. When this occurs, not only the water wi q 

leak through the breakage, but als6 the pore water pressure distribution in 

foundation will become worse to cause instabIlIty of the structure. 

PROBLEM OF SOIL LIQUEFACTION 

Practical consideratlon 

S"aturated' cohes I on less' anrl less cones i ve· sit ty so i 15. If not densel y 

compacted ,are vulnerable to 11 quefacl ion dur Ingearthquakes ,because of", 

j ncrease of pore water' pressure and decrease' of internal sheart'esistance 

in the soil mass; However,the,foundat.ion may lose its service ability or 

fail when ,thee pore water pressure becomes-high enough and the internal 

shear resistance is reduced to be equal"toor less than the driving shear 

stress before commencement of 5011 1 iqoefaction. Therefore, ·in aseismatlc 

design of hydraulic structures it would be safer to keep the foundation 

always withIn the margin of stabl litywlthout permission for liqu~fac~ion 
15-2 



to actually occur. 

Main category of liquefiable soil 

Based on field data obtained from various earthquake damaged areas In 

CHina, it is found th~tsaturated soils tontalnlng less than 15% ( with 

maximum of 21%) of clay sized particles (d( 0.005 mm)' by weight are 

liquefiable (Fig. 2). The plasticity index Ip of these soils are mostly 

less than around 10, but could go up to 14 (Fig. 3). Soils with plasti~ity 

index Ip (3 ar.e typical conesionless soils whi Ie those with 'p>3 may be 

Cil I I edless cohesive s i ltv soi Is. Among them saturated sands and 5 i I tsare 

most vulnera,ble to liquefaction .. 

Some :'coasergrai ned soi Is ,such as gravelly sands ahdsaridy gravels, 

have a I so shown to be 1 I quef i ab 1 e. Sand vol canas, formed by!) feed inq of . 

liquefied unterlylng strata over the bank of Manggou River near epicentrum, 

Gushan ~ill, after 1975 Ha~cheng earthquake, contains about 25t af gravel 

sized pa~~icJes (d)2 mm.L. The $"ubmerged portion of sand g..ravel·upstream 

protection layer with stone facing of Baihe main dam of Miyun·Reservoir 

slid just as flow slide intobo.ttom to the reservoir during 1976 Tanqshan 

earthquake. The maximum ground acceleration recorded at dam site was· 

around 0.05 g (q = 9.8 m/s2). It has been found that the liquefaction 

characteristIcs 6f saturat~d-sand gravels 1s governed- by, its finer portion 

(d<S mm},.wben jt~ coarser portion.(d)5mm.) is less than-about 60% by' 

we i ght. 

Criteria for preliminary e.valuation 

I. For saturated sand foukdations 

(I) By standard penetration test (SPT) 

The mel'hod given in the Aseismatic Design Code of Industrial and 

Domestic Buildings (Tentative, 1974, China) is employed, which states that, 

if the SPT blow counts N63.Sln a saturated sand layer at depth ds (l5 m) 

is less than N' computed by following equation (EQ. I), then the saturated 

sandet depth d Is considered to be liquefiable: s . 

. (I) 

where d is depth of ground w8te'r; level below ground surface; Nt 10; 
w 

cr I ti ca I SPT b 'ow counts for d ~:3 and d • 2, whl~h equals 6, 10 or 16 s w 
for earthquake i ntens I ty VII, ~III o~ IX respettivel,. 
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However, two modi'ications have beerimsde by the author whenEq. 1 is 

being used: 

a. For shal.low saturated sand layer of depth less than5m, N' is to 

be computed by settin9 ds .. 5 III in Eq. I iAstead of 'true depth. because it . 

has been felt that tile value Nt given by Eq. 1 in this range of depth 

(ds(5 111) might be too low ~nd on the unsafe side as compared with other 

criteria ( Table 2). 

b. If the ground surface and ground water leve 1 s before and after the 

construction of hydraulic structures are not same, the SPT blow counts 

N'63.SobtainM before construction will be corrected to N63 . 5 for 

conditions when structures are in normal operation by the following 

'ajj)ro)t i matera) at·t Oftsn I p: 

(2) 

where the apOSfrophe .. I II deriotes quantities measured at the time when 

SPT were j:)erformed' befol"eeonnructionj while those without apostrol'he 

II t II are for torldttionswhen the structures have been under normal 

operation. 

(2) 8y re hit i vedMs I ty 

Band on scaHerrlng data' obtained both in China and from abroad, 

saturated sands possessing following raf'lges of relative density are 

supposed to be liquefiable under the vlbra~orv action of earthquakes: 

Earthquake intensity 

I (MM) 
5 

VI 

VI I 

VIII 

IX 

Ranqe of relative density 

o (%) 
r 

< 65 
< 10 

< 75 

< 80-85 

2. For saturated less coneslve Silty 5011 foundatloM 

Based on data of IlquM/ed and nonliquefiedslHy soHs obtained from 

various earthquake! damaged areas In Chine during past two deC4tes(Flg. 4 

and 5). It Is notfc'edthat, when thi water content wsof the Sltur,led less 

eoneshe sll tysoll Is equal to or greater than 90 -100% of Iu liquId 

II In 1t wt or whet'! I tsl iqu I d i tv fnde)( " L Is equa t to or 9reJi tel" tMI"IO. 1S-' • 
liquefaction 0' thh soil Is likely to occur during strOi'tge.,.tf'wqua".s. 
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·The above mentioned correlation has been proposed as a criterion for 

pre! iminary evaluation which can be. writen. as: 

(3) 

and 

IL~O. 75 -1 (4) 

where IL = (w - w )/ I , in which wp is plastic 1 imit. s p p 

Engineering remedies 

Any potentially liquefiable soil layers should be a,?old~d, otherwise 

they shoo 1 d be rep' aced or . improved to fulf i 11 the re~u i rement of 

foundations for hydraul ie stmctures. The ftihdameMa! improvement Is to 

deMify the soil layer by various techniqueS s(jth asvlbtofiotation. deep 

compaction, compacting plies, deep brasting, vtbro-compaction', etc . 

Other engineering measures such as use of pile foundation, sheet plHngor 

underground wall end(Jsure, sand and gravel drains. sop-erficial10ading or 

dewatering are also effective to reduce damage of foundation which contain, 

liquefiable soil layers. The matn object of Imp'rovement Is to eliminate 

factors which might bring about high pore water pre-ssure rise In the soil 

and tosttengthen the fouridation. 

PROBLEM OF SO~T CLAYS 

There have been many cases I" which foundation failur~s during stro.ng 

earthquakes are. due to Ins tab; I Lty an~ defQrmatiQn of soft. c lay strata. 

Some examples whl ch have occurred inCh I na.aregi 'len in Tab Ie 3 .. As 

another examples reportM by Hi tchell and Houston (969), many lands tides 

which developed during the '964eart~quake in Anchorage.AJa~ka, inv.olved, 

at least in part, fal lures in the sens.itive Bootlegger Cove clay (Fig. 6). 

In the Ase i sma ti c Des i gnCode of.1 ndustr 1 a 1 .andDomes tic Buildings, 

soft clay foundations with bearing capacities less than 8.10 and 12 t/m2 

are considered to be unsafe against ~trong earthquakes of intensities VII, 

VI'I and XI respectively. 

Based on the above mentioned data. the author has proposed the 

following fnd!xpropertles as criterJa for soft eJays which should be taken 

t:alitfon ,,, the asel Sl'ltat Ie design of hydraulic structJJres: 
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Li qu I d i ty Index: 'L:)O.75 

Unconfined comp ress I ves ttel'lgth: 

SPT blow counts: N" It 

Sensltivlty:St ~ 4 

-' . '.' 2 q ,/0.5 - 0.7 kg/em 
u~ 

The peculiar behavior of soft clays is their low strength, high 

sensitivity and high compressibility. Special experimental and 

analytical studies of their dynamic behl:lvlor· are require.d fOr aseismatic 

design. 

Soft clay strata, If being not avoidable, should be replaced or 

improved for foundatlon~ of hydraulIc stru~tures. Pr~loadin~ sand dfains, 

pile foundation, sheet piling or underground wall enclosure, etc. are 

methods usuaUy employed to strengthen soft clay foundations for different 

·types Of structures. Reduction of base pressure by broadening the base 

size, readjustment,of load distribution by counter weights, increase of 

integrity and rigidity of found~tlonstructure by adequate design, etc. 

are also ways of improvement. It: is advised not to build concrete, stone 

masonry and rocH'11 dams on soft clay fouridaHons. 

PMB-lEMOF'SE£~'AGECONtMl SYSTEM 

Seepage control system Is important for water retaining structures 

such as dams, locks, E!tc.. It iSri,ot uhUsua 1 that after strong eartnquakes 

many water retainil'lg$truetures have shown leakage through their 

foundations and aboutments. In some sevefe eases. "rOliiQ has developed. 

structure has col htps~d anddowt'lstreama~rea has been flooded. Therefore, 

how to maintain safety of seepa~~cOritrbl system Ciljalt\st strong earthquake 

is a veryirnportant problem. 

Seepage control system Is composed of both seepage prevention elements 

such as grouting turutn~C!tJt.~offwalt or trench, upstream impervious 

br:anket, etc. Cindseepage prot'eettol'l el~nts (for prevention of internal 

erosion) sueh as lnverted filter,dt'alnage system, etc.. Any breakage of 

the above ml!ritlofiede'~ments wtlJaltetthe pattMnof sMpage flow arid 

reduce theseej)a~e eontrol atHlfty of the foun~ati~n. Englheering li'Ieasures 

have to betak-en to iH'6v tde I!Isot.ifttfseep4'geC()t1t ro r system for the 
. . 

foundatiOn and atconudfaeesb!twe~n structure and ground wherever 

~reakage and leakage are likely til.ottur under' earthquake aetlon. 
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Irrstrumentatlrih for measuring pore water pressures and seepage flow should 

be provided in order to detect seepage condition in the foundation and 

abutments dur i ng earthquake. 

PROBLEM OF ERRATIC GROUND 

If the characteristics of ground matheria1, either rock or 5011, 

change abruptly in lateral direction within extent of the foundation of 

hydraulic structure, nonuniform settlement of the foundation and its 

superstructure Is likely to bccur during strong earthquakes. This may also 

bring about breakage of seepage control elements and cause damage to the 

structure. 

Remedies could be taken toeliminate heterogeneity of the foundation 

by Hrengthening the soft parts of the ground and to t>rovide extra seepage 

control elements at'places where leakages are likely to occur. The 

configuration of base and load distribution condition could also be 

regulated to fit the heterogeneity of the foundation. 
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INTROOUCT ION 

DYNAMtC SOIL PROPERTIES 

by ISlo IShibashi 1 

Techn1ques for analyzing ground response and soil-structure inter
action problems during earthquake vibrations (such as the lumped mass 
method, wave propagation technique, and finite element method) have been 
rapfdly developed in recent years due to a marked improvement in large
capac1ty digital computation systems. However, successful application of 
these techn; ques requi res the insertion ofrealfstic and accurate dynami c 
soil properties into the computer programs. In this paper, the author 
aims to gather and clarify the information currently available regard1.ng 
the dynam1 c soi 1 properties: dynami c shear moduli and damp; ng ratios. 

ANALYTICAL MODELS 

When either cohesive or noncohesive soils are subjected to cyclic 
shear loadings, their stress-strain relationships are usually nonlinear 
and fonn hysteresis loops, as illustrated in Fig. 1, even for very low 
cyclic shear strain levels. The path OAAIA" or 000 10" in the figure. 
which connects the peak values of the stress-strain loops fer different 
cyclic shear strain levels, fs called a backbone curve~ The backbone 
curve coincides with a loading curve for the first cycle and is usually 
nonlinear. The bulge of the loop also1ncreases with increaSing cyclic 
strain levels.·. The backbone curve characterizes the shear stiffness of 
the soil, while the bulge of the loop is attributed to thedarnp1ng char
acteristic of the soil t which could include both hysteresis damping and 
viscous damping, depending on the type~f dynamic tests performed. 

A. Equivalent Linear ~'odel· 

If the series of stress-strain loops obtained from laboratory cyclic 
tests have frequenc; es similar to those ·of earthquake vibrati ons such as 
1 ~ 3 Hz, these loops themselves can be fitted by mathematical equations 
such as bi11near models or others discussed later and used for response 
analySis. Most conveniently, however, the stress-strain relationships 
obtained can be replaced by an equivalent linear model as follows. As 
shown in Fig •. 2, a real stress-strain loop in (a) isapprox1mately equal 
to a linear spring with spring constant Geq in (b) and equivalent damping 
ratio Oeq in (c). Deq is defined as 

1 llW o ·"-.-W eq '+11" 
(1) 

where ~W ;s the area inside a stress-strain loop or total energy dissipated 
in a complete reversed cycle, and W is the area of the triangle OAB in 
F1g. 2(a) or the maximum energy input in an equivalent linear system .. 

1 Associate Professor, School of Civil and Environmental Engineering, 
Corne1l.Un1vers1ty, Ithaca. New York, 14853. 
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Once the equivalent shear modulus Geq and equivalent damping ratio 
Oeg are determined, the linear vibration equation shown below is applic
able: 

(2) 

where 0 = Deq,w2 = K.(st1ffness)/m(mass) and "a" is the earthquake 
acceleration. Thest1ffness K is related to the equivalent dynamic shear 
modulus Geq , dynamic Poisson's ratio, and geometry of the elF!ments, and 
is equal to (Geq/h)A in the lumped mass model, where h is the thickness 
of the subdivided soil layer and A is the area of the soil column. 

The damping ratio 0 in [q. 2 should be modified by Eq. 3 only when 
the dynamic stress-strain re1ationsh1p is obtained from a slow (compared 
with earthquake frequency) cyclictest1ng during which the viscous re
sponse of the soil is elfminated, as suggested by Idr1ss and Seed (1968). 

( 3) 

where Dvis is the viscous damping ratio. Parmelee et a1. (1964) deter
mined Ovis values from the logarithmic decrement (Eq. 4) of free vibrations 
and obtained an average value of 9.4% for various cohesive soils. Idriss 
and Seed (1968) used Ovis = 6~ for their response analysis: 

1 a1 
O. = -2 10g--

V1S w a1+1 
(4) 

where a1 and ai+1 are the peak accelerations measured during the ith and 
1+1th cycles in free vibration. It should be noted, however, that if the 
real stress-strain loops- are obta1nedfrom laboratory cycl ic tests with 
earthquake frequencies, no viscous damping modification. as was made in 
Eq. 3, is necessary, since the leops already include the effect of viscous 
damping, as we1l as hysteresis damping. for that fre'quency level. 

B. Linear Visco-elastic Moclel(Kelvin Modell 

The first and simplest simulat10n of the sotl model may be a Kelvin 
mode', which consists of a linear sprin9 and a linear dashpot. as seen in 
Fig. 3. The dynamic response of this model is first analyzed 1n order to 
demonstrate the nonlinear behavior of soils. When the total shear stress 
1 is developed upon the application of shear deformation y, the equation is 

't = Gy + C ~ (5) 

where G and C are considered constants for the linear ~isco-elastic model. 
16-2 



For sinusoidal cyclic strain application, Eq. 5 becomes 

y = Yo sin tilt (6) 

~ = wYo cos wt (7) 

Therefore, substituting Eqs. 6 and 7 into Eq. 5, Eq. 8 is obtained: 

h c2w2 
t = Y G 1 + ---- • s1n(wt + 5) o G2 

where Yo and ware the amplitude and frequency of the appl1edcyclic shear 
strain, respectively, and 0 is a phase angle. 

Eq. 8 can be plotted in the T-y domain, and it shows an ellipse for a 
given w, as seen in Fig. 4. When the frequency w ;s varied, the shape of 
the ellipse changes while keeping G and Yo as constants, as seen in Fig. 5. 
Fig. 5 demonstrates that the visco-elastic material behaves as a function 
of the frequency of the applied cyclic strain and that the area inside the 
loop (energy loss) depends greatly on the frequency w, and becomes zero at 
w ... O. Although this simple model demonstrates the frequency-dependent 
nature of soils, it does not adequately represent the nonlinearity o~f 
spring and dashpot. 

C. Bilinear Model 

Real cyclic stress-strain relationships can be approximately replaced 
by a parallelogram, as shown in Fig. 6. The straight lines 1-2 and 4-3 
are extended and 1ntersect at 5. Lines 4-6 and 1-6, with tangents Gl and 
G2y are parallel to lines 1-5 and 4-5 respectively. In the bilinear model, 
a yielding shear strain yy is defined, as seen in Fig. 6. The stress
strain relationship follows path 0-7 with Gl until the shear-strain ex
ceeds Yy' and path 7-1 with G2thereafter until y reaches Ymax~ Therefore, 
in this model, G1. G2, and Yy values should be determined as a function of 
Ymax' Idriss and Seed (1968) showed that the response values determined 
by the equivalent linear model and the bilinear model are in good agreement. 

A bilinear model can be replaced by an equivalent linear model by 
using the following equations: 

Geq = slope of 0-1 = 81 (1 -~J + Gl~ Ymax Ymax 
and 

G2 Ymax _ 
1 - .iri 1 

1 lIW 2 y Y-

Deq 1t4;'w .. -. • ....:L 
11 

G2 (Ymax . 1]' 
Ymax 

Gllv;- - 1 

16-3 

(9 ) 

.. (W) 



P. Ramberg-Osgood Model 

In this model, the backbone curve is linear up to the yielding strain 
Yy and becomes nonlinear thereafter, as shown in Fig. 7. 

for 0 < 'Y < Y - - Y 
(path 0-1) (11) 

r 
.' = Gn - a t for Yy ~ Y ~ Ymax (path 1-2) (12) 
~ (G 1 y ) r-l 

y 

where 0. and r are modification constants. The value r should be equal to 
or greater than 1. 

The curve 5-6-7-2 h.as the same shape as the one through 1-2. but it 
is enlarged to fit paints 1 to 5 and 2 to 2 (Masing criterion). as 

T +, = G}{y + y ,- a max maxi 
(T + 'max) r 

(2G1Y
y

)r-l 

The path 2-3-4-5 is obtained by rotating the curve 5-6-7-2 180 
degrees: 

(13) 

(14) 

In the Ramberg-Osgood model. the values of G1 , Y., a, and r should be 
determined as a function of Ymax' The equivalent lin~ar model correspond
fng to the Ramberg-Osgood mode] is 

(15) 

. G' 
2 r-l I -P,J o =-·0-::-:-:;-11-

eq TT r+.1. I 1 
\ 

(16) 

Idriss et al. (1978) recently reported the values of R • 3.5 and 
a = 0.5 in the Ramberg-Osgood model to characterize the dynamic behavior 
of San Francisco Bay mud. It is also interesting to note that the same 
authors showed experimentally that the backbone curve could be determined 
approximately by the results of one fast monotonic un~ra1ned test with a 
strain rate such as 8%/sec. 
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E. Hardin-Drnevich Model 

Hardin and Drnevich (1972) assumed that the backbone curve is defined 
by a hyperbolic curve and that the curve approaches the Tmax val ue (static 
shear strength value) at y (dynamic shear strain) •• and has its maximum 
slope Gmax (maximum shear mOdulus) at y • 0. as seen in Fig. 8 and 
expressea 1n Eq. 17: 

T • (17) 

or 

G • -L. eq y (18) 

where Yr - Tmax/Gmax is called the reference strain. 

Instead of defining any equations for the loop, they assumed that the 
area of the loop AL was a constant percentage of the area of the triangle 
abc,A(abc)1 as seen in Fig. 9: 

where Kl is constant. 

Therefore. the equivalent damping ratio, Deq. in the model is 

1 ~w 2Kl [ Ge 1 D -41i'V-- l-~ eq n n· Gmax 

When Y approaches infinity (or G ~ 0), eq 

2Kl 
D --eq ,max 1f 

Therefore. 

Deq • D eq..... [1 - :m:;j · Deq .111' I Y~Y ~/T r 
16-5 
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In summarY, the Hard1ne Drnev1ch model uses Eq. 18 for equivalent 
shear moduli and Eq. 22 for equiValent damping ratios, but it is slightly 
IiROdif1ed by substituting the modified Y/Yr values expressed in Eq. 23 into 
tite original Yhr in Eqs. 18 and 22 in order "to fit their resonant column 
test results. 

( 23) 

where a and be are experimental constants and given in Table 1 as functions 
of the number of applied cycles, N. cyclic frequency f, and the mean prin
cipal effective stress ~o. The maximum shear modulus Gmax is also given, 
which was determined from their earlier resonant column experiments: 

G = 1 230 L2.~3 . e)2 (OCR)K - 0.5 
max' 1 + e °0 (24) 

where G ax and 0'0 are1n psi, e is the valid ratio, OCR is the overcon
solidat~on ratio, and K is the plasticity index-dependent constant, as 
shown in Table 2. 

tmax values are determined geometrically by using astatic failure 
envelope as demonstrated in Fig. 10: 

(25) 

where ~v is effective vertical stress, ~ and ~ are the cohesion and angle 
of internal friction of soil in effective failure envelope~ and Ko is the 
coefficient of latera'j earth pressure at rest. 

The last undetermined value in the model, Deq,max' 15 also given in 
Table 3. 

EXPERIMENTAL RESULTS 

Sands 

Sherif and Ishibash1 (1976) and Sherif et al. (1977) conducted 
dynamic testing in the torsional simple shear device in order to determine 
the dynamic shear moduli and damping ratios for v1lrious sands, ranging 
from fineto coarse grains. The equivalent shear modulus Geq is SUfmla~ 
rized in the following two equations: 

for 0.03% ~ y !. 1% (27) 
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where Geq and the mean effective confining pressure aa are fn psi. the 
so11's angle of internal friction * is in degrees, and the dynamic shear 
strain y is in percent. All of the! experimental data, including! various 
soil types and confining pressures" are plotted in Figs. 11 and 12, which 
show a reasonable agreement. 

The equ1vale~t damping ratio Ceq is also found as follows: 

50 - 0.60
0 Ceq II 38 - .• (73.3F - 53.3)yO.3 (28) 

where Deq and yare expressed in percent and aa 1S in psi. F 1S called 
the soil gradation and sphericity factor and is defined as 

F D ~ (29) 
1j1 2C 

9 

where 1/1 (soil sphericity) • S'/S (S' and S refer respectively to the 
surface area of a sphere of the same volume as the soil particle and the 
actual surface area of the soil), and Cg (coefficient of gradation) = 
Di%lo x 060(010, 030, and 060 are the soil diameters than which 10. 30, 
and 60% of the soil by weight is finer, respectively.) Fig. 13 shows a 
plot of all of the experimental data. 

The importance of 5011 angularity (or sphericity) is emphasized in 
determining ratios (or soil liquefaction (Sherif and Ishibashi. 1981)) for 
sands. The approx1mate so11 sphericity can be determined visually as sug
gested by Rittenhouse (1943). This method involves the microscopic 
class1fication of 100 arbitrarily picked sand grains into several repre
sentative groups, shown in Fig. 14, and averaging them to determine 
spher1 c1 ty. 

Iwasaki et a1. (1978) and Tatsuoka et a1. (1978) determined the Geq 
and Deq values for sands from resonant column tests for a small shear 
strain (y - 10-" - 10- 2X) and from the torsional shear test for a large 
strain (y - 10- 2 -IX) and proposed the following relationships: 

(lO) 

Deq [Geg ] 
Deq,max • 9 Geq,max 

(31) 

where GeQ,mat( is the maximum shear modul us (or GeQ val ues at y • 10-4%). 
Ceq max fs the maximum damping ratio at G~g : 0, dois the mean effectfve 
cont1nfng pressure. and K{y}, m(y), and 9lGeQ/Geq max) are unique func
tions irrespective of the kind of sands but funct10ns of only y, y, and 
Geq/Geq ma~ respectfvely. K(y) and m{y) are shown in Figs. 15 and 16, 
respectively, with other researchers' results. 
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In Fig. 17, this author plotted the g{G ISe m ) function as deter D 

mined by several researchers. In Figs. 15, l~. a~a 1~, the variations 
among these researchers' results are relatively small; therefore, the 
above simple equations could be used in determining approximate shear 
moduli and damping ratios for sands. In order to utilize the above con
venient relationships, Geq,max and Deq max values should first be deter
mined. These values are summarized befow: 

Hardin and Drnev1ch (from Eq. 24): 

( 32) 

for clean dry sand ( 33) 

for clean saturated sand ( 34) 

where N 1s the number of applied cycles. 

Sherif and Ishibashi (from Eqs. 26 and 28): 

G s 118 a 0,5 eq,ma)t .. 0 (35) 

(36 ) 

Iwasaki et al. for Toyoura sand: 

( 37) 

Deq,max ~ 33% for non-clean sand (38) 

Deq,max 9 42% for clean sand ( 39) 

where Geq,max and 00 are expressed in psi, • is in degrees, and Deq,max 
15 in percent. 

More realistic and accurate values of Geq,max for individual sands 
can best be determined by resonant column tests or field shear velocity 
measurements, both of whicrt are nondestructuve and suited for low shear 
strain appHcations. 
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Clays 

Dynam1 c shear mOduli Tor clays are affected by many .factors: shear 
strain amp1itude, confining pressure, void ratio, degree ,of saturation, 
overconsolidation ratio, number of stress cycles, time eff~cts, etc. 

Efforts to normalize Geq values by undrained shear strength Su and. 
Geq,max values are not always successful in the case of clays (for example, 
Kovacs et al., 1971; Anderson and Richart, 1976; Koutsoftas and Fischer, 
1980; etc.). 

It is apparent that no general relationship for the determination of 
shear moduli and damping for clays has yet been found. One of the import
ant but overlooked parameters which affect the dynamic properties of clays 
is the generation of pore pressure due to cyclic loadings. There1s a 
~ef1nite need for future research and data accumulation in this important 
area. 

SUMMARY AND CONCLUSIONS 

. Models and empiri cal ~quatfon,s of d,Yr'famic shea.rmoduli and damping 
fOr $oi1s are summarized'in this paper. Experimental iaboratory or+n
situ test results could be fitted by theequ1valent l1nearmodel,b11fnear 
model, Ramberg-Osgood model, or Hardin-Ornev1ch model and then used fur
ther for dynamic analYSis. In the case of sandy soils, however, dynamic 
properties -are approximated b.a' the empirical results summarized in Eqs. 
30 through 39 and F1 9S. 15, 1'6, and 17 t without conduct1ngany dynami c 
1e&ts. 

More realistic and i'lccurateresults could be obtained by determining 
Geq,lDax values by the resonant coTumn technfCiue .and field shear velocity 
~as1Jrements for low 1 eve 1 s of cyc1 i c strain ~ and st fll us 1 nf' the average 
turves shown in Figs. 15. 16, and 17 for high strain levels. 

For 6011s other than sands, no genera' and comprehensive relation
ships among dynami c so11 properties and other soil parameters have yet 
been established. Further research and data accumUlation 1" this area 
at"e needed •. 

• 
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TABLE 1 .• VALUES OF a AND bi 

Modulus 
SOt1tJpe or Value or II VllIue of & 

.daitlJling 
(1) (2) (3) (4) 

Clean dry Moduius IJ •• O.! & • 0.141 
.ands Dampingb IJ 0., O.6(H-l /.) • 1 1'1 • 1 • H-1/U 

Clean Modulusb .12 •• 0.2 log N 1'1 • O.IS 

saturated Damping'> a • 0.54(H-·It) ~ 0.9 tJ '" 0.e5 - O.6SH-1/1I 

sanda I 
Saturawd MOdulus 11 • 1 + 0.25 (log N'i tJ '" 1.3 

tohelt"e I b .. O'2J(e;;.) + 2.25'0, 10Ua Damping II .. 1 +·0.2(1"') • 0.3 (I()g N! 
---• /1& In CyCi~9 per second and a,l~in klJos-rams pel square centimeter. 

II These vall.les for modulus and damping of ciean sands ate for less than 50.000 <:. cle~ 
of loading. Beyond 50,000 cycles the .damplnlLbegins to increase with numb!;>! Qf c~le9. 
~ss\bl,. dlle to faUgue .. [feelS i2), TM behavior ·of modulus for saturated sands beyond 
5'0.000 cycle$ Is not yet establfshed. 

TABLE 2. VALUES OF K 

I 

I 
. ~ PI K 

(1) i2). 

0 

I 
0 

20 0.18 
40 0.30 
sa 0.41 
so 0.48 

2:100 a.so 

rABLE 3. VALUES OF Dmaxa 

Clean d1'y sanda. 

Cl.a aaturi.ted sand, 

h,turated1.ltk CrefkiUl 

. VAriOUS saturated cohe!llve 
80tlS ti\CludlniRhOdes 
creek Clay 

D1QU .. 33 • 1.& UOS 1.? 
DiIwI- 28 • t.5 (lC?!! It) 

D",u'" 26 .4~1t + o .. rpit • I.S (1og M 
Dmu D 31 • {3 .O.03f)Gr+ 1.5/," • 1.5 (iot JtI 

• J IslA cycles per fieeond and;~ -111 In Idlogram5per Square centimeter. 
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Fig. 1. NonliAear cyclic stress-strain relationship 

--r 

(a) (b) 

Fig. 2. Equivalent linear model 

16 .... 13 

r 

~w~ area of loop in (a) 

W-area of triangle 
OAB in (a) 

(c) 



c 

Fig. 3. Visco-e1astic model (Kelvin model) 

Fig. 4. Stress-strain relationship of Kelvin model 
16 ... 14 

r 



Fig. 5. Stress-strain relationsh1p of Kelvin model with 
various frequencies 

Ffg. 6. Bilinear model 
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Fig. 7, Ramberg-Osgood model 

" 

Fig. 8. Hard1n-Drnevich model (backbone curve) 
16 ... 16 



21 

T 
A(abC)=~acd)~A(abd) 

Fig. 9. Hard1n-Drnevich model (loss of energy) 

Fig. 10. Hard1n-Drnevich model (Tmax determination) 

16-17 

G 
eg ) 

G
max 

. 



Fig. 11. Analytical and 
experimental Geq values for 
o < y < 0.03% (Sherif & 
IshibaShi, 1976) 

0.01 

., . 
: ~!=,} Ott .... _. 

: ~o::) ttol fd&M. '''" 

" .. ...J .. 

Fig. 12. Analytical and 
experimental Geq values for 
0.03 < y < 1.0% (Sherif & 
Ishibashi: 1976) 

0.1 
~a; lot"''1, ", ,n • pt'ttnl';~ 

I.D 

FIG. 13 LOgA38/{50 - (O.6cc )H{73.3F) " 53.3} versus Logy for Four 
Types of Sand (1 psi = 6.S9 kt!/m2) (Sherif et a1. p 1977) 
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LIQUEFACTION FAILURE OF SATUaATED 
SANDY SOILS UNDER CYCLIC IJOADING 

ABSTRACT 

The limit equilibrium condition and li~uefactton failure 
process of saturated sandy soil under cyclic loading are dis
cussed in the paper. As a result, a generalized coulomb's 
equation used to analyze seismie stability of saturated sand 
layer is proposed. 

This paper suggestes an approach for determining the 
dynamic shear strength of effective stress in saturated sandy 
soil, based on a Single sand liquefaction testing record only. 
For prel:cticalengineering purposes, the lique faction failure 
process of saturated sandy soil under cyclic loading is sepa
rated into two stages and the pore water pressure in the 
beginning of these two stages are proposed to be used as the 
failure criteria of sandy soil. 

INTRODUCTION 

In order to study the limit equilibrium condition and 
the liquefaction failure process of saturated sandy Boil under 
cyclic loading~ Cyclic triaxial test and data analysis were 
carried out. First of all, specimens of sandy soil were cOn
solidated under consolidation ratio Kc=2. and then uniform 
cyclic load was applied in axial direction of the specimen 
with a frequency of one circle per second. The sand tested 
have an average diameter of 0.053mm, with uniform coefficient 
or 4, void ratio of 0.815 and minimum void ratio of 0.503. 

LIMIT EQUILIBRIUM OONDITION 

Assuming that under undrained oyclic loading condition, 
the IIhear strength of saturated sand consists of two 'parts, 
namely, visccus !'MJistdee atui fr"ttl~~ •• zs;t..... the 
former being directly proportionAl. to the dynamic deformation 
rate, while the latter being directl, proportiOnal tO,the 
normal strese. Therefore, the limit equilibrium condition ee 
be written as follows, 

. ~===CvtV + 6"'Jy,,~ (1) 
in which "rdtI =shear stress on the ~~ilur. pl-Arle 1n the Nth 

-------------------...... ----------·f '. 
1. Associate Professor, Institute of Engineering M.echanics 

(IEM), Chinese Academy of Sciences, Harbin. 
2. Technician, IEM, Chinese Academy of Sciences, Harbil1. 
3. Technician, lEM, Chinese Aoademy of Seienaee, Harbin. 
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cycle (including static shear stress too); Ctw =viscous resis
tance in the Nth cycle; rs:IN =effective normal stress on the fail
ure plane in the Nth cycle (including static normal stress too); 
~ =dynamic friction angle. 

Refering to fig. 1, the. following equations can be deduced 
based on our assumption 

CVN = S#- - 2~SJli [< 6j!.... 63') -( 6'j',+6j)5in~) 
~ , 

( 2 ) 

«iN= Od/V -UN =f(( 6/' + 63') ~(6j" - '6i? 5tit.ij (3) 

in which ~ =apparent coefficient of viscos! ty; ~'=average dy
namic deformation rate .in· the Nth cycle; .&i.N :totalnormal stress 
on the failure plane in the Nth cycle; UN =pore pressure in the 
Nth cycle (see equation (6) ) .', 

!ill in equations (2) and (3) is still unknown at present. 
On the assumption that, a,ftE;!.r reaching the limit equilibrium 
state, the apparent coefficient of viscosity and the dynamic 
friction angle both remain constant an expression for jf can be 
established by solving the equations in the two successive cycles. 
Therefore, from fig. 1, the following equations can be obtained. 

~,,,",' r'· I r 
f;, ,_ ~IJ/-IJ.J )ea5}f-(,..vlV' 

I ':.1>f - +< 0, It 63') - 1 (6//-6j')ji~' . / 

T< 0i~6J')(05.si' = f~ + -f[(6j' + o-f) -( 15i~ ()J)Si~J :;;: 
According to the assumption, the following equations both t-Io:'d 
true . 

-f< 6/~63'>,COS1lJ.' =~~+ -:He o,~ f1J-{6'f-:'-~;) 5i"fi{J, Si'lJlj 
C05,P'.I 

f< (Jj'-<tf )2COShl = ~~4- ft( CS;' .. 6j')-( ~/- dJ').st't~l 5i'lH 
:2 COJ9/i 

in which the subcript 1 or. 2 indicates the given var.iable be-. 
longing to the previous cycle or the later cycle. Solve simul
taneously the above two equations about ~J. ' the following ex
preSSion will be obtained 

. Ah~. '--' l' (II:"' " m' . -/ 4[\61-03)- A u,-63h 
Td -S(1t 
(i - "*< G";'Hlf), - ::' ( ~' .. ~; 12 

. substituting the value of obtained from equation (4) into 
equations (2), (3) arid (6), Cw.., and' ~ . can be determined and 

,hence, the limit equilibrium condition of the saturated sandy 
soil in this particular case ran be obtained. 

pROCESS OF LIQUEFACTION FAILURE 

A liquefaction test record for the given dense saturated sand 
specimen is shown in fig. 2 •. After consolidating under 

6k =1.0 kg/ cn! and 6;, =2.0 kg/cuf , cyclic load 0 f 1.07 kg/ cuf 
was applied to the specimen axially with friqency of one circl~ 
per second. Under this anisotropic consolidation condition, 
liquefaction failure can tak~place only in·the half compression 
cycle. In this case UN"" li(;# , Oil .~ Ole +·fM. - UC/V , and8'f :: $jc -

U(f(' Substituting these values into'equation (4) the following 
expr~ssion will result 
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I . _/ ~(Otc.- cl3( tOad), - !i' (0" - 6), + 6"Qdh 
~=Slrt Ahi' . Ah (:; ) 

AtJ.( Oic + 6"',3C. + oa.c{ -2UCH) - At' ( G'id ~Cf &d-z,Uc"v) 
The liquefaction test record shown in fig. 2 is analyzed using 
equation (5) with results shown in Table 1 and in figs. 3 and 4. 

Table 1 computed and measured values of friction angle 
eKe =2) 

,;. values 
Number of cycles Computed Measured <NN 

36 4" 36' 4Y 39' 0.043 
38 44· 58' 44" 51' 0.028 

40 46~ 0' 45· 52' 0.024 
42 45" 56 ' 45· 57' 0.053 

44 47"35' 47" 33 ' 0.050 

46 45· 54' 4? 54' 0.1) ""5 

48 48" 50' 

50 46· 55 ' 46" 56' 0.158 

According to the above mentioned results of test, the 
.liquefaction failure process can be obviously separated into 'two 
stages dynamic' instability stage and static insta.b:i.1ity stage. 
(1) In the dynamic instability stage, it can be seen by Fig. 2 
that, if the' pore pressure in the Nth cycle has increased so 
that the saturated sand specimen begins to reach the limit 
equilibrium condition, then the expression for pore pressure at 
that time can be established as follows 

UCf{ = .1 ( t Bi'c + 6k + 1lG.l) Si~' -'-( (ie -+ 1St - 6'.k) + 2CY"'COS~J ( 6 ) 
jt'or pri~t'fca1 pur.poses, the static friction angle may be 

used instead of dynamic friction angle in equation (6), and 
therefore it can be further simplified as folloW's, 

tic" -- 2S;~.Ii ( ~I<t t ki. )( 5i"-~'-;-1 ) + ( Sitt.R + I ) J ( 7 ) 

Ltc. - ~ kc = ~" !<J.= ~ 
c¥ - O"'x 1 G"3( " tr3C 

(2) 'In the static instability stage, it can be seen also that 
if the pore pr'essure in the Nth cycle has increased so that the 
saturated. sand specimen begins to reach the static limit equi
librium condition, then the expression for pore pressure at that 
tiMe can be established as follows 

((,,= 2.1ih..f (kcC'i,,~'-I)+(S{'2J1i+I)J (8j 

, It can be seen from fit 5 and equation (8) that the pore pres
sure ratio U~ =1 i.e., the pore pressure is equal to the con
fining pressure, is true only when the static i~stability 
is attained under the case K =1, noti~g that when ICc> 1, pore 
pressure Uc" hasn't attained the level 0 f confining pressure 
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CONCLUSION 

Coulomb's equation is the simplest and the most useful laws 
in soil mechanics, but. it can not be used directly to analyze 
the stability of soil mass subjected to dynamic loading. In 
order to extend this law to d.ynamic cases, i tis necessary to . 
how to determine the viscous and frictional resistances and the 
pattern of po:repressure development of the Batu~atedsandy soil. 
Equations (1), E2), (}), (4) and (6) given in thl.s paper are 
used for an ~ttempt to solve the. above problems. 

For practical eJrgineering purposes, the liquefaction fail
ure process of saturated sandy soils under cyclic loading can be 
separated into two stages and the pore pressure in the beginning 
of these two stages may be regarded as the failure criteria of 
the sandy soil. 

Fig. L Limit e.quilihrium condition in the 
Nth cycle 
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Fig. 2. Typical record of liquefaction test (Kc=2) 

Fig. 3. Mohr IS c:i.rcle u.nder cyclic loading (Ie:=:2) 
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ARCHITECTURAL PLANNING & DESIGN CONSIDERATIONS OFMICROZONATION 
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ABSTRACT 

This paper is written from the viewpoint of the environmental 
designer's interest in seismic zonation. An overview of the inter
discil>l1nary network of those professionals directly and indirectly 
involved in seismic hazard mitigation is necessary to emphasize the 
relative roles of the environmental planner and designer in microzonation 
and land management. The fundamental types of knowledge that the 
architectural planner and designer needs and should be familiar with 
must be clearly delineated before attempts to feasibll' bddge the 
interdisciplinary information gaps are made. Critical items in this 
overview include: 

(a) Identification and clarification of the roles of the 
environmental planner and designer in all large and 
small scale activities of microzonation efforts. 

(b) Architectural planning and design components in 
earthquake hazards reduction. 

(c) Differences between and relative uses of general 
seismic zonation and microzonation in environmental 
planning and design. 

(d) Examples and case studies where seismic-zonationoof 
various scales has been successfully implemented in 
environmental planning and design,aswell 8S where 
it has not but its need clearly indicated. 

(e) Current difficulties and limitations of accurate 
zonation for earthquake hazards In practical applications 
of architecture. 

I Associate Dean for Research, and Director. Center for Planning and· 
Development Research (CPDR), College of Environmental Design, 
UC Berkeley. 

II Assistant Professor, Department of Architecture, UC Berkeley. 
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INTRODUCTION: 

The increasintiNulnerability of high-density. metropolitan areas 
throughout the world, magnifles·the necessity of input by the 
architectural, planning and design professions in seismic hazards 

,reduction programs focusing on. the urban environment. Considering 
the.formidable.economic investment in built structures, the potentially 
horr.endous risks of critical facilities like nuclear power plants 
sited!n an actively seismic area. His not surprising that some of 
the most extensive .andadvancedresearchwork on all aspects of 
seismchazard mitigation has been taking place in countries such as 
the U.S.A., Japan and the U.S.S.R. For the purposes of investigating 
both zonation and structural engineering issues of earthquake hazard 
problems, these countries have. invested intense efforts to develop 
widespread strong motion networks,. laboratory experiments, equipment. 
and numerical methods to analyze data. 

Although less developed and third world countries do not have 
equivalent research resources or major economic investments to proteC't. 
their need for hazard mitigation is equally if not more urgent. Com
parison of the following mortality figures from recent earthquakes 
demonstrate the disparity of number of lives lost between those co un
tries which are highly developed and those less technologically exper-
ienced. 

Richter 
Date Place Masnitude Deaths 

March 27. 1964 "Good Friday E. Q.It of . M • 6.5 131 
Prince Wm. Sound. Alaska 

Feb. 9.·1971 San Fet'nando, Calif. M .. 6.S 65 

July 27, 1976 Tangshan, China M .. 7.6 262,000 

Oct. 10, 1980 E1 Asnam, Algeria M .. 7.2 20,000 

EXisting technology and knowledge about earthquakes and seismic 
zonation cou~d significantly reduce the human vulnerability that 
these statistics portray. His a question of feasibly and economically 
iDlplemehtfng hazard reduction programs in the latter countries. It is 
here where state-of-the-art knowledge in seismic zonation could make 
the greatest contribution to alleviate the human exposure to an earth
quake disaster. 
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THE ROLE OF ARCHITECTU1lli IN SEISMIC ZO~ATION AND MICROZ~~ATIONAND 
ENVIRONMENTAL DESIGN 

Design of a relatively safe human-built environment in a region of 
high seismicity requires the expertise and cooperation of numerous 
sCientific, planning, and political entities. The environmental 
designer, particularly urban planners and.architects, have the unique 
position of being the professionals who are most responsible for 
decision making for the final built products of our cities and towns, 
yet most removed from the raw data and state-of-the-art research in 
the basic seismic investigations of the earth sciences and engineering. 
(Figure 1) Since seismic safety is only one of a multitude of crucial 
:i.ssues an environmental designer might be concerned with, the presentation 
of geologic and engineering material must be distilled to a form that 
both is comprehensible to and include% the mdBt essential, important 
information for the environmental design professionals and other persons 
involved with construction and land use planning. The quantity and 
importance of engineering or geoscience information which is conveyed to 
the environmental designer is much greater than those environmental 
design issues which an earth scientist or engineer must be familiar with, 
in the making of cogent environmental design decisions based on seismic 
zonation. 

The architect should possess a basic 'IIlderstanding of and take an 
active role in both primary categories of strategies for earthquake 
hazard mitigation, namely, 1) Structural design for seismically resistant 
buildings, and 2) Zonation of land use based on risk and hazard. 1 The 
importance of the first category of hazard mitigation has long been 
recognized. and most widely used aseismic approach in the building 
professions. The second category has more recently been explored as 
a major method of mitigating earthquake hazard. Research in this area. 
and recognition of its validity as an additional line of defense against 
earthquakes, is increasing. 

On a larger scale, the architect as an urban planner and designer 
must give similar consideration to the growth and form of a city or 
regional metropolitan area when dealing with seismic safety concerns. 
This is particularly important today as urban areas expand into places 
which;1re mote difficult to develop safely. When prime locations in 
an urban setting are exhausted by development, it is often necessary to 
move to less desirable areas toaccommodate increases in population, 
urban sprawl, an~services demanded by the public. As any culture becomes 
more complex it becomes more reliant on critical facilities which are 
extremely vital to the continued function of its urban centers. s 

IThere is an important distinction in meaning be~een the words 'risk' 
and 'hazard' when used in the context of earthquake engineering. 
H. Shah provides the following definitions: seismic hazard is "expected 
occurrence of a future adverse seismic event,"; seisniic risk is 
"expected consequences of a future seismic event." (Mortgat, C. and 
Shah, H., June 1978.) (Ref. 3) 
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Recent earthquakes in Californ ia, southern Italy, and Algeria represent 
specific ~x~~ples in which losses to certain critical facllities 
exacerbated what already was a major disaster. Two cities lost 
services of their hospitals during the 1980 earthquake in southern 
Italy. The San Fernando earthquake of 1971 clearly indicated the 
vulnerability of major, acute hospitals and their importance as a 
critical facility in the immediate post-earthquake recovery period 
experienced by a metropolitan area. Following the earthquake. architects 
particdpated in the development of new performance standards promulgated 
to insure, insofar as practicable, that hospitals would remain operable 
and functional during and after a seismic event. To assure compliance 
in the planning and design of all new hospitals the State legis I a turE? 
passed the California Hospital Act of 1972 into law in which a bui Iding 
safety board in the Office of Statewide Health Planning and Development 
acts as a. review body for questions relating to the seismic safetv of 
hospitals. s 

Finally. another area in which the architectural planning and design 
practioner plays an important role deals with the existing hazardous, 
older building problem. Architects have participated in therehabi1ita
tion of existing buildings, and their strengthening, for many years,and 
it is only recently that this critical aspect of urban seismic safety has 
been realized. Whether it is called "redesig,n, retrofitting, renovation. 
rehabilitation, renewal, recycling, remodeling, restoration, preselvation. 
conservation, revitalization, reuse" or by any other name, the reconstruc
tion of the exist ing building stock in the United States has b~come a 
very important part of an architect's responsibilities. 7 In 1979, 
in the United States alone, more than forty billion dollars was spent 
nationally on the renovation of existing buildings for a myriad of 
reasons, one of which is seismic safety. Reconstruction expenditures 
for non-residential buildings have nearly doubled in the past five years, 
from $19.4 billion in 1975 to nearly $35.6 billion in 1980. while "in 
another five years such reconstruction is expected to amount to half of 
all the building activity in the nation". 7 The existing, older building 
problem will receive more attention in our urban areas in the future. 
Research activity in the seismic performance of older, existing 
hazardous buildings is included among the top priorities of the National 
Science Foundation through its Earthquake Hazards Mitigation Program. 

THE ARCHITECTURAL PL~~ING & DESIGN COMPONENTS OF EARTHQUAKE HAZARDS 
REDUCTION 

Although a newly designed, high-valued, engineered structure may not 
suffer total collapse in a severe earthquake, there is sufficient 
evidence available from past major earthquakes that damage to non
structural components and systems in a building can result in losses 
equal to 60 to 75 percent of replacements costs and lead to significant 
life loss. Elevators and other electrical mechanical systems in 
multi-story buildings have proven to be particularly sensitive. In the 
aftermath of the San Fernando earthquake in 1971, about 90 percent of 
all elevators in the Los Angeles area adjacent to the San Fernando 

_ Valley were inoperable. The more recent Imperial Valley earthquake 
(6.6 M, October 15, 1979) resulted in an estimated damage of 51,000,000 
to the non-structural components and systems in the slightly and 
moderately damaged buildings, excluding residential damage, and an 
additional estimated $112,800 loss to mobile homes. 4 Although the extent 
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of non-structural, architectural losses to the severely damaged buildings 
in the City of EI Centro has not been accurately estimated, a total 
dollar loss to buildings in this category has been indicated as being 
in the $6.6 1Ilillion range. If past experience from previous earthquakes 
are reliable, this total can be translated into a dollar loss o£about 
$3.9 to $4.9 td.llion for architectuTal, non-structural systems and 
components. 

Other architectural planning and design considerations which a~e 
related to the seismic safety of an urban area deal with site planning 
and the location of buildings on a given plat of property. It is in this 
category that geologic hazards must be given appropriate consideration. 
P01:ential hazards such as structurally poor ground, geologically active 
fault systems, earthquake induced landslides, and coastal zone_inundation 
areas represent site location conditions\omich directly influence building 
placement. As each hazard will affect the building in a different manner, 
all must be given consideration in terms of public safety when the 
architectural planning and design professional initiates the schematic 
phases of building design and configuration. 

THE CONCEPTUAL BASES OF ZONATION IN TIlE CONTEXT OF ARCHITECTURE AND 
ENVIRONMENTAL DESIGN 

To the architectural planning and design professional, the seismic
zonation of land requires earth science information in contrast to the 
structural design of buildings which utilizes concepts of structural 
mechanics, analysis and design. Similarly, the translation of geologic 
and structural data into a form which environmental planners and 
designers can use is also quite different. Products of structural 
engineering research that aid in building design such as, for example, 
design response spectra and performance standards in building codes, 
are simplified. somewhat subjective interpretations of real data' which 
design engineers use, hopefully, in early collaboration with architects. 
The analogous products of earth science studies in the context of various 
scales of seismic-zonation, including microzonation, are maps which 
genera1:ly are intended to correlate geologic, demographic, economic 
and/or probabilistic risk information to seismic hazard. Such maps can 
indicate specifiC iD.formation related to probable peak. ground accelera
tion, velocity or displacement; areas of potential Uquefaction, 
landslide, tsunami inundation, population downstream from dams and 
reservoirs, and other extraoTdlnary hazards; soil type, alluvium depth. 
shear wave velocity, ,and so forth. It is a matter of scale and amount 
of detail which delineates general seismicity maps, or general seismic
zonation maps, into various categories such as those developed by 
microzonation objectives. For the archit~ctural planner and deSigner, 
prevalent U5age of the term "seismic zoning" takes into account "the 
diStribution of earthquake hazard over • • . an entire region". 1 

whereas "microzoning defines the detailed distribution of earthquake 
risk within each seismic zone".2 In this context a "zone" can be 
inferred to represent a "seismogenetic source region which can be 
assumed to be governed by the same earthquakegC!nerating process",2 
and who'se boundaries largely depend on subjective translations of data 
based on past exerience. 
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MACROZONATION 

The architectural planning and design professional must understand 
that analysis of geological and seismological data provides much of the 
basis for regional seismic .zonation. Information regarding location of 
active faults. rec·ent history of tectonic movements. regional crustal 
structure, in addition to data gathered from strong motion records, a1."~ 

useful in defining earthquake zones. Much earthquake engineering research 
has concentrated onthEi creation of empirical formulas which correlate 
various. parameters of a) ground motion acceleration. V'elcil:ity or 
displacement i or b) probable intensity of damage, and/or c) sources and 
size of'earthquake energy~ . The typical relations most often investigated 
include acceleration .... intensityl, magnitude- frequency, and 
attenuation 2 functions based on strong motion recorded data and geophysical 
information.·in conjunction with statistical methods. A plethora of such 
for.mu:lascattest to their' equivocality. They are neve-rtheless convenient 
and useful in ,theconstructiono'fzorting maps. 

The acceleration - intensity relation has been extensively studied 
because scientific data is often in the form of strong motion records, 
(such as time histories of earthquake ground -aceele.ration ) and intensity 
is a quantity that is both comprehensible and of interest to environ-. 
mental designers as well as engineers. It is therefore an extremely 
common quantity in zoning maps (see intensity map of Figure 2) despite 
the failure of researchers to prove asiinple arid certain relationship 
between acceleration and intensity. 

There are also many contradictory results of research in attenuation 
studies which attempt to correlate earthquake effects to epicentral 
distance from. the earthquake source. The great number of attending 
features one must consider in attenuation effects precludes the 
possibility of arriving at avery·simple model. Soil type, alluvial 
depth, surface topography, magnitude of earthquake; earthquake mechaniSm 
and source are just a few of the factors which complicate this issue. 

Seismic zoning of land at the large "macro" scale is useful to the 
architectural planner and designer when it not only uses geologic and 

lMacroseiSmicintensity describes a subjective evaluation of seismic 
event size-by observation of degree of damage after an earthquake. The 
Modified MercaHi Scale,· which has degrees ranging from 1 through XlI 
to indicate increasing damage effects. on the built environment and 
the surface ·of the earth. iSa commonly used intensity scale in the 
U.S .A. 

2Attention describes the lessening of certain parameters (in seismic 
context, ground acceleration, for example) as a function of distance 
from the epicenter of an earthquake. 
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other earth science data, but also incorporates information from the 
risk analysis and probabilistic approach. An earthquake re~urrence 
model which is developed to indicate measures of seismicity of a zone 
can be most useful to the urban designer when it utilizes data from 
historic records of earthquakes of a region, 1n conjuctian with statia
tical methods, probabilistic treatment of attenuation relationships, and 
identification of earthquake sources. This method of evaluating 
regional seismicity can prove to be of great, potential value to the 
environmental planner and designer where, for example, a seismic risk 
analysis had pinpointed an area to be most vulnerable in a country as was 
the case in the recent earthquake at El Asnam, Algeria (7.2 M, October la, 
1980).3 Figure 3, the zonation map with isoseismals showing peak 
acceleration (cm/sec 2

) for a recurrence period of one hundred years, 
indicates this conclusion in H. Shah's seismic hazard analysis; 

The limitations of solely using historic data,. which earth sc.ientists 
and risk analysts themselves warn of, however, must also be kept in mind 
by the architect. Historic records,. with few exceptions, are neither 
extensive, nor accurate in most pat'ts of the world, thus the data upon 
which historic risk analysis is based is rarely extremely reliable. 
In comparison to the scale of geologic time, that of human history and 
records is quite brief, thus the recurrence period of an area may well 
be 'visible' only from geologic studies. Finally, the concept of a 
'seismic gap' whereby the greatest strain, thus the greatest seismic 
energy release potential, in the earth's crust exists where a fault is 
locked, and has not been active for a long time, poses a direct 
e~ntradiction to basing prediction of seismicity on historic records, 
which directly correlates recurrence period to frequency of past events. 
In these quiescent areas, geophysical investigations are necessary to 
better determine the probability of future earthquake activity_ 

As long as their respective limitations are kept in perspective, all 
methods of zonation can be of value in providing useful information at a·· 
macro level to architects, urban planners and public policy makers. The 
type of zonation study that is. most practical to execute for one region 
may not be the best for another especially if there is a limitation of 
economic or technologic constraints. Two industrialized areas of the 
world in seismic regions, California, U.S.A., and northern Algeria, 
provide a comparison between the situations of a technologically 
sophisticated and a technologically developing COtmtry. (California has 
a slightly higher level of seismicity than Algeria, on the whole.) 
To the environmental designer, some of the most advanced work in the 
area of geologic zonation based on data gathered from extensive strong 
motion instrumentation networks has been taking place in Californi~. 
The coincidence of major academic (Cal Tecn in Pasadena, Stanford 
University, University of California, Be~keley) or governmental (USGS, 
Menlo Park) agencies in areas of significant population densities in 
seismic regions, create both a public awareness of the earthquake 
problem and a research sector that is extremely active. Original 
research executed in the U.S. and other technically developed countries. 
such as the USSR and Japan. yields results whith not only these 
countries, but other countries as well, depend upon for seismic zonation 
and other hazard reduction programs. An interesting example of a 
developing country in a seismic area is Algeria which suffered a major 
earthquake in 1980. Algeria, in contrast to the United States, although 
a rapidly developing industrialized nation, does not have the research 
capabilities nor the technology to carry out strong motion 
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instrumentation programs, nor any other earth science/seismic engineering 
research programs, essential for seismic hazard investigations of this 
nature. Furthermore, since winning independence from the French in 1963. 
the Algerians have understandably tended to avoid a dependence upon 
foreign technology to the point of rejecting the use of their only 
seismic code because of its French origins. In the seventies. the 
political sensitivity to eliciting Western technological aid had been 
reduced to the point that it was possible. ~yith the help of Stanford 
University's department of englneering, for a seismic hazard map specific 
for Algeria to be developed as a basis for a future lateral force code. 
Probably, for economic reasons, the use of existing data for a risk 
analysis was the most feasible path, although it should be emphasized 
that researchers strongly recommenqed a more thorough instrument program 

. 10 and geologic survey. Unfortunately, the few strong motion instruments 
that had been installed in Algeria, were inoperable when the 7.2 shock 
of 1980 hit El Asnam. As a result of this tragic earthquake. the 
Algerians are more aware than ever of the long range value (both 
economically and in terms of publ1csafety)of investing in a strong 
motion system and a complete geologic understanding of their country. 

MICROZONATION 

Traditionally. microzonation has implied the study of the effect of 
local, varying soil conditions on ground motion in an eart~quake. Soil 
conditions include such aspects as soil type, alluvium depth to bedrock, 
shear wave velocity, areas of special liquefaction or landslide 
potential, etc., which can be the basis of micro zoning maps covering 
areas more local and in greater detail than macrozonation maps. 

Two aspects of microzonation concerns, which include soil 
instability such as liquifaction and landslides triggered by earthquake, 
and variations in ground shaking itself', are particularly important to 
the architect. These major concerns must be separately considered due 
to the very different natures of their causes. 

The environmental designer should realize that microzonation 
considerations are not limited specifically to soil studies. Other 
studies and aspects that provide useful geologic, seismologic and 
geotechnical information that could be incorporated into a microzonation 
map include: 

1) Identifying seismic faults by location and type. 

2) Studying the records of recurrence rate. spatial 
distribution, magnitude of earthquake for an area. 

3) Analyzing the soil dynamics of a region for ground 
response prediction. 

The gathering of information provided by each of these three 
points of investigation is not always ideally accessible or reliable 
as the, environmental designer would hope. Although microzonation would 
be less likely to miss important geological features such as faults. 
it Is still very possible that latently active faults are camouflaged 
after long inactivity. 
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Secondly, the p'rOblems of historic seismic1tyrecotds whIch have 
been discussed, exist at the micro as welles macro level of zonation. 
To the architect, the laat category of predicted ground response is the 
research area that contains contradictory research results andi$ still 
very much in the infancy of development. Research concet'tling the 
rigidity or p@riod of soil, depth of overburden, and attenUation 
functions in relation to earthquake hazard, have yielded contradictory 
results indicating that there are many more factors affectIng a 
situation than have been included in the models analyzed. D. Hudson 
of the California Institute of Technology in Pasadena, fO'llfid from his 
analysis of instrumentation data recorded during the 1971 San Fernando 
earthquake, that contrary to previous studies by other researchers, 
miximum gro\dld response tended to be on rock sites rather than alluvium 
sites. B. Gutenberg's studies of the Pasadena area strong motion 
records of smaller ground motions in the 1950's, indicated that "moti,on 
on the alluvium would be expected to be considerably greater than on 
the rock." llt 

Often extensive micr020nation techniques are conducted based upon 
unconfirmed hypotheses, perhaps because there do not existinore proven 
or simple methods. Micro tremor analysis in Japan, the USSR and other 
countries is based upon the concept that soils and thus damage potential 
can be classified according to analysis of small, chronic vibrations, or 
mcrotremors of the earth. Despite a certain degree of success in 
around mcrozonation with this method, many scientists question this 
method because it does not consider inelastic behavior of solI under 
the unusually large strains in the ground during a major tremor. The 
enormous expense, and uncertainties which emerge out of new research in 
a field as complicated as microzonation is a n~cessary phase of progress. 

The architectural planning and design professional perceives 
microzonation as' a special research area in itself since I1most Iftudies 
of the distribution· of damage cause~ by earthquakes indicates that 
the areas of severe damage are highly localized and that the degree of 
damage may change abruptly over diatances as short as .5 to 1. 0 km. tt 2 

Examples of this observed phenomenon are conflrmedby extensive 
descriptive repOrts from· the 1906 San Francisco Earthquake, and more 
recently, a detailed stu4y of instrument records of the 1971 San Fernando 
Earthquake. lit In the 7.2 earthquakeo£ North Algeria this past 
October 1980, a high intenSity but quite localized radiuS of damage 
occurred in the city of Hl Asnam, which was the closest urban area to 
the epicenter. As a member of a joint EERI/NAS investigative team for 
this event, one of the authors observed the pattern of building damage 
as shown in Figure 4a which is of interest "to the architect and urban 
planner. The most severe damage in the aOWDtown area occurred in 
pockets or tIlOre linear concentrations. An atteltltK to correlate these 
areas of most severe damage to some structural factor was inconclusive; 
apparently the factor was connected possibly to local anomalous and 
intense ground motion. which in turn may haYe been caused by soil 
conditions in the innned1ate region. Unfortunately, no 8011s or 
geological informatiGn was available yet to conUrm or contradict this 
thesis. One pocket of extremely severe damage 1rils on tite nQrth side 
of the downtown region, in the vicinity of building 14. (See Figure 
4b) which was the Cite an Nan Market and Housing C13DIplex dQ 8 large 
block measuring 492 feet square. This pi1rttcular building complex 
completely collapsed except for one corner,(F1gure 5) and is estimated 
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to have killed about three thousand people (uncor.iirmed). Other major 
buildings in this particular pocket of damage include the town hall, 
police station, and a mosque. It must be remembered that since El Asnam 
had been destroyed by a 1954 earthquake. all buildings are fairly modern 
if not new. Although structurally, in terms of design concept, materials~ 
detailing and so forth. the EERI/NAS team observed many substandard 
conditions in the buildings, this does not explain the pattern of damage 
(Figure 4) wherein other areas had bulldingsequally old or deficient 
that did not completely collapse. This suggests that were it not for 
particularly bad local soil and geologic conditions, even inferior 
structures might well have survived this earthquake at least to the 
point of not collapsing and killing or injuring many people. In terms 
of urban planning, there is an unconfirmed possibility that the Cite 
An Nasr may have been sited on an sId creek bed parallel to the River 
Cheliff, in which uncompacted fill had been placed l

; this provides one 
explanation for the dramatic and tragic collapse of the complex. The 
River Cheliff most likely was associated with the northern region of 
very severe damage on the north side of town, either in terms of slope 
instability, soil type. water saturation of soil, or old drainage 
patterns to the river. 

Numerous dramatic examples of local so11 failures occurred on the 
outskirts of El Asnam, and it can be considered relatively forttlnate for 
the city that the urban areas did not suffer similar extreme ground 
failures. Th1.s avoidance of the worst ground failure being coincident 
with the town's location, is of course fortuitous since no microzonation 
studies had preceded the rebuilding of El Asnam in the 1950's. A rare 
phenomenon occurred where· a lake was completely created as a result of 
the earthquake, because of subsidence due to. liquifaction and the 
proximity of the River Chellff whose water drained into the new 
depression. Within three weeks, the lake covered 10,000 acres and 
was still growing. Had such a phenomenon occurred in an urban area, 
losses in a city would be critical. (See Figure 6) 

In the rural areas, displaced faults exhibited massive vertical 
and/or horizontal motion. (See Figure 7) Again, it isrortunate and 
fortuitous that from the urban design point of view, none of these 
faults went directly through El Asnam itself. The wisdom of avoiding 
the placement of a structure directly on a fault is self evident to the 
environmental designer and even people without any training in earth
quake engineering. The hazard of active faults. curiously enough, in 
terms of total risk is overrated by many people 1n the building 
professions, including architects, environmental planners. policy makers, 
and engineers. First of all. since faults are generally quite linear, 
the amount of .8ctual area that they themselves occupy is quite small. 
Secondly, contrary to many popular beliefs, experience indicates there 
is not necessarily a consistent direct increase ofhszard or risk. with 
proximity to an active fault. There are several theories. de.tails of 
which are beyond the scope of this paper, that attempt 'to explain why 
it appears that in some cases there is a drop in damage to buildings 
sometimes only tens of feet away from a fault. as compared to structures 
at a more distant location. In Figure 8, the fault can be seefi in the 
background of the photograph. One would expect that any structure in 
the vicinity of· such gr~at vertical displacement would suHer total 
collapse. however ,tht!! rural Algerian structures in the foreg-round 
appear to be relatively intact. It was observed thst houses of similar 
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construction and farther from the fault, either collapsed or had much 
damage. Evidently, the highest ground shaking is n~t necessarily 
adjacent to the fault in some instances. Accordingly, the architectural 
planning and design professional must be aware of the multit'.lde of issues 
which gove~ seismic safety concerns. 

Clearly, architectural decisions could affect the chances of a 
building's survival in an earthquake, especially when microzonation 
factors are recognized. In the question of soil-structure interaction. 
engineering judgement has more bases on which to be made if microzonation 
data is provided. In general, soil-structure interaction particularly 
tends to be a problem when tall, flexible buildings are set upon soft. 
deep alluvium, which has a very high period. By avoiding the combina
~ion of certain building or structure periods with certain corresponding 
soil periods, the hazard of soil structure interaction can be somewhat 
reduced. The natural period of a structure is the result of its scale, 
configuration, massing, and structural system; all these factors are 
inextricably related to architecturel and engineering decisions. 

SEISMIC ZONATION AND MICROZONAtION MAPS 

The representation of zonation and microzonation information is 
often conveyed by cartographic means. Graphic representation· of data 
is particularly comprehensible to environmental designers and planners 
although the maps should be accompanied by explanation of their use 
and degree of reliability. There is a great variety of the types of 
zonation maps used. This is due to the type of information on which it 
is based, the scale of the zonation being attempted, and the audience 
for whom it is intended. 

From a cost-benefit perspective, it is critical that the methods 
and data used for the preparation of micro zonation maps be developed 
on a standardized basis so that all design professionals can abstract 
the same results for site planning and building design purposes. This 
is particularly true for multidisciplinary design teams operating at 
international levels in other countries. Currently, this is not the 
case as many methods are being utilized to derive microzonation models. 
To be useful to the architectu~al planning and design professional, it 
is essential that all maps present reliable infomation derived from a 
common base-line. When promulgated by different methods, .representation 
of microzonation data to design professionals can only lead to question
able interpretation. As a result, there is a tendency for some design 
professionals to request substantial amounts of additional research, 
including clarification and/or standardization of criteria, befo~e 
making final planning and design decisions based solely on some methods 
currently used in microzonation mapping. 

In the United States of America, perhaps the zoning map most widely 
familiar to architects and engineers in western regions of the country, 
1s the UBC (Unfforn Building Code) map of seismic zones. This type 
of map can be classified in the general category of "engineering" 
zoning maps. Typical of such maps, the UBC 1979 edition, map, 
(See Figure 9) scales zones of increasIng inteusity from '0' to '4'. 

Another type of ftlacrotonation map which is commonly used for 
showing more specific information of a region is a 1II8Ximum acceleration 
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(or velocity, or displacement) for dlfferentreturn periods. R. Shah's 
map (Figure 3) based on historic seismicity is an example of this 
variety. This type of map could also be based on geological information. 
In such a case, epicenter 'maps and earthquake source maps, strong motion 
records, are interesting supplementary documents to have as reference. 
These maps, which show isoseimals of peak ground motion parameters, are 
most useful to engineers. 

A third family of commonly used zonation maps shows maximum expected 
seismic intensity for various zones. Only some of these maps give a 
return period of time on which they are based. This type of map can be 
based on geological information or historic seismicity data and 
probability methods. Despite the disadvantages of using as subjective a 
measure as intensity, as a zoning determinant, it is popularly used in 
the USA as well as the USSR, Japan and other countri,es. In Galifornia, 
this form of zonation is widely employed for developers. architects, 
planners, and other persons dealing with issues of environmental deSign, 
because the amount of interpretation that the user must make 1s minimal. 
For use by the environmental designer, microzonation maps differ from 
macrozonation maps not only because the former examines a smaller 
region and in closer detail, but also because the type of information 
represented is usually different. Often tbese maps concentrate ona 
particular type of hazard such as ground liquifaction or land slide 
potential. (See Figure 10) If the map indicates that a planned 
structure is in the vicinity of such a serious hazard, the architect 
is warned that a more detailed geology and solid analysis may be 
necessary for the site, especially in the case of a large or critically 
important facility. 

RECOMMENDATIONS ON ARCHITECTURAL PLANNING & DESIGN CONSIDERATIONS IN 
MICROZONATION 

~ 

While much earthquake engineering research has emphasized specific 
elements abstracted from the urban environment, very little work has 
focused on a balanced approach to comprehensive urban plannlngand design 
as a means by which the seismic vulnerability of major metropolitan 
areas may be addressed .. The respective design professions have 
responded in a variety of ways to the constraints· induced on site 
planning and building design. Un~il the results of the ATC-3 Project 
(Tentative Provisions for the Development of Seismic Regulations for 
Buildings) were released in the United States, architectural planners 
and designers in the country did not have a common base-line for 
approaching seismic resistant design in all areas throughout the nation. 
Consequently for those who were interested, it was found that their 
preparedness and capacity to address hazard reduction design were 
blunted by local custom when performance criteria varied from region 
to region with no basis of a common base-line visable for deviation. 
Under such a system, many communities could only ignore the potential 
hazards of earthquakes until forced to do so by realities of the 
situation. Clearly, a similar balanced appr9ach as that achieved by 
ATC-3 for building design is recommended for the development of 
microzonation models. 

As people and facil1tes becol11e concentrated in areas of seismiC 
vulnerability, it becomes proportionally imperativE! for the arch1teetural 
planning andd€lsign profes8ionto have aC!:cess to relevant microzonation 
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data. This is particularly true for those urban c~nter~ located in 
areas of high seismic activity in the United States such as California, 
Utah, Washington, Alaska, Tennessee, Nevada, Missouri, and others, 
although th& scale of seismicity of the latter three is way below that 
of California earthquakes because of anamalous history. For an example 
of an area with high seismic exposure due to high-density population 
concentrations, urban planners and designers in the United States cite 
data in California that by the year 2075 more than 20 million people 
will be located in the corridor area stretching from the San Francisco 
Bay Area (population approximately 5.1 million) in the northern part 
of the State to Tijuana (population approximately 1.0 million) on the 
Mexican border to the south, along a zone known to be one of the greatest 
seismic hazards in the country. This implies that by the year 2000, 
nearly one out of every fifteen persons in the United States will live 
in this potential megalopolis stretching from San Diego to just north 
of San Francisco. A severe earthquake in this area could cause a major 
disaster by disrupting transportation lines, resource distribution, 
communication systems, and other critical services in addition to 
causing dramatic life losses and economic dislocations. A clear cut 
recommendation can be made that such an area is a logical candidate for 
more detailed microzonation mapping of critical urban cent'ers located 
along the vulnerable corridor. Such a project could be a welcome effort 
by planning and design practitioners who foresee a professional 
commitment to the area in the years ahead. In such areas the development 
of microzonation data useful to the pattern of urban location, design 
of buildings, selection of structural systems, choice of appropriate 
construction materials, and the planning of suitable egress systems would' 
be most helpful to the architectural planning and design professional. 
Building planning and design concepts could then be carefully classified 
by the design professional in consideration of potential hazards 
revealed relative to the intensity of ground shaking, ground rupture 
and displacement, structurally poor ground, induced landslides, 80il
structure interaction, and tsunami inundation. 9 

On a long term basis, urban planning and design objectives could 
be correlated to microzonation techniques in order to provide the basis 
for identifying potential areas for urban renewal or revitalization in 
metropolitan centers which have a particularly high hazard. In these 
areas are typically found the older, existing buildings which in many 
instances are unreinforced masonry structures that represent a 
potentially hazardous situation. In the City of Los Angeles alone, the 
number of older buildings which do not meet current code standards for 
earthquake resistance has been estimated as high as 20,000 to 50,000. 
Of these, approximately 8,000 are pre-1933, earthquake hazardous, 
unreinforced masonry buildings located mostly in the city's congested 
downtown area and in the Hollywood, Wilshire, and t-lestlakedistricts. 
In these areas it is critical for the architectural planning and design 
profeSSional to understand what the implications are for building 
construction by first reviewing microzonatlon data when available. 
Accordingly it is recommended that in order to place the design 
profeSSional and public in a better position to make informed decisions 
relative to areas of potential urban renewal artd/or revitaltza~~on, 
public officials consider developing mtcrozonat1on maps for sucli areas. 

By reViewing microzonation data, the design professional can 
achieve a better approach to seismic safety in building design by 
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considering options regarding building location and size, configuration, 
height, ma.terials of construction, structural systems, and corridors 
for egress. A careful consideration of each architectural planning 
and design component indicated above will have a direct in £1uenceon 
the seismic performance of a building, while, correspondingly, disregard 
for the correlation of design strategies with microzonation data could 
easily reduce building's capacity to resist earthquake forces. The 
foundation soil failure of the four story, reinforced concrete apartment 
building complex due to soils liquefaction during the much studied 
Niigata, Japan, earthquake in 1964 remains the classic example of 
siting buildings on newly deposited or reclaimed land areas without 
taking geologic hazards into consideration during the building planning 
and design phases. 10 The availability of a comprehensive microzonation 
map, as an additional architectural planning tool, for this area in the 
city of Niigata could alleviate the negative situation by pinpointing 
the fact that appropriate soil tests and site investigations would be 
necessary before the architect started any site plan or building design 
preliminaries. Li~uefaction susceptibility maps currently being 
developed on a small scale for areas of downtown Tokyo represent one 
model for flagging sites which require detailed investigation before 
major buildings are placed on them. (See Figure 11) 

The environmental planner and designer must consider microzonation 
data and risk analysis models in the planning and design of buildings 
which are critical to the continued functioning of an urban area and 
those structures regarded as emergeney service facilities which assume 
vital roles in innnediate post-earthquake response. Structures which 
are crucial in providing emergency services to a community require 
special. design review and assessment. New critical facility buildings 
should be constructed to conform to the best design standards including 
levels of seismic resistance appropriate to earthquake hazards revealed 
by microzonation models which can serve as design guidelines influencing 
the type and siting of structures. Such buildings and facilities include 
the following types: 

(a) Hospitals 
(b) Ambulance Services 
(c) Nuclear Facilities 
(d) Strategic Utilities 

(e) Police and Fire Stations 
(f) Emergency Communications Systems 
(g) Reservoirs and Dams 

It is most cost-efficient to deal with the safety and seismic 
resistance of buildings in the preliminary design stage rather than 
discovering it necessary to recycle former design deCiSions by returning 
to the drawing board to strengthen or repair existing facilities. Some 
of the latter have been found to have potential hazArds too costly to 
correct. 6 However, by constructive use of mictozonation mapping as an 
addition~l preliminary tool in the design process, future problems can 
be avoided by the design professional.· 

Existing hazardous, older building areas in urban environments can 
be identified and targeted for attention when located in 4istricts 
having questionable site conditions and underlying geologic deficiencies. 
The problem posed by existing, unrein forced masonry structures is 
critical in itself, but when coupled with geologically hazardous sites, 
the probleqt may sllrpassthe possibility of 'taking corrective measures 
to ensure public safety. This is particularly true for buildings with 
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high density populations as opposed to unoccupied structures used for 
the storage of expendable supplies and less critical equipm~nt. In such 
cases, when coupled with microzonation data and risk analysis results 
which indicate extreme hazard exposure, abatement programs may be 
considered as part of a comniunity's projected general plan. The 
alternative could mean facing severe social dislocation and economic 
forfeiture which could seriously test a community's survival as was the 
case in some of the small agricultural communities after the Imperial 
County earthquake of 1979 in California. In the small community of 
Imperial, about a dozen old brick buildings housing thirteen busiMsses 
and local government offices were condemned and demolished after the 
earth~uake, leaving the downtown area "looking like an unpaved parking 
l~t". 2 Eighty percent of the buildings in the downtown area of Imperial 
were declared post-earthquake hazards due to the damage sustained by 
these older masonry buildings during a brief period of intense ground 
shaking and were all dismantled. For all practical purposes the downtown 
area of Imperial has disappeared, and its loss reinforced the tendency 
of its residents to take their business to the City of E1 Centro located 
only about five miles to the south. The community of Imperial was 
located approximately thre~ miles from the Imperial Fault trace displace
ment of the 1979 earthquake. 13 (See Figure 12) 

SUMMARY 

For utilization by architectural planning and design professionals, 
it is important that microzonation maps and techniques be developed 
from a common base-line to facilitate the interpretation of data as a 
preliminary design tool. By reviewing microzonation data and other risk 
analysis models, the design professional can aehieve a better approach 
to seismic safety in building siting and design by reviewing design 
options while in a flexible position to do so during the preliminary 
planning and design stages of building construction. 

Microzonation mapping can be of assistance to urban designers and 
public officials dealing with the existing, older hazardous building 
problem in urban environments located in areas of extreme seismic risk. 
Such areas can be targeted for future renewal and revitalization projects 
in districts of high-density population concentrations in order to insure 
their continued viability. 

A clear cut benefit of microzonation for environmental design is the 
identification of sites where there is great potential for seismically 
induced ground failures, such as liquifaction and land slides. sites 
which are directly astride active faults, and sites which may have some 
anomalous condition such as uncompacted fill or dried creek bed below 
grade. Woek in these aspects of microzonation have been done to a 
successful and ,practical extent in the San Francisco 8ay Area, by 
researchers in government organizations, private practice, and universi
ties. Ground shaking prediction in both micro and macrozonation is 
valuable though difficult because of the innumerable variables both 
in the local geography and soil conditions, and in the charaeteristics 
of the earthquake source. Particular caution mUSt be taken by those 
interpreting information p'resented in zonation maps, lest overdepend8l1ce 
upon this aspect of seismic hazard mitigation result. At all times, 
architects and planners must realize that 2onation is only one aspect 
of the earthquake resistant design procedure. 
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If as the bounds of zonation's reliability are recogn;f.zed, the 
additional information provided by micro and macrozonation can decrease 
uncertainty and excessive conservatism in the structural design of 
structures; both economical cost and risk are reduced. 

As research in zonation and microzonation becomes more prolific and 
sophisticated in the earth science and engineering fields, its appli
cation to environmental design decisions in planning and architecture 
becomes increasingly justified. In the United States, where much seismic 
hazard mitigation research is ongoing, the current trend of this 
conciousness among environmental design professionals has been encour
aging. In the future, it is hoped that applications of zonation 
considerations in environmental design will remain commensurate to 
the state-of-the-art of engineering and geology research knowledge in 
this specific field. 
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Figv 4a. El Asnam 1980 E.Q., building damag~ distribution. 
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BUILDING 
NUMB-ER" 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

KEY FOR BUILDINGS IN DOWNTOWN EL ASNAM 

BUILDING NAME 

C.T.C. Headquarters 

Bridge Construction Design Office 

Hotel Cheliff 

Palaisdu Justice 

Sonaeome 

ColDiasarht National du Parti FLN 

Centre Medico Social 

Nouvelles Galeries Algeriennes 

Telephone Building 

High School 

L'H8tel des Finances 

Police Station 

Town -Hall 

Cite an Nasr 

Bureau de Paste 

Maison de 1a Culture 

Hospital 

Mosque 

Mosque 

Military Headquarters 

CHnic 

Apartment Buildings 

Figure 4b. Key to Figure 4a. 
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SEISMIC IIISIt MAIIOI'THIEUHlTlEDSTArrS 
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=~=:;=V~:.':.o;t .. c~~:--.... " ..... ,., ... ~C .... ..,.....I.Ift4.,. .. t,,,.. ...... 
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Figure 9. Seismic zone map of the United States. For areas outside 
of the United States, see Appendix Chapter 23. Source: 
UCS 1979. 
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ZONES OF RICH SUSCEPTIBILITY TO SEISMICALLY INDUCED LANDSLIDES 

~ SOIL AVALANCHES;FALLS,SLUMPS,BtOCK 
~ SLIDES AND SHALLOW DISINTEGRATINC 

SLIDES IN SOIL AND/OR ROCK 

~I LATERAL SPREADS AND VET nows 

~ SLUMPS AND BLOCIt SLIDES 1M SOIL 
AND/OR RQat 

MAPPINC~! 

SLOPES 
STEEPER 
TlWI 35-

UNDERLAIN BY SATURATED SANOy AND 
SILTY HOLOCENE ALLUVIUM 

ACTIVE AND IlECENTLY ACTIVE 
LANDSLIDES 

Eigure 10. Preliminary seismically induce4 landslide susceptibility 
map of the Ca Honda area. (Reb. 18) 
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Figur(liz. Area of surface faulting. Imperial Valley earthquake, 
October 15. 1979. For a more detailed delineatIon of 
surface rupture, see Hart (1979). (Ref. 13) 
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THE PREDICTON AND ZONATION. OF EARTHQUAKES 
GROUND HOTrou IN THE BEIJING PLAIn 

JIANG PU·; xu FENG~:-and \>/ANG QIMING-:: 

ABSTRACT 

On the basis of seismogeological studies in the Beijing· 
area the sketch of distribution of potential bedrock motion 
al'e determined. In this map are Shownpot.ential maximum accel
eration contour. predominant. periods and duration as well as 
two average response spectra with damping 0.05 and 0.2. 

According.tothe horizontal z ona.t ion and vertical changes 
ot uncon:aolidated deposits in the B.eijing plain and their 
depositional Characteristics, thedelineatioh of three deposi
tional regions and 6.1 geologie units is made. The analysis of 
ea:rthquaker~sponse for each geological unit is made by means 
of one-dimensional liner elastic lUinped"mass method. Basing 
upon the characteristics of earthquake response spectra for 
each geological body, the be-drockinotion response is compre
hensively delineated and each region is marked with accelera
tion spectra, velocity spectra and displacement spectra. 

I. The genef'al seismogeological features. of the Beijing plain 

The Beijing plain is apart of the North China plain and 
geOlogically can be regarded as a north~rn part of the North
China subsidence se.ismicbelt in the North China fault block 
tegion (1). Since Cenozoic time the study plain has been 
subjected to a strong subsidence. There developed four sets 
of faults, 'from them the NE and NNE-trending ones being predo
minant and constituting the main outline of this plain (2). 
Thes~ faults in the direction stated above show a clearactivty; 
under their control in the study region are developed a lot of 
uprisings and fault basins in the same direction as the faults. 
TheEW ... runningfaults are the relatively old. structural lines 
being active in Cenozoic. As a result~ the NW,,:,trendihg uprising 
and depression are supel'imposed by the'NEandNNE upf'isingand 
i'8ult depression. Astbthe NW. fault, it·extends intel'"rrlittently 
and shows a higher activity. The intersection of the fouf'Sets 
of faults,especially the NE and NNEi"aults with the NWf'aults, 
aewell as the reversed overlapping of NE and 'NNE uprising .and 
fault depf'sssion, are just f'ightthe places where most of . 
shocks in studyreg~onwould be probably occurred. For example, 
the l1afang eaf'thquake of Semptembef' 2. 1679 just took place at 
the interseotion of a fault at the northern end of Dachang 
fault depression and newly activated !iJ:rshilichangshan fa-ult (1). 

Since Cenozoio the stUdy region \-tIlS controlled by the 
W k~ ( ... , . - '. '. .-

"'·ResearCh AS$ocitlte. Il'lsti tute of Geology, State Seismolo .. 
gloal Bureau 
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regional stress field with theNIE trending principal compress
ion stress tha.t is leading to the right-lateral strike slip of 
NNE and NE faults and the left-lateral strike slip of NW and 
nearly EW faults. Besi'des,theverticaladditional stress 
field caused by the upper mantleupwarping alsO gives a certain 
influence on the fault basin region. Just on this tectonic mech
anical background proceed the current tectonic activies and 
seismicities in the study region (2). The Beijing plain has a 
tectonic framework of so-called "two uprisings and one depres
sion", namely this plain is cut by a NE fault into the West
!3e1j:i,ng uprising; the Beijing depression and the Daxing upri- ,', 
sing. And the Xiadian fault together wt~h,the Huangzhuangfault 
formed the Dachang depression giving ,a structural scheme of "two 
uprisings and two depressions". Furthermore, the West-Beijing 
uprisingis cut by NW Nankou-Tongxian fault into the Chs.ngping
Huairou uprising and the Shahedepression and the Beijing depre ... 
ssion into the Fanshan uprising and Shun'Yi depression; while .. 
the Ershl1ichangshan fault separates the Da'xing uprising frolTl 
th~ Pinggu depression. ' , 

During the last thousand years in the Beijingplain'h,ave 
recorded 8 destructive ,events and.5 events with magnitude rilore 
than 6 (Table 1) or 8 in maximum. In the North China fault blo'ck 
region the destructive eai'thquakes in the Beijing plain were 
chiefly eoncentrate-d within 2.50 years, i.e. 'From 1500 to 1750 
A.D .. thethirdseismic pe~iQd for the North Chinaregion( 3) • 

. There 'are threeactiveseismotectonic belts in the Beijing 
plain, the Pinggu-Xianghe belt, the Nankou-Tongxianbelt, and 
the Fangshan-Huaroubelt. Therecah be mainly distinguished 
two earthquake risk arers (Fig.1): Xianghe-Sanhearea and 
Qinghe"'Tong~ianarea. 

The farmer is located at the intersection (near Xianghe) 
of the. ME Pinggu"'Sanheseismic belt with the ne.arlyEW Baodi
Laishui active,fault, i.e. at the southern end of ,the Dachang , 
depresSion.TheN~exist three active faults, the Ch~nggezhuang
Xiadian fault, Bao,di .. Laishui 'fault and Huangzhuang fanlt. ,The 
levellingand-ratiltdis:placement observation ~lso indicate 
thelr recentactivity(4). It is assumed that. the stud'Y area 
has a risk levelot 7"'7~ in magnitude". 

The Qinghe-Tongxian earthquake risk area falls between 
the NW Nankou-Tongxian aetive belt, the Fangshan*Huairou'active 
belt and the Nanyuan .... Tong:dan active belt. Within: this ax-ea can 
be 'found the HUs.ng''Gl101iying active fault, the Nanruan-Tongxlan 
fault and Nafikou-Sunhe active f!tult, ofwhieh the recent activty 
(4) has been testified by the le-vel1ing and fault displacement 
measurements. It is estimated that this area hass. t'isk leve:!;,
of6-6~ in magnitude. 

II. The bedrOCk mot.ion irttheBeijing region 

To predict and tone the b~drackl1iottiortror,a ce:rtain 
region usttallyha,s two steps, the f1:'i&t is to p:redict the 
bedrock motion, the second to make the e!.rthquake response 
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analysis of unconsolidated soil layer on the basis of bedrock 
motion($,6,7,). . 

The prediction of bedrock motion in the Beijing region 
covers the following steps. . 

1. The estimation of the main risk area 

The two earthquake risk areas determined above according 
to the essential seismogeological characteristics of the Beijing 
plain are; Xianghe-Sanhe area with magnitude of 7-7~ and Qinghe
Tongxian area with magnitude of 6:-6~. For the purpose of making 
zonation and from the angle of earthquake resistant engineering 
we focus our attention on the maximum earthquake risk. Theposi
tion. of both the risk areB..s is plotted on the Fig.1 ~. Ta.king 
20 .. 25km.as the depth of occurrence of earthquake in the study 
aPea the fiiultingslip lTlode can be left out of onsideration. 
But due to the influonce of the directions of regional stl"UC
tures and earthquake faults on the distribution of be.drock 
motion and structure failure it is appropriate to evaluate 
the.l!Iction of NE and NW structures in sketching the runplitude 
contour of bedroek motion. 

2. The maih potential bedrock motion 

. It includes amplitude valu9f predomminant or main period 
and duration. In coincidence with the "Code of Earthquke 

Resistant Construction of China It (8,9, )the bedrock acce
lerations are used as basic parameters, while the rela.tionship 
betWeen the earthquake magnitude, the peak bedrock acceleation 
and fault distance and the relationship between the predomminant 
period for"maximum acceleration in rock, ea:r>thquake.magnitude 
and fault distance are studied in the light of Seed's work (10). 
As.to·the duration we take 15-20 sec. for 6~ M and 25-30 sec. 
for 7~ M. 

3. The average earthquake response spectra 

The study region has little records of bedrock motion 
excepting a bedroc~ ... record obtained in a Beijing suburb during 
the Tangshan ea:r>thquake. In studying the general features of 
bedrock motion we have chosen the strong motion recorded not 
from rocks to change the maximum amplitude period It is found 
that the b!'lsioshape and feature of.responsespectra ( :!It5 and 

=20%) vary with the maximumamplitude period(6).Some re.sults 
gained have been shown in Fig 2-5. The comparison of the res
ponse speotra given in case of the shorter roaxi1'm.UT1 amplitude 
period (Figs. in 2 .. 5) with that recorded from blfdrock motion 
(shown in Fig.6) indicates their close similarity(11). With 
regard to thi·s the maximumstnpli tude period oan be approximately 
applied to t'8oredominant period of bedrock motion. 

. It oan be seen from Figs. 2"5 that for the spectra with 5% 
dampIng th'& rna.x:imum response coefficientis about of 3; in case 
of 20% damping it would be less than 2. Furthermore, the res-
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ponse spectra on opposing sides of main peak are decreasing, 
inversely in proportion W'iththe structural periodtofortna 
bicu.rve. Thus. on this background, the practioal, records are 
utilized to calculate the respol1se spectra of 'various ,maXimum 
amplitude periods ,and the average responses,pe~~ra, oan, b,e ,gained 
for some region on the basis of .,the mean value o.f response 
spectra the'maximum amplitude period is the same. The,Fig.7 
gives, the distribution of the potential bedrock motion in 
Beijing area, the application of ~hlch would provide theengi'" 
neel~S with the potential Uedrock motion including the parameter's 
ca.lculated from basic intensity scale. ' 

lILThe zonation of deposit-facie~ units in the Beijing plain 
and the earthquake response of geologic units . 

1. :Delineation of the deposit-facies units 

Along the western and nerthern Beijing plain :rUns the 
Ya.nsha.n range, and its southern'and eastern parts gehtlygo 
down toward the North China plain. Since the qtlaternarydll~ to 
the relative uplift of Yanshan range and subsidence of , this 
plain the abundant c1astic,materials have,been drived by rivers 
running through the mountain area of NW Yanshan and plain and 
deposited at the piedment in different geelogioal times. As a 
result, the broad alluvial fOl"eland plain_Beijing plain, was 
progressively formed. Inoorrespondence with theoharacte:ristic 
relief the undergI'ound ourrent'in the Beijing plain shews a 
regular chtmge. In general, it flows ,from NW to SN and thegrou· 
nd water table also beoomes more shallow in the sarne direction 
leading its slow flow. And in the low-lying landlecated 

. between the for,eland alluvial fans the ground water level has 
, a less depth. On the, alluvial fan margin the depesit.facies, ' 

change always makes the groundwater flowing on surfe,ce resulting 
in formation ofaseries of lakes andtnal"sh lands, such as ' 
Kunming Lake, Liarihua Lake ,and so on(f2). 

The unconsolidated deposits in the Beijingplairiat'e 
characterized by the gradualchahge in. the spatial distribution 
from the forland to plain. Ff'om the Fig.8shdwingthe di,stri. 
bution of unconsolidated deposits, can be seen that,inthe 
western plain the coarse"'g~flined clastic deposl ts at>epredo. 
minated and constitute the top of alluvie,l fan. Thisklnd of 
depositS ce;nsists efpebbles"gravel and botUdex- in part. To 
the east they become gradually more fine ingrain alza oonsis
ting of sand and clay tmd suatituting the hori.tohs with coarse
grained deposits. That is to say, iti! a resu:rtofgravitatiena1 
sorting of, depositional mat&ria·ls. ,In the Beijingple,ill, which 
was one of the places where the Ear-lyman lited,the original 
dlstributionofthese. deposits have, been Ohjnged toaC~H:·tain 
extent. ,According to the featuf'esof uno6nsiJ1dated deposits, 
from the boreholes .atadeptb or mo:t'e ,0 M. andofdepo:sitfaoifHi 
the Beijing, plain can be diVided JntothN,e depositional:regtons 
that are: A"'region, of the uppe:rlllu.vfll £an,B-rl:!gion of 
me.rginalalluV'ial fan, and C-region of alluvill plain. 
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A. Tbedeposltional :region ot the uppe:r alluvial tan 

. !n, additIon to.th,E! delttf'tva.lartd, <el1ivialdeposi ts , in small 
amount, 'suoh aseluvia;r loess,lIeat}lered;debrls;boulderand 
clay,the:reappearmostly dilu'\tialatld alluvial deposIts of 
coarse ... g:ralnm,a1i~l"ials..sueh>as,gravel,coar~esandandetc. , 
cf'oppin·g. out on the stir1'ace in one pltieeendcoveredbyaclayey 

. sOil.lay.e:r,in othe:rplcS.ce. It is genef'ttlly belived that the 
study regi.oil<is ,I. fa1toradle site fo:rtheenglneeringconstrue-
tion d.\1eto_tllegreat~r underg:rl"Urtd wate:rlevel. . ' 

F:r.oiTJ. t1'le geograplUcalposition of alluvial fan and the 
maIn drainage runnirig .through this fan,th-e depositional region 
or the uppel'Ulu:vial. fan can· be subdided intoslxsubf'egions: 
A, .. YortgdinghesUDl'egion, A2 ",Shanhe sUbregion, A.~-Chaobaihe 
sub~egi(m .. Ah:",Chaobaihe su-oregion, A5-Jumahe sutJregion and 
A6.Dashihe ,S'lIbl"egion. ,,-__ _ • 

. ' ___ According to the changes of depositional facies in th.e 
ti1n9 profile in each, depositional region, the composite 
featUtteBoi' depos! tef'tia!e! vary with the different regions. 
Thertlf6re we fUIIther distinguished geologie units on the basis 
of' .. thefeatur:es of deposits found in boreholes· at a depth of 
50M and their compositechs.raoterlstics. In the study region 
t~ere f)lxist .five depositional oonstitutions: a-the gravel and 
boulder, b-the sandy gravel-clayey soil, c ... the sandy gravel
s~lt, d-.the inte·rbandlng of sandy gravel with olayey Boil, 
e-thEt elayey soil. with gravel. . 

B. The:,l"egion of' the: marginal alluvial fan 

This -II~gic;n denotes the transitiona,l area from the uppeIl 
allilvialtan .,toalluvial plain. Th,ere can be foundthealterna-. 
tioh6f coat'se-grained deposits by thet'ine ones. As a result, 
the 8!,oundwatel:',tlowsout ontnesurfaoe wherein. In many 
l~wl~ds andlogSe:d .1afldsdepos:Ited mud and silt layer IIich 
in organio m-atteIl.The1 ctlnbe categorized as the localities 
with the g:roundbise unsul table for the engineering geologic 
purpose., Each. of the six alluvial fansstflt'ed above hae a 
eorl"~8pofidlng ma~gina.l deposition'al 1"egion, under which the 
tlub1:'egionsaIle $ignedbl B1. ,B2B) Sf ',' B~ and%,c-omparable 
with the above;;.mentionedlubregionsorlr-the upper alluVial fan. 
:t~ ,the .tltltt'ginal"d;epQsl 1;iional.~egion thereat'e t'ollowing five 
kinds"of depositional constitutions.: .f-interb$nding of'eand 
withtrlnd,g-inte)1bl1ndin~ore.1e.1$ysoil .. mll~1tithsilt,h .. sandy 
S~tfvt*I"l!Iilt O'onsti tution,i-irtterbilndingofsahdygravelwi th 
clayey SOil, j-interoalatedconstitutionof clarey soil with 
sandt gravel. 

O.The.ciepoaitional ~egion of' the alluvial plain 

From the'geomorpho16giaal featuttea thf. allu"ialplain 
!'e'gi~m is. a r-lther flat and biioad plain. with fine-grained . 
~8:Lta being pt"ed'OfI'linant. The alteration of the drlinage 
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system in the p;L~in during geoJ,ogi(Hll,p(3riods, t'esultedin, tJ:l~ 
formationl"lfaquifer:s with coarse sana' and' gt>avel' in the . , 
historical channel and oldstre!lm,and in thedepositiot'l of 
fine"graineq silt and mud,ll1yers ihthe old. and histories,l", 
lakes. The sa layeJ:'s. occurl'ed in 'the ,form, of, b,and (1)(1 lens ,~tO 
a different depth.' "" " . . ' ..... ' ,', ' .. 

In. the study t'egion can,b'e. found ft>11ow1nS, sixkind,s, or, 
depoei tiqnelcol'lstitutions: k-inteJ:.bartdingofelayeY~f9il wi th 
thamedian-fine'grainedsand, l~interoalating()fclayey soil 
wi th median-fine' grained sand, m~ela1ey soi1.';'silt'bed; . " 
n .. intercalating of clayey soil1~yer withmud,o-calyeysoil
mud layer~ p-interbanding Of. clayeyaoil wi th$ilt .. and mud. 

2,.~rne response of geologicunfti:!' toearthq1.iakeS,,< 
E};:{,,: - ',,- .' '.> .-~' -'-", ~.. , 

''The three depositional reg:tdris:tn:th~ 13el:fingpUH.rrare' 
of 16 types of cClnst~ tutions end 61g~ologicfu1its (~) ~'Aoeot'd ... 
lng to the 'physio~~eehanicttl propel'tH~sO:feaol1 geolog1~ Wli t 
the one';'dirnan'srol,i~~ lineQri,elastid It11riped~m,~s~ methodt~ ,U$~d 
to rcespons e of' each ,geologieuni t toeart1'1<iU(\lteS.".ThE!$t:r~et:'!1rsl 
period is wi thdampin:g' :0.05 and:=O.20~:an:d ~heaecel~r,ati(m 
response spect-raSa,' veloci tyresponse 'spectra Sv'anddisplace
mant responsespectra,Sdare calctilated~' TheI'efore,.weo1rt;e.ined 
366 response curves belqnging' tovaricm,EI' type.sfor 61 g~ologic 
uni ts. . , . , " ',' . ' .' 

Basing upon morphological:featuresQt1~'the' pe*numb~rEl ' 
of various kinds of response spectra, they are categorized as 
three types(See Table 2a.hd F;ig.9). ......'. 

The ~oning map of earthquake response in the Beijing 
plain(Fig.11) was compiled ,int~e lightofave~ageJ"esponse 

. curves stated above and'shClwn1nFig.1 0" It' .i,s p:t:'oV,edto .'be:.: ' 
'effecti vs during' tne~angshan e:arthqtutkewtli'chc:e.uS.~,d f'.ailure 
in theReijing:'P·1a~n(5) •......•.... :.; .". ',' '. ,', " 

General·izi-rigthe B.b6\te~mentl6ft-e-dl\a'Ots : itl' eonnt:iot~.oti~ th 
the studiesof,engine~ring:selsf1'ii~s, effect, (6, '3); th~(m,sin 
s t,epsto ms.kernlcr-ossi sm;tC:zpniri.&are as fp ;LJpws f ' , 

1. To giveasketchshpwlng t~eJii'str:i'liutib~o,t .petentl.J;, , ... , 
bedrock motidtl on: th~f brUHs 'ofth~ char,aeterlsticso£focU8. of 
earthquake ahd 'the :,p:rop.agatl~n ,cif,~el$mic w.ves. " " 

• -, " 1,-," '., ..' . 

2. T.osep8.rateth~i,erreC't dfshook, .failure': ,triomthlt 01 'grouna 
failure abO. t<>~makethe, eorrespond1ngt,oni:ffg ma-ps on . account elf 
the possi~,l-e: typ<~t o't e:a~~9-u,~eseffs,~t fn' theuncorisoiida:fi~? 
deposit~ or: sorneregi0n.(6). 

3~ To delineate the-deposits irttothe dirrerent:deposttionll 
regions and geologic un! tS~bc<lrdXngto~bei:rorig'l,.n.., re~.t;l1res 
end the constt ttitionchtmge;8ithownlnth81tertlijl:l~brl1e. 
Then, to make an ana.lyei 8 of~l1e'&ar:thq'jlJk.~ r$,apons~ffJr·, each .' 
geologiourli ta, and. at. lastt6:l(Ol:"k9u,ta$1f1:t:lletle.tona:liio~ 
based on " the ch8.-t'9.cte:riette's orrteap~$~'speeti'a>And to fIt~ttk" 
the Elllr-thqual(eresp<.mse ~p'fctra. in ord'Etl' to sAtisf';y the earth ... 
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Table1. 
. .' 

Date Long. lat. Reference 10calit1 .tagn1tude 
.. N" ~ -. -

. 

Be1j1ng o1t1 '-'.9 .. 1076.2 '9- '8· 116-'0' 
1484.1.29 40· 24' 116· 1O' J U7011ggUlUl, . 

. 7 .. ' 

1 "6.10.22 '9' 48' 116· 48' S.Tongxian 6 

1'86.'.26 40·01' 116°1.0" W.Beij1ng , 
1665.4.16 '9·'4' . 1164 42 • Tortx1an 6% 

Mafang 
.. 

8 1679.9.2 40· 00' 117· 00' 
17'0.9."0 140. 00' 116·00' W .. subutb,Be1j1ng 6% 
1746.7.29 40· 17' 116"1" Changp1ng , 

Table2. T,pes of response spectra 

Aoceleration Veloo~t1 D18"laoe._t 

Type! response response response 
speotra speotra spectra 

I - !1'. of main T"e of _1a Trpe of polrpeak 
peak' peak 

II T1pe of double '1',pe of double '1'11>8 orda1lblt 
peak peak step 

. -, 

III T1" of smooth '1'", of slIiCJoth ~lpt. orsin,l! . 
peak peak ste, 
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Table', Amplitude value division type! ot spectra 

Acceleration Yeloclty Displacement 
response speotra response response-

Order in in/sec speotra, . spectra, in om' 
in". m/seo 

,,= '5ex,' 7'-.. =20%} "'!I!~ ,,- ... 20% "'- =5% ?\,.e2o<h 

stroflg >, 0.8 > O~5 )40· >20 > 4 ), 
inter- 0.4-0.7 0.2-0 .. 4 2;-40 10-20 3-4 2-' 
media.te ., 

weak '" o 4 .. ~O.2 <25 ~1 0 < 3 <2 
. . - '. 

Table 4. St~tisticsof types of response spectra for 
indiVidual depositiona1 rElgion 

Depositional Total of TY'Pes ,of response spectra. 

region geol. units TYl'e I T1pe II Type III 

amount f. amount % amount % 

A. 21 19 I 90 2 10 0 0 
B 14 0 \0 6 42 8 58 
C 26 10 I '8 10 '8! 6 24 

J 
., 
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'0 4 "'I~]5 

F1g.1 'Se1Slftogeolog1oal mal' of Beijingpla1n . 
1 ..... ,Earthquake:'1· f 'M~Bt 2,' M.6~6.,.of' M.6.0';"6~'; 4, -.*~~o
',9-'. Ieo'P&oh of Quatemai'1de'POS1tS(Ift~; 6·, MOUAta1n.area; 
7, Pot •• tial earthguake risk reg1on,numberssh();r the potellt1al 
lJIagn1 t ads of fut 'Or-eeart hquEllce 1. '11.,. Fangshan ... Hua1rOll. faul tl . 
12, Qianmell-JJ1angx1l1ng fault t r',., NAn7.uan-'rongx1an fault; 1'4, 
Chengu-Zhuang-X1adla.n. fault;",Bu8.ngf1huailgfault; F6,Pred.
rnountainNankotl fatl'lt ~ F1 Nan'ltou ... 'follg'X1an fault ~ FB, Ersh111oh
angshan fault; 19, Baod1-Sbul fault. 
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city Tong Xian 
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P1g.8 Section otthettncons()lidat.ed deposits trom 
l,)iedllfont to plain. 
1 t La1er of gravel w1t"h sand.~ 2, Middle-ooarser 
sand larer;', Silt la1er~ 4, Mud layer! 5, 
Clay larer; 6

i 
Sand1-soil and clay soil layer; 

7, Artifioioa 11 aocumulated layer • 
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EARTHQUAKE HAZARDS AND VULNERABILITY ANALYSIS 

J II Zhu Haizhi , Wang Ligong 

Abstraot 

The charaoterestlcs of earthquake hazards caused b1 his
toryc 8,1 and recent great earthqUakes obTi~s11 show that 
variolls earthquake ha?lar!1s had appeared 1n d1fferent geolo
gical and geomorphologlcalareas, such as on high mounta10ns, 
plateatl (espec11, loess plateau), h1lls, plains (inoluding 
littoral plain) etc. Ana11s1~ of geologioal oonditions for these 
charact.eristics and research on destruction machnlsm b1 earth
quake are importanoe for scientifio pred1ct10n ot earthquake 
hazard 8. 

In th:1.s paper a method of.. Tulnerabillt1 anal,sls and 
est1mation of earthquake huard 1s used in the Tangshan urban, 
Hebei Province and L1),an area, Jiangsu ProT1noe, where oooured 
dlstructtTe earthquakes 1n reoent time. The faotors for this 
analysIs are the indexes of basiC ground response oomponent 
(1), Loose sand la1er (liquefaction potent1al) component (s), 
resonanoe (R), faultsef), reI1ef(m). depth of ground water 
(h). From these factors we can obtain a general 1ndex(I) of 
se lam1e Tulnerahil1ty in eaoh gaTen unit. 

Aooording to the results of th1s analySiS a gaTen seismio 
area may be dlT1ded into sections w1th d1fferent seismic 
Tulnerab1Iit,. 

F1nally a d1soussion is giTen about the TUlnerabl11t, 
analysis in dlfferent locat10ns with dlfferent effects during 
earthquake. 

1. Assoc late researoh professor, II • Research Assoclate, 
Institute ot Geology, State Selsmolog1calBureau. 
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Introduotion 

Geologioal research on earthquake hazards includes stutles 
of the earthquake-generated effect of the fault rupture. ground 
aha:king, failure of unstable ground surface, such as the 
fallureof slopes. avalanches, landslides, rookfalls, oolla
pses etc. and ground fa.ilure in the plain areas auch as sa.nd 
liquefa.otl~~ and mud softening, dUr:tng ea.rthquake s. 

These geological haza.rds ca.used by earthq ua'ke have appe
ared at different geomorphological sites, and have different 
chracteri~tics of their destruotion. 

I,The main ohracterlatlc8 of Earthquakes Hazards in 

China .. 

China 1s one of the earthquake-pround oontries and has 
undergone relatively serious earthquake disasters in histori
cal_ time. Acoording to statistios of inoomplate data on 91 

his,toric"earthQ9akes, the number of population death ,killed b7 

;arthquakes in China 1s larger in the world (Fig 1). It de
pends qn the oharacteristics of geological baokground on whioh 
the ,earth,qu,~ke hazards had ocoured .. 

~aking a,. g~ne:ra.lizing analrs1s of geologic and geomoro
phologic ?ondlt1.<?na along a profile from Mt. Altun shan 1n 
west along the latitude N38° to Boha1Bay in east (Fig 2), we 
oanobvioual, find high mountainous region in western part, 

' .. :,., .: 

loess plateau 1n. m1d~e part, the sed1mentarr p14in in. ea,stem 
part, and the Bohal Bar further in east. 

Th.., strong eartbquake JUlzards had appeared in all theae 
dlfferent geom9:r'C?phplog1cal sittings. 

1. Earthquake hazards in high mountainous reglon. There 
was ,plent 1 of earthq uake 8.on. h1ghmounta1ns itl the western 
Sichua.n Province andYunna.n ProTince. The atrongearthquakes 
oaused disasters to vartous extent. There oanbe dlstlngueshecl 
three ca.tegories of ea.rthquake ha~ard8 1.e. earthquake-graTi
tational, earthquake-tectonic and earthquake-gravitational -



tectonic disruptures. The earthquake-gravitational di81'Upt'Ul'e 
usually oocured in large scale in neoteotonically uplifted 
areas, in whloh the rellef 1s preo1pitous and the earthquakes 
caused ava1anohes, sometimes river stopp1ng and rockfalls. 
For example, there w&re numerous ava1anohesand rockfalls led 
to from the pl1es more than 160 metres above the warter table 
of Mlnjia.n River during Dlexl earthquake (Aug. 2', 1'9", M-7'h) 

in Sloh~an Province. The Mlnjlan R1ver was stopped up and 
three barr~er lakes were formed. After forty days the seism10 
dam was tailured, consequently great secondary d1saster had 
been caused by the water. The Zhaotong earthquake 1n Yunnar 
province caused avelanches and landslides ever;vwhere in 
Zhaotong mountainous seismic area. The remarkable ohrecteris
tic appears to be the destructed oliff slopes, preclptours 
in topography, at an angle of slope more '0 degre6s(1). The 
destructure by earthquake was planar), 1n this area.- The 
earthquake-teotonlc disrupture in high mountainousallea re
presented the dlreot effect oontrol1ed b)' seismio fraotures, 
and appeared along the aeismogenic faults. For instanoe, 
during the Luhuo earthqUake (Feb.6, 197',M-1.9) in .estern 
Sichuan PrOVince, the selsmogenic fault extented up to 80-90 
km along the Xlanshuihe River. Along the fault traoe the 
slOl'e surface was oo11apsed and fractured, the 8111.1.,1&1 
terrace has subsided, and the river bed has risen and de
formed. All buildings on the -fault were distroied. Along this 
left-handed n-SB fault belt the ground surface wal oharao
terized b, linear or lanaI deformation and dest~uotion, the 
earthquake-teotonio-gra.yitat10nal c11srupture is ., oolltplex 
result of both teotonio and gravit10nal actiona dUlling 
strong earthquake. 

2. Earthquake hasards in plateau region (maiDl, on leese . 
plateau) 

Seismio hazards were serious on loels plateau. 'requeuo, 
at populat1on death killed by earthquakes wal more oonoentra
ted on Chinese 108S8 plateau. Two strong earthquakes ocoured 
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in Huax1an County, Shanxi Province (Jen.23, 1'56.M=e) and in 
Haiyuan County, Ningx1a Autonomous Region (Dec.16, 1920,M=8'h) 
had killed total populat1on death 1,060,000(2) (,). 

The cause rif the great hazards was related derectly to 
arid climate, tectonic cond it ions and 11 t hologic composit 1 on 
and st ruct ure on loess plateau. The ar1dplateau was scarce 11 
covered by pla.nts and the Antiseismic buildings were few and 
almost absent. More populotion lived In cave dwellings in 
loess deposits. The loess consists of SlIt. It 1s loose in 
lithology and large in thickness C~O .. 100 metres). In loess 
deposits numerous joints and fissures are developed. The slope 
of loess mountains was unstable, especially the loess cliffs 
and ravines between loess r1dges are easily destroieddurlng 
earthquake. As a result the avalanches, collapses and land
slides in large area have occured. And the cave dwellings were 
collapsed, so that the population deaths had taken place, 
moreover, the seismiC bArrier lakes and group of collApses and 
landslides generated by Haiyuan earthquake (Dec. 16 ,1920, 
•• 8~) are still preserved in Xijl County now. 

,. Earthquake hazards in sedimentary plains. 

The sedimenta.ry plains in East China are densel1 populated. 
Along the long coast 11ne the litteral plain extends. In the 
delta plains of Changj1ang River and Httft~lIe River the thick 
Quartenary sed1ments have depOSited, and the buried riTer beds 
haTe developed. Different kinds of earthquake hazards take 
place 1n these pla1ns, such as ground cracks, landslides, . 
sand liquefaction, c:-ol1~'Pses etc. Basing on the analrsie of 
dynast1c records of historic earthq~akes, liquefaction areas 
occured in eastern plain. Tangshan (Jul. 28, 1'976,M-7.8) and ... 
Haichong earthquakes (Feb. 4, 1975,M-7.') caus~d to prodi
gious desaster(4). The different kinds of earthquake hazards 
had appeared along the setsmogenic fault. Sand liquefaction, 
ground crecks,gt'ound collapses and landslids had widely 
destrlbl1ted in the plains. Along the While profile from the 
high mountainous to the loose sedimentary plain the earthftuake 
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hazards were different in relation to the geological condi
tions, which must be COftsiderad in seismic miero-zoning or 
Tulnerabl11t7 analysi8 of a gaven area. 

II. Application of the method .. of earthquake vulnerability 
analysls In predication of earthquake hazards. 

There are three categories of dIrect effects by an 
earthquake In nature: a. Earthquake Magnitude and amplitude 
of fault displaoement under the action of selsmicforoe and 
g1"oundshaklng; b. AmplIfication and reduot:ton of ground 
mottoDs by local geological oonditions including ground 
f"aI1u:re (sand liquefaction) and loss of slope stability; 
c. The reaotlon of man-made constractions to the earthquake 
foross. From these we Olln obtain a relatIonshIp between 
earthqUake farce, Ground medIum, and upper .constructions. 
The earthquake vulnerab:1.l1ty.analysi8 of construotions has 
well descrIbed in other papers. Nevertheless, the problam on 
reaction of ground medium to earthquake torce 1s a matn 
subJlot for th1s discussion, and 1s one compr~hausiTe 

research work for pr1d1ction ot geological hazards. 

1. Method 

Recentl, the office of the united NationeD1saster 
Rellef Coordination (UNDRO) proposed a method of seismic 
Tulnerabl1it7 ana11si8 for urban planning and estimatlon ot 
earthquake hazards. TheT BaTe anexaJII'Ple on the ana17sis in 
the Metro Manila Area. ThIS allal,S1s in,,"olTes: a. Basia 
ground response component (i) b. loose sand la,ers (lique
faction potential) (8) oo~enent o. Faults (I) oompoDent. 
4. Total ground response Index I.e. ReaonanoeR('). 

The earthquake vulnerab1lity analTsis can be made in 
combination with the OODcrete oond1tlons in our oountry, 
geomorphologioal units and geolog1cal sitting of earthquake 
hazards. 



2. Examples 

Two examples of anal),sis ofeasterri plain are given here. 
(1) Example one: Earth~UakeTu1~rabilit)' ana118is of 

Tangshan urban Area, Hebel ProTinoe. Tangshan earthquake 
(11-7,9 Jul. 28, 1976) had led the while oity to destroy. 
EarthQuake intensity in epioentral area 1s XI. total Lose ot 
popula.t1.on is 24',000. The ObTious liquefaotion had oooul'ed 
on sides of Douhe .River and southern part of Tangshan oit)' 
where earthquake intensity is IX, VIII, VII. 

The anal),zed zone locates in tilt plain at the front of 
Yanshan mountains. The northwestern seotion of the zone is 
h1gher and the southeastern seotion is lower in topography, 
the altitude hight ranges from " to l' metres. In this zone 
there are some 1solated hills (suoh as Daohangshan hill. 
Fenghangshan hill, Jiajiashan hill eto.) with bedrooks ex
posed in area 1.' km2.Douhe RiTer flows oross this mone 
(Fig.'), By the river locate two alluvial terraoes. Coal 
layers occur in the southeastern part of this zone and 
oocupies ~ area.of the zone. The expIated ooal laters leaTe 
some empity oavities. 

Teotonioally Tangshan area is an oonfluent part of Yang
shan Folded Belt with Cangdong 'ault. The~e is a system of 
tf.E trending faults and folds acr08S this Bone. TOflgshan Fault 
and Douhe Fault are the main normalfllults trtUl:di1'lg to "00 -

'OOR with steep dip angle 70°-800
• I~H,rb1 these faults there 

is a series ofant1clilles alld a1f1c11nea. The derect10n of 
fold axis is also IE. Between the Tangsban Fault all« Doube 
Fault there exiatB a NE trending horst, expre8s~d some 1'1.1-
dual hills on·· geomorphologio surface (such as DaohangshaD t 

Fanghuangshan etc.) 
For the earthquake Tull1'1rabilitl anal,al. one taUlt oon

sider the 8011 comp.S1tion a4 Tolu.1 of se.fH.lIlentu1 1.a,era, 
depth of underground wat.'r. ,otation.l sand liquefaotion. 
the presenoe ot faults. Tbe alltagoriea of 1S011 Oompos1t1Q!l 
and depth of Quarteffiart sediments ma,r ma1nly determine the 
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ground Dlotlon during earthquake. In one un1t fo.r analysls 
these factors ha..,e large proportlon in estlmation of total 
ground respoDse 1ndex (I), but effects of underground water, 
potatlonal sand liquefaot1on, fault and topography are 
aeoendar, faot_s. 

tI} Basic li"ound response component (1) (Index ot s011's 
vulnerab1l1ty analysis) 

Accod1ng to genetiC clasif10at10n of sediments, litho10,;;. 
gical ohraoter1st10s and structure, phys1co-maohan1oal pro
perties, the soils are deTld1dlnto 6 catagories (Table 1) 

Standard oompos1tlon of salls in Tongshan 

tate~~riea Geomorphologioal 
SOlIe site 

a 

b 

IsolAted 
danub. 
hill. 

Proluv1al group 
and seoond 
terrace of 
Douhe R. 

The second 
terrace and 
tilt plain of 
Douhe R. 

First terrace of 

Dallhe :R. 

1,1 tholog, and 
struature 

Thick lim1stone 
and th1n sandy 
Shales 

R19td-plast10 
and plastio 
eluvial
deluv1al: olay 
and proluv1al, 
aluTial sand, 
graTe1 wlth 
filled olay 
sed1ments. 
Plast1c-Soft 
plastiC aluT.: 
olay and s1lt, 
fine sand and 
lIIid-sand inter
beds 

Soft -plastiC 
alvT. t clay 
and Silt, finlll 
aaat interbeds 

---------~----' .. 20-7 

Main phys1co..., 
machnioal 

index 

R > ,0 

Clay 
f -1.90-2.02 

.0.016-0.019 
R-2, 
Sand: 
R.20..;22 

Clay: 
;Ii -2.00-2.08 
. -0.014-0.024 

R-16-20 
Sand: . 

.1-'.80-2.06 
.• 0.010-0.012 
R.20-2' 

Cla1: 
1'-1.9'-2.0, 

.0.019-0 .. 0'4 
a-10-1' 
Sandt 
"-1.72 
t. .0.01 
R-10-1' 
tlpp'e%' 10m. 
'*10-20 
Lower 10m. 1>20 



e 

f 

Buried river bed 
in first terrace, 
old bayou (lake) 

Depression or 
pit and pond 

Softplastio 
aluv.: Clay with 
filled· mud layer 

Loose filled 
gangue and 
other deposits 

Mud clay: 
.1<1.57 
£",,0.1"2 
R< 7 

with thexotropy 

Notes:R - Loadlng pressure T/Yl 
l' - Density of massT set2/M2 

l -- Coeff1cent of compression 
N - N6'.5 Number of shote in stand .. rd 

penetration test 

Practically, earthquake hallard! have ob'tiould1tfrent effects. 
Earthquake hazards are lightest 011 bed rooiee, somewhat intensiTe 
on eluvlal-deluvial clay soil and proluv1al-al1uTial. sand 
gravel layers more intensive on hIgh tenace consIsted of 
thick clay soil and s11t, mud, tine sand interbeds, hIghly 
intensive on fIrst terrace oonsisted ot 01a11011 aD.d silt t 
flnesand interbeds and, at last,the sediments on recent 
valley flat and puddly so11 oan be most intensively affeoted 
by earthquake. But earthquake hazards on filled sotl are the 
same as on 8011 of I, II terraces. This situation had ~re
sented for the effects of Tangshan earthquake M-7.8. 

Index of earthquake hazard.! had not significant cban.ge in 
same 1ntensity area by Tangshan earthquake when thickness or 
soil more than 20 metreR. Seism1c effect is highest on t".e 
8011 with thickness' ot 0-, metres. 

Aoood1ng to the oond1tlons rttsiatant to enrthquake the 
earthqua.ke vulnera.bl11t, index of !!Joll (1) 18 estimated a8 
follows: 

Categorles of s011s (see Tab. 1) 
Th1nkne88 of a b c d e f 
so11 layer (m) Vulnerabillty index of 1. 

0-' 0.' 1 , 5 6 , 
5-10 0 2 5 7 8 , 
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7 

(IDother earthquake Tulnerab1lit y index of geological 
factors 

1. Depth of ground water (h) 
When the depth of ground water TAries in diffrent sit.tt, 

the level of earthquake hazards is also different. The shallow 
depth of ground water (2-4m) is in northeastern part of 
studied zone, the depth of ground water is 6-8 m or more than 
in middle part of this zone. The soil layer in nortbeastern 
and sortheastern parts was saturated br underground water. 
so the soil became softer and weaker in resistance to earth ... 
quake. 

Accoding to the hydrological record in 1979 this zone 
has been divided into four microzone With depth of ground 
water 2-4, 4-6, 6-8. and more than 8 meters respeot1vely. 
So the corresponding indexes (h) are " 2, 1, O. 

11. Sand 11quefaotion (s), Data on some great earthquakes 
oocured 1n plain show that in the lower seism1c 1ntensity 
areas (I-VI, VII, VIII) 11quefaied sand ground was fal1ured, 
and earthquake hazards were greater. 

If sand liquefact10n appeared in area of higher seismic 
intensity and adjeoent unliquefaied area where the ea.rthquake 
disaster were reduced. The construction slower destoried by 
earthquake. Duration of process shook-liquefaction-destroy 
was longer, so the people could quiokly left the danger 
oonstructions when the shock begins. This is named "slowe:r 
shaoking" effect. Accoding to res·ults of analysis of geoH). 
gloal oonditions the potantlal liquefaotion vulnerability 
1s as follows: Index S=2, 1, O. 

iii. Fault (f): Tangshan fault 1s selsmo~enio fault for 
Tangshan earthquake. The lenkth of ground craok along the 
Tangshan fault is about 8-10 km. Hearb1 the fault had 
appeared serious haz~rd8.a$the index f.'. 

iV. Relief (m): The earthquake ha~ard8 haTe same 
different at different m1orore11efs, such 8S is)lated hills, 
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elope of band, cliff slope, highland, lO'ffland etc .. , all 

these have direct affect on the earthquake hazards. 
Isolated hills end subsided places due to the excavated 

coal layer below and the ms.in riVAl' bell havt:' this 1nde~ 

ma1. 

The dense 8011 surface and the higher land (suoh as 
Tangshan a1rport).m--1. 

c. I IlJMal> for earthquake vulnerahilU y a.nalysis: 
1. Index of e~rthqua.ke vlilnerabl1ity analysts r.onf.lil'Jts 

of many 8r108 of sejsm'ic vul nerabi1:tty. Tota.l ground response 
index1s a. sum of indexes from se1smic analysts expressed by 

a formula: 
J ",1+n+s+m+f+ ••• 

To obta1n the index j, it is neoessary t.o k:now the 

standard solI compos! tioD (0) at flrst: .. There at'p. eJ 1 six 

soil ca.tegories (a to f) presented 1n Tangshan oity. Tn 
general each unit has no more than four c~tegorlest 80 the 

standard 8011 composition (G) may eJrpressed 88 follows: 

or 

or 

O\lll%a.+%b+%c+~d 

G~b+ °;te+ #~ f 

GlI'I"%. C ...... 

From the average thiokness of Quarternary sadlments in 
eaoh unit for vulnera.bility analysiS we can obtain value L 

If the average thiokness is more than 20 metres, tb~ standard 
~ompo8itlon _ill be G~~ c+%d+~e6 

For this range of thiokness, C-6, d",,9, @e10. 'or simpl1-
cit, the original fractions for these proportions are kept .. 
By thi8 waf O~i~ 

l 1K 6X%, +9:K~+1 Ox%-7" 15 
For each unit 'IIle (Jan obtatn valulu~ fl, 8. f, fit. 

ii. M~p for se1~mia vulnerability Bnal,sle. 
TbiB rt.IlI\, conSists of 1'0 units CFig.4, in thi8 IMp only 

shown units in oentral p&rt of Tangshan Oit,) maxmum 1-18, 
minimum 1-2 .. 
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Sp1sm1c ground-reB~On~e: Acoodlng to TaJu~ T four qrPBF 

of ReiAmic gtoun~-r@sponse Dan hp d1Yi~ed: 

Arp-R. A: Wp.akeat eeil'3mj.c g'rol1nd response (1 1112-') 

AreA. B: Wea.ker seismic ground response (1-6-9) 
AreB C: Stronger a~1amlc ground-response (1-10-14) 
Area D: Strongest selsmic ground-response (1-1,-18) 
(~) F,xampl@ 2: For 11.1&0 AreFl. 9 Jiangsu Provence. 
SflO 1smic Tulnerab:U:lty analysIs 1s following: I.i1an area 

locateB to the west of Taihu Lake plain. In this area the 
hills, htghlande, lower paddy fjelds and lowlands are dis
tributed. Llyaa area had suffered ~elsm1c ha~ards by M-5.' 
earthquake OD Aplo 229 1974. and M .. 6.0 earthoquake on Jul. 9, 

1979" (F1g .. 't6). Although the1:i:' magnitudes were not large. 
There was death 41, and injured more than ~OOO persons. 

The epioeflters of th~fH~ two ~arthquB.kes a.re located east 
side of M~oshan fault~ The topogTa~h1c surface appeared 
lower from WEIst to eli.st 8 In thts dtreot1on the age of solI 
and eedlmantarr d@fl'oa1te represents from older to younger, 
the lithologic structure of s011 from denser to loosn, so 
the earthquake hazard! showed the same trend: weaker in the 
western part of hills area, and stronger in the eastern 
part. Index of de.torted buildings oorespondlngly changes 
along thiS direotion (Fit 7)~ 

For ti7sD area twice earthquake repeatedly oooured at 
th8 same looat1on interTalbetween them 18 only tiTS ,8ars. 
Therefore, to find the regularity of destruotion b1 earth
quakes 18 of SignifioaDoe tor pred1ot1on of earthquake 
hazarDs ill future in the plain south of ChangjaDg R1Ter. 

The method of vulnerability analfSi8 15 the ,oe as in 
8xuple one. 

{ r 'Basic ground response oOfJlllu,nent (i) (Index 01 8011' 8 

nln@:ra.M.11ty tUlalyais) 

1.. Standard composition of 80118 oan be distinguished 
as f1 ve oategortes: &., Bedrooks (PaleOBo10 IUld le801;010 
sand-shales, 11m1stoD.@B, volcanic rooks) b, Iioahu cla, 
1a'i~:t (tl'~l~:r Pleistocene) (I, loess-like deposita OIo1ooel'le) 
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d, Soft cla1 (Holocene). f, Saturated sanda, silt and clar 
interbeds: 

. Categories of soils 
Thinkness of 

abc d e soil layer (m) ______________________________________ ___ 
·Vulnel'ab1l1ty index 1 

0-10 0.5 1 2 2 ., 
10-'0 0.5 1 ., ., 4-

30-50 0.5 1 4- 4 , 
50 0.5 2 5 5 5 

where n1+n2+n3+n4 indicates proportions of soil categoris 
a, b, c, d. but t represents the soil thickness. 

(II,6ther earthquakes vulnerability index of geological 
factors 

io Sand liquefaction (8): Sand liquefaction appeared 
in east part of Liyan area during two earthquakes. The sand 
liquefaction may oceuI' in the same areas by future great 

earthquake, the sand liquefaction (8) ~ 2 in Nandu andDax1 

velleges. 
11. Soil thickness (R): To thickness of 80ft s011 i8 

clo~ely related ground resonance. 
iii. Fault (f). The two earthquaks gaTe evidence that no 

seismogenic faults appeared on ground surface 1n seismiC 
area. But the seismic hazards in NNE-8SW direction on the 
front of Maoehan hill had 1ncreased (Fig 8) .. It shows the 
approximate orientation of a fault in depth along this belto 
The index of vulnerability ~ 2. 

(11I'Map fo1' earthquakevulnerabil1ty analys1e:The map 
conSists of 168 units of 'Vulnerability analysis (Fig 9), their 
index I varies from 2 to 21. Accoding to the Talue I the 
mapped area 1s devided into four sections A.B.C.D. as 
follo"s~ 

Section A: Weakest seismiC ground-response (1=2-') 
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Sect 10n Ih W(!aker seismio ground-response (1-6-9) 
Section C: Stronger seismic grolind;oo..response (1.10 .... 14) 

Section D: Strongest seismio ground-responeEfe (1-1'-22) 
The soilthickne'ss is dev1ded into thr'ee oAtegoriesl 0-, metres, '-'0 metres, >'0 metel's, and the corespondlng 

resonance (R) is also divided into" intel'Tals in relation 
to different ranges of a.mplitudes. 

III. A disoussion of the problem: 

The method of vul,nerabi11ty ana1ys1s can be used in 
land-use,ul'ban. deSign atld planning. 

1. Eetimatlonof faults by vulnerability al'la17SIs~ 
The fault is very impor:tent factor for the ... u1ner~bil1ty 

analysis, What kind of fault does affect the earthquake 
hazards? and what doesn't affect?thlsqulstion still noW' 
unanswerable. Preliminary an.alys1scan distinguish the 
follow1ng faults: 

Faults (From 
dating oftbeir 
formation) 

. {.Ie Seismio fault-quick 
y.oun. ge. r .. faUlts •.• of moti .. on .. :,. 1.ar

g
e. di.S- . (1n Quaternary . placement ill history, 

. . higll'energy, h1gh 
Pereed espi- '.. .. seismlc risk. 
e11 .... Q _Q .ge) B. Creep fault-slolt dlO-

# 2 4 a t1oD,low seismic 
r1sk. 

Older faults-DO motion in reoent t1me 
coheslvetault plane, . low earthquake' risk. 

When we make the earthquake vulnerabi11ty analrsls of a 
gaven area, we must P~l attention to fault of A and B k1nds. 

2. Estimation of potantie.l liquefaction (s) by seismi0 
Tulnerabl11ty ana17s1s. Geological conditions otpotantlal 
liquefaction are in general as follows: 

(1) The littoral pla1n or an. buried riverbed. . 
(2) Sa.t I.lratedeI1ts,f1ne salldy depOSit 1n ijol,loce.ne 

pereoci. 
<,) Appreoiable thiokness and area of distributIon of 

liquefied sand lar8r. 
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(4) Single grains are the main structural from of silts. 
Amount of easT liquefied sands (diameter O.01-0.2'mm) 
was more than 801. 

<,) The thickness of clay and sand 01a1 layers covered 
the liquefaction sand layer no more than 6 metres. 

(6) The area where sand liquetaction oocured 1n histor1. 

,. Estimation of potantial avalanches and landslides in 
high mountainous area and loess plateau 

(1) In high mountainous area 
The main earthquake destruction in high mountainous area 

1s of earthauqke-gravitational pattern. The geological and 
geomorophologieal conditions underwbieh the area of earth
quake-gravitational destruction can easy appear as follows: 

(11 In the neotectonlcally violently uplifted area the 
rivers deeply cut the relief. The cliffs and caD10ns occur 
pverywhere. The mountains 1s higher, the slopes are steeper 
(more than 300 ). 

(II) The rocks have oeen fractured and the joints in rocks 
1s developed, especially on the slope of the stratif1ed plane. 

(In> The more preCipitation and the more ground water. 
(IV) The areas where avalanches, collapses and landslides 

have easily occured in historical time. 
(2) On loess platiou 
The locations on loess plat ion where the avalanches and 

landslides easily appear as follows; 
{ 1, The walls of loess scarps and the ravine s between 10es8 

ridges. 

(II)The thick (more than 5 m. loess lafers and Upper 
Pleustocene "Malan loess" 1n wh1ch dense bur1ed s011 laTers 
are absent. 

(III)The locations where the Joints and cracks are 
developed and loess was cut. 

(IV) The 10cat1ons where the avallanchss and landslides 
had occured in h1atorical time. 

4. Other aspects concerned to earthquake hazards; 
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In areas where limestones and marbles are d1atrihuted, 
if seismic subsidence and ground fissures have appeared 
during earthquake and characteristics of ground shaking are 
distinct, it is necessar)' to take account the seismio 
vulnerabIlity analysis. 
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Map of Geological Factors of Tang shan Area 
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Fig ,4 Map for Vulnerability Analysis 

in Ont Part of Tangshan Area 
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A Map for Vulnerability Analysis of Liyang Area, Jiangsu Province 

Fig. 9 2 3 Ina 

-+--c; -t-
-+--= ..J.--'~ I 

Imits i)f VUIAE'rability IInah'SIS 

G StAndarrl !lnil compBsition 

f Faults 

A S~t;"" A "utest !ll!illlftic grnqrd 
~~~~~~~~-T.~~~~~~~~~~~r.;.~~~~' --~-

20-21 

B S~lMJft 8 ••• lter Behl/nit I!I'otIIId 
- N>lIpCIII$f 

C ~tiflll C It~ _illlllit: RI'IIIIIId 

-~ 

D: Seniti! D .. ~.t eel_it: (II"ClGIId 
- r.8f/OII'I" 





THE SEISMIC MlC~OZONING OF LANZHOU 

Sun Chongshao I and Chen Bingwu n 

Summary 

The seismIc ~icrozoning of Lanzhou was carried ~ut both 
by geological and theoretical analyses. The geologicalinves ... 
t.igation was based on geological and engineeril)g geological 
comparison and correlation. It determihtd the'stability of the 
site and the potentialeterna 1 deformation f i.e. , the faIlure, 
of foundation soil. The theoretical method is the,bio-dimen
sional finite element analyses ,by which the response spectra 
for seisrnis desigh was obtained. The results of the seisrril.c .' 
rnicrozoning are shown in The 5eismicr1icr.o:zonlng Map of Lan-
zhou (1)& (II). ' 

. Introduction 

Lanzhou is a new industrial city ofnortflwestChinaand 
is also the political,economical afldcultural center.bfGansu 
Province. It is c()nsideredasone of the most earthqu~ke prone 
city im China. Since 138 A.D.,historical records have shown 
that 8 strong earthquake hit this city. Among them the most 
devastating was the earthquakein1l25 A. D •• The general inten
s~ ty of ea:-thguake t accordin9.· toIhe Map of Seismic Regiona":. 
tlOD ofChlna(1976) were 8 degree. for the purpose of urban 
planning. seismic design and. the strenthehing, the seismic 
microzoning of lanzhou has been carried out since 1f)77. 

There has not been any "definite" prlclplesand methods 
for the seismic microzoning'and,therefore,whatever microtonin! 
carries wi thitself strongly regional. and. investigative cha
racteristics .On thaotber haod tthere~re many Varieties and 
types of the building in a mode.rncity.ltsvlbrationcharac'ter 
requirement for the s1 ta and the methOd forca.lculating seismic 
load are. notidenticalwlth each othe.r •. It.1s very diffetult . 
to make a "uniform utilized" seismiC microzoning.At.fitst in 
Lanzhoo area, it is u~ually considered witbthe factor that 
there are wid~-spread industrial and~civil buildings. 

In this paper the investigation was carried out with two 
method of microloning. One of them was the geological compa
rison method,i.e.,at first,it is nesessary to have a profound 
grasp of the geological,tectonical,topbgraphlcal,geomorpho .. 
logical,engineering geologital,quatern~l geological ahd other 
O'Bturel conditions. Beside detailed investigation of a 11 the 
above-mentioned natural cond! tions; the dynamic data of loess 
and loe5sial soil have been determened in the laboratory, 
the velocity of the elastic wave have been measured 

I,n Lanzhou Seismology Institute , st;at'~ Selsmolog.leal Bureau. 

21-1 



in 'the site, the microtremorcharaeteristics have been studiQd, 
in detail and the hazards from the earthquak~sfespecial1y the 
earthquake of Dec. 16, 1920,has been analysed. 

The other method is the theoretical analysis. Considering 
the requirement of present ~The Seism}c Design Code for Indu
strial and Civil B.uildings( TJ1.1 ... 78)>> land the concret~ condi
tions of Lanzhou, the two .. d imentiona 1 finite element analysis 
was used to calcUlate the characteristics of ground~otion 
from the strong earthquakes and response spectra'.' . 

SOi the methods used inth~ microztining are as follows: 
(1)· ·th~geologicaland engineering geological comparison and 

cottrela don and (2) the theoretical analyses. Wi th the first 
method. the potential eternal deformation and its character, 
caused bY,earthquakes were determined, and «The Seismic Micro ... 
zoning Map of Lanzhou (I »)W$S made, with which seismic engine ... 
ers can adopt the necessarytesis.tant measures against the hi t
ting of earthquak.e,with the. second method the acceleration re ... 
sponse spectra were obtained for every location of Lanzhou and 
« TheS'eismicMicrozonlng Map of Lanzhou ( II)>> was made, the 
use of which is to determine.thedynamic load fromgtound shak ... 
ing. All the procedure of m1crozoning is shown in ~ig. h' 

Th'eCt!ologtcalSttOctureand the Other Natural 
Conditions of Lanzhou and lts Surrouding I\rea 

L$n:thou is located near the. zone of geomorpholog1calgra
dient in the eastern margin of Qing-Zbang Plateau. fig.2·shows 
the major active faults .in the vicinity of this city. The po
tential SOUl'ce of strong ground moUon will be caused. along 
these active faUlts.Among them the nearest is the Maxlan.Xirt9-
long Mountain fault, which is only about 20 ttl'll from LanZhou. 

But within the urb~n area, there are notaKy maJor active 
faults .O"~y two .secondary f8ults~redeveloped: cine of them 
is named as Jinchengguan Ftiult. whereas the other consists the 
northern boundary of theQIUheBlock Basln,which. extends for 
about 15 km in the west part ~f L~nzhou BaSin. Both Jlncheng
guan and Qilihe faults are not-causative in the point 'of sei
smologIcal view,1.e., they will not cause strong earthquakes, 

The, urban ar&a and tltesurroudingareasof l.anthou ar~ 
located in the valley of theYellowRivet. The whole valley!! 
separated by Jlnche.nggu8n . lrtto two!5econdary bllsins-the wes-
tern La nttl ou Basin and the~a·sternL~nzh.ouBlJsin. . 

Both of the Lanzhou B~sinsan covered by lo'ess and loes- . 
Sial soil. BeSides, the brownish-red sandstone and argillaceouS 
rock of Neogene,and,more or lesS,Cretaeeous sandstone,Precam
brian m'ethomorphic rock and Paleo:toic granite appear on the 
ground surface,too .. AItlt1ngthese'soils and roeksthepredorninant 
on th@ ground surfsce< Is loess and loecsslal $oi1,< property of 
which c~nstrongly influ~nte th~ .bility of seismic resistance 
of the site. 

Within this microtoning are~,sb: tetraee$ of the Yellow 
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River are developed.Fig.3 
shows all these terraces 
and their extents.AII 
these terraces consist 
of two strata: the lower 
is gravel stratum and the 
upper- the stratum of 
loess or loessial soil 
with~fferent genesis and 
different properties.lan
zhou is mainly located on 
the I and II t~rraces of 
the Yellow River. 

Geomorphological con
di tions are very important 
for seismic microz.oning, 
because every terrace ~on
sists of the soils with 
their own properties.which 
moreorless,are different 
from those, consisting 
other terraces. 
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" _The, f':1~thod of GeologicaL Correlation in Microzoning 
• '. , '; ~ • ..' > ' ", 

The;meth6d bf ge~log1balcorrei~tion was u~ed for esti
mating the possible deformation of the soil foundation from 
stro"g~motion.Consideting the,concrete circumstsnee~ofLan
lho\.l,itmust,bedealt w.ithcfhe'follow4 important problems. 
{n . The' :stabIlit"v- of Jinchengguan -~nd Qilihe raul ts 

As we have,mentlo~ed above,both of the faults are not 
active in the -poInt' Of sfiismological view. But near them the 
depth;,of. the bed' rock surface is strongly changed in a short 
di stance.Accordtn~F to' the experience of past strong earthquakes 
thedam.age·nearsuch abel t·, is greater-than that faraway from 
thisbelt*.So,theinfluenced belt of the steep bed rock sur
face; wel;'.e· thus divided • They inCluded the south-west boundaty 
of Qilihe Block Basin,although there the fault is absent. 

~ ','Onithis'belt it does not appear-that any kind of buil~
ings, EIre not, to be built,only.thosebuildings which arev~t'y 
importanbor beinges$i ly' to> cause !)econdary d<9mage,must be 
tried-the best to avold;themseivesfrorh these belts.For the 
common constructlons'sttenti6n mu~tbepaied to solitify the 
soil foundation or adopt other measures against the earth. 
quake motion.., ' .. '.... . 
(2) The StSlb!l~ty srfMountain SJ.ogel;. 

Basedonthedistributi6n of;.anclent landslides~engineer
Ing geological-and 'topographical conditions of theslopes,it 
iseoncluded th~t the mountain slopes in lanzhou are generally 
stable. . 

On the majority of the. 51ope5~ 'ol'11y the dry loess or _ 
10e551a1 soil ated~velopedand the strata are generally 
horizontal. In the history of geomarphological development, 
the landslides: occurred rarely,although strong etlrthquakes 
often caused them so.. " . '. . . 

'. . . As. we c~nsee from the spreading of landslides on the 
loes$!al'.'plateaut:l'ca~~ed'during strong -groundmotiorifrom 
earthquakes in'-the past~sttong earthquakeregions,the land
sqdeswere:widely spreadonlythe:r-e,whete the intensity of 
ground mofion'was equalor more than 9 dagree,and only there 
where the natural conditions were advantageous to the land .. 
s.tIdes.Hut all these (:()ndH.lo'ns. ate absent in the main area 
of' L,an~hou.s~,lt,is ,$:og,gest~d that in this, eitydur~n9 future 
eatthquakes-only.$ few' landslide&_Wfill occur and their size 
w11t~be sma U. . .' ' '. .' . ' , 
,_,.BJ't'i~ :,~'f~w loelHjtl~s ." th~:~otenUalri$kof 'landslides 
exfstt!}e~peeially. in<the area,ofaneisnt lSt'tdslides.for ex
!mp~'j*t)Mtl!ndsJ.ig.··,Rfr· G!o,ta0t12'wntalln» V·la, 1). th, SQ~' on 
.. llti S'houkuan,Cha,'Xl(),gl:irig! .The'Ear~hquak& Damage~nomaly, of , 

1'976 -Tang$:nan tarthquakl!'in' Heigner' Intens! ty Region.Lan .. 
zhou Seismologi Institute of State Seismologi 6ureau,1980. 



the slope may creep down again duriryg futoreearthctuake.More .. 
overt the bjnks of the recent 9ulch~$,developed on the flats 
ore unstable,too. 

"Th~ , lard~l.ideswi th • a maJor . size may 'cause heavy damages' 
to constroctions 1 sothe area ,near the unstable slopes l1'Iustt)e 
cons-idered qsdangerous ~Or;'leS,1.e.jthe Sit~sate impossible' 
to boildanythl n9 on. ,", ' , " , 
13} The ~r6151eiri'6f Failure 6r':'the"Foundat:ionSoil. , 

"_.',' • . , • ,.' ' ..• 0., . . 

.~Onthelowerter,raC:~$ in lanzhou there, are several zones 
where the ,saturatedsilve~rS8nds and puddly soile1Cist. They 

,~ree)(pected,to be liqutfied and ,subdded during 'strol19ground 
, , l1lot~Qn.Th,~-,thicknPrss ot: thi.s disadvantageous site soil, is 

gen~,raLly, not more than 3m, and the depth of its apical iplate 
is 1.+-,12m. '.' " " '," 

According to the e'xperience fromthepast';earthClual<es~4J 
~uch soil,. ml)stQe.conSlderedasposs1ble :failu:te ,foundation. ' 
s.9i1,except .where Jtsth1cknessislessthanO.5m i3ndwhere' 
the' d~Rthof,the apicalp} a.te, iSJl'IO'r,e tha,.L 7111. Thus .the d·is:-, 
advantageous ~~,"e.: is strHU:1and easy to deal ,wl th. Suchmiero:.. 
zoh~n9 is b()th safe andinexp,ensive. ',' ~ 

(4)' ihesubsldence of m8croporesoll' during earthguake$ 
The matt-opore Soil in Lanthou .isgen~rally loess and 

loessial soils. Thrie possibility of subsidence was determined . , 
in labo,ratory, wi thc\r,iaxlal dynamiC press equipment. The result 
i$,shown In Fig. 4.' .' 

'As we can see fromf!"ig.4, the'subsideliee of loess frol1'l,' 
strong ground motion increased with increase of the dynamiC 
normal stress ~Accordin9, to, Schrode,rt'; the dynamic normalstt'ess 
wi tni!'L the stratum du,ting an < e~rthq~a~e of8d~gre:e is about 
0.5, ~g/Ctn ,.Utl~er suchdynam~c normalstre,ss, the subSidence of'. 
the loess, 1s, not'inote th~n O.S%,itwill not b~dang~rous to . 
cons true Hon. '.. , 

"Throug~, th~ study of geological,and engi"ee'ringgeologieal 
condi tidn's,we.dJ,vlded the Lantnou area into 6mierozon'es with ' 
a beJt of~teep bedr(;lck,$urface a;tJinch~;,gg(Jan'; and,Qilihe 
Fsul,ts.,Tf)e .resuJ t, is ~h.owly 11"1« TheSeisltlie Mitrozonlng Map of 
L~rizh~U (q»~, . ., ,.' ," . ' , . " '" :" ", ' , " 

;- '·TheoreticelAf\'alysisln Mlcl'Otoni:f'!g 
th~6tetical, ana lyU S ,~ascattled . aUt by' 't;ht<:two':'dttn:*n .• ,., 

sTo~~l finite element calculatlon.be¢ause 'ofthecomplieaftd 
topo'graphical cendltions in the urban area o~ l~"~hol:l,.lhe ' , 
method we adOJ:lted is basedon solutiol1:oT the equi llbrum. equa
ti,ons.of ela$tic system w1tttout darn:pihg .The s61utionwasput, 
into pra,ctice by.mo'de, $'uperposi tion .Atfirst. i t.ls ~eess~ttY 
tos~lv~ theperi~d(:)f.vi~re~j.o?and. m!:ide ,v.i.ctot, th@n.the . 
responseoT th~sy~t~mtO$elSmlC motion of bed t'ockcsn·be 
obtafhed'by, mode'supetposit~o".,· ,,' ,. ". '" ' : 

, :Th@',b~~itequation of' elastic system under seismiC motion 
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is ' 
[MJ[6o]{Z}+tCl[11.l{ i}+lKH~oJ(Z} -LM}({AJX&+ {A

y
} Yo) (1 ) 

where [ M J, [C J ,[K J are respectively the ~ass ,damping and sti ff
ness Jnatrix,while '(~oJ is the ma,trixcompoSed of the victors. 
,{ZHiH~j are the displacement,vel9.city~nd acceleration vic
'tors-of degree of freedom system.Xoand ~ are theptoc~ss of 
the hor izontaland vertical accelei:ationsof the bed rock sur-
face.Whereas(Cl is regarded as the line~r composetion of [M] 

:and (,K). 

Premultiplying the both sides of t'he Eq. 1 wi'th the 
transformed matrix (4.JT,according to the orthpmormatizatlon of 
modes we-obtained: 

[l1 olT(M){.1.J= [I 1 ( intenti ty matri~ ) 

f 
Wi 0] 

[A.}T{Mj(A,J= 'oW~ z (2) 
l wl\ ' 

(llolCC] (~oJ .. [~~"';~."" 0 1 
o .z.A",Wtt 

Here theA" wi. are the model damping parameters and the fre
quence~ of it~ mode. Putting Eq.2 into Eq. 1 ,we obtained: 

Zl + 2w.A.ti L+w!Zr -{b-H{M} (tA,,} )(0+ {Ay} Ye) (3) 
(i = ',2,3 ••• n ) 

If we define l~ Zrasthe horizont~l and vertical response 
of ith mode; occurred by seismic ground motion X and Y, and 
,as the particulation coeffecent of mode shape of the hori
zontal and vertical seismic loads,$o~£q. 3 may be written as 

•• • 2: '. 

Zil(+ 2W) .. iZit.+ WtlLI= ry,.X. (. 1 2 3) (4) 
'1- " , ,. ••• n 

tty+ 2(A).Ailty+wf Zi.y~rylYY. 
. .• . y, , •• 
Then, Zi..=1i~Zi.. Ztr=?"!Z~; the folloWlng senes of equili-

brum equation will be established as . 
"it+ 2wt~;i:t+wflt~,_x. ( ..... , 2 3 ) (5) 

zy+ 2w.'l.,Zr +i.J~Z~ "" _v" . 1-" , •.• n . 
. L ... "\. It.., 

To'resolve Eq. s, zt(t),zt<t) is obtained.The total dis ... 
plCJcement res"on~e may be obtain ,by mode superposition the 
resporise'at'horizontal and vertical directions. In fact,in the 
calculatfon,-only the mj 'lTIodes are considered ,displacement, 
velocity and aeceleration responses may be expressed as 

, '. ~ .",j..f . ."'i ' , r. 
bred)=,r ?i/( hoi (Ie) Z t + ,1: 7i.y boi. UO Z;, 

,:, ,-, <.' (6) 
• ~ 'x ':,i . 'y 

"iJli(t)=:,L 7i."ho .(I()Zi. +l... ryi.rS'~(I()Zl 
, , .. , 'i.-" 

1'It' , 

blc(t).,r ~i,.bl1i.(K):zr + 1: 7~r6Ili(/< lZt 
. t=' l·' 



where bf(t). 6/C(t) and ~1C(t) Gre the displacement, velocity and 
accelerat"ion of ~th degree of, fre~d~m,cau$ed~y,horizontaland 
vertical seismic loads,bot(k)is the general coordination. 

c When ~sirig theW~'lson em~th~d'of uncondilfonal stabli i ty 
to resolveEq. & theabso~ut,maXlm~mrespon~e ~n everynod~l 
point ofgrol..jn~ su:r:f<:Jce. ,It J..s PQsSIbl~. tb, analys~ the response 
procedure,Fo!Jrler;.and response spectrq In,the typl~al nodal 
poiMts. ' . .', 

. -
The calculation was made in 108 computer and the flow of 

the program are described as fOlloWS:. , 

input th~Jflnite 
element parame
tersof the model 

r-:--.-. ...L..;~. ----, 
, to'calcui6te'~he! 

response of eve··ry 
m6de -, " 

to --superpose the 
-'-~~'ptihs~'6f'evity' 

mode 

Fou
~ith 

Records of the. ~,7.2 Shongpan-Pj;ngwu 'earthquake of Aug. 
16th j1976-wasselecteda~.an.lnplilt·$e;.!~micmot10.n. The accele
rograph was recorded In Wenxian"Garrsu;Province,andiit, was,. ' 
slightly remoulded as thus,the malC:i4~tJlTl,:ac,cele:rationwas 0.29, 
which is in correspondence'Viit-h:t!i(!t'il"itensltycif Sdegtee. 
The severalX'estrnodelswete,calculated with Taft accelero-
graph' or 19S2, c:;fthe ·UtS",..' . . 

tV'~17Y ,parameter,' for<ealC:.ulst:lon were strictly chosen, Tor 
example;theelastlc'mo~u:f'~"iof:~~~11$nd roc~ wasd'efined bo~h ' 
by velocity pf a,cq\.istii; .. ~$ve!;~as~t~d ln, :ptuarydbY,dynamlc 
triaxielptess test in~he l!~orator)'.Then,the c.himp.1ngW&$ 
chosen, COo respond if1g:ttlth .10, (refotmat~on degree .• 

, Result& df C'alculatioti . 

The maximum accelel'at~onj veloCity &,nd, displa~e,"ent 01'312 
nodal points from 20 sections were calculated .. 'F'ig .. ,. shows an 
example of calculation. . . 

The hOri!ontsl aeteH!ration Is immediately tonnected 
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_ 1.1_ hori1JDll1a1 

-'-" I V I ... horizonloI 
0-& , ifo 

.---- ,UI_~ 

06 • ''''' 

.. . 
Ir i . 

. . . 

. . 
FI~!S " ~ .dI'the cdculale -.lis--MlaOtarott.Dasltaplni modi!! 

",iff! the ~omctrpholo~icalunit Of Lanzhou,Le •• with the pro
perty of ~he stte SOllS.Whi~e as the influenee.of the partial 
topOgraph.lc effect only shows partial meaning·.For instance, 
the average norlZrintalaeeeleration in some areas are shown 
as follows. . 

lI,:h terra~e,in Vanchangpu •. 
IVth tetl'aee; 
I & 11th terrace 1n Xigu& Anr'ling 

dist.ricu(The bed roek is of 
. . ... _cgl111te) . ." . 
Itth te~r·ate InAhn:1ng & Ql Uht . 

districtlCfhe bed tack it of 
Q gravell_no.. . 

·Ith terraee from OiU,htto Pin-
·xua.nR",ft, ....... '. . ...•.. 

240 gal. 
200 gal. 

166 gal. 

133 9aL 

tthtf!rtact).to. tt'rfieest 61.W"11plI 
Iftctge'.·· ·'00 g«l. 

Altogether' we ealclIJlatttl 15'6 curve. ofaecel~ratiOr'l 
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sponses p - T ( Among them horizonta 1-84 t vertica 1-72 ). The 
form of these fo -T curves. are s~milar to the (3,;;T cur,:,es of 
other places, .informed in publl shed article.d! that 15 J the. 
value (!, has a peak (pmau T );over wh'ich ~ decreased accordIng 
to the following formula: , M 

..1...= <+) (T)To ). 
~""QI( , 

The form of dIfferent. distrIcts in Lanzhou is greatly 
identi fied each from other .According to the principles used 
in the Code TJ11-78,by putting the similar(3-T curves toge
ther., 7 idealized ~ -T function were obtC'ined ( see tab. 1 ). 

Idealized r - T curves. Tab. 1 

,T T .~min No max! To i TI .. zone, appropriate 
i 

1 4 
I 

0.2 , 1 008 Fanjiaping,slope of Lonwei Moun-
! tain , .' 

2 4 
1

0
•
4 2 0.8 Panxuan Rd.,Yanchangpu~AIl the 

flood land 

3 J 1 0•4 ! 2 .1 0.6 11th terrace in Xigu and Anning 
districts( bed rock is argilli te, 
Ith terrace in 'Qilihe and the 

.,~ Old U.rban district 

4 3 O.S 2.5 0 .• 6 IVth terrace in Xigu, 
, IIth .terrace in Tumendl:Jen 

5 2.5 0.4 2.5 0.5' at south of Xij in Road of Xigu 
6 265·· 0.·5 2.5 0.5 II th ··,terr.ace, in Anning district 

7 1.6 0.5 2 •. 5 0.32 rlth'terrace(bed rock is of Q 

1 
gravel ) 
; ';".': ': -:'< .' ' . . . , . 

But in proJe~t ,p.r'actlSe,·thce.re'sponse ;pectrCi with , '" 
unit of acci~leratlonofgr~vlty.~ften t:'sed ,1.~~.,(1( -. kP ..... 
( where. k = I a o tit": , the sei smic coefficent) .After idealization 

9 . '. • 
6 ti.- T respo'nse spectra were obtained (Table 2J~ By these 6 
1)(- T reSpOhSe!Spectra the whole Lanihoucity was 'microlOned 
as « The SeiSmic MicroZ'o'ningM'ap'of. Lanihou . (1'1) ». it shows 

(1) The ,loess and loe;ss1ai 'sofiin Lanz":ou generally 
correspond to the soil of ,II-Itlcategory}ntheCode TJ11 .. 
78, they approximate the soil Of II catego·ry mote than that 
of III category. .' " .. 

(2) The period and value of the peak tJre,relstedw-ith 
the stiffn~ss of the site soU, the looser the site soil, 
the longer the period of spectrum peak; the· thicker the. loose 
Soil,thegteater the value of the peak • 

. "21::"10' 



(3) In the floo:d land "-of the Yellow river,inspite of the 
high 'level of. ground water, the period of the peak does not tend 
to 'long period ,'because there.Js.agravel stratum underlying 
immediately below the loose surface ground. 

(4tbifferenca of ths dynamic load from ground motion in 
different diatricts of Lanzhou ~~y b~ ~orethan twice in the 
meaning of "intencity""which corres~onds t,Q 7.5--8.5 degreeso 

.' (5) ~The :~esultsof calcu'latlon in many aspects agree 
with the experience from the'past strongeatthquakesoA part 
of calQl1ated results was established taking the truth pf the 
Haiyuah 'earthquake in J 920 •. 

Conclusion 
lrlie'coinpi~ln9:of l'he':Sei$llfic Mic~ozqriing Map of Lanzhou 

is·co-nside-redas aresea~tlh object rather' than a productive one 
all the method u$edm~y be divided into two parts--geological 
correlation and the analytical calculation. . 

2 Seismic Microzonir:1g must be appropriete according to 
the concrete Circumstances of the district.For instance,in 
Lanzhou th.e greatest problems are the subsidence of the loess, 
the stability of faults,the stability of slopes and the dan
gera of failuie of soil foundation. 

3 The calculation shows that the appearence of the re
sponse spectra in Lanzhou can be divided into six.By the acce
leration response spectra, tHe difference of the dynamic load 
from ground motion may reach more than two times,corresponding 
to 7.5-8.5 degree of the intencity. 

4 The appearance Of the acceleration response spectra is 
strongly dependent upon the thickness and properties of the 
surface soil. 

S In gsneral, the part of the calculation was established 
taking the truth of Haiyuan earthquake 1-n 1920. 
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eN THE SElSJYlIC'ACTIVlTY AND MICllOZONATION 
OF 'l'HE BEIJING AREA 

thou Xiyuan. Fu Shengcong And WAng Guangjiun 1 

ABSTRACT 

1'he peper first of all laconically reviews the history o,f 

the seismic rnicrozonation in the Beijing area. Based on the 

historioal. seismic records and monitoring hy instruments and 

meters; 1 t attempts to discuss the seismic activity in the 

Beijing-Tienjin-1'angshan-Zhangjiakou ares. With the Simple pro
babIl1ty model, the paper has analyzed the seismio harzard and 
calculAt'lItdthe probabIlities of the peak acceleration over dif

ferent value levels in any locality in the Beijing area. 1be 

paper elves an account of the basic method to locate the seismic 

rnicrozonntlon and its result. It finally discusses the unoer
tainty of the seismiC microzonation in the Beijing area. 

INTRODUCTION 

Historically there had heen many violent earthquakes in 
Beij1JlII and its surrounding areas, the earliest record being 
in the year of 274. Ever Since 1057, there had been fairly de
tailsd. reoords of earthquakes. However. due to late develop
ment ot ~oJl1toringinstruments and meters, Chins, started the 
works'. 1'eal earnest only after 1949. Not long s·fter the tOUD(\

ins'oi;De,. '··china. the Geo-physica Institute at Aca demi & Sinies 
establi$he", s8ismologic 

\ ErJ8inefJr,lnstitute of Building Earthquake Engineering, 
ffilines~,Aoad.emy of Building R@'seerch 
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observation station$to proceed "i th sei~ic harzard, and inten-
91 ty region1zation of the Bei jing area- After the earthquake 1n 

Xingtei in 1966, the Engineering Mechanics Institute Of Acad

emia Sin1caand' the Chinese Academy' of Hydro-electrlePower 

and \tater Conservancy set up strong earthquake observation 

stations 1n the Beijing area. Of late, our institute is car
rying out a program to develop a strong motion network in the 

area, which was jointly Signed by the Chinese government and 

the lJN'DP. The establishment of such a network with great den-"

si ty';'ID 'Undoubtedly p:ro~ote -and stimUlate the' research into 
seis;n1o aetivfty and'tl'ie work of m1orozonatlon in the area. 

':J,be work to lo,~.ate 'the micro zonation in the Beijing area 

has been mainly through, the following three stages: 

(1) In the m~d-1950's, the basic intensity in the urban 
area was' determined in accordance with regional seismic aoti

vity and geological structure, and then it was readjusted in 

accot'dance 1Ii th locel engineering geology and hydrogeologioal 

cond1tioss. As a result, the intensities of various sites were 
deterlllined '~nd th~ sei~ic microzonetion of the urban area ot 
Beijing were made 

, '< - .. ' , •• , •••• " ••• '~ 

(2) Inthetnid-1960' s,theEngineenngMechanics Insti- .. . . ," : ,-,' , . 

tute of' Jesde.mia ~nica, in Accordance with the res~a~oh r9~:tfe 
and O'tro~'earth·quake 'a~celeration records a;va1.l,able ,81; that 

time, put forward a draft of 8Se1smat1C design oode [21, 
ttiat·i8,'lhedesigns should be done, .:In acCordance with tOUl" 
kindS o:ts1.te, with differentrespcrnse spect:ra f3]and the eon
caption of.' ai t'8 intensi tybedisc8!'c1. 1be'Engineet1..ng Mechard.os 

Institute and the Geology Institute of Academia Sinies, the 
department of geOlogical exploration Beijing MuniCipality and 

other un1 te * in accordance w1 tb earthquake damage experience. 
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undel' different site conditions and lIi th the requirements as 
set by the draft of the code, made microzonation of the urblb 
area. 1he above work was alloonducted by summarizing the maO
roseismic experience and lacked in quantitative mechanic ana

lysis. 

(,) ~e possible epicentre and seismic magnitude are first 
evaluated in aooordance with the seismic activity and ~~lb~o
geolgical data in Beijing and its surrounding areas, tha incid

ent IIOtion of base rock is estimated, the dynamic response of 
soil is analyzed, and then the microzoning under the influence 
of the earthquake are made in light of the regional variatioll 
of the parameters of ground motion and response spectra [4]. 
This is the practice since the 1970' s.This paper first disou
sses the seismic actiVity in the Beijing area with a simple 
statistic method, then proceeds to analyze the seismic dam~e8 
in Beijing's surrounding areas and some of the results aboll't 
the miorozoning work. It will also make a comparative stu~ of 
the seiamic environment in Beijing and in California and has a 
general disoussion relation to the uncertainty. of microzonat-· 
ion in the Beijing area. 

1be. work has won support by the Beijing Geological. Bureau 
Bl.ld the major results of our work were achieved in collabor
ation with Dong Jincheng, Zhang Zaimin, Yang Delin and Tang 
Haieban ot the Beijing Munl~pel Geological Surveying and proa-

l 

TlmSTATISTIC ANALYSIS OF SEISMIC ACTIVITY IIi 

BEIJING AREA 

Wl'Ult"e meal'lb1 the Beijing area there is the area ~. 5-
41 d$gre8~ north leti tude and 114 -- 120 d&'grees east lons! tude 
embt'9a1ag Beij1.na, !ianjin, Taligshan and Zhengj1akou, which i. 
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part qf No.rth China' a seismic 'regiort. There has. :been fa.irly 

complet~ r~cor~'S of earthqu~kes ,in the area everf!i1nce10S7 .. 

Acc()rdj.ngto statistics, there had been 661 earthquakesoveT 
than ~,Cht.er magnitude 4 in the Beijlngarea in the per-' 
iod of 101)7-19'77. The statistic result ot the relations bet';' 

ween magnitude and frequency ofearthqUBkes 1sshown with. 901d 

do ts in tie. , t the line A. is thesjitltisttc t&gress1 ve line ot 
• , • 1 - • ," .-' ".,' • ~,- _ .', •• " • 

. ., .-

thes~ dots. of datil. Fig. 2 Sholfs'tbe sequence of,.the OccUrt'ertce 
of e~hquake in t~eB.~ijing.~reasincs1.000.From ,the chart' 
people may see. ~ s~e~ifig11,ab;';l.o~~ .inorease: of j;hefrequenoy., 

of e~rt~que~e '. ~~ ~~$~.ar~a ,~1rt~~, 148A. We think that it is 

ma1ril,~bec~use, ma~y of tJie e"I"thquake, ~n the ear11.period 
were notj'eco!'~e~te!!p~CiallY_ thQseQf.Dlinor magn1tude. Froal 
the o~:rt,peoPle ,may also see ,that another obvious ,featurfJ 1s 
that:there ''is a given cycle intheoccurencfof earthquake. 

Fig. 2 ~'shf.?';s th~' act1';'e _p~~qd~bentb~ intensltyof earth-
, ' .~ "'., ~ ~. . 'l.',,;. '- . 

quaJies 1s great and tl1e :1.r freque.ncy,i,s high and also relativ .... 

1y quiet period 'whenthe·.situ~tio~ is j.ustvice versa. From

Fig. 2; 'people Will 'see tn~t no~.the ,area i-s, &ti-ll in the' 
• • . ' ." _0 '. c,, ,_ .'. 

'. 

Bcti 'fe period. However, i,t ,is !iif;ficu1 t to judge the -deV'elop-
. .' : ; ~,. '. . .' . . . . . '.~ . ".- '. . . 

ment of earthquakes only with this chart. As we have. stated. 

above. the Beijing area is part of North China's seismic region. 
In the Fig. 2 lie shOW the four seismic active periode 5 ovel" 
the lalt 1.000 year's in :th., North China area.' FroiD this <it 

may'4t~nc1uded: thattheseU.i(r;e;-t!tiVi:t11rith~ Bt!ijing' at •• 
is ldentlcel ,.ith that in entire 'Northmilt1tl. '1b" periodlc . 

vari~tlon of seismic activity: in' oalifol4f1ia U. S.A.' is not u 
outstand.1nt as one in North China (16J . 

Construotionon the aeismoscopiostat;Lon .in .. tbe Beijin'lI 

area started in 195'7. Howe'ifer,. y.e gotfalrly systematio mon
i torill8 records only after 1959. We made e. statistio analysiS 
of tt\e8~ ~r~cord8 and obtained.,the data as Sho1fn in the dots 

in Fig • .,1,. line :s i8 ~h. statistio :r&g:ttasive line baaed on 
thea't da~a. By comp~rtn8·tb. Aari4:B11~8 fn Pig. 1 ,it ctWl 
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be noted that the level of seismic activity in the last 20 
year~ is much higher than the average level in the last 1,000 

years. Theoretically, line B should represent the level 
of seismio activity in the recent active period, however, due 
to 8 fairly short monitoring period including some large earth
quakes like Tangshan earthquake, the frequency of strong earth
quakes 1s estimated too high in the statistic results. 

We fIlay just as well discuss the seismic actiVity in the 
Beiji!lg art'a with extreme value statistic method [6J • For the 
purpose, we suppose the times of earthquake in a year is a 
Poisson stochastiC process, the average value is 0( t magni
tude M is a stochastiC variable and its accumlated distribu
tion funct10n 1s P (M)=1-e'-''''' , l'hen the accumulated probab
ility of the maximum magnitude M will correspond with extrem 
value I type distribution: 

(1 ) 

In order to appraise the values of and from the an
nual maXimum magnitude value of M ,M ••• M of n years, w. 
put 1nto order from small to large magnitude earthquakes, for 
instance, M (1) ~ M (2) ~ ••• = M (n), in Which M (j) is the 
j-th annual maximum magnitude. Bach M (j) is given the value 
of G (M (j)) >= n lor. Prom Eq. 1 we obtain: 

( 2) 

!be m£ximum magnitude of earthquake of each year in the 
last 2' year in the Eeijing area tollow: 
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y~ar 

l'iIIl8 X 

Year 

Mmax 

57 58 59 60 61 62 63 64 65 66 67 68 
5.4 3.5*'.8 4.5 4.2 4.9 4.0 4.5 4.7 4.5 6.7 '.9 
69 70 71 72 73 74 75 76 77 78 19 
4.5 4.8 C).O 5.1 5.6 4.9 4.2 7.9 5.5 5.1 5.4 

*Vea40pt a smaller value as the mon1 tOring record 
of the year 1s missing in the seismic data provided 
by the state Seismological Bureau. 

87 u~ing the least square method we obtain the coeffi
cients in formula (2), Lrd=4.91, ~=1.11, If the above result. 
are 1ra1tnon the extrem value probability diagram ve obtalD 
an approx1.ate line representing Sq. 2 (see Fig. 3) • 
It i3 not oifficul tto note that cxe;...~ is the number NJIj of 
the 8arthquakes, expected in a year, that surpasses magnitude 
M. H?wever, we usually employ the following magnitude-fre
quen~ fOl'llUla: 

( 3) 

Par8.!letel"S a, band tX, (3 have the following simple relations, 

F\ e: {)( I Ln 10 

b IE' ~/Ln 10 ( 4) 

3Bsed cnthe above relations, we get the annual number of 
Earthquakes with magnitude M: 

( 5) 

For the purpose of comparison, we integrate line B in .lI'1g. 
1, 1~d1oat1ve of the relations between magnitude and frequeno.r. 
with 1q.5 in Fig. 4. From lig. 4, we can see that though tne 
results obtained by using the extra. value method and the resu
lts ~t With calculating the magnitude-frequency relations are 
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not totally identical, however, the,. are quite close tct eacb 
other with only the a Yalue of the latter a little higher. 

We haft discussed the Seismic act1.V1ty in the Beijing area 

"i th histOrical. snd instrumental data and obtained line It. and 

B in PiB. 1. 'Ie think that both. types ot data have t~lr l1a1-
tati0l18. In fact, though historical records cover a fairly long 

time, yet,are incomplete; especially it is quite possible to 
overlook et!rthquakes of minor magnitude because their damage 

are 11&ht and non-ex.istent. No doubt. the instrumental data 
collected over the last 2O-odd years is quite valuable inspite 

of tae short duration because ot the 1'angshan earthquake peo
ple tended to overestimate the frequency of the occurences 

of earthquakes. However, we do not think that such earthquake. 

as o~r a magnitude 6.5 should have been overlooked by histo
rical records. O"ing to the high frequency ot the occurences 
ot s:aall earthquake.awl th magnitude lower than 4 the data ClOni

tared over t he last 20-odd years are quite representative. So, 

the line C in hg. 1. made friID the dots based On both of the 

historical. and the instrumental data may well t:epresent the Bve
rase aelS11ic actiVity in the area in the last 1,000 years. Por 
cOllpar1son, ". draw line C at F1&. 1 together w1 th the lines 
repreSGDt11:g the magnitude-frequency relations (7) we can a.e 

that the ~1smic activity in the Beijing area is approx1mate17 
low~n' 'b7 an order of magnitude than in the California area 1B 
the I1111t8d States. It is worthy ot noting that the active 1 ... 
yel ot earthquakes in the last ten-odd years obViOUSly in hig
her than the average level in history. 

!hI SBISMIC DYIRONQ T IN mB BIIJING ARIA 

lH.a'tortcally. there bad been 1Il8Dy large earthquakes in 

Be1JU«tu'l4 ita surrounding areas. F1&. 6 shows the dtatrt
buti~D-of eplcentres. 1be short linea connected With the cir
cles indicate the 1808et8lluald1rections. From the chart. w. 
can •• thet the .p1cetltrea in flle area ill history were qUite 
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scattered. Further analysis shows that the large earthquakes 

in history were all controlled by the northeastward, northward, 

east'ofardand northwestward faults. Neverthless, the relations 

of large earthquakes in the Be1jing area to the trunk fault belt 

are not 80 concentrated and obviOUS as in cal1fornia [8J and 

some parts of west Chi_ region, and long axes of the isos91s

mic are not all so obviously co ntro11ed 'b, the direction of 

the faults. This shows the complexity of the area's geologloal 

struature and that it is a very difficult work to study the 

relat10ns ofseism.ic act1vi ty to faults. More data and deeper 

research are desired. 

Accor~ng to the existing seismic-geological data [9], 
the Beijing Plain is at the intersection of the Yan Mountain 

Rangs fault fold belt, the Shanxi fault swells and the Hebe1-

Shandong8eg end it's geological structure is very compliCated. 

TherEt 1s a tremendous growth if faults 1n the area and there 

exist at least three groups of faults: the northeastward (nor

thern nortbward), northwestward and near east-vest. The north

eastward, eastward) fault is the trunk fault in the plains. 

mainly Bapaoshan-Gao11ying, Liangnang-Shunyi, Nanyuan-Tongxie.n 

and the Xiadian fault from west to east. They separate rock IDass 

in tne pl81ns into a series of swells and 8egs with the same 

direotions as the trunk fault: Jingxi swell, Beijing seg, 

Daxing swell and Dachang seg. After analyzing the character! ... 
tics of the surface structure and deep structure and their 

relations, the co T1'Ientional idea is concluded that there had 

existed a very strong, NW-SD- oriented horizontal pressure 

etre!" in the earth'!It crust in the area, which had aaused the 

basia structural un1 ts of swtHls and segs in the area (Fig. 7 i 8 

1'he stres" field of' the regionel structure in the Bel jing area 
is identicfl wi th that In the entire North China region with 

the position of the axie of t he major pressure stre8s running 

north east eastward L 1 oJ. Accordins to Dang Qidong and other 
researchere (11] t the structural stress field in the North 
Chin. region, taken a8 a whole, controlled by the joint action 
ot tn. Pacific and Indian plates. 
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gowever, the analysis of the data of the geodetio surve, 

over the last 20 years C1 2 J shows that the modern struoturaJ. 
form in the Beijing plains does not correspond With the mixed 
shape ot swells and segs formed in the -Tertiary Period. Compare' 

with the northeastward faults in the area, it seellis that the 

various ~eotions on northwestward Nankou-SUnhe fault and the 
east-west :Elaodi fault show strong aotivity'. It is worth whUe 
nothing thst a modern depression has come into being with Shahe 
as the center on the northeast outskirts ot Beijing southweat 

to ttl. Nankou-Sunhe fault (Fig. 8). it seems that it could be 
taken 8S 8 signal to indicate the growing activity'of the 
northwestwerd fault. Geological, morphological and archaeologi
oal research shows that t he nor th-northeastward structure 
played a dominant role from 475 to 221 B.C. and the northwest
ward structure reigned supreme from 907 to 1125. ille last vie" 
is in conformity with the data of modern morphological survey. 
It i~ estimated that the groving activity of the nQrthwestward 
fault will possibly lead to the diSintegration of the seg 
strtloture in the Beijing plains. It needs further ~tudy to 
deoide whether such a baokground of t he geological struoture 
will show that the process of a medium-intensity earthquake i! 
under way. 

111& Institute ot Geology under the state Seismologioal 
Bureau has drawn a seismio and geological map to indioate the 
earth~ak. harzard zones in the Beijing-Tianjin area and its 
vicinity (13]. According to their map, there are two harzart 
zoneSt one on the northeastern oomer and the other on the 
soutneute%'n outskirts ot Beijing. We show a simplified map 
here ill 11g. 8. 

'fie usually take 100 years as a penod tor seismic macro.
ning. This period shows our requirements tor general buildin&s. 
Hov to make a oorrect appraisal 01' the maximum seismio exposure 
in a lOCality on the baSis of as detailed as possible invest1-
gati". and. study of the seismio environment seems to be the ke1 
question in oarving out se1an1c maerozo r:I1.ng and miorozoni ng. 

Thers have been var1ou$ kl MS of appraisals of' the seismio 
.~. 
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activity in the North China region, inoluding Beijing, after 
the 1'angshan earthquake • Atter analy~ingall recorde(l earth
quak8s at n.agrtitude8 sinoe ancient tImes, Xu Shao:d and 'other 
researoh8re, [14J discovered that there would bea M = 8 or 
7.5 sarthquakes ina givendistB!\oe from its epiceptel' atter or 

. . 

before each 8 rnagni tude earthquake. The distance span has two 
predmidnant distributions, one at a distance of about 480-550 

kilorlleires and another at a distance of about 1.100 kilometree. 
Bel. jing is 180 kilomet res i·rom Tangshim. In their View, there 
.' . . . 

is little possibility for another strong earthquake over 7 
magnitude in a short time. Song Liangyu and other seismolog
ists (151. based on the seismic .reoords of the North china 
region ().VfJl' the last 500 years, sepaI'Btely' made" extension 
prec1ietions in the light of the stochastic mode:t and the auto
regrsss1,ve model of the steady stoohastic prooess and conclllded 
that the North China seismiC ~eakwhich began with the Haicheng 
eartiiquBke woUld decline after 1980 and would resume activity 
around 2001'. Nevertheless, 1fi Ziqiang and others [') J think 
that the pea.k of the North China seismic actiVity is still 
under way now. After the Tangshan e~rthquaket the "seis~o-geo
logioal Teem of the State Seisi'nological Bureau predicts that 
the intens1ty of the ea.rthquake in the Beijing area will be at 
8 magnitude and the baSic intenSity in Lang1;ang, Dachang and 
other &H8S on the southeastern outskirts of Be1jing at Bel 
highs! 9 degrees. 

S'a!Md on the data already obtained and the research resu~ . 
. . 

1 ts achieved by va.rtous institutions. we maintain that the. 
inferable seismic focul' with magnitude 6 lying 15 b. north
east of do,;rt'to'Wn Beijing and the magnitude one lying 45 ltilo-

. . . . - . 

tnetrae southeast to the oi ty can be made as the basis for 'the 
m1crozolnflg' of the u:rban area and t he peak acceleration of the 
btHJEti'lOck motlo11 Is'taken a!i around 100 gals. 
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ESTI:U.T!ON OF THE MAXIMUM ACCELERATION IN BEIJING 

Proceeding from the seismic enviroment in Beijing and its 
surrounding area, we have in the above chapters discussed the 

seisuc barzard in the urban ares. But, it is very difficult 
to pinpoint the posi tiono! the epicenter of each earthquake 

and the highest magnitude of each locality for a fairly long 

duration of time as the geological structure in the Beijing 

area is very com.plicated and many of the research projects 

have just started~ Another means [7] is to suppose that tbe time 
for the occurence of earthquake in the Beijing area and the 

space dis,tribution are all stochastic. Then, the different 

degraes of seismic activity in each part will not be taken 

into consideration. With this method, we can estimate the 

average level of seismic activity in the Beijing-Tianjin-Tang

sban-Zhangjiakou area. When we have not stUdied well the sai

smo-geological conditions in ~ given area and lack reliable 
data, the latter means S?ould be something we have to use. As 
a co.nplement to the discussion in the last chapter, we used the 

simple Cl4ttod employed by Housner incallfornia [7 J to c.alcula

te the probability of the different peak accelerations which a 

Biven looality in the Beijing area would have iothe coming 10 

to 100 years. In the calculation, lie considered the average m9-
gni tT.lde-frequency relations in the last 1000 years represented 
by line A of Fig. 1 and the magnitude-frequency relations, in 

Fig .4, obtained ,,1 tb the extrem value statistic method basal 

on tlte maximum Ihagni tude in the last 2., years. The latter ap
proximately represents the seismic activity in the Beijing 

area' 1n thehigh""t1deperiod. USing the1deal Intans1 ty distr

IbutIon law, given by Housner[1], we obtained the percentage 

probabU1ties of the g1 ven seismic accelerations in acef'ta1. 
locmlIt1 ill the Beijing areB in about the lest 1 tOOO years, sea 

1'abltIJ 1 t 1'be nUlJlberts 1n barcketes in the Table represent the 

corraspon41ng probSbill tie$ 1n the high-tIde perted. For ~h. 

purp·oS8 of comparison, "e also Sive the o0M"8spond1ng acoel

eration. probabilities 1n calIfornia. 
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Prom 'lsble 1, we can see that according to the avera"ge sei
smic activity in the last 1,000 years, the seismic risks in the 
Beijing area are obviously much lower than in California; hOlf

ever, in terms of the high;..tide period in thelaat 23 yeers, 
they are higher then in california. In comparison,.e have to 
note that the area of . California is four times theBei jing 
area. but the population in both areas is almost the same. Gen
erally speaking, the seismic actlvl ty of the Beijing area and 
California is comparable. With 100, yesrstaken as a period, in 
the terms of the ave-r.age, normal level of seismic activity in 

the area. the p:robab:tli ty of the ground aotion acceletation 
that 1s bigger than 0.1 g is 74 per cent, that ia, the possi
hili ty of the occurence Of seiSmic impacts higher tban intensi
ty 7 is fairly great; and in terms of the high-tide penol! the 
ol'Obability of the acceleration that is bigger than 0.2 g is 
69 p~r cent, that is, the possibility of such an occurence is 
great likewise. SO, with the Beijing-Tianjin-1'angsl'u'in .... Zhang
jiakou area taken as a whole on an average level, the possibi
lity of the occurence of a seismic impact that is at intensity 
7 to 8 is fairly great. 

THE EARTH QU AKE EFFECT IN THE URBAN AREA 

In literature [4], we cOllsidered mainl, the impacts UpOIl 

the I1rban erea of an earthquake At magnitude 7 about 40 kilo" 
metres southeast of Beijing and, on .the basis of it, made m1-
croz,ning of earthquake effect of late, in collaboration with 
DOng Jincheng and others of t he Department of Geological Explo

ratiOIl of Beijing we supposed tbBt a 6.5-mag1litude ea1ithqua)ce 
would oocur in the settlement district w1 th Shahe BS its center 
northeast of Bei jing. co nduoted the analysis of seisndc response 
of soil layers in accordllnce 'lith the rtl'ethod as expounded in the 
11 terature(4 ] and obtained the d1st·r1bution of the ieori thms of 
the variOttS parameters of ground irlo'tlon. Finally, we on the 
basi.. of comprehensive studies ot the effect of the po-salbl. 
eplc9ntres on the urban areas, ma'de predictions of the PA!'a.tl" 

tera of ground motion. 
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It' theeffeot of a: number of hypocenter in a given area have 
to consid.ered as whole, generallispeaklng, the fOllowing for

mula may be adopted to assess the comprehensive affect of these 
hypo oenters:" 

In: the to:rrtula, E ,[ s J ''is the expected value of the parameter 
S' 'Or"grollnd m6tion in a given area, E [SI / 1:] is the expec
t'ed:"alue of parameter of ground mot'ton under the condition of 

I-th hyPocenter and P Ct li~the probability of occi1rence of 
i:~th hyPooenter, thet :is~the distribu't'ion of prob'ab11i ty ot all 
the pOEiaiblehypocenter, namely,Z P'~(I) == 1. In the.Beij1ng 
area, we 'Suppose for the time being the po'ssibili ty of; the 00-

cur'ence of the two hypocenters northeast and southeast' to Be1-
jing is silnllar, then, we may adopt the aVerage {ralne of the 
seisruo response corresponding with the" two hypocen t~r fbI' th~ 
parameter of the ground motion 'in a given l608l1t1. We havs" 
given the isorlthmsof the ground peak' accelef~tion in'the L\%
banar.sin Fig. 9. From it, we may see that the expected" 
ground motion acceleration in the' urban area Elpproximat:elY V$\"; 

ries'within' 100-200 gals, only that in the southwestern part 
a 11 ttl. more than 200 gals. 'The parameters of thegrOuDd' mo
tiOD 1Jl other parts of 't he area can be obtained"i th the same 
method. We-"t!Ul not eHlboratehe!'EI. 

DISCUSSION 

tI. 'have in the above chapte'ra discu!aed~the seismic actl
vi t1 andt be micro zonation of the urban area of :Bei jingand 
conduoted e. oOJlpa:rativ. study of Beijing and Clalifornia in some 
aspeota. Generally speaking, though the_hiet-0l'1c81 seismic data 
of the :beijing a1'ea are noher t han in ca.lifania, yet, its 
insttwntftltal records are larless than the latter. As the geo-

logloal. st!'Ucture in the araa is qu1'te oomplex and 'tile se1ss-
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geologioal work has started not long ago, the work to make mia
rozonation of the area has met 'With many difficulties. 

In mAking the seismiC! microzoning in the past f we had nlai
nly c;onsidel'ed the effect of t he side conditions on ground mo
tion. We aim to forecast the effeet of a possible earthquake 
on various kinds of huildings. Of course, there are many unoer
tain factors in the foreoast. The greatest problem is that it 
is vary hard t 0 make oorreot predictions of the hypooenter loca
tion and magnitudes. Though the paper, based on data of various 
kinds, has studied the effect of t he possible hypocenter on the 
ground motion in the urban area, nevertheless, it can not sure
ly pinpoint'the looality. Take the Haioheng and TBngshan earth
quakas in North China for example, before the occurenoes, sei
smological departments had come to understand that there would 
possibly occur fairly large earthquakes, however, they could 

. not pinpoint the 100a11 ty of the epicentre. From past expert.;;. 
ence, we think that 11: is more difficult to make maol"OZOnin" 

in North ~.ina than in other parts of the country. AS a matter 
of fact, a fairly long time before the ooourences of Xingtai, 
Haicneng and. Tangshan. earthquakes, the seistnic risks had not 
been fully understood. Under such c1t"oumstances, to make ra
tionn seismio m.icrozonatiOn. it is fit"st of all iMperative to 
take Dote of the average tendencY of seismic actiVity in the 
aHa. tbeD, in acoordanoe with theseistnic environment round 

the Site. to determine the paramete:rsoi'groundlllot1on. If' ne
oessary. it is a.l..eo imperative to makl!! proper evaluation of" the 
ttncertaint~ ot the astain use and. the reliability ot the !Ilia

rozonation. B1sed on such cotlsi'derat1on8, 11e have of late con
ducted initial research into thttaverage s&il3mic activity iA 

the .EM1j1ns area. At pr813ent it 'might be a better method. 
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1st 

(1011-1076) 

Fig. 1 'the relations between magni
tude and frequency in Beijing 
area 

Note: l. The black dots indicate the 
mn.gni tude-frequencY' relations 
calcula ted acc.ordlng to the 
historical seismic reoords be
tween 10~7"1977. the small· ho
llow circles connote that rela
tions calculated according to 
the instrumental data between 
1959-1979. 
2. The data from Geo-physic 
Institute of the State Seismo
logical Bureau. 

-2nd {10§O-1J6B) 

_. , 

Fig. 2 a Active periods 
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SITE RESPONSE AND INTERACTION ANALYSIS 

1 by John Lysmer 

ABSTAACT 

The signifi.cance of the spatial and temporal variation of seismic 
free-field motions on soil-structure interaction is discussed. ,It is 
concluded that the only free-field motions which influence the seismic 
response·of structures are those within the volume excavated for the 
structtire and that the proper determination of the variation of the 
free-field motions within this voluMe is the most important part of any 
soil-structure interaction analysis. This variation cannot be chosen 
arbitrarily but must satisfy certain criteria imposed by the laws of 
physics. 

It is the aim of this paper to establish what the above criteria 
are and what they tell us about how to specify the seismic environment 
for aseismic soil-structure interaction analysis. The discussion will 
show that for most cases it can be assumed that the seismic environment 
consists of vertically propagating waves and that the most. appropriate 
point at which to specify the control motion is at a free ground surface. 

lprofessor of Civil Engineering 
University of California, Berkeley. California. U.S.A. 
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INTRODUCTION 

In "order to perform a seismic soil-structure interaction analysis of 
a structure on a given, s~te it i,i;; nepE!ssary t<>,define the seismic environ
ment on the site prior 'to construction. Thus, it is important to identify 
exactly what must be known about the s~ismic environment in order to 
proceed with the interaction analY$is';andalso, to identify which'part of 
this information can realistically be obtained from our data base of 
seismic records. 

The 'latter exercise will show thattiur ability to obtain the required 
data is very limited and that for a foreseeable future much of this data 
must be estimated. Such estimates must depend on many factorS,such as 
earthquake Illagn:itude~, sourcE!'mechaiiistn,'propagation path and loc~l,site, 
conditions. FurthermOre, ~d'thi~ is the major pOint to be discussed in 
thispaper,the'gpatial, artdtem);,oral v~rratiqns'of:~eismic.~tions must, 
at least locally, satisfy the 'laws of mechanics. These laws impose severe 
restrictions \~nwhieh types of mOtions caD exist on a given site. The' 
restrictions can bedetemfned'by localsite'response analyses and must. be 
considered when specifying the seismic env:i.ronment. 

-, - . - ;. ...., .>:" ' 

A good theoretical understanding of the nature of the above restric
tions can be of tremendous help in defining app,ropriate seismic environ
mentsfor soil-st.ructure 'interaction analysis and may in many cases lead 
to simplification of such analyses. On the other hand, a: pcx)run~erstan
dir::g of the physical requi:tementsmay leadt6 completely um:ealistic 
desiqn:motlons. tt'is the aim of this paper t~ illustrate the above, 
points." " .' ,> . ,. , 

THE INTERACTION PROBLEM 

The basic problem of soil-structure interaction is illustrated in 
Fig. 1. It involves the determination of the motions of one or more 
structures at a given site from a knowledge of a given motion (the control 
motion) at a specified point (the control point) of the site prior to 
construction (the free field). 

~ . 
A complete soil-structure interaction analysis, for any structure must 

necessarily Consist of two distinct partsf a site response analysis and an 
interaction analysis. Unless the nature of the seismic wave field into 
which the,structure is being placed is known with a reasonable degr&e of 
accuracy, there is no way in which the resulting interaction of the strlJC
ture with the soil deposit and the wave field can be determined. 

The site response analysis involves the determination of the temporal 
and spatial variations of the free-field motions. The interaction analysis 
involves the determination of the motions of a structure placed in tho 
above seismic environment. These are different types of problems but each 
needs to be addressed to determine a solution to the soil-structu1:e inter
action problem. 

Each of the above problem types can in principle ~ fOrmulat~d in 
terms of continuum models or discretized models, and it is not possible 
here to describe all of the possible forms of equations'of'motion which 
have been proposed. It is, hQwever, useful'fora better understanding 'of 
the nature of and the connection between the two problem types to consider 
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the equations of motion for the three linear models shown in Fig. 2. The 
IIIOdels are i~entical in the sense th4.t all are of the finite element type 
and all are spanned by the same finite elemen~ mesh. Also, all masses 
and stiffnesses are the same, except that the structural part of the model 
shown in Fig. 2(b) has no stiffness and mass, and that for this model the 
structural nodes above ground level are assumed to be fixed in space 
(actually these points can be given any specified motion without loss of 
generali ty) • 

Since the fixed nodes have no influence on the motion of the ground 
Fig. 2(b) representsa.£ree-field site response problem. It has the equa
tion of motion 

(1) 

where (Mf ), [e
f
), [ICfl are the mass, (tamPinCl, and stiffness matrix, respec

tively, for the free field, and {u
f

} is a vector containing the nodal 

point displacements. Since the source of excitation is outside the model 
the load vector {Of} has non-zero elements on the external boundary only. 

Particular solutions to the equation of motion, Eq. (1), can be obtained 
by site response analysis as described below and it will here be assumed 
that a free-field solution is available. Thus {uf } and {Of} are known. 

Figure 2(a) represents the corresponding interaction problem. The 
total displacements can be written 

where {uf } are the known free-field displacements and {ui } are the inter

action displacements. Assuming that the external boundary is very far 
away fro.m the structure the equation ,of motion for the interaction problem 
is 

[H) fiiJ + {C] {u} + (K}{U) "'{Of} (3) 

where .(Of} is the same load vec.tor as in Eq. (1) and [H), [Cl, and [ICI are 

the total mass, damping, .and stiffness matrices, respectively. Substitu
tion of Eqs. (l) and (2) into Eq. (3) yields 

where 

[MJ{~.} + [c]{6.}+ [Kl{u
i

} = {~~} 
111 

(4) 

(5) 

The load vector, {Q.}, in Eq. (5), can be computed from the known 
~ 

free-field displacements. It depends only on the difference in properties 
between the structure and the excavated soil. Thus {Q.} has non-zero 

1 

elements only at the structure and Eq. 
the problem illustrated by Fiq. 2(c). 
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be solved for the interaction displacements, {u
i

}. Thl3 total displace

ments for ttte soil-structure interaction problem can be found by super
position as indicated by Eq. (2). 

Equations (2) and (4) remain valid even as the distance to the bOun
dary goes to infinity and the mesh size shrinks to infinitesimaldi~n~ 
sions. Hence, the'above formulation can be extended to Continuuni mechanics 
and three dimensions. 

The above formulations reveal three important characteristics of the 
soil-structure interaction phenOmenon: 

1. The only free field ground motions which are of importance for 
the interaction phenomena are those within the volume to be 
excavated for the embedded part of the structure. 

2. For the embedded structures the amount of interaction depends on 
the difference in mass and stiffness between the structure and 
the volume of excavated soil, see Eqs. (4) and (5). This implies 
that embedment of structures will usually lead to smaller inter
action effects. 

3. Soil-structure interaction analysis implies the use of super
position, see Eq. (2). Thus true nonlinear analyses may not be 
possible. 

The first observation has far reaching consequences; especially for 
embedded structures on relatively soft sites since, for such sites, bOth 
theory and observation indicate that the free-field motions vary signifi
cantly with depth. This implies that the site response analysis is an 
important, and in the option of the writer perhaps the most ill\PClrtant, 
part of a soil-structure interaction analysis. 

THE SITE RESPONSE PROBLEM 

Site response problems involve the determination of the temporal and 
spatial variation of motions within .1l site. In principle, these motions 
can be determined from a large model· which .includes the source C)f the 
earthquake. However, in practice the source parameters.and the regional 
geology cannot be determined in sufficient detail to solve this problem 
with a high degree of accuracy in the frequency range of interest for 
design. Thus, current methods of site response analysis attempt to predict 
the above variation of motions locally from a Single specified control 
motion at some control point within the site. This problem is mathemati
cally ill-posed and unique solwtions can be obtained only by the intro
duction of assumptions rega-rding the qeometry of the site and the nature 
of the wave field causing the control motion. In practice, consistent 
solutions can be obtained only for horizontally layered sites. Possible 
wave patterns include: vertically propaqatinq or inclined plane body 
waves, and horizontally propagating surface waves. Only thec:ase of verti
cally propaqating shear waves can currently be solved by truly nonlinear 
methods. 

23-5 



Control Motion and Control Point 

Thei.nherentproblemin site response analysis is the choiceof,wave 
field to be used in the analysis and it is therefore natural to classify 
and discuss the different available methods according to the type of wave 
field assumed. However, before doing so it should be mentioned that the 
choice of an aPJ?ropriate control motion and control point is just as, and 
in most cases, more important .than the choice of wave field. 

The' control motion should be chosen with due respect to observed 
relations between earthquake magnitude, epicentra1 distance, maximum 
acceleration, duration, frequency content, see Idriss (1978) and Ref. 1, 
and the site-dependent characteristics established by Hayashi et a1., 
(1971), Seed et a1. (1976a, 1976b), Faccioli (1978), and Ref. 1. 

Except fot the obvious case in which the control motion is an ob
served record at the control point, the preferable control point is a 
point either at the gt'ollnd Surface or, as discussed below; at an assumed 
rock outcrop at th.e depth of.which the motion is specified. This is so 
because most of our data base.of~trong motion earthquake records from 
which the control motion has to be estimated was obtained at surface sta-. . 
tions and, even more important, because the frequency content of motions 
at points below the ground surface is strongly influenced by reflections 
at the free surface, the major effect being the suppression of certain 
frequencies by wave interference. Thus the specification that the control 
motion at depth shoulc be a broad-band spectrum or a motion recorded at 
another site or depth may result in completely unrealistic computed motions 
for the site. 

Choice of Wave Type 

With the control motion and control point fixed, the solution to the 
site response problem depends entirely on the nature of the wave field' 
producing the ground surface motions.. This wave field may consist of 
many components inc!udinCj; 

, 9';&.,'· -'<-~- 0:~ 

(1) some Rayle1 h waves 

(2) some Love waves 

(3) .sa.e plane vertically propagating waves 

(4) some plane body.vas i.nc:lined at an anqle to thevut1cal 

and (SlSODieother'wavet_.J ~K 8$ sp)tedcaland CYl~icd .1f 
,~ch~~~lyrtQl;~~f'.4.·· ., . 

At the ~t. ;t._ .• j;_~.caa:motf.ltlVi •. @Jl9i~Jt«liA_fi- " 
ci,ent deuit tnr· ..... ati_ ~t$<>f t'ke·.ff*hmt 'po!J$~le""""" 

:=IL~~tt.:~Je~-~~=-~~=t:!i:~" 
auCb anal~s.cwmot,~~,,,~otaek Of 4ataon ~ ~~1..~ . 
o£tt\e"Qvef;~di,nY.Qlyed;> . ... '....., " , .. , .' 



represented by all Rayleigh waves or for a motion represented entirely by 
a system of body waves, and to deteminethe influence of the motion 
specification on the results·ofthe.analysis •. If the differences are 
small, then precise specification of the components of the wave field is 
considered unnec'essary. If the differences are large, then increasing 
efforts must be made to determine even a crude assessment of the relative 
components of different wave types, or alternatively, conservative choices 
of wave components may have to be made for different parts of the analy-. 
sis. It is important therefore to examine the characteri$tics of the 
different wave forms which might contribute to the surface control motion. 

/ 

Horizontally propagating Waves 

FOr horizontaJ.1y layered sites it is relatively easy to set up linear 
methods of analysis for horiZonally ·propagatingwaves. However, many· 
possible choices of wave patternsexist:Cinclinedbody waves at different 
angles of incidence, different modes of surface waves, etc.) and it is . 
currently impossible to. determine from .availableseismologicaldata the 
exact contributions of each wave type to earthquake motions near the 
surface in .the frequency range of interest· to earthquake engineers. How
ever, some estimates have been made (Trifunac and Brune, 1970: Randall, 
1971; chandra, 1972; Nair and Emery, 1975: Liang and Duke, 1911; and Toki, 
1977). These estimates involve considerabfe uncertainties however: in 
view of these uncertainties analysis of site response for mOtions repre
sented only by horizontally propagating waves is mainly an academic exer
cise based on assumed data. Nevertheless, as will be discussed below, 
some practical conclusions can be drawn from lftlch analyses. 

The free-field motions caused by horizontally propaqating waves. will 
be discussed in three parts: surface waves are discussed immediately 
below~ inclined body waves are discussed after the section on vertically 
propagating waves and; finally, the three wave types are discussed together 
in eisection on moti<>ns at shall~wdepths. . 

Surface Waves 

Rayleigh waves in a ·perfect el.astic.ha1:f,,9paceareweil~known and the 
tbeozy for these are given in standard textbooks, -e.q., Richart et a1., . 
(191O) • However, forobvious,fea.scms $Oil dynamics analysts are much more 
1A-tel:es~ed in s~face wavesiri mU1t1;l'a~nd systems, Thomson (1950), Has-
1cel1tl9l3), !wing- et .~~ ... (1~S7) ~ . ~.~, o.fwavesdlayoccuriri such 
ayst .. :t' ~Ve· wa_,1ft'WMch.~ JIIO.tiQatJ"~izontaland perpendicular 

=:~~~._jr-:~,l~~~i:r~ 

(6) 



aD i(wt-k x) 
u = E R . f (z) • e '. s 

x s=l s s 

Rayleigh waves: (7) 
aD i(wt-k x) 

u = E R • g (z) • e 
s 

z s=1 s s 

where wand t are the frequency and time, respectively, and L and Rare 
,S s 

unknown mode participation factors. The infinite sets of wave numbers, 
c and k , and mode shapes, h (z), f (z), and g (z), may in principle be 

s S S $ S 
determined by methods developed by Thompson (1950) and Haskell (19~3). 
The wave numbers are directly related to the phase velocities of the 
different wave modes through VL = w/c and VR = w/k • • Thus the ftind~ental 

problem of site response analysis with surface waves is to determine the, 
infinite set of factors Land R from a single given amplitude of the 

s s 
control point. This is clearly an ill-posed problem and solutions can 
only be obtained by further assumptions, the most cOl'll1lOn of which is to 
assume that only the fundamental Rayleigh or Love mode, CClrresponding to 
s = 1, exists. For undamped systems the frequency~dependent phase velo
city and mode shape can be found by the Thomson-Haskell method and -:he 
amplitude ~l or Rl may b,e determined from the control motion. 

Continuum analyses are possible for the case of viscoelastic layers 
over an undamped half-space (Ewing et al. (19S7), Boncheva (19J7». How
ever, for this case it is more practical to first 'discretize. the serni
finite system by the use of finite ele~ents as proposed by Lysmer (1970) 
and Waas (1972) for Rayleiqh waves and Waas (1972), Lysmerand Waas (1972) 
for Love waves. Only Rayleiqh waves will be discussed here. Thetheore
tical model is shown in Fig. 3. It involves the assumption of a linear 
variation of displacements between layer interfaces and the existence of 
a stationary rigid base at some finite depth. If this depth is chosen to 
be considerably larger than the wave length of the Rayleigh waves of 
interest, a half-space is simulated by this model. 

For an N-layersystel'll these CJssumptions reduce the equation of motion 
for the layered system toa quadratic eigenvalue problem: 

(8) 

where [A), [B], (e} and .[MJ are simple 2N x2N matrices which can be formed 
fromthestiffnesses, damping ratios and mass densities of the layered 
system, and '{v} is an eigenvector (mode shape) which contains the 2N dis
placement amplitudes of the layer interfaces. The mode shape represents 
the functions f (z) and 9 (z) in Eq. (7). For a given frequency, !J), 

, s· s 
Eq. (3) can be solved by methods ~eveloped by Waas (l972). The solution 
cortsistsof 2N possible wave numbers, k , and associated mode shapes {v} 

s ' s 
and, in analogy with Eq. (7), the general solution to the" equation of 
motion maybe expressed in the form: .. 

{u} .. 
ZN 1: ~ {v} 

I
Ss s .. 
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For a damped system all the wave numbers will be complex with nega
tive imaqinaryparts. Hence, Eq. (9) can also be written 

2N 
{u} =1: 

s=l 

im(k }x 
e . S • R {v} 

s s • e 
i (wt-Re (5 ) x) 

s (10) 

which represents a system of generalized Rayleigh waves (modes) which 
propagate in the positive x-direction, each with its own mode shape, {v} , 

s 
phase velocity, w/Re(k ), and decay factor, exp[21Tlm(k )/Re(k )], per wave 

s s s 
lenqth, A = 2~/Re(k). Experience with the method has shown that most of s 
the Rayleigh modes decay extremely rapidly in the frequency range of inter
est to earthquake engineers and only a few terms of Eq. (9) need therefore 
be considered. If it is assumed that only the fundamental mode (defined 
as the mode with the largest value of Re (k » is present, Eq. (9) reduces 
to s 

{u} = R • {v} 
1 

i(wt-klx) 
e (11) 

and the mode participation factor, R
l

, can be determined at :ach fre~~ency 

from the amplitude of the control motion at say the surface at x = o. 
Transient motions can be handled by Fast Fourier Transform techniques. 
This requires that the eigenvalue problem in Eq. (B) be solved for each 
frequency of the transform. 

The above method has been used by Chen et al. (19B1) to determine 
possible Ray-lei:ghwavemotions in several sites. A tyPical example of 
these computations·is shown in Fig. 4. The site consisted of l2B ft of 
medium dense sand oVerlytng a rock formation. A horizontal control motion 
with the maximum acceleration 0.25g was specified at the ground surface 
(distance 0). The response spectrum of the control motion' is shown in 
Fig. 4 (top curve in upper left graph). The cornputational·model consisted 
of 18 layers in the sand plus 10 thicker layers.in the rock. 

The equivalent l,inear method was used to simulate nonlinear effects, 
i.e. the stiffness and damping ratio in each sand layer were adjusted 
iteratively to be compatible with the shear stress amp1itudedeveloped in 
the layer. Asa result of' these iterations the shear wave velocities in 
the sand profile varied from 621 fps near the surface to 786 fps at the 
rock interface. Since the averaqe low. strain (microseismic) shear waVe 
veloci~ywas about 1150 fps this indicates quite strong nonlinear effects 
at the excitation level specified. The dampinqratio converged to an 
avera~e value of about 10\ with slightly lower. values near the ground 
surface. 

Figure 4 shows surface response spectra for a Rayleigh wave field 
propagating from left to right. It is readily apParent from these spectra 
that the high frequency components of the wave field are rapidly damped 
out as a result of the relatively high damping ratio in the sand and in 
fact, at a distance of a few hundred feet, virtually all motions with· 
frequencies higher than 2 Hz have decayed to insignificant values. Similar 
results have been obtained for other soil profiles. Since most soil 
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deposits extend horizontally for thousands of feet, it is thus Wlrealistic 
to expect that a significant part of the .high frequency components of 
strong motions in such deposits could result from hO;rizontalpropagation 
of fundamental Rayleigh waves. Similar results have been obtained for 
Love waves in soil sites. 

The above theoretical observation is confirmed by the fact that, as. 
far as the writer can ascertain, the seismological literature conta:i.ns no 
reports of observation of strong Rayleigh waves at freqUi!!ncies higher than 
2 Hz. 

The only practical conclusion which can be reached from the above 
observations is that fundamental surface waves need not be considered in 
the seismic design of relatively stiff structures of small lateral extent 
on soil sites. 

Such motions may be impOrtant for structures with very low natural 
frequencies, say below 1 HZ, and for structures on rock where the -"uch 
lower damping and higher wave velocities could lead to lower rates of 
attenuation of high frequency surface waves in the horizontal direction. 
However, even in rock surface waves have not been observed in the frequency 
range above 2 Hz. Furthermore, soil-structure interaction effects are 
likely to be small for strUctures built on rock sites. 

In summary, fundamental surface waves are not likely to be of signi
ficance for the design of relatively stiff structures of small lateral 
extent, say nuclear power plants. 

Higher-order Surface Waves 

The fundamental Rayleigh mode defined above is, as shown by Lysmer 
(1970), identical to the fundamental mode considered by seismologists in 
layered systems overlying a deformable half space. The rest of the terms 
of Eq. (10) represent higher-order Ravleighmodes (in the terminology of 
seismologists) and body waves. These modes will have longer wavelength 
and will propagate faster than the fundamental mode which by defini.tion. 
has the shortest wavelength and thus the lowest phase velocity. While most 
of these higher modes can be neglected, since they decay rapidly in the 
direction of wave propagation, others may decay less rapidly than the . 
fundamental mode. This phenomenon occurs only at relatively high frequen
cies on sites with a marked increase in stiffness with depth.; say a sand 
profile over rock. These low-decay modes could conceivably contribute 
significantly to the motion at a surface control point .. However, studies 
by Chen et a1. (1981) have shown that such modes, when they occur, cause' 
near surface motions which are similar to those caused by vertical or 
slightly inclined body waves. That this is so is not surprising when one 
considers' the propagation mechanism of these mod~s. The very facts that 
the waves travel at high velocities and decay slowly indicate that the 
major part of the energy propagation occurs in deeper layers with high body 
wave. velocities and l~ damping. Th~s immediately implies that,~nsignifi
cant amounts of energy are propagated horizontally in 'the. softer surface 
layers or, in other words, that the higher frequency motions in the surface 
layers are maintained through nea.r1y vertical energy propaqatiori through a 
mechanism similar to tha.t of slightly inclined body waves. The result is 
that tJie upper parts o,.f mode shapes, i.e., the ,variation of displacements 
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with depth, are virtually identical to those found in analyzing vertically 
propagating or slightly inclined body waves. 

ThUs, in practical calculations the effects of higher-order surface 
wave components can be considered by assuming a certain content of 
slightly inclined or vertical body waves in the control motion. 

Vertically propagating Waves 

The great majority of methods for site response analysis use Kanai's 
(1952) assuntption of vertically propagating shear wa'res. This assumption 
leads to simple one-dimensional Iilathematical models for horizontally lay
ered systems and has, partly because of the similarity between motions 
caused by different wave fields, led to remarkable success in pre~icting 
the major features of site response during earthqUakes, especially since 
the analytical procedure was modified by introduction of the ¢quivalent 
linear method by Seed and Idriss (1969). 

Linear site response problems with vertically ~roragating waves can. 
be solved by a multitude of numerical techniques which are described in 
texts on soil dynamics, e.g., Desai and Christian (1976). The most effi
cient method for computing free-field motions from a specified surface 
control motion appears to be the complex response method used in the 
program SHAKE, Schnabel et al. (1972). With these methods it is currently 
possible to analyze any layered viscoe1asticsoil system overlaying a 
viscoelastic half-space. The oontrol motion can be specified at the ground 
surface, at any depth in the soil deposit or as an outcrop motion. Non
linear effects can be approximated by the equivalent linear method. 

Recent efforts have been directed towards the development of true non
linear methods of analysis. Several methods have been proposed for perfor
ming nonlinear total stress analysis of site response problems with ~'erti
cally propagating shear waves. The m<tSt important of these are: The 
method of characteristics, Streeter etal.(1974), Idriss et al. (1976), 
Taylor and Larkin (1978); the finite difference method, Joyner (1977); and 
implicit integration schemes, Martin (1975). In addition several methods 
of effective stress analysis have been proposed, Ghaboussi and Dikmen 
(1978), Zienkiewicz et al. (1978). Finn et al. (1977), Liou et al. (1977). 
and Martin and Seed (1979), which can predict the pore pressure build-up 
in saturated sands during seismic excitation. 

Comparative studies of ground motion characteriS1:ics computed by the 
equivalent linear method and non-linear methods show relatively small 
differences except where motions are very strong and soils relatively 
weak .. Thus the development of non-linear analysis techniques has further 
confirmed the fact that equivalent linear methods are sufficiently accurate 
for virtual~y .. a11 practical purposes in evaluating site response for soil
structure,. interaction analyses. 

A major problem of current methods of nonlinear site res·ponseanalysis 
is .a limitation on the location of the control point. It is not currently 
possible to specify the control motion at the surface, and specification 
at a deeper point within the profile is; for reasons to be discussed in the 
tollowinq section, not desirable. However, the motion may be specified at 
a deep outcrop. This problem has been solved by Joyner and Chen (1975) for 
the sPecial case of a layered nonlinear system overlyin9 a uniform linearly 
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elastic half-space, see Fig. 5(a). Joyner and Chen specify the outcrop 
control motion, yet), at the surface of the elastic half";space shown in 
Fig. S(b}. The horizontal motions in the half-space, Fig. 5(b), are by 
simple wave theory 

u. (Z,t) = .! yet + z/V ) +! yet - z/V ) 
D 2 s 2 s 

(12) 

where V is the shear wave velocity for the half-space. In the combined 
s 

system, Fig. 5 (a), an additional downward propagating wave occurs due to 
reflections ~rom the upper soil layer. Hence the motions in that system 
are: 

1 u (z,t) = -2 yet + z/V )+ u{t - z/V ) ass 
(13) 

The function u(t) must be such that: u (o,t) = u (t), where u (t) is the a 0 . 0 

actual motion of z = O. Hence, u(t) = u (t) - 1/2 yet) and 
o 

This leads to the following shear stress at z = 0 

T (t) = ov vet) - pv u (t) 
os' S 0 

(15) 

where p is the mass density of the half-space. Joyner and Chen apply this 
stress boundary condition at the base of the upper soil column andthuc; 
achieve a system which can be analyzed by nonlinear methods and which cor
rectly accounts for the effects of the underlying half-space. 

The boundary condition expressed by Eq. (IS) may be achieved by the 
physical model shown in Fiq. Sic). In this model the upper soil column is 
supported an a Lysmer-Kuhlemeyer (1969) dashpot and excited by a horizontal 
force at the base proportional to the known outcrop velocity time history. 

Inclined Body Waves 

?ome energy may be arr1v1ng at the control point in the form of non
vertically propagating body waves. Th~s includes the effect of the hi9h
order surface wave modes discussed in a previous section. 

The response of horizontally layered sites to plane harmonic body 
waves ~riving at a specified incident angle through an underlying elastic 
half-space has been investigated by several researchers. The fundamental 
work was 'Clone by Thomson (1950) and Haskell (1960, 1962) who developed an $ . 

efificient matrix method for computing the frequency-dependent transmission 
c:oefficients in a layered continuum for incident SH, SV and P-waves. 
Efficient computet' codes for the Thomson-Haskeu' method were developed by 
Hannon (1964) and Teng (1967). Silva (1'976) extended the Thomson-HaSKell 
method te> include damping in the soil layers. t-li th this 'method it is 
possible to solve linear or ,equivalent linear site response problems with 
inclined body wave s for systems consisting of viscoelastic 'soil layers 
overlying a uniform undampeahalf-space, provided the incident angle in 
the half-space,is known. Since no damping is included in the naIf-space 
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the resulting'surface motions do not decay in the horizontal direction. 
More recently, Chen et a1. (1981) have developed a methOd which includes 
damping in the underlying half-space. 

Analyses of surface response to inclined body waves have also been 
made by Joyner et a1. (1976), who deterlnined the transfer ,functions from 
bedrock to the soil surface for a soil deposit 186 m in depth for shear 
waves propagating at various angles to the vertical. The results of this 
study are shown in Fig. 6, and it is apparent that for angles of incidence 
up to 60°, there is a negliqible difference between the motions computed 
for inclined waves and for vertically propaqating waves. 

It is .reasonableto conclude therefore that the variation of horizon
tal motions with depth within a soil deposit are for all practical purposes 
the same, whether they, are computed for vertical or inclined directions of 
propagation within the depth range of interest to engineers. On this 
basis it is appropriate to use analyses for vertically propagating waves 
because of their greater s,implicity and availability of solutions. 

Motions of Shallow Depth 

As discussed earlier, only the motions within a relatively shallow 
depth (the projected depth of embedment) of the free-field will influence 
the motions of structures; '!'he Same discussion also indicates that both 
the 'spatial and temporal variationcf the free-field ~tions within this 
depth are of importance in evaluattng soil-structure interaction effeots. 
It is therefore appropriate to discuss in more detail how the amplitude 
and frequency content of free-field motions vary with depth and in par
ticularhow they vary near the free ground surface. 

As will be shown in the following, the presence of the strong discon
tinuity represented by the free ground surface imposes predictable and 
observable lim! tations ,on how horizontal amplittides and the frequency 
content of motions 'Vary with depth near the ground .surface. 

The potential effects of the free ground surface on the amplitude and 
frequency content of waves at various depths in a uniform deposit is shown 
in Figs. 7 and ,8. Both fiqures show the variation of amplitude wi th the 
dimensionless depth z/"A in a perfect half-space, where A = V If is the 

s s s 
wavelength of shear waves at the frequency, f[HZ], considered. 

Figure 1 corresponds to the case of vertically propagating shear waves 
for whi~h the horizontal amplitude is 

(16) 

and Fig. 8 corresponds to the case of horizontally propagatinq Rayleigb 
waves. 

The two types of wave fields are obvioudyquite different. It is 
remM~able, howe~r, that both the shear tAt6vefield and the Rayleigh wave 
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field produce monotonic411y decreasing hOril;ontal displac:ements wi thin the 
approximate 4epth 

21). 1 ' 
IE to, -}. 

4 s 5 9 

(17) 
v v 

=-.! to -!. 
4f Sf 

and that all horizontlll displacements vanish at this depth. A simila.r 
phenomenon occurs for inclined shear "a'ves arid for layered soU systems 
Where V' in Eq. (17) can be replaced by the average shear wave velocity, _ s , 
v above the depth z. As can be seen from the dotted curve shown in Fiq. s 
the existence of material damping does not change the substance of these 
observations. 

TWo important conclusions caa be drawn from these analyses: 

(1) Any horizontal motion computed (or observed) at the depth z must 
be deficient of components of the frequency 

v V 
f - S t ...!. - 42! a 5z (18) 

i.e., its response speetrum wIll h~ve a dip at the approximate 
frequency f, which incidentally is equal to the fixed base 
natural frequency of the soil column above the depth z. Thus, 
the only level at which a smooth spectrum can exist is at a free 
surface, and specifying a control motion with a smooth spectrum 
at any other depth will. as experience has shown, lead to com~ 
pletely unrealistk results. This free surface'can be the actual 
ground surfaae or a real or imaginary outcrop; however a smooth 
spectrum cannot exist wi thin a soil deposit, whether the motions 
be due to near-~rtically propagating body waves Qr' t~horizon

tally propagating Rayleigh waves. 

(2) In a deposit with uniform proper~i.s, seismic motions will 
decrease-with depth belOw the ground surface at least doWn to 
the depth 

v V-
a =,.,.--!...- to' ..-.L.. 

4flbaX 5 f m'ax 

whe~ f, is the highest freqaencypA$ent in the nIotion. max 

(19) 

This follOWS directly from Eq. (16) which sho~ that all components 
decrease in amplitude within the above depth. Because of variations in 
soil characteriStics' with depth this predietedreduction will often extend 
to depths greater than those indicated' by Eq. (19). For a typical soil 
site # with say V .. 1000 ips, and a seismic environment, with say s ' 
f _ :;;. 20 Hz, the above formula sh61i1!'; that a 5 igrli fi cant reduction in the max \;) 
free field motion may occur within the ypper 10 it (or deeper if the 

23-19 



predominant frequency of the control motion is lower) of the site. '.l'hus 
in view of the discussion inconne.ctionwith ~.(4), e~n relatively 
shallow ombedlilentmay siqnificantly infiuencethe seismic response of . 
structures on soft sites and both the embedment and .the redUction in the 
amplitude of the seismic environment :with depth should be considet"!d in 
a rational interaction analysis. .. .. 

Substitution of realistic values of v and f into Eq. (17) will show s .. 
that z is typically larger than 20 ftfor soil sites and 60 ft for rock 
sites. Thus typical structures experience only the upper part (z/X < 0.2) 

s 
of the motions shoWn in Fiqs. 7 and 8. In this "shallo,f" depth range 
horizontal motions produced by any seismic environment with thes~e hori
zontal surface control motion are quite similar. It is therefore to be 
expected that the horizontci.l mtions produced at points below the ground 
surfa~ during earthquakes will. be relatively independent of the type. of 
wave field producing the motion. 

The above observations were made for motions ina uniform half-space. 
For layered systems, the stiffness of which usually increases with depth, 
calculations have !thQwrt t;hattl\e sinp.larity between motion,s produced at 
shallow depth by dif £erent types of wave fields is even more pronounced. 
This is so because, just as for the higher-order surface waves discussed 
above, the upper parts of the mode shapes of fundamental surface waves in 
layered systems tend toward the mode shapes produced by vertically pro
pagating or slightly inclined body waves. 

An interesting example of these effects in a 600 feet deep soil 
depositoverlyirig a rigid haU'-spacei!;lshown by the analytical results 
presenl:ed in Figs. 9, ·10, and. ~l ~Tostudy the response at different 
depths in this deposit, analyses were made tising vertically propagating 
shear wave t.~eory for lSdifferent excitation records. ' In ei9htof the 
analyses, existing records obtained on deep soil deposits were scaled to 
have a peak acceleration of 0.20 gand considered to be developed at the 
ground surface. The distribution of acceleration with depth and the fre
quency characteristics of the motions developed at depths of'40and 76 ft 
were then determined by deconVolution analyses • ' . 

For the same soil deposit, a second study was made in which seven 
records representative of rock motions were'used as base excitation and 
the base motions were scaled in each case to·produce a peak acceleration 
of 0.20 g.at. the ground surface. In spite of the fact that specification 
of control motions at depth is not recommended, see above; for this case 
there was surprisingly little difference in the computed distribution of 

. motions whether the excitation was applied at the ground surface or 
whether it was applied at the base of the soil deposit. The' results of 
the two sets of stdaies were analyzed statistically to determine the mean 
acceleration distribtitionseparately for the deconvolution analyses and 
for the base input analyses. The results of this analysis are-shown in 
Fi9.9. On the whole the resultS' are' remarkably similar, all shOWing a 
marked drop in peak acceleration within the upper 100 ft. 

The'respOnse spectra for the tOOtionsdeveloped at depths of 40 and 
76 ft were alsocotilputed and analyzed statistically for thetw6 different 
groups. The 84 percentile spectra for surface motions ,.motions at 40 ft 
depth and m~tionsat 76 ft depth for the deconvolution analyses are ·sh()wTt . 
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in Fig. 10. It may be seen that while the spectrum for the surface 
IOOtiQns is of the broad baridtype, the spectrum for motions at a depth of 
40 ft contains a marked suppression of frequencies corresponding. to a 
period of about O.lS second while that for motions at a depth of 76 ft 
shows a marked suppression of frequencies corresponding to a period of 
abOut 0.3 second. The' fixed base natural periods of this deposit for 
40 ft of soil and 76 ft of soil were about 0.18.andO.3 seconds respec
tively. Similar results are shown in Fig. 11 for the base excitation 
analyses. Thus it may be seEm that the frequency suppression effect, as 
predicted by Eq. (18) ,is mainly a feature of the ge~try and material 
chara.cteristics of the deposit and depends only slightly on the time his
tory of the motion involved. 

In a deposit 600 ft deep extending to substantial distances in all 
directions there would not be expected to be any substantial contribution 
of surface waves to the motions in the frequency range of 1 to 20 Hz, and 
thus the use of vertically propagating shear waves as the primary wave 
field is appropriate •. Nevertheless the effect of the discontinuity provi
ded by the ground surface on the amplitudes of motions and the frequency 
characteristics or.motions at different-depths is clearly illustrated by 
this example. 

summary and Conclusions 

At the outset of this section it was shown that any analyses of soil
stru~ture interaction must necessarily be based on a knowledge of the 
seismic environment to which the structure will be subjected. This re
quires an understanding of the spatial distribution of motions in the 
ground surrounding and underlying the structure. 

In the light of the discussion of this subject presente~ in the 
preceding pages it seems reasonable to draw the following conclusions 
concerning the role of the seismic environment in soil-structure inter
action analyses. 

1. On rock ~ites structu!;,es are likely to be founded near the surface. 
For such sites, earthquake motions may consist of an unknoWnmx
ture of.Rayleighwllves, Love waves and near-vertically propagating 
body waves. Because of the low damping in the rock, attenuation 
or Rayleigh and Love waves will be small within the general area 
of the site but the contribution of these types of waves to the 
total ground motion, within the frequencies of interest for 
nuclear power plants, will nevertheless be small. The presence 
of such waves will tend to increase the rocking and torsional 
excitation on the base of the structure due to out of phase 
effects as the waves pass across the base. Th\2S structures loca
ted.on rock should be analyzed for these motions to detertnine the 
potential severity of their contributions to the total response of 
the structure. Howe1Ter, the greater part of the response can be 
considered to result from vertically propagating body waves. 

In analyses using vertically propagating waves, howeV'er, it should 
be noted that because of thefa.ct that these waves will in reality 
be inclined at difrerent angles to the vertical and will be out
of-phase at differe~t points on the base of the struc~ure due to 
non-homogeneities in the rock through which they must travel, some 
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allowance could be made for the "base-slab averaging effect" 
which will cause the average motions develqpedin.8 stiff base 
slab to be somewhat less than those developed at individual 
points on the roc}c surface. 

2. For soil sites, structures are likely to be embedded at some 
depth (say 20 to 80 ft) below the ground surface. The effects 
of fundamental Rayleigh and Love waves need not be considered 
at such sites in most designs because the high frequency compo
nents of these waves (greater than 1 Hz) will have been damped 
out by the soil if it extends to any significant distance (say 
1000 ft) around the location 'of the structure. Higher order 
Rayleigh modes can be simulated by inclined body waves. Thus the 
main source of excitation will be inclined body waves and for all 
practical purposes, ~hese can be analyzed as if they propagated 
in a vertical direction. However in soil deposits there will be 
an important variation in motion characteristics with depth and 
this should be considered in the analysis if meaningful results 
are to be obtained. The assumption of uniform motions in the 
upper layers of a soil deposit is inconsistent with the physical 
nature of wave mechanics and observations in the field and can 
only lead to misleading results unless the specified control 
motion is intended to take the natural variations in motioh char
acteristics into account in some way. Without knowing something 
about the variations in motion it is difficult to see how this 
can be done realistically without introducing an unwarranted 
degree of conservatism into the soil-structure analysis procedure. 

It should not be construed from the above statements that the assump
tion of vertically propagating waves at soil sites is appropriate for all 
types of structures. The long-period components of horizontally propaga
ting waves may be extremely important for the design of buried pipelines, 
tunnel linings an1 earth retaining structures. However, except for 
increased stresses in the walls of buried or embedded structures the change 
in the stress field due to these waves appear to have little effect on the 
overall horizontal motions of such structures. 

The propagating nature of the displacement field may also induce 
additional aisplacements and stresses in long above-ground structures such 
as bridges, Bogdanoff et ale (1965), Johnson and Ga1letly (1972), Abde1-
Ghaffar and Trifunac (1976); and rocking and torsional motions in long 
period single structures, Wong (1975), Scanlan (1976) and Wong and Luco 
(1976) • 

Finally, and perhaps most important, control motions should be chos~n 
with due respect to site conditions and, if a broad band design spectrum 
is used the control point should be located at the ground surface or, 
alternatively, at an imaginary outcrop, where it could conceivably exist, 
and not at some arbitrary depth below the ground surface Where the boundary 
conditions resulting simply from the existence of a ground surface preclude 
this possibility. 

The above conclusions have been drawn mainly on theoretical grounds. 
However, despite the fact that no concerted effort has been made to date 
to obtain field data to confirm the above conclusion, a substantial body 
of field data does in fact exist. Thus, observations by, e.g. Joyner et 
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al. (1976) and Ohsaki and HiqaWara (1~70) confirm that near surface 
seismic motions do in fact decrease with depth and Hays et al. (1979) 
and Gazetas and Bianchini (1979) have presented data which confirms the 
depth dependent frequency suppression. 
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THBRBGIOtJAL' CHAttAcTERISTICS 0' SBISMICINTlNSI'l'Y 
ATTENUATIOW"IN CHINA 

Chen 'Pel ... sh,an.- Jin tM,and Li Wen ... xi~g 
, , 

Institut~ot Q'eoJ)hysics, State Seismologioal 
Bureau, Beijing, China 

ABS'l'RAC,'1' 

. . . . 

fheooetl'lo1ent of Seismio il1tensit1 ,.ttenuatlollde-
pend8o~the.PNPertte$ otthe lIlecuWIi'throughvhiCb.S.,lS
mlowa"esJ)ropagat~h' Itsvllrilltions flaYJleati that, th,e 

stnatul"fts ·'arad/orp:ro.,.rtle'a of the otus~andupper '.afltle 
aredltti!Jtw-ent tor dltterentregioluh W. h,aveadQ.p't'ed II 

lift"1'4.islltc'aouroe,~deisuggested,b:' J.P. iverrldeh to 
4n411ze the data ot laosell1D1!1 ittlesot107earthquOefJ 
occuf.red in China.' using the Marctuardt' 8 method" torieast-

, squaresestimatlonot nonlinear parameters to get the 00- ,J 

effioients- ot seismio itltenslt;y attenuation Ie. and equi-
valent tooal depth 0 and earthquake t_ult leftgth 21. fte 
'value K appeal"l!i to ISho.,- sOllle .l"egiolltUohaM.ctt!tl*iatlos, 

thillC ruut H. h1gh.~t ui .8o~th~e$t.mObttla8ftd graduall7 
, . . '..,' " 

deoreaaesto.,arda thetlorth-east.' thla'ti r-eaul ts incUoate 
that thel'. exist some d1.tte~enoe$ iI'1thestructureand/or 
propert1 ot the Ortl$t and·:upperIlMtle tor various parts' 

of Chilia. 

ltt.buat10lt of i&18l1io tntefl8it1 with distanoe, .P»8-
rentl,..haa dlt.tct and practtoal a1pilioan". to ena1-
tJeerlngoons'ttuotioDS. At the 8 .... tiM. lt18 also. 

geoph,sto#ll tao tot' related to Cl'"Ustal. and tt1J,er IIUltle 

25-1 



rig .. 1 A"'d m_t 

NODIL, l1A!Al. AID 00IIrl'tt!A.!I0I1L JlUftBOD 

.. have adopted a 111lftar .81 •• 10 lOUHe .0481 ..... -
teet 1»1 I.'. ".rrultm)r.:tJ ae regard;. ,:tNt Mrthquate ta'lllt 
a. a linear soarce whlch radiatel uniformly 8el88io ..... 
and 11 buried at a depth C. Its length 18 2L, the diltance 
from 811014 ,oint S of the lUUtar sourae to a 0'.8rvaticm 
polnt P on the gro1l1ld 18 r (see rig.1) 

r~(It"+c.")1i } R'''= ~" .. (,-1)1 
!be .elsml0 wave8 radiated from every point of the libear 
souroe attenuate a8 1/r4X, K 1s the .el11l10 1ntenlltl at
tftUation coettlciet. 'l'llua, the formula for theintelit,. 
value of every pOlnt Oft the gro1.Uld can 'be 4.4ue84 aa 

, 1 ('l,,)a 14·'7 + f16t{ I.."" iLL (~"":~J11 til) (f) 

De eonstant. ift ttl. t<Ji"'IItUl& (1) ObViousl,. .,IM 011 the 
8elnle iftteruti'l ."ale ttbe, h ••• ;th1J cte' ... 1l1rted· 011 the 

.'it. of the .. 1111te laHHit, .1att1,*'10ft 1n U.,.(I,l} 
HowfJver, the int8ttl1', I 1n the tOl''II'Clla( 1) 11 DOt 1ft tit 
lIodl tled ".raalli SaallJ ot 12 uftd 111 U.S. .w,Mlt 11 ~It. 
IIO.81 ... 'OH1 SCllll.IJot 10. thene. 1ftt •• itt.tal. 1l.ecta 
Ohina il oloaer to the lit ... " scale. til ftirer.,., 1tt ...... 
• "rl to tranato:rll tlle il1t.a1t, ftl •• U ••• tlt,l. 



fOrllula( 1), (S8e Fig.2). (71 
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~ the "Collection of Isoseismal. lIIaps of China" we 
tit. the data of is{)S91slIal lines ot 107 ellrthqualtea.t4' A 
coordinate systelll must at first be set up on each of the 
laose-inal .ps, tak1ng the epicenters as the origin and 
tbe cierectton of f9arthquake fault as the 1 ax1s. 'L'ake the 

x,1 coordinate. Yalues of 8 points troll eyer1 18o!J'eU .. tal 
11fte and their intenSity values, at QB1form az1muthal 

Utg188(8ee '1S. '). It an iS08e1 .. 1 i8 aot C108R, tat. 
the 1 and 'It." values onll at the point inyeatigatfJd. After 
• lar •• In.hr of groups of (Xt"I) 'ftU ... bave "" ft1It1)lfJd 
tl. Iarqll&t'clt t II _thod tor least-aqua",. estidttOtl of 
aOAll11N,. J$raettra 18 lIs.4 to get ttl. par-betel'S It;C,L 
'b, 1 teN'tlft .,vi!t1'lU t11118 •• cn 1"he patatteter J[ tetld. to tie 

"tune after 1 teraticm 2-4 t18a,1Nt £ IIfttl care .Ot .". 
•• ltl.. flHttlit01"e tile tc ftlll •• 1ft tile ~ftl t *ftO_l*M
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No 145M ay 11. 1974 Yongshan Earthquake 

Epi:28.2"N, I03.ge E M:7.1Io:JX hl14 

F jg .3 A sam pIing exan pie 

88 a referenoe. 

RESULTS 

We have caloulated almost all the data of earthquakeS 
given by the "Collection of 1808e1s.~Maps ot China" exoept 
only a few earthquakes ot whioh the data are not r.el.1able. 
The results of the ealeulat10ns are 11sted 1ft table I. 

We oan see from the table'that the It values 11e in the 
range 1.1-3.5 and also the values ot the resldual squares' Qi 

and varianoe V. Some values at Land care 08rt&lft11 Dot. 

appropriate. The reasons may be: 1. The intenSity soale 
used is not adEtquate.2.fhe iBoseiema! .u.nes are too irregU
lar in shape.'. Thedireotlons at the majorax18 of the 
inner and outer 1soselamaJ. lines ari dlffereht. It iabe-
118ve4 that good results oan give us intonation about 
attllDuation, while poor results might Itake us thlnk in order 
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to find out the defects. 
By representing the K values in Pig.4,their distribution 

appears to have some regional characteristics. It 1s highest 
in southwestern China, where the attenuation ot seism1c in
tensi ty is greatest. On the north China plain K values are 
generally lower and attenuation beo01les less. thiS lIay in
dicate that the absorption by the crustal and upper mantle 

of seisllio w.ves in southwestern China 1s stronger. 

DISCUSSION 
Evernden has been determining by inversion ot the data 

of distribution of seismic intenSity. the attenuation coe
fficients and souroe parameters at' earthquakes at the same 
time qUantitatively. He opens up a new direotion in the 
utilization of 180selsmal dat~. Before. onl, the intenSity 

attenuations ,in ,thedireotlon at the major and minor axes 
of the 1soseisll&1s were considered respeotively, thus two 
different attenuation coeffiCients were tound. Tbi! let un
reasonable trom physical pointo! view, because it means 
that there exists anisotropy in the crustal lutdium. Obvioul!!
ly. we have not made suohan assumptioft and it is Dot in 
acoord vith factI!!. aesides, the souro. parameters of earth
quakes are not obtairUlole 'at the au. tl ••• 

Howttvftl", there are 80m" shortcollillg.1n tbe linear souroe 
moebU IIftl1tlol'led above. Some tltc)tOH intla.enolng the aet8-

Ilia intensitydistrlbUttoD ba.,e not bteDoonSidered auoh as 
1. the s.zlauthal. distribution of r-diatioft .ne~B7. 2~ the, 
41reotioft and apfted otearthqUlte rupture. The aelsml0 
wavI radlatlCJf1 will btttlih1lt1oed 1n the front ahd weakened .~ 
the baat ot the l"U)Jt'l1:NJ, due to DoPpllt'l efteot. ,.' the 

dip of thee4rtt'l<\llak. tllul t., Chen '.i .... atllin et al. ba .. 001'1-

1!!1dered 80tr. of these effeote, bUt obtained no attalttia for
aula tor intenli tl distribution. 10 that th'i~ r&ftlts ,.1'1 
still not .pPllcabl.~,·llt OiUt 8b'OUld aate 11 •• ot tbe lItO..-e 
ratioilal pointe ot ,"ruden I.nd Ohl!1 to gwt an ahalytla es-
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pression closer to reality, it would be benefioial to the 
work of seismic mioro-zonation and seismio intensity pre

diction. 
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EFFECTS OF !RREGULAR TOPOGRAPHY AND NON-UNIFORM SOIL 
PROFILES ON EARTHQUAKE MOTION AND EARTHQUAKE DAMAGE 

CHEN BINGWU I 

Summary 

This paper presents a short summary of the results ob
tained by the author in recent years. 

In the study of the effects of irregular topoqr'!)phy on 
earthquake damage, an isolated-protr.udin9 sp:ur i:sconsidered. 
The. author presents a double shear d.formation finite element 
model which reduces a three-dimensional problem )nto a two
dimensional One and evidently simplifies the process. 

The dynamic characteristics of the one-dimensional non
uniform soil profile are studied through a vertical shear 
beam model with variable stiffness~ A mathematical expression 
containing three parameters for the distribution of stiffness 
has been presented. It is easy to fit the distribution of 
stiffness of actual soil profiles by changinq the value of 
these parameters. 

The two-dimensional non-uniform soil profiles are studied 
with the finite element method. As an example, the calculated 
results of the profile with a sloping rock boundary are dis
cussed. In this case the main conclusion is that at the side 
on the thicker soft soil layer near the slope, the heavier 
ground motion in vertical component is evident. 

Comparison between the calculated results and the earth
quake damage distribution has also been made, and both are 
in good agreement. . 

1 Effects of Irregular Topography on Earthquake 
Motion and Earthquake Damage 

1.1 Introduction 
In the In'v'eSf:iqatlonstr.2,110f dt:!struetlve earthetuake in 

China in recent years, it waS found that the earthquake damage 
at the top of an isolated-protruding spur or isolated hill 'lias 
generally much more serious than that at the adjacent flat 
si tes. The present "The Seismic DeSign Code for Industrial 
and Civil Buildings (TJ11-78),,('t'has pointed out: "generally 
the disadvant.ageous district for building to eqk. resistanee 
are the third soil. long-protruding spur, high-isolated hill 

T Deputy He·ad of seismozoninq and Earthquake Resistant 
Division, Lanzhou Seismoloqy Ins.titute,State Selsmol¢qt ... 
cal Bureau. 



and non-rock ( i ncludi n9 bad-cemen.ted Tertiarysedimen tary rock) 
scarp slope dIstrict etc.". The Code(~)has recommended that the 
above mentioned disadvantageousd!stricts should be as far as 
possible avoided in choOSirTg a cOI"J$tru~tive site. In practice 
for some cases because of varied reasons Such sites cannot 
really be avoided, but the Code has' not pres.ented. any methods 
of qu.~ntitativeevaluatin9 .fo:t' ,such sites.Although the harmful 
effect of the 16calisolated .. ptot:tudirig topo9raphy~orydl tic,., 
on earthquake damage wasfouhd early,up to now, the quantita
tive study about this problem has been f$t t'1ot !nol.l.gh.A . lot of 

construction works wfll be made in the mountairiregic.nin .. China 
So the problem. about effect or topography ori,earthquakemotion 
and earthquake dama9~ eOl'\sti tutes an important and consciqel'-
able intresting research obj ect. . . ". . ,. 

Since it has bee,n reeogi'\itedthat theeff'eet of local to
pography on earthquctke dam~ge isanimp'0rtant.8s.pect·in earth
quake engineering. t a number of i!\nalytical works : have been. pre
sented in the world in tecentyears.Especial1y, th~ strong 
motion record * the,peak acceleration ofwnich .wasth$ very .. 
large value of 1.259 lied obtained in.S!n F'ern6ndoEarthquake 
At Paco.ima, Dam during .1971 • P~rtoTthi8 enormous surface acce
leration may be explained by the magnIfication of base bedrock 
motion arising from the locatIon of.the recording instrument 
on a s.teep ridge. of the vA ~ly. thtsexample cauSes a lot ()f 
theoret.ical works(5,6,7,8st~ding on: this problem.In the USSR,!n 
order. to $olve the task of seismomi.crozoning of the towns -in 
mountl\in region, some theoretical studies were carried .OlAt. 

The most of the'above mentioned theoretical studies adop ... 
ted an~lytf.calmethods and assumed that th~ topography' was a 
simple geometric figure.At p~e5ent, the accurate 5tlAdy for the 
complex irregular topography can be reelited on]y by "meanS of 
the thre~-dimenSional finite el~ment m~thodoFor ~xa~pl~;"1~ 
the reference(S) thi s method had been adopted'. lr'l thi s 'vIaiy; the 
amount of the computing work was very heav)', it USUtliPY . xc
qui red a faster andbigg:er computer, which was very expensive. 
In this paper we presents double sh'ear deformation finite 
element model,whfch reduces the three-dimensional prob~em 
into the two-dimensional one, thus it can greatly. s.imp11fy. 
th~ computfn9'process~ , ,. -' 

" . . " .. 

1 .2 . Examgles . Qftheinve$t'lgat~Qn' of some' hea.vy.eaJtthquakes 
. '. Ih1910a' severeeai'thq.uatcE! h,it' TO"gl191 ~ Yunnan Province 

of China. The earthquB,keW8$Qf 7.7· magni tud~and the epic:~"'" 
tral int.en5 i ty WB.sov,er x.grlide. Bec~use it oecurt~ In '''e'' 
mounta'in. 'region, ",h~re a .lpt af villages were located at the 
top of an isolated hill or at the ridge of' an isolated small 
mountain • Some of these hills \oIere,··formed {)fNew Tertiarl 
rocks, and others \oIere formed of bedrocks.o The hatmfuleffect 
of the former 'on' the eerthqwake damage Wtt~ rnore.no.tsf:)le. Y'et 
latter,if the height of the h111s were less than 30m,the harm ... 
ful effect was generally not very obvious. Accordlng to the 
statistics of the earthquake damage of 61 villages which we!'e 

located /!It the top of an isolated hill or on the ri.dge oT the 
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'spur", c'ompa:red'with the villages at the. flat site. under the 
$amE},slt.e aoilcohdition" the.damageo.f.theirs w~s 0.5 ... 1 grade 
hi,gher tl'tan. t.hat of the latter.. . . 

In the 1975 Haicheng ,nd 1976 TengS!i'sn earthquakesi twas 
discove-red-tlJst-- the diS,t-ructiQnOT the villages or buildings 
at the t'QP_of an lso1l\t~d", hill was ;far more serious. ' 

, Tnee¥'f;eCt:6f the heignt'difference' of the topography 9n 
earthqu*ke Intensltj'w8S very obvious in the loessial plateau 
region. Tianshui, C&n&u,Pro"Jnce of China, was of suc.h atypi .. 
cal. tegip,h,thee.xper.ienceofthe ~arthqu~kes in the past de
cades indi,cst,td:,that the villages about 100m aboye,the river
bed, compare~ wi th-the'villa-ges,atthe river banks, their earth ... 
quake intenSity W85;,On'9 grade higher than that of the latter" 

In 197ft. a distructiveesrthq\Jake hit Yongshan ... Psguan. 
Yunnan Provlce ofChlne, The e$rthq.uake'was (jf 7. 2 magnitude , 
and theepicentral intenSity was IX grade, the. lsosei8mol map 
of· which is'c$hown. in fig~ 1. 1 ,Because this earthquakeocc:urred 
in the mountain-area, there.wer.e a lot of examples which can 
illustl'ateth:e harmful effect of 'an isolated topography on 
earthqual(e damage •. We choose the most· typical of them as an 
example: de,$.cribedas follows 0 . . 

. - In. thl~,'earthquake, there was. a VIII grade anomalous rQg10;" 
Huilongwan,which located in the' VII grad~ region(Fig.1 .1 ) 0 In 
this anomalous'region ther:e was a village of Luj i6wan. The epi
central distance of the village was about 1.8 "m.The whole. viI ... 

,lage _ was located at the ridge. of-a· saddle isolated-protruding 
spur., The topo9raphics~ map of LuJiawan, is shown in Fig.l.2 .. 
The stdke of the spur was in ~the, near N-Sdirection, the head 
part of the spur changed in t~e N-E.·d1 re.ction.- The s pur was 
abcut 150m 10,",,9 and50m hig". The width of tl'le ridge. gen.E!.l;'ally 

. w8s-10m·tnemostwas.1Smand the least abol;At Sm. The thickness 
o,f the- surf~ce soil layer at the r.idgew.Cls· very thin,generIJlly 
it .. was only 20-30cm B't tn,e. saddle it wa$a~it.tle thicker,about 

,SOem,. The- surface' soi 1 was of ,residual d-epoSit, there wf:)s, a 
flsgmarleppeared at the locality. There W'ere altogathex-14, 
"blJ;ld~ngs(29pC1ysl in the village .. these)uilding, were located 
respectlyel}f at t~e thr~e d'1 ff~rentcpa~tS ofthesI'tixo: .. At t1')e 
front top of wfHeh, isolated, "oatur~,.was, the tno·~tout'$t~"tfing, 
the earthtfuEik~ intensity was IX grade .. , At thesaddlewhict\ 
tied th.least i$oIat@d 'ff!atur!!.'·the lnten'$i~yw&~ o~ly VII 
9r.ade.At the bacl< part of theSpUl', beealJseOfit$eltittfde 
b~lng high'er it &1:Ijoined the 'back b1gmouh:tj:lrl.t'O itt.1$0'1aUd 
feature was betwfen those of the top andtnesad'CI'le, its earth-
quake intens! tyw't!s- VIlI qr!l(h~ '" ',. ~- , 

.Ge"erally~ s,p'e,k1n-9.· the earthqu8ii(e4etnege ,re,lat.swi th a 
lot of' "actors. In order to study the efttct of' a fas-etor. one 
t:"1as to ~lear up .. all th.e effe:ets of. other fa'Cto'ts. We describe 
th~$ia factors 'O!'eoftft1:' a'nether; 8' fQlld'ws. " . 

All the buildjng$of the village w.re built, with the si
milar 1I'l8:teriels, the structure type andc;onstruction Quslit1 
of the bUildings were also all tbe lame .$0 ,th.e1r-capac 1 ty for 
lJarthqu8l<e re~lSt8nce was more or less erU'ke. 
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The dim~nsion of the spur compared ~lth the epicentral distan~ 
cewas very sma 11. So we can consider that the conClI Hons 
about the source mechsnism,epicentral distance,transmission
path characteristics etc.at the different parts of the village 
were also all the, same. 

Investigation indicated that the local non-causative 
faults,local subsoil, underground water level etc.all were not 
the very factors which can cause the earthquake intens lty di f .. 
ference a~ different parts of the village. , 

In addition,there were not any harmful physical geology 
phenomena occurring in these sites. Thus, we can ffrmly belie
ve that except for the local topography ~onditiont all other 
factors were n~t the reason which caused the IntensitYdiffe .. 
rence at the dlfferent parts of the village. 
1.3 Th.ore~l~al analysis 

. . . . . 
1.3.1·As5umptibnsand analytical model 
As previously mentioned, in the example that has been 

analysed the geologIc structure and rock characteristic are 
qu i t€ homogeneous. Unde;r' such magn! tUde, and epicentral dis
tance conditions, we can then consider that, the earthquake re
spose of the spur was baSically in the linear elastic ~tageo 
Because the dimentions of the spur are small. ,we can consi
der that the earthquakemofi~n at the bottom-fa. and conjunc
tive-face between the spur and back big mountain are in t~e 
Same phase" 

In analySiS we only consider the pure sheardefoti'\'1ations 
of the spuro The effacts of spur on the earthquake intensity 
in different direction will be notaUke. considering the di
rection of the seIsmic wave , proP9gatlon and the strike of the 
spur are roughly patallel, the.SH,wave will eaUS8 the trans~ 
verse vobration of the spur., Thlnking over the characteristic 
of the spur itself and the dlr,ection of the seismie wave pro
pa,gation, we come to know that the'influence'of the spur on 
the intensity should be much ~o~e evident in the cross direc
tion, 

In order to consider the binding effect of the back moun .. 
tain on the ea,rthquake response to the ,spur and to make the 
theoretical c,alculation ,as far- as ',POSSible reflect th~ in- ,'. 
fluenceof th~ complex feature of .it, we present the double 
shear deformation finite element model to carty out the earth. 
quake response analysis. The theoretic:al model 1s shown in 
rig.-'.3. . 

'",3.2 Characteristics of the elemoent 
The double sheardeTotmationfinite element 1s shown in 

Fig.1.4. 
There are S nodal. points per element" Under general defor .. 

mation state, each, point will have 3, dlsplac~lTIen"t components. 
in this case, there are 24unknow'n nodal point displacements 
for each element.Assumj.ng pure shear deforiiration condi Hem, 
for all nodal points. we have 
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fig 1.,1 lsoseismal map of' 1974 
Yongshan ... Oaguan earthquake' 

fig. 1. 2 Schematic topogra
phical map of Lujiawan 

'. ,""'; ".. ~:'. 

flg,,1.3 Thf!o'retical model 

f~g.1~4,Doubleshear 
d.eformatfon finite 
~lemet ' , , 

I<" :. ,.. i. , .. ~. .~~ ," , . 

Wi=Vi=O~ Ut=Ui(Y,I) (1 on ' 
wh~re Ui.Vi'W i are respectively ~is~lace~ent components in the 
~:t,y,Z!directions of the point i.' ' 

Because of the same reson as shown above, we also have 

Ui=Ui , Uj":~j' U~::Uk,'Um=Um" " 
in this case,ther~ ~re only 4 ind~pend~nt displacements, which 

<can' c~mpie-:f;ely:;difi,ne the deformation stq-te of tlrte whole e1e
ment.Defining 

:-", ,,_.,JU!e=(~~ , UJ . Um ~k) T, '" ,',',' (1~2) 
sp aF, 't:()~'xp.re~s_~he, gisplacementof any poInt of ,the e~ement, 
through ttre M'odal diSBlacements {Ule, ; we assume that the loCal 
element displacement is given in the form of polynomials in 
the local coodinate.variable? Y and Z; 

:0' ",~,U-(Y"l )=8, + -82Y+a31+a,.,Vl." (1 .3) 

Under the previous'assumption abcutdeformation eo-ndltions 
&,ve,ry' element has got o.nlytwo stress. compcnents 1:xy ' 'Lzx,and 

s-tr~ln- ;comporept$. ~y)C. ,'Yzx• , ,- ,." , , 
',' ""-ay~m'e'8:;,s of the£Cf.1~3. the displacements of any point! of 



the element are expressed by its nodal displacem~nts that 
follows: 

u (y ,Z ):: (N) {u} e ( 1.4) 
whereN is the sharp function, 

(Cb+Y )(c+Z) (b-Y)( c+Z) (NJ ·4b~ (b-Y)(.c-Z) . (b+y)(c-Z>] • 

ThestrBins of the element are expressed by the nodal 
displ~cements as the following 

. c(Y,Z)=(B){uye (1.5) 

where . 1 [<b+Y) (b-Y) (b-Y) (b+Y)l 
. (BJ: -,;-rc (c+Z) (c+Z) (c.Z) (c-Z~ 

Accordi~g to the above Eqs. ,we CRn obtain the element 
stiffness matrix which areas follows 

(k)e= 2alfCB)T(D) (8)dYdZ . . . 

1/2(~).(!42£) (SJ....£) (2
b
. Ie) l c b . c b c b . . c b 

_ ~l' 2( ~ S) (2~~) (~-1) I (1.6) 

- 3 l - 2 (~t) (~~ ) I 
symmetric . 2(~ t~ 

where D=2(1~f)[6 ~1=G{6?J 
and E,G, andj~ are materia"! constants i.e., E is Young's modu
lus,G is shearing modulus and ~ is poisson's ratio. 

We can also obtain the element mass matrix as the folloA 
wing . ,tc 

(m)e:: 2af1t1(N)2 T [ ~)d'r~lJ . 
'" 2a bi4 . 2 1 (1 • 7l '. 94 2 

symmetric . 4 
where! is the mass. densi ty'of the material. 

It' order to obtain the damping matrix, the Rayleigh damp
ing can beassumed,whlch is of the form as 

(c)e =c«m)e +~(k)e '.' 
where (X and,o are constants to be, determined from two given 
damping ratios that correspond to two unequal frequencies of 
vibration. c-

1.3.3 Analysis of -response to earth:quake 
Concerning the response of the spur to earthquake ground 

motionfwe have the dynamic equilibrium equations: 
(M) {u} + (c) {u} + (K) {u} =_(M) U,,(t) . _. (1.8) 

In which (M), (t) ,and (K), are mass, damping and stiffness matri
ces of the whole spur. They assemblage from the matrices (ml; (cJ€ 



and (k) eof the elements respecti veiy .U~ t) is the earthquake 
motion input at the bottom of the spur. 

In this research, we have not been interested in t~e 
stresses of the spur, and only th~displacement~ ~elocity, and 
acceleration response processes at the different parts of the 
spur are mainly fnterested o By using the step-by-step integra
tion procedure, we direct integrate the Eq.1.8. 

Assuming the response accelerations appeared linear va
riation each time within interval4t, we have 

{U }t= {vJ t-llt + ({U} t- {U} t-L1t) 'tILl t (1.9) 

(C~'C~,1t) 
Integrating Eq.1.9 twice, we obtain 

{u} t=={U} t";At + -+ {uJ t-dt + A~ {u) t ( 1 .10 ) 

{) _ { ,\ { i \ ~.. L1 t 2 ., 
U t - UJ t-llt + .1t UJ t-.1t + 3 {u} t-At +T{uJ t. (1.11) 

By using Eq. 1.8., we have,at time t; 
(K){U}t+(C) {U}t+(M){U}t = _(M)Uo.(t) (1.12) 

Substituting Eqs. 1.10 and 1.11 into Eq.1.12,we obtain 

[Q) {U}t = -(M)UoCt) ... [C) {A}t_.1t-(K) {B}t_lIt 
where 

(0) = (M)+ AL.(C) +~j':-{KJ 
; 2 tlt 6 . 

{A}={U)t_ot + 2 {uft_lJt 
. ~~. 

{B} = {u} t-L1t +llt {u} t-L1 t + 3 {U)t_dt 

Triangularizing the matrix(C), (O)=(L) (t..) (L) T. then for each 
step, using the above Eqso we canobtnin the displacements} 
velocit.tes&rtdaccelerations of the different points at th~ 
spur surface. The results are expressed in the form of the 
distributions of the relative maximum disp19cementsancf velo
cities. as well as the absolute acceleratIons along the sur ... 
face of the spur. We can take further steps to calculate the 
Fo~rier spectra and response spectra of these accel~ration 
response processes, and study the characteristics of the 
earthquake motion at different parts of the spur. 
1.4 Numerical results 

The example mentioned in the section 1.2. the earthqu
akeresponse analysis is carried out at Lujiawan village, The 
finite element idealization of the spur of Lujiawan,is shown 
in fig.l.2. According to the material properties of the spur. 
we adopt the values of the material constanttas follows.E: 
0.756 10Q kg/ml , P=0.25 10 3 kg . seer m~}'=O.25, and the value of 
damping ratio.t,= 0.05. . 

May 16, 1940 El Centro California. accelerogram N.S Com
ponent,is adopted as the earthquake input for this analysiso 
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In 'Order t'O c'Oincide with.the basic' 
intenS'i ty 'Of the r~9ionw~er~,l,~liaw$n 
locats. a~cordirig t'O the statistical, .. 
relatienship "et~e" the magnitudes. ·1I"'~ftktIO"-'IifRfj.tMlepea~ .. 
epicentral" dlstanc¢ and the maximum, . ' ))Iomx fiOlll2' ..... u 
acceleration.in' b~droek.,twhich w~s pre- 'Uojx., ii.a.c .;....., 
sentedby Seed at al. ,we scale do~n . '(_:~alifS'il..,..;..".':"_~":-iI.. 
the, amplitude-s" ofthe.El Cen;tro acce... " ~: 
lerogram into O. 6 ,times t . sathe' peak . 
acceleration 'Of the input becomes; " 
00224g. According te the' relatienship 
between the magnitudes. epicentral dis 
tances and the predominant,. petted·sas. 
maximum accelerations in bed rock. which 
was presented by See9 at al •. t(Jo,we 
do net change the scale of tim&vati-
able to theacceletogram.· .. 

When uSing' ste:p· .. by .... step inte9ra~ 
ticn methodi con~lderlng the stability . 0 
cond.! ticn ,we adopt the time step equal' 
to 0.005 sec., we calculate altogether 
1024 tirriesteps ,the tota.l ·duration Is 
5.12 seconds. 

The calculated results ate shown 
in Fig. 1.5.It indicates that the dJs
tribution of the caleula.ted P!ak ac.ce-·. 
lerations and the disttibutioh 'Of .'the . 
aeaual earthquake damage ar-e quite .in 
a.greement. . . . 

. ' ..... T:hea!lalyses .ofthe FO\.At'lerspec-) 
tra ,a,nd.·tl1e rS,spon .. ,·.se· of. the .. cEflcu. 1at .. ed 
acteleratiorrres,Pbnser>fle¢~sse"5, ar,e1:=~II' 
carried gut •. The 'C}cce,leration respons;e 
5 p@ctraof th~ thre-e. typJca1 po's'itiorts' 

.. il(fd 
I 

'are shQwn in~ig.1 .5 .Th(f~n~5pectra· . 
ar~ very sirf!ilar~ it indicate~ftha:t '. 
the intensity difference of thediffe.' F'ig.1.S'CalclJiated 
rent parts of thevJtll~:ge;.as :ebh~etn$ ',,:. results. 
thi~ :exampl, :a!'e. mairi~y'caused ft.9tn , , ' 
t~ei r di fferentialpeak acceletatlO1'1S. 
and the influence of thespectta of theearthqu~kern,otion .are 
not qbvious. But.generally speaking, concernin'g'the effecfso,of' 
th,e ~atthquake·motlO.nonthe,;eatthEful:fi(edamage, both·the peak 

·'a.ccelerat~on and the spettrs',of'tliegtQund -rnotion'l'IIus·t b=e ;, 
considered. . ' ". . "" " . 

" . ... .)- .,' ~ ~ ,. 

t . . Dyhamlc·Chatac·ter!Stlcs'of Qh~wialmenslofjal', 
.' . .< Non.UnifotmSoil Ptl)fil'i's .'. 

,. 1 10 U9ch.U;t.~Q.ri 
:The ex~;erie~ce. of th~;pas(~rn!avye.stthqUakesir\ the< 

world indicated that the eff'ect afloe.Is.ite toll cctl'fdit:ion: 
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on earthquake damage was considerable. Generally speaking, the 
actual constructive site which is made ap of a uniform single .. 
layer soil profile is usually very few. Thus,.the study of the 
dyn~m. ic characteristic$of .the non7unifotmsoi 1 profiles and 
taklng furture steps to study the lnfluence of them on earth .. 
quake damage, constitutes a very important and interesting re ... 
search problem. . 

In severa 1. cases f the stiffness of the profile is not 
varied ih horizontal dfrections, but in the vertical itlscon
tinuously varied with depth6ln this case,one tan use a vertical 
shear beam model to carry out the study of the problem. 

Several works treating this'question have presented, 
some cases having been studied are shown in Fig.2.t. 

S .. rface '=c. 

SYilll!)'er IE.E H Z P z .1'(,,) ~ ,,·c. r~. ~ 
G(zJ=pv' 

€d roclc 9 TOck 
a. 5th .... of analyst. b.Shear beillll wtth 

. C<'nst<'l"t stHf
nes.s 

Fig~2~1 Schmatic diagram 6f 
one ... dimensional soil profiles 

Fig.2.2 Stiffness and 
value of 11 

Fig.2.3 Scheme of two
layers soil profile 

AS the Fig. 2.1 shows that all the authors have assumed 
that the mass of the soil layer is uniformly distributed along 
the depth.We think that this assumption is a.vailable,beca~se 
the difference of. the unit weight of the soil, generally, 1S 
not too big, in the calculation~ec8n use the average value of 
its unit weight. . ' 

Actual informations indi~ated thaf the seismiC wave of 
the 50il.are possiblYcvaried very notable. Under the. pressure 
of its sel f--weight the consolidated state of the soil becomes 
better with the increase of depth,. thus for the most actual 
single-layer soil. profile, its stiffness increases wi th depth 
too. . . 

Considering the information acquired from the observation 
and better coinciding with the stiffness v~riation of some 
actual sites, in thi$ paper refering to the reference(fl), a 
mathematical expression fordistribuUon of stiffness of 5011 
profile is presented as follows", 

G(l) = Go(l +jU~) (2.1) 
where', Go is. the sti ffness at ·the surTace, H is the thickness 
of the soil layer, ~and yare no .. dimentional parameters.Gc , /A 
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.Jnd V all are constants,' cotrsldering their physical meaning' 
they must be Go>O,fl)'O,V~O,properly selectIng the value of .', 
thesB parameters ,we can easily obtain the stiffness distribu
tion in good agreement with the situation of the &ctOal sbil 
profi le.Correspond to different values of V the stiffness 
distributions are shown in Fig 2.2~· .' 
2.2 Dynamic characteristics of the single-layer soil profile 

, . . '. . 

The equation o~ free vibration for ~ variable stiffness 
shpar beam is .' . .' .' . .2, '. ' . ' 

o~ l . ( G (Z) . X ~Z F J -f ( Z) () X ~ l t})' ~o ( 2. 2 ) 

considering the solution of Eq.2.2 as the followingf~rm 
X(Z.t) = X(Z)sinwt(2.3) 

substituting Eq.Z.3. into Eq.2.2., we obtain 

. ~z I G ( Z Jd ~~z ) I + f( Z ) W2X ( Z )=0 . (2. 4 ) 

the boundary condi tions are 
. dX . 
. ,~ =0, when Z=O and X=O, when l=H 0 

Substituting Eq.2 .. 1. into Eq.2~4, we obtain 

(1 + 11 a.r9Ji+ v!k 1 +nZ )~-I dX" ~~=o··· .. " .( 2 .. 5) 
I"! H' .dZ2 H "'H dZ . VI' .. ,', 

where V'i.SShear wav~ velocit{"at\he surface,vo=jGfc and f is 
the ave?,age mBssdensl ty of the 5011. 

. WhenO<V<2 j introducing th~ following variable transfor-
ma tion Z 1_1-

U:::!~(1+H) z 
then £q~2.5. transforms into. 

,. " .' d?c - 1. i dX .4Ww~ . .:.. 
dU2 I U ;:·v dO' + i/'C/( 2 ... y1" ~ 0 

difining .. ' .2Hw .: 
~= If tz-v ) Vo 

we can ~ewrite the Eq.2.7iotQ . 
" cfx .',y: 1 dX' ..... , ' . 

(2.6) 

.( 2.]) 

.• dU2 I r:v trdiJ +x.=O 
we take further steps to transfotmfunetion X into'fun.ctionW 

W=U-1'tx t rt=1:~: .. ' 
then[q.2.8 transforms into. the standard Bessel diffetrential 
equation ol nscale. .....: 

. dW f ldw 1('1' . ~\lt..J'\ 
·.~U dV .'~w-:v (9'.10) 

. .',."., 

When n is an tll'lteger, the solutiotJI ofE<1.2.. H) is 

X = ult
( A ~(U) + B Y~(U)J., (2.11) 

'. When n is not lnteger; the solution of tq.2.1 0 may b-e 
wrltterr'as 



, x = U "'[A J,,( U) + B ..i",( U )},. (2. 1 2 ) 
where Jf1. (U) and ~(u) respectively ,are Bessel ~\f,t\Cti0f:l, o.f,,t.he,, 
fi rstand the second kind of nth order, and A ,]3 are')J1l-e .in,~g:& 
ra.lconstants which can bedet~if'led: b)1 the bf!)ti;~,ry;concld'" 
tions~ , ' 

, ·When n is integer according the .Eq.2.T1,if Z=O, ~~-o, 
we obtain AJI\_/(~) + BYIt-/(~)=O (2.13) 
wnen Z=H, X=O,we obtain 

, AJn(~~) + BYn(~~) ~ 0 
where 0( = ( I + JI )1-'V/2 ' 

From Eqs. 2.13 and 2.14 we obta.,i.n the frequency 
as follows In-I(~)Yfly([<~) ~Yn.-/(~)Jn.(~~);"O 

(2. 14) 

equation 

(2.15) 
Difining constant A=1, c()rresponding to Eq. 2.13 we obtain 

B= -Jn4f~~ , 
" , Yrt--I ~ 

the mode shape of vibration is 
, X(Z) :: u'\Jn(U) + BYn.(U)) (2.16) 

When n is not integer,corresporiding with Eq.2.12,and 
following boundary conditions, when Z=O, ~~ =0, we obtain 

AJh-~S)-,B;J,JIooI!S)= a ' , (2.1]) 
and when Z=H, X=O we obtain 

AJn-(O(~) ... aJ_Q{qs) :: ° (2.18) 
,According Eqs. 2.17 and 2.18 we can'obtain the frequency 

equation will be as follows 

J1J-,(~)J'-n(q'~) + -l(n-,~f:,) JIL(o(f;) =0 (2~19) 
Diflnln9 constant A=1, corresponding to Eq.2~18, we obtain 
- B _Jnt~&~ . 

-6 J_ '¥~ 

the model shape Of Itvibration is' .. 

. " X(Z) = U'l'(J/t(U) + BJ_ri(U)) (2.20) 

By solving the frequency equ~Hons 2. ,15 or 2.19 we can obtain 
its roots ,then by using [q~ 2.B~e can obtain frequency for 
every" or~eE_ l2 .. V>nV", . 

-w.; - 2H ~ j ( 2 • 1.2 ) 

'" Substituting t;j into Eq. 2.16 ot' "2.2'0 we can :obtain model 
shap{! of '(l'ibration corresponding to each order frequency. 
2.3 Dynamic characteristics of two-laye~ non-uniform soil 

profile. 

, The previous calculating method for sing~~-layer so'll pro
file, can be easily extended to,the case of twq .. layers non-
UI"11 form· soil. profile. Combining the seismomiC.:t'ozoning,work of 
Lanzhou and oonsidering the typical site cond.it.ion of it,we 
ana lyse-.atwo-layer50ilprdfile, its calculated model-is shqwn 
in Fig.2.3.The first is a soil layer of loess, in which stiff. 
nessdis'tribution 9,oe5 along the depth in the mann~ras G,(l)= 
Go (1 + !'t,ll/H,t'. The second layer is a gravel in which' sti ffness is 
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a constanto The mass density of the two layers are different 
in constants. 

The equations of. the profi Ie ·free vibration are 

al,. I ~ 1../ :1', a t 2 (2.21)Q { 
4 (G. (Z,) 3 x,( 4, t H _ ,,01(4, tl 0 
G J->'-1(Zz.t)o#Yg(k,tl - 0 ( ) 

·2 a z; - r 'l.() e ~ 2 • 21 " 

Assuming that the Eqs. 2.21 have the solutiorls in following 
forms 

z,1I,.· Substituting the relationship G,(Z):=Go(1 .,.u,H;hnto Eq. 2.21 

we obtain z ~ iXI .)1 z.,V,-1 dX, 102 

(1 +", ij')--cJZ2 +v,Fj!(1+jl,i:j') crr+ Vtv", = 0 (2.24) 
_ I . I , . /, • I 0 ... 

where Vc :;)u,/p,iS the shear wave velocity at. the surface. tntrodu
cing the vatiable transfotmations.which are similar to the 
above in the £8se of a single-layer.Difining 

. ( lJ 1 -12 2wHi \ I . -nx . l .. ll, 
U, == §, 1 +ft'H;) . , _~;= (2 .. ~ )fI,V" ' "', = U, II' 1'1, ~ 2 .. tJ, , we can obtain 
the equqtions as follows 

cIW! 1 dW, (1 n/ )'J 0 
a II I I 

{ 
~'U~z.""'" 'IT trU-+ -.. U.2 f I': .. 

&7. '( .. ,f~ ... 
-d"">'2 + -y2 XZ= 0 

L Z 2 
where Y2is the shear wave velocity of the secondsoil.lpyer 

When 0<Y,<2 and n .is. an integerJt.h~ ;solutions of Eq. 2.29 
can be ... nl ( (U' 8 v. ( .)) ( ) 

{: XI=sAAI ~I; lJmk fl · .. s+ .~ .. ' InluJ¥~ ,\'(.22 
··2266)CI 

xz::' ze1nv;-'+ 2 C05~).· b 
the integral constants A/tBft Aj, 8zare determined by the boundary 
and continuous conditions which are asf0110ws. When Z,=O, 
,d~. ·0.·· . b· ... B· - .. JlIH(tl ..' (2 27) d[ - ·.,we·'9 .,taln ' .. r-:- - ~ . C~,) ..• 

and' when' Z~::: Hb xz:=O ,we ~b'tain 82 :e -tg ~~2,(2.28) , 
When l, ~HI the displacement i1,and the shear st~l!ss Z;at th~ 

bottom-face of the first layer,arerespectively 
, il/= I X,I~~J\(O(I~I)n',(.JnI(~,f,,) + B/ Yn,(ocj't;,) . (2.29) 

. i; =IG.ti+,M;~)"iM; I 'l':H== AJ(eX, ~/)"' Ga( i +I'f/'h v.(4t,..,(a(/~) +~Ynl (OSb,~(2. 30) 
. .... , . f I I 

When 1.2 =0· tthe,displacementLl~and the shear stressZzat the 
top~face of the second la¥er are r~spectively 
, .,.. Llz=IXzl '_ ~ AzBz 

, %.-0 . . . to: ,'. 



. iza n'2M;~;o;G;-'A?~ 
acccrrding.to·theeon-tlnuOuS COhditio"Softhe dfspl~ceme"ts 
and the-shfJaratres-s-esat'the-,'1nterfece between the' first and 
the second layers, Le. ,.1,=lIz and t,= t";; we tan obtain the frequen-
cy equation as follows .' '. 

J,u 0{ .:k SY rx~ == 8
2 

Gil Vt( 1+ Lli>l''1.~ 
nH ~~, + ., It,'" ,~;'., . '.' r;v, f _ ~; (2.33) 

wt%'fre ; • O(,-~ (t+}1,}. ,!1 .. 
. . When 0<~<2and n is no~ an i~tev&rJ th@ solutions ofE:q. 

2 0 25 ere . '... . /I, . ." '. .' . 
. ' Xr.~'U/f~tu,)+a~~h/('U ,»). 
"~lJl2 {Si""7 + BeosVi'l . 

(2 .~34) 

{2.34} 
Sy'\istn9 #J'quiteslmilar deriv]!"I9Ptoeesstothep'revious. we 
can o bta 1I'f the eq-ua,ti6nscorresporid1n9 'to those as the-above. 
They are 

'B,r~r,1r~Jfit~,' Bt=' ";tg ~~l,'Llr= AI(~/~lrl.J~/'(tX'~f) '+ Bln,(or,~/)., 
r,:: i, l(~lb/)"'Gll+flr'/; fg";"/(~~f) .. B J (~"")J ,t1=At 82 , ~=:A2 G1V; 

..' . . I. .' -( ",-1) . 'Z. ." '2, 

end "the frequencye~uation is 

"Jll1(<<'~')+ B"Y-'h(~!ti) ~' 8
2 

;G,Vt ('+~)"'~ 
--kil{«'~) - 8, ~nn~d,~/) Gz V, ',. . 

(2.35) 

, According to the E11s. 2.330t 2.35,we obtain their rotits 
and further' weoalcul.a te then substitute the vallie of ~j into 
Eq. 2. 26 or 2.34 QbtEuning the mode, shape'S o,f vibration cox::res
po 1'19 in-g.to ,each nth orderfrequeneies.· 

. . 

, :,'.l'Analysls of~spon$e ofT~o~Dimentional 
.' . 'SoilProfil~ .t~ Eatth¢uake 

1.1,.lnt):(!dye.tioD , , 
':~l1prjoiH:e we often .have to treat the si tes inwhlc:h the 

S011;p.1'~"erty 1s vll.riable ;:.ot only with depth,but also ih 'or;@ 
horii~r£tal direction, me'r!ly!h other h()rlzontalditect1on It 
is unlform~rot lhthis C-a-.~ .thetwo"'dimenSional model ,must be 
employed Ina1i~IH~sis • For . example, some 11 tet ,locate on the 
\falley terrace, if taking a cross petpen~icular,to the valley, , 
evlde-ntly,tosuchptofile the one .. d1menllonal modelw!ll not 
bfl the proper way to. handle the CSl$e.' . '. 

···''tn-ing out t-t'te S'ei~~crif'01iing worko~ Lanzhq" 1!11'Id . 
11an!t'titl'i.w1'lJch located. 01'l the v~llley terrace,i" &nalysl!of 
tes~e-f'\S'e ot the sites to eart/'H;uakes,w:ehave employed two-
di"!M-.ionalfinl te' element models.' .' . . . 

" '. ·In this afullysis,actually •. the .ff«ts of both topograPhy 
- t' q * it 

.,S~n Chongs-hao,Chen 81ng~~; 'fhe Selstnic Microzoriirig or lan
~h()\i. Lanlhou Seismology Institute of State Seismolo9Y Bur .• eu~ 
1981. . 

26-13 



and soil conditions on the earthquake intensity are consi-
dered. ' , 

In this paper, as can ~x8mple, the calculated results of 
the profile with sloping rock boundaries are ~riefl, dis
cussed. 
hLtjetl'lQd oUQ§i.ly .. lli. 
. The schematic diagram of the analysis is shown in'Fig. 

3.1 • The slope of the bedrock i,s caused from variousposslble 
reasons of tectonism or deposition. The slope will give greater 
influence on the eat:thquake damage. 

In analyses,two acceleration histories are used as the, 
input earthquake motion,tkey are E1 Centro(194-0) and Wenxian 
( 1976, Songpan .. Pingwu earthquakes)strongmotion records 0 The 
mode superposition rnethodis employed,'the first lower-fre
quane, 5 modes are taken, inthecelculation.Analysfng the ,re
sponee of each lTIodetothe ~arth.ql;,jake,the Wilson & metho,d is 
usedo ' 

The boundary eonditionshavebeen, chosen as follows" At 
the bot'tom .. faee ofptofilethefixed boundary, is employed. 

For the two lateral and .. face,co,rri!!sponding with the input 
motion,vertical oil! horiz:ontal,. we use the vertical or horizon
tal slide boundary conditions respectively. The practical cal
culated experience lndloatesthatstich boundatytondi tions will 
reduce the influence of boundarieS on the calculated results. 

1.-.3 Discussion. of calculated results 
On, these calculated results we eanarrive at thefo14oing 

conclusions. . 

(1) As'shown inF"fg.3.1 J when the soil profile is only 
subjected to the v'erticalInput motion ,the vertical surface 
motion will be strongly induced on the thicker soft soil l~yer 
adjacent to the slope, due toth~ undergroung topographj.cal 
feature. When the soil profile is subjected to both vertical 
and horizontal input motions.at that position the.vertical 
surface motion will be evidentlyintensifled.We'consider that 
this 'is the reason which i;:auc:~estheeatthquaked'amage -exacer .. 
bation at such pOSition. This result wastound in 1976 Tang.. ' 
shan* earthquak~.As aconclusion,sol'lleeharacterlstic$ of the 
damage distribution in this earthquake can be explaned by t.he 
underground topbgraphical feature. 

(2) rhe distribution of tI'le pealc:ecceleration response 
alohg th~ 5urface.relates to the earthquake input .At the time 
when it is subjected to the lower. freque,nce ~cceleration his
tory( tl Centro record ) the biggerpeakacceleratlon will 
distribute at the side of' thiclcersoft soiloAs opposed tQ the 
above mentioned, when the higherfrequ$nc9 -acceleration histo .. 
ries( Wenxian records of Shongpan ... Nrngwu earthquake )areused 

*Liu Shouktlaf'l,ChaXJ.o9~ng: the' Earthquake Ila~age Anomaly of 
1976 . Tangs'han . Earthquake In ~eigher lntensl~.y ,.Regl,on. Lanzhou 
Seismolog" Institute of State Seismology Sureau.i980. 
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as the input motion,the bigger peak acceleration will distri. 
bute at the site of thin soft soil. _ _ 

0) As might be e~pected,the rig'; 3.1 shows that consi
dering the site conditions on earthquake damage,we should 
count both the peal< acceleration and the frequence spectra of 
ground motion.As concerninq this calculated example,under the 
condi tior\' for dynamic characteristics of ordinary building, the 
thicker soft soil layer is alwa.ys disadvantageous for most of 
the ordinary buildings to earthquake resistance. 

(4) For this kind of soil profile as shown in,Fig_ 3.1. 
generally speaking, theone-dimensional model is not a sui
table model for approximate analy5isoOnc~ the one.dimensional 

model is used in the analysis t the results of vertical motion 
being intensified would not be obtained. 

The above results are stron~ly supported by the motion 
observation data. The ~tro"g motlonretords of the main shock 
and the series of stronger after;.shocks ha,ve been obtained 
during the dey in 1976 Shongpan .. Pingwu earthquake at the sta
tion of Wenxian.As to these records the-ratios of the accele ... 
ration vertical components to the horizontal components are 
evidently bigger. The Fig. 3.2 shows the comparison of the data 
of Wenxian records and the sta
tistical informations which 
were taken from the-referen
ce 0 

The strong rnotionsta ... 
tion of Wenxian was located 
at the first step valley teli- ---:----------- '--
race of Beishuijang River, the - 0 verti<!allllAX """<:.7"--<::.",....:::::::,. .. ..,::=-==::::._ 

profile of which is shown in DJstrlblLU"n Of abt!Ol$e pad AC.e1er&ti~. 
Fig_ 3.3, Bec'ause the obser .. 
"aUon instruments were jest 
located near the slope or 
bedrock,ss -havfn'g _ shown spove 
at such position the grourtd 
motion vertical componer'lts 
will be strongly intensifiedo 
Thus it will make the ratioS' 
of acceleration vertical com
ponents become evidently big .. 
ger to horilontal components. 

I 
, -I 

ihe problems discussed 
in this paper are all related Fig. 3.1 Schema ofpt~()fllewith 
to the effectsof)f site condi __ sloping rock bourfdaty 
tion on earthquake damat)e and 
necessary to solving the pro- _ _ ___ ' 
blen'i of seism-omicrozoning of the Sites. The main results of tl"llS 
pap~r have been applied in the work of seisrnomicrotoning at 
lanzhou and Tianshui (in Gansu Province of ChiM ). 
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A PROBABILISTIC EStIMATE OFMA~n.,UM ACCELERATION 
IN ROCK IN NORTH CHINA 

Song L1ang yu We1 Gong 11 

Sammary 
Preliminary map of maximum acceleration (expressed as 1 percent 

of gravity) in rock with 90 percent probability of not being exce
eded in 50 years in North China was made using the seismic data 
of the period 1448-1980, some attenuation models and the law of 
magnitude and frequency of earthquakes. 

The maximum acceleration within the 100 percent contour along 
the. Fen Wei graben and Tan Lu fracture zone reacher to 115% of g 
(using the attenuation curve of ~cGuire.R.K , 1974). 

1. Introduction 
It is needless to say that making a thorough study of the ear

thquake prediction is indispensable. Howeftr, from the standpoint 
of reducing earthquake harzads.it is not sufficent only to pre
dict h1Pocenter,magnitude and origin time of a torthcomingear
thquake. It is also important to e~timate ground motion produced 
by the future earthquake, damages followed and the coutermeasures, 
corresponding counterp1ans as well. 

The method weed in this study is to define the expectation ot the 
IIlflxlmua gtocnmd motione by using the seismic data within the 

pest about 500 years, attenuation models and 8018e statistical 
method. However, there are two pOints Which must be put forward 
clearly, (1) the maxll1JW1 ground motion are given instead of defl
ning concretely the ground motions, (2) it ls mean1ng1essto 
define the expectations beeBse of great errors due to t.he very 
short dat~ period. 

2. Seismic data 
The s8i8m1c data of the period 1448-1980, trom the North China 

seismically actIve region have been used in this stud,. During 
thes5 32 years, about 76 earthquakes of magoi tude greater than 
or equal to 6 , and about 274 earthquakes of magnitude greater 

than or equal to 4i occurred 1n the region. Fig 1 representing 

Institute 01 Geopnysles, §€ate §elsmoIogleal. Bureau. BeIjing_ 
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the distribution of the epicenters of.the earthquakes COTers 
the very region we chose for study. The circles in the figure 
indicate the earthquakes used for analysis, and also show the 
approximate range of the well known seisalcally active re~n 
oftbe North China plate including the Liaodong and Shandon pe
ninsulas. 

Fig 2. show the distribution of the faults compiled from vari
ous publications. We assumed that in areas with similar geolo
gical conditions, the seismicity may be same. Thus by comparing 
the characters of various geOlogical areas we have divided the 
North China regi<1ll into seven seismic zones in line with the 
similar geological conditions for seismicity. (See Table 1.)' 

3. Method 
The method used in the present study was app1ed to the Conti

nental United States by S.T.Algermissen and David M. Perkins 
(1976). Preparation of a probabilistic maximum acceleration map 
involves three main stepB:(1)delineation of seismic source areas; 
(2) analysis of the statistical characteristics of histrorical 
earthgu.akes in each seismic source area; and (3) calculation 
and mapping'of the extreme cumulative probability F t(a) of max, 
acceleration for some time, t. 'l'b~e 8,J;e." are shown schematically 
in figure (A) (B) (C) (D). (A) Area of typical source zones and 
grid pOints at which the hazards are to be computed. (B) Stati
stical analysis of seismicity data and typical attenuation CurTeS. 
(e) .Cuaulative conditional probability distribution function of 
acceleration. (D) The extreme probebility 'max,t(a) for various 

accelerationsln different time intertra1.s(T). 

4. Practical treatment 
(1) Delineation of seIsmic source areas 

The seismic source areas of the North China region are shown 
in Figure 2. as shown by the solids, by which the acceleration 
map hee been computed. These source areas are delineated OD the 
basis of hiatDrical seismicity together with the aYailable geo
logical data related to earthquake actiTit,. 



(2) Analysis of the statistical cba.ractel'1.stics 
After the zones are delineat~dt relationships between the ft

rious magl'litudes as shown by the following QP:reeeloD 
Log J'fi=a-bl\ 

are determined for each source a.rea. 't1S the number 01 earth
quakes occurring w1 th magl'li tudes Mi to.;25. a and b are constants 
to be determined ( namely, the law ofmagn.itude IU1d:f'req~ency 
of earthquake). The fitting has been done by the linear least 
square regression to Log Ni on Mi. The b n.lueand maximum mag-; 
nitude (the known maximum magnitude or statistically estimated), 
for seven zone are given lntable 1. Once thedlstributlon fun
ction of earthquakes with varion magnitudes likely to occur in 
each seismic zone is determined the effects at each gridpoints 
due to the future earthquakes in each source region can be com
puted using suitable acceleration attenuation model. 
(3) Attenuation models 

Some of the attenuation models which have been proposed are 
tabulated in Table 2. Besides these models there are still mafty 
proposed, and recently, Bome models based on the dislocation 
theory of earthquake fatUts have also been suggested. In this 
study the attenuation model (2) has been used (McGuire,R.K.,1974) 
which is closer to the mean value of 01hers. 
(4) The hazard map 

Analfais of the acceleration has been made at every 0.20 in 
latitude 2nd Ion g1 tude , North China. Let the peak accelerat10n 
be a, then 

F(a)=P( A"a I PI7 Mmin ) 

the observed acceleration A 1s less than or equal to the value 
a, given that an earthquake with-magnitude M, greater than some 
minimum magnitude of interest, has occurred. The calculation at 
a given gridpolnt is performed for ever), acceleration a of inte
rest USing: 

expected number ot occurrences with Ata and M'''mln 
F(a)e----------------------------~-------=~ 

total expected number ot occurrences ( M~ Mmin) 
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In fact, the distribution of acceleration is computed for a large 
number of sites on a grid pattern. The earthquake source areas 
are, of course , also included in the grid pattern. 

Now if. 7\= +t, where + is mean number of earthquakes M~ Mmin 
per year and t is number of years in a period of interest, then 

F (a) =e-ft (1- F(a~ 
max,t 

For t=50, then F tea) is calculated, and the value of a max, 
for a given extreme probability,say Fmax ,t(a)=90, is obtained 

by interpolation. 
The space distribution of acceleration ( given 111 percent of 

th.e acceleration of gravity ) in bed rocks beneath the North 
Ch.ina region with 90 percent proba.bility of not being exceeded 
in 50 years is shown in figure 3. That is, there are only 10 

percent probability of these values in future 50 years. From 
Fig 3. an outl~ne of the seismic risk in thi.s region can be 
studied. 

The maximum acceleration within the 100 percent contour along 
the Fen Wei graben and Tan Lu fracture zone is 115 percent of g. 

In Fig 3. the reccurrence period for the accelera.tions is 
about 475 years. 

References 
(1) Algermissen, S.T! and Perkins,D. M •• A Probabilistic Esti
mate of Maximum Acceleration in rock in the Contiguous United 
States. 
(2) Sadaiku Hattori, Seismic Risk Maps in the World (Maximum 

* Acceleration and Maximum Particle Velocity) (1) -China and 
its Vicinity 
(3) Academia Sin~ca, Institute of Geophysics (1970 a ), Catalog 
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Ta.ble 1 Ea.rthquake parameters for 80urceareas of 
seven seismic zones 

No. Name of the seismic. zones .. b Maximum 
. Ita. 

2 

3 

4 

5 

6 

7 

Fen he - Weihe seismic zone 

Hua Bei seismic zone 

Qin Lin ...... Da B1eShan 
seismic zone 

Yin Shan seismic zone 

Tan Chen-Lu Jiang 
s e istit:l, c z(;m e 

. -., .. " . . 

YangZp.ou-Tong Ling 
seismIc' zone"' ' ... 

ling Xia~Yin ChUM 
.. seismic, -zone· 

-0.41 

-0.48 

-0.67' 

-0.39 

-0.33 

-0.49 

-0.37 

a.t 
2 

71-
61: 

I 8+". 
at 
7l.. 

2 

tJ 



NO 

2 

3 

4 

t:: 

6 

7 

Table 2 Attenuation moqels 

Researcher 

Oliveira,C. 

(gal) 

McSuire,R.K. 

(gal) 

. Esteva,L. 
Rosenblueth,E. 

(gal) 

Kawa.sumi ,Ii • 

(gal) 

Katayama,.T. 

Katayama,T. 

(gal ) 
Watabe,M. 

(gal) 

Formula 

Y:b,eb2m(R+25)-b3 
b, =1230 b2=O.8 b

3
=2 '. 

y=b110b2nJ.(R+25)-b3 " 
b,=472.3 b2=O.278 b3=1.301 

~=110eO.8~R-1.6 

logA=2.308-1.637 log(R+30)+0.411 M 

A(p;al)=100.472M-( 1.97-1.8/X )logX 
+( 2.2-11 • , IX) 
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SEISMIC HAZARD AND UNCERTAINTY 
ANALYSIS FOR MICROZONATION 

ANNE S. KIREMIDJIAN· 

ABSTRACT 

The state-of-the-art seismic hazard analysis methods widely used 

in earthquake resistant structural design and for micro zonation are 

reviewed. Model and parameter uncertainties are identified and their 

effect on the hazard forecasts are discussed. A simple approach is 

developed for estimating upper and lower limits on the parameters of the 

different relationships used in seismic hazard analysis. Upper and lower 

limits on the forecasted ground motion intensities are obtained as 

functions of the uncertainties in the parameters. Propagated error from 

model parameters to hazard forecasts are computed from estimates on the 

variance of the gt'ound motion intensities. The effect of errors of 

inaividual par~ters as well as cumulative errors can be examined 

on the basis of the techniques developed in this paper. 

-Assistant Professor, Department of Civil Engineering, 
Stanford UniverSity, Stanford, California 94305 

28-1 



INTll:ODUCTION 

Evaluation of seismic bazard is an essential step in sei8lldc 

microzonation for design of structures. The seisndc huard is dete1'1liined 

on the basis of probabilistic. exposure models which provide information 

on the severity of ground motion for s specified probability or risk 

level at various geograpbical locations. Most of the models for seismic 

hazard analysis cuttently in use in the United States and elsewhere in 

the world assUme that earthquake events follow the Poisson probability 

law (e.g., Cornell, 1968; Cornell and Vanmarcke, 1969; Der Kiureghian 

and Ang, 1977; Kiremidjian, 1976). Bayesian statistical techniques have 

been employed (Esteva, 1969; Mortgat and Shah, '1978) to represent the 

distributions on some of the model parameters and to incorporate subjective 

information. In addition, several earthquake hazard formulations have 

been developed to represent specific phenomena such as seismic gaps 

(Patwardhan e,t a!., 1980). foreshock and aftershock sequences (Knopoff 

and Kagan, 1977) and clustering of seismic events (Shlien and Toksoz. 

1970; and Esteva. 1976). ~tany of these models, however, are not easily 

amenable to the diverse geological and geophysical situations in the 

world. For some. the problem is further complicated by insufficient 

data or altogether unavailable information for parameter estimation. 

The validity of forecasts obtained by hazard analysis techniques is 

often questioned because many parameters are based on scarce and biased 
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data. The importance of understanding and evaluating the uncertainties 

In the model parante ters 18 continuously stressed but the reasons are 

poorly understood and studied only to a limited extent. 

The objectives of this paper is to review the state-of-the-art 

aeiS1ldc hazard analyais proc:edut'es widely used in earthquake-resistant 

design of structures and to present simple techniques for obtaining upper 

and lower limits on the seismic hazard forecasts as measures of their varia

bilities. The uneertain parameters in the various empirical or probabilis

tic formulas are identified in the review af seismic hazard analysis 

procedure. The approach for. obtaining the upper and lower bounds on the 

ground motion forecasts is based on simple mathematical estimates utilizing 

the (I-a) x 100 percent confidence bands on each uncertain parameter of 

the model. The effect of individual parameter uncertainties can be 

determined by the approach presented in this paper. Upper and lower 

bound estimates are particularly useful in seismic code formulations when 

safety factors are to be established. They are also important for identi

fying features in the models which are sensitive to parameter uncertain

ties thus requidng further investigation or improvement of data. 
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SEtSMIC HAZARD FORECASTING 

Seismic hazard analysis i.nvolves the development of probabilities 

of ground motion intensity curves ~t a given site. For microzonatlon 

purposes, such seismic hazard curves are computed for all nodal points 

on a grid which covers the study region. Nodal ground motion intensity 

values are obtained by specifying the hazard level on these curves. Lines 

of equal ground motion (or iso-intensity lines) are drawn by interpolation 

between nodal values. The resulting hazard map is particularly useful in 

zonatIon for disaster mitigation and seismic code formulation. Such maps 

have been developed for California (Kiremidjian and Shah, 1975, 1978), the 

contiguous United States (Algermissen and Perkins. 1976; ATC, 1978) ~ and 

other countries in the world including Nicaragua (Shah et al., 1975), 

Guatemala (Kiremidjian and Shah, 197.7), Honduras (Kiremidjian et a1., 1979) 

and Algeria (Ivtortgat et a1., 1979). As an example; the iso-acceleration 

map for California (Kiremidjian and Shah, 1918) is shown in Figure 1. 

The available methods for evaluating the seismic hazard exposure at 

a site have several basic steps common to all procedures. These include: 

1. Study of the geotectonic regime and seismicity of the region; 

2. Model the seismic features as point line and area sources. 

dipping pl~nes or diffused areas of activity; 

3. Determine frequency of earthquakes for each seismic sources; 

4. Develop a site-specific or utilize an existing ground motion 

intensity attenuation relationship; 

5. Determine a fault rupture or area rupture relationship or 

use existing ones; 
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6. Employ basic probability laws to combine the information 

from steps I to 5 to compute probabilities of seismic hazard 

exposure. 

Swm.[cUy Modt.Li.ng 

Figure 2 shows these steps schematically. In step l,major geotec

onic features such as location of tectonic plates, grabens and dipping 

planes are reviewed and all known active and potentially active faults 

are identified. Past earthquake occurrence data is collected and plotted 

in ord'er to correlate tectonic features with seismic activity. Faults 

and tectonic provinces are represented geometrically as either line or 

area sources. Faults are usually modeled as line sources and dipping 

planes are modeled as closely as possible to their original geometry. 

Often, the geologic features are not well known or the fault structure 

is too complex to model each fault-line indivIdually. In such cases, 

diffused area sources are used to describe the seismicity of the region 

assuming homogeneous activity throughout the source. 

Mag rr..Uu.de. -F fle.q Ue.ltC.!I 

The frequency of occurrence of earthquakes for each seismic source 

is represented by the well known Gutenberg and Richter relationship: 

where 

loglO N(M) = a + bM 

1-1 = Rich ter magni tude 

N(M) = number of events of magnitude greater than M 

a,b = constants 
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Tlle values of the constants a and b will vary for each region. They are 

detend,ned by either the least ,squares or maximum Hkelihood method9 of ... 
analysis of earthquake ~ccurrenee data. For example. the freq~ncy curve 

for the northern paTt of the San Andreas fault 10 CalifoJ:nia is shown in 

Figure 3. A problenl common to roost areas in the world h the lack of 

sufficient data. InstrU'lllental data are available only for the last 

century. Historical accounts of earlier events are incomplete and biased 

tovElrds the larger events. Deviations from the straight line behavior 

of the frequency of earthquakes i.e caused primarily by missing small 

magnitur1e data. In the effort to reliably represent the frequency of 

earthqunkes of various magnitudes, bilinear frequencies (Mortgat et 81., 

1977; Kiremidjian et .Ill., 1979), second order polynomial (Men and 

Cornell, 1973), and higher order polynomia1(Fe,rraes. 1967) have been 

~mployed. The use of these relationships, however 9 is recommended only 

after a careful examination of all available data, For all frequency 

laws, an upper bound masnitude. Mroaxt is assigned to represent the maximwn 

capacity of the seismic source. The value of Motax is obtained by the 

tectonic features of the seismic source. such as its length or total area, 

and by the size of the largest event ever recorded. Recently, caThon 

dat~ng' techniques have been utilized to determine the Occurrence of large 

events for vhich no historical records are availa.ble or to reconfirm 

reported large earthquake events. This information is particularly useful 

in obtaining the proper upper bound magnitude and in modifying the earth-

quake frequency law. 
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As alteady stated in the introduc:tioD. t'IIOst probabilistic models 

lissutlle that earthquake events ate independent in time and 9paee· and 

thus follow the Poisson probability lav of Equation 2. 

P[n. A(m)] _ p.(mlt}n exo[-).(m)t) 
n! 

for n=0,1,2.3 ••• 

(2) 

where ).(m) • N(~1); t is the duration of foreeast; n is the number of 

even ts of magni tude greater or equal to M. and P [n, ~m)] is the probab1li ty 

that there rill be n events of magnitude M or greater in some future time 

window of length t. 

The assumptions on spatial and temporal independence have been 

challenged (e.g., Ferraes. 1973, Knopoff, 1964; Lomnitz, 1966). In order 

for the process to remain homogeneous, the rate ). has to remain constant 

in time. However, variations of ). with time have been obtained for data 

in the Eastern Mediterranean and China, where seismological records span 

2,000 to 3,000 years. Current research is concentrated on developing 

time and space dependent earthquake occurrence models (e.g., Patwardhan 

et aI., 1980; Kiremidjian and Anagnos, 1980). For most practical purposes, 

hdWever, the Poisson assumption 1s considered acceptable. 

Attenua..t.i.on Law-& 

Numerous attenuation laws are available for many regions 1n the 
. . . '. 

world. The parameters""9St ridely used in these relationships are t.he 

peak ground acceleration and the Modified Mer cally Intensity (MMl) t 

although, in recent years attenuation functions for spectral accelerations, 
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velocities and displacements and Fourier spectral accelerations have 

also been reported (1fcGutre, 1977). Yegian (1979)hu sUftlllladzed est 

of the available attenuations developed for various parts of the united 

States and North and South America. The most cotlllltOt\ form· of the attenuation 

is given in Equation 3. 

Where y. ground motion parameter 

m • Richter magnitude 

R • hypocentral distance 

bl ,b2,b3,b4 • constants 

E • random error term. 

(3) 

The random error term is such that it is lognorma1ly distributed with 

median 1 and standard deviation of Ga • The random error term was 
lI.n£ 

first used by Blune in 1965, then by Men and Cornell in 1973. Donovan 

(1974) plotted ten of the available attenuation functions to describe 

the large variations in ground motion prediction from the different curves. 

This graph is shown in Figure 4. The large variations in attenuation laws 

Is due to differences in the earthquake energy release mechanism, variations 

In transmission paths, and different local soil conditions at recording 

sites. Coefficients of variations of peak ground acceleration for 

specified distance and magnitude have been reported to be as large as 0.7 

(OASES, 1978). Seismic hazard forecasts are very sensitive to the attenua-

tion relationship and predicted values can vary by ss much as one order of 

magnitude. The random error term, however, provides the means for 
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incorporating the uncertainty on the ground motion parameter by weighting 

the possible values with their corresponding probabilities. 

FauU RuptwLe 

Earthquake events of magnitudes larger than 5 are often the result 

of ruptures along major faults or tectonic structures. The rupture can 

propagate in one or two directions, releasing the energy along its path. 

Thus, for a site located near a fault the energy transmission path may 

be shortened considerably than the distance from the epicenter to the 

site. In such cases, it is the distance between the site and the point 

on the ruptuxc length which is nearest to the site that is the actual 

energy traftS1!lission path. In order to incorporate this feature into 

the seismic hazard modeling, fault rupture relationships as functions of 

magnitudes have been developed (e.g •• Mark and Bonilla, 1977; Patwardhan 

et al., 1975; Slemmons, 1978). Several such relationships are shown in 

Figure 5. The general form of the fault rupture relationship is given 

by Equation 4. 

tnt • sm + q 

where 1 • fault rupture length 

m - Richter magnitude 

s,q • constants 

(4) 

Der Kiureghlan and Ang (1971) and Blume and KiremidJian (1930) utilized 

this function in earthquake hazard models for linear seismic sources. 

The data used in determining the constants sand q are very sparse and 

non-homogeneous thus further contributing to the errors in the hazard 

forecast. 
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The seismic hazard at a site due to all earthquake sources around 

that site is found by integration over all relationships defined by 

Equations 1 to 4. Of the many available hazard functions two are repro-

duced in this paper for the purposes of uncertainty analysis of model 

parameters. For the case of linear seismic source, the hazard function 

developed by K1rem:1.djian (1916) is given in Equation S. 

where 

and 

a y .. e 

9.2 1/2 
tJ[(d2 + 1.2 + h2) + b4]Pdt] 

11 

y - ground motion parameter, 

a ... stnlO 

B ... btnlO, 

a,b are 88 defined by Equation 1 

(5) 

The hazard function which 8lso includes the fault rupture mechanism as 

obtained by Blume and Kiremidjian (1980) 1s repro4uced in E~uation 6. 

(6) 
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where 

y a ground motion pa~ameter 

Itt = Richter magnitude 

R • distance from the site to the nearest point on the 

fault rupture 

E = standard erxor term in Equation 3. 

Probabilities of Hi are computed from Equation 1 and probabilities of 

Rj for a given Hi are expressed in terms of the fault rupture relation

ship (Equation 4). The standard error term is lognormally distributed 

with median of 1 and standard deviation of a. • 
IIone: 

Similar relationships are also obtained for other types of seismic 

sources, however they are not included in this paper. The reader is 

referred to the studies listed in the introduction for more detailed 

developments. 

The results from the application of Equation 6 to a site in San 

Francisco due to all earthquake faults in the area is shown in Figure 7. 

The seismic hazard is expressed 8S probabilities of exceeding the various 

levels of peak ground acceleration per year. 

Return period of events is a hazard measure often used in engineer-

tng design and is directly related to the probabilities of exceedence of 

ground motion intensities. The return period of a ground motion intensity 

level is defined as the reciprocal of the annual probability of exceedence 

of that ground motion intensity. Figure 7 shows the values of return 

period for each peak ground acceleration for the San Francisco site. 

From this graph the design ground motion level is selcted depending on 
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the type and u.<;e of the structure. Different hazard levels or return 

periods of events will be selected for structures whose failures can 

have serious consequences than for conventional dwellings. Thus the 

design is laid to be eonsistent with the risk level of the structure. 

UNCERTAINTf ESTIMATES OF FOUCASTS 

Application of seismic hazard analysis requires the evaluation of 

model parameters which are specific to the region under study. Parameter 

estimates are obtained from earthquake occurrence data, fault rupture 

data or strong ground motion data. Since these data are insufficient, 

the computed values for each parameter have errors. In addition to the 

errors in estimation, there are modeling uncertainties Which result from 

the selection of one functional relationship over another. For example, 

there are many attenuation relationships none of which truly represents 

the physical behavior of a given region. Bayesian methods of statistical 

analysis provide the means for incorporating some of the parameter and 

model uncertainties. Eateva (1976) and MOrtgat and Shah (1979) have used 

Bayesian methods to describe the error in model parameters by treating 

them 89 random va'tiablE!8 witb corresponding probability distdbution/iJ. 

Cornell and Mt!TZ (1975) have employed Bayesian methods to assign subjective 

weights to alternative model relationships. Seismic hazard forecasts are 

then obtained as a weighted average from the forecasts of all the alterna

tives. In both applications of Bayesian statistical methods, overconserva

tiv€! estimates of the hazard from ground motion intensities may result. 
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In this paper, it is proposed that a best estimate of all parameters 

be used in the seismic hazard model and then upper and lower bounds be 

obtained as measures of the uncertainty in the forecasts. These upper and 

lower bounds are important for the determination of safety factors which 

can be made to vary ~th the type of structure. Simple mathematical tools 

are employed to evaluate the upper and lower bounds on the best estimates 

of forecasts. 

The seismic hazard equation for a given sita is a function of the 

parameters of the earthquake frequency, attenuation, and fault rupture 

relationships and of the variables describing the local geometry of the 

tectonic structure. In Equation 5 the parameters a, B, b
l

, b29 b
3

• tl 

and £2 are estimated from data or geometry of faults. Each of these 

parameters is treated as a random variable with a corresponding probabi-

lity distribution. For totally random samples, the parameters can be 

assumed to be normally distributed and estimates on the (I-a) x 100 

percent confidence bounds are obtained from the Student t-distribution. 

These (l-a) x 100 percent confidence bands provide the upper and lower 

limit on the estimated mean. For most purposes either 95% or 99% confidence 

bands are sufficient to include even large errors in the estimated mean. 

Some of the parameters can be further bound by geophysical or seismological 

conditions. For example. from analysis of data it can be shown that the 

values of Ie/range from 1 to 3. Thus, (I-a) x 100 percent confidence 

bands larger than the 1 to 3 range will not be meaningful. 

The general formulation for computing the upper and lower limits on 

th~ parameters can be summarized as follows: 

Let F (Y. a) 
y 

1 - pry ~ y1 (7) 



where! '" {~,a2 

hAzard funet1on. 

••• It } is the vector of aU parameters of the seismic n . 

For 1!:quaUon 5 the vector ~ • {(It B, bp b2, b3, b4, 11, 

12 }. Each a1 has a probability density func~ f Ai (ai)' From data. 

the best estimate of ai' or the sample mean a~ and the sample standard 

deviations Sa! are eomputed for all i ... 1,2,3 ••• n. It is assumed that 

the samples are completely random and the distributions of cai-ai)/sai/ln) 

can be approximated by the Student's t-distribution. (Of course, If the 

population is normal then the distribution Is exact.) The follOWing proba-

billty statement can be written. 

a -a 
P[-t . < 1 1 < t ] 1 

a/2, n-l - Sai'lii - a/2, n-l ... -a (8) 

where t~/2,n-l denotes the value of the t-distributlon variable at the 

~umulative probability of l-a/2 as shown in Figure 8. The upper and Iowa. 

limits on ai are then given by 

1 2 sai _ SSi 
<a1 ~ a > .. [at - t a/2,n-l Tn ; a1 + t~/2,n-1 Tn] (9) 

This procedure Is repeated for all parameters a1, 1-1,2,3 •••• n. 

Let a1 and a2 denote respectively the vee tors of all l~er bound and upper - ... 
bound parameters. Then with eaeh of them a corresponding Fy(y.~l) and 

Fy(y,~2) 1s obtained. 

1 ponding to (I-FyC! », 
Figure 9 shows three hypothetical curves corres-

2 
(I-FyCY'!i»' (I-FyCy,!! ». Two types of limits 

can be evaluated from these curves. First, if the hazard level. or 

probgbility of eKceedence of ground motion intensity is tixed at some 

value Po then the upper gnd lowe~ limit on the estimated mean ground motion 



1 2 
intensity are computed from the (l-Fy(Y.~ » and (1-Fy(Y~~ ». Since 

there is a one-to-one correspondence between the various functions, the 

bounds (Y1. Y2) on the estimated mean y will be also at the same conflcence 

level as the vector a. -
The second type of limits that can be obtained from the curves in 

Figure 9 are the bounds on the hazard level for a specHied ground motion 

intensity y. This statement can bE' read as the "reliability of the 

reliability", and should be interpreted as the change in the hazard level 

with variations in data. The limits, P1,P z ar£> particularly useful for 

ex"! s ti n.g structures which have already been designed for some specified 

level of ground motion intensity. 1f the variations in hazard level BTe 

very la.rge, i.e., the (P.l,P2) bounds are very wide. then the reevnluation 

of the original design may be conducted and strengthening msy be recommended, 

For safety factor estimations and code formulation purposes, it is 

often of interest to obtain an estimate in the variance or standard 

devi8.tion of the forecasted ground motion intensity, First order approxi-

mations of the variance of y can be computed by Equation 10. 

n 

Var{Y] ~ ~ c l
2 

Var(si) 
t==l 

(10) 

where var(a
i
), i=1,2,3 ... n, are the variances of all the parameters; and 

eils are defined in terms of the inverse of (l-Fy(Y'~» as 

(11) 

Equation 11 is evaluated at the mean values of the parameters~. The 

function ~(p,~) is obtained as follows: 
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t a/2 ,f 

Figure 8. Student's t-distribution with (I-a) Confidence 
Bands. 

o 
pry2Y] 

y 

Figure 9. Probabilities of exceedence of ground motion inten
sities; (a) curves obtained from upper band values 
of model parameters; (b) curves obtained. from mean 
value estimates of the model parameters; (c) curves 
obtained from lower bands of the model parameters. 
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(12) 

then, since p is monotonic, there exists a function of 4> such that 

y ... q.(p,~) (13) 

For sOme hazard functions. the computation of eits may prove to be rather 

tedious and numerical techniques may be necessary. However, the estimate 

of the variance of y may ,be more useful than the absolute upper bound 

which may be unnecessarily ovetconservative •. The estimate of Var[Y] is 

also representative of the error accumulation of all the parameters. 

CONCLUSIONS 

The important results in this paper include the methods of estimation 

of upper and lower limits on the model parameters and on the ground motion 

intensity obtained from the seis~ic hazard analysis. The approach 1s 

simple but innovative and promising. Most importantly, it provides for 

variations in risk level ~timations with different types of struc,tures. 

A method for evaluation of propagated error from the uncertainties in 

model parameters is presented in the form of variance of ground motion 

intensity forecast. The effect of individual parameter uncertainties on 

the hazard values, as well as the cumulative errot can be determined by 

this approach. For microzonation and seismic design purposes, it i& 

recommended that the best C!!stimates, I.e., the sample mean values of 

parameters be used in computation of the potential ground motion inten

sities at different sites. Then cumulative error values should be incor

porated in safety factors for seismic loads. 



Variations in the probability values at specified ground motion 

intensity are useful for rehabilitation and upgrading of exi$ting 

structures. The leyelof improvement will be dictated by the upper and 

lower limit range of probabilities and the degree of conservatism 

necessary for the specific structure. 
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