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Abstract

- The finite element method for analysing the effects of irregular topogra-
phy on earthquake ground motion is presented in this paper,The emphases
is laid on the discussion about the differences of the effects of irregu-
ular topography induced by the different soil conditions,The computer pro-

gram also dealt with here,

introduction .

Based on the investigations into destructive earthquakes in China in re-
cent yearsCl» 23,it has been found that the earthquake damage at the top
of an isolated-protruding spur or an isolated hill is generally much more
serious than that at the flat sites,And many simiral examples were also
found during great earthquakes in’ other countries(8» 43 The present“Aseis-
mic Des1gn Code for Industrial and Civil Buildings(TJ 11—78)C63”in China
has pointed out; “Genefally,the disadvantageous districts for the buildings
to resist earthquakes belong to class III soil,long—protruding spurs, isola-
ted hills and non—rocky(incruding bad-cemented tertiary sedimentary rock)
slope sites étc,”AIthouéh the harmful effect of the local isolated-pro-
truding topography conditions on earthquake damage was recognized early
in the past, but up to now, the quantitative study on this problem has
been far from being desired,The aseismic design codes of various countries
in the world have not comprised the quantitative evaluvation method men-
tioned above,It is only recommended in the ChinesecodeC5Jthat the said unfa-
uorable sites should be avoided as far as possible'in selecting constructive
tive sites.In practice, however, in somecases,such sites cannot be actually
avoided ( for many reasons ) ,Most of constructions .will have to be made
in the mountain regions in China,That is why the problem of the effect of
topography on the motion and damage of earthquake has become a signif-
icant theme'in the’ research concerned, i fo

Since it has been realized that the effect of local topography on earth-
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quake damage remains to be an import.ant aspect in earfthquake engineer-
ing, a lot of analytical work has been done in the world in recent years,
Most of these theoritical studies have adopted analytical methods and it
has been assumed that the t“opography has a simple geometric configura-
tion For complex. irregular topography, it is very difficult to obtain an ac-
curate result by the analytical method.At present, the study on complex
irregular topography can be carried out accurately only by means of the
three-dimensional finite element method.In this way, the work of computa-
tion was very heave, and it usually required a faster and bigger comput-
er,which was very expensive In this paper we present a finite element mod-
el ofbi-directional shear deformation, by which a three-dimensional pro-
blem is reduced to a two-dimensional one, thus the computation can be
greatly simplified, ,
The experiences from destructive earthquakes have shown that the ef-
fects of irregular topography with different soil conditions on earthquake
ground motion are very different,Generally speaking, the effect of hard
bedrock topography is slighter than that of topography with soft soil con-
ditions, : ‘
The historic earthquakes in loess region indicated that the earthquake
damage in loess region is heavier than that in non—loess regions. One of
important reasons perhaps is that loess is loose and soft, and the topog-
raphy in loess region is more complicated.So the effect of topographical
condition in loess region will be evident than that in non-loess regions.The
emphases of this paper is laid on the discussiou about the differences of

the effects of irregular topography induced by the different soil couditions.

Finite Element Model of Bi-Directional Shear Deformation

In order to analyse the effect of isolated-protrudiug irregular topogra-
phy on earthquake damage, a fi- \‘
nite elemeut model of bi-directional
sheardeformation is presented, The
model is shown in Fig. 1.

Assumiug the pure shear defor-
mation condition, for all nodal
points, we have .

W, =V,=0; U, =U; (X,Y)

. J 1) . : !
where U;,V,,W;,are displacement . F1 WEBERE TR

components in X,Y,Z directions of Fig.1 Fiuite elemet model

G
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the poinn i respectlvely, ,
Owing to the same reason as mentioned above we also have in this
case, there are only 4 independent displacements, which can completely de-
fine the deformation state of the whole element, E
. U;=Uy, U;=Uj, Ug=Ua, U,=Uj, . .
{U} e =LU,U;UUIT . ‘ (2)
In order to express the displacement { U }*,it is assumed that the-ele-
ment U is given in the form of polynomials with coodinate variables Y
and Zy . S , ‘
UCY,Z) =a,+a,Y+asZ+a,YZ (3)
According to the previous éssumption on the deformation conditions,
every element has only two stress components 6.4, 6,x and strain compo-
nents Tyzy Tix. '
By means of Eq. 3 ,the displacements of any point of the element can
be expressed by its nodal displacement as follws, ‘
UcY,Z) =C(NJ3{U}* ‘ (4)

where

CN)l=—75— 4b [(b+y)(c+z)(b y)(c+z)(b+y)(c—z)(b+y)(c—-z)]

Strain of the element can be also expressed by the nodal d:splacement
as folloswy

e(Y,2) =(BI{U}" (5)

where

1 (b+y)(b-y)(b-y)(b+y)
(Bl)=
4 be

(c+z)(c+z)(c-z)(c—2)
According to the above Eqs,,we can obtin the stiffness matrix of the
element as follows;

i

‘K=2aj jchcDIBmydz | (6)
B EIC R ey Ch e
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and E,G,and p are material constants i.e.E is Young’s modulus, G is

shear modulus,and p is Pmsson 's ratio.

We can also obtain the mass matrix of the element as follows;

bec " ' .
(wd* =200 [ [ CNITOND dy d (1)
-b<c
. _2abcp (4 2 1 2
9 4 21
sym, 4 2
4

where p is the mass density of the material,
In order to obtain the dami)ing matrix,the Raleigh damping can be as-
sumed,which is of the following form
LC)* =oclm)® +BLkI® ,
where o and P are constans to be determined by the two umnequal frequn-

cies of vibration,

Earthqwéke Response Analysis

Concerning the response of a mountain to earthquake ground motion,

we have the dynamic equilibrium equations; o

(MI{ U} +CCI { U} +CKI{U} = M3 Ualt) (8)
in which (MJ,(C),and (K] are mass, damping, and stiffness matrices of
the whole mountain .They are assembled from the matrices Lm)*,(c)* and
(kl)® of the elements respectively, (J,(t) is the input earthquake motion of
the bottom of the mountain, , !

In this study it is not the stresses of the mountain- but the displace-
ment,velocity,and acceleration response processes at. the different parts
of the mountain are of main concern,By using the step-by-step integration
procedure,we integrate Eq,. 8 directly. 7

Assuming that the accelereation response varies licarly at the interval
At, we have

{v}.= {U}.A.+({U}.—{U}.A.)1/At C 0 ST<KAL) ¢9)

integrating Eq. 9 twice,we obtain

(01, =10} ¢80y a 55 (0 (10)
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. At? .. At? .. ‘ ,
U= (U e 48U ) a0} et S (U,
By usmg Eq 8 we heve,at tune ts ) ‘

EKJ{U} +ECJ{U} FIMI{U} = = IMIUL (D) (12)
_.S’ub‘s.t;tutmg Egs.10 and 11,into Eq.12,we obtain
CQI{U} =~ IMIULA-CCI{A} 1.ar+(KI{B} a

where
At?

cQ)= EMJ+.-A—2*-ECJ+ (K
(A} ={U}.. A.+ LU} voan

LSRR R

Triangularizing the matrixCQJ,(QI=CLICL,ICL)T,then for each stpe us-

ing the above equations,we obtain displacements, velocities and accelera-

(B) = {U}var+Bt LU} g

tions of diffrent points at the mountain surface, The results are expressed in
terms of distribution of the relative maximum displacements and velociti-
es as well as the absolute accelerations along the surface of the mountain,
Further mo’re, the Fouriar spectra and response spectra of these accelera-
tion response processes are calc‘ulahted,andv,the characteristics of the earth-

quake ground motion at different parts of the mountain are studied,

Effect of Topography with Soft Soil and Hard Bedrock on
the Earthquake Motion

‘We have mentioned above that the effects of topography on ground
motion are different under different soil conditions,This has been identi-
fied many times by the field observations, Generally speaking,the softer the
soil,the more obvious effect of topography on ground motion will beco-
me,And as for the isolated topography with hard bedrock the effect is
not obvious if the elevation is less than 30m,For example,during the 1970
Tonghai Earthquake, there were many cases which showed the significant
effects of isolated and protrudmg hills on damage.According to the statis-
tic analysis of damaged dwellings of 67 villages located on isolated and
protruding topography,the damage indexes were greater then those on the
plaln(O 07 to 0.25) . ; '

The effect of isolated and protruding topography on damage with vari-
ous soil conditions are shown in Fig, 2 It can be seen from the average
tendency that, in a statistical sense,the effect of topography is expan-
ding the damage to structures,and the softer the soil,the more obvious the
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effect,

©

The experiences of the past earthquakes in loess region indicate that
the eeffect of topography on earthquake damage there is more obvious than
that in the non-loess fegions.The'great 1920 Haiyuan earthquake indica-
ted that if a village about 100m above the river bed is compared with
other villages at the river banks, the earthquake intensity of the former
would be about one degree higher than that of the latter.
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Fig.2 The effects of topography with different soil conditions

In order to compare the differences of the éffect,of topography with
different soil conditions, some models with similar geometric. configura-~
tion but different soil conditions are analysed . The physical parameters of

some kind of loess and bebrock adopted in th the analyses are shown in
Table 1,

Tablel Dynamic parameters of some kind of loesses and bed bedrocks

. &1 FEF gz sy
: Young’s modulus Poisson’s Unit weight ; .
Medium ] (T/m?) " ratio (T/m3) Dampiag ratio
Hard loess 12300 0,22 ) 1.7 . 0,2 ,
Moderate loess 24070 0.25 1.6 . 0,2
Soft loess 31800 0,25 1.5 0,2
‘Bedrock © 756000 C0.25 0 2.1 0.1

The finite element computing model is shown in Fig.3,
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Fig.3 Computing model
The calculated results for different ridge height and different soil con-

ditions are shown in table2 .

" Table2 :Calculated_ results for di"fvferent ridge height and different

soil conditions

®2 HRL5EA LRI HABETEDNS N
Number of | Height Young’s ‘ M aximum | Maximum { Maximum | Dominant
modulus Input motion {accelerati- | velocity |disPlaceme-] Period
models (m) /M ‘ on(gar.) | (m/sec) |nt(m) (sec)
1 24 24070, El Centro 252 | 0,071 0.022 0.169
2 48 24070 El Centro 154 0,088 0,060 0.325
8 99 24070 'El Centro 129 0.139 0.150 0.640
4 48 - 24070 | Wenxian 205 0,125 0,065 0,325
6 96 24070 . | Wenxian 84 0,101 0.095 0,640
8 24 12000 Wenxian 186 0,081 0,035 0.325
7 48 12300 Wenxian 58 0,057 0,043 0,539
8 24 31800 "Wenxian 360 0.037 0.036 0.158
8 48 31800 Wenxian | 235 0,047 . 0,039 0.306
10 24 765000 El Centro 204 0,0328 0.0375 0,082
11 48 765000 El Centro 336 0.0195 0,0130 | 0.125
12 C 24 |+ 765000 Wenxian 213 0.0261 0.0324 '0,082
13 48 765000 Wenxian 263 0.0392 0.056 0,125
Conclusions

According to the abovementioned analyses, we obtain the following
conclusions;

1)Generally speaking, the effect of topography condition on earthquake
ground motion and earthquake damage is shown on two aspécts; the
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magnification of the acceleration and the alteration of spectrum charac-
teristics of the ground motion.Both aspects are harmful for the buildings
to resist earthquakes For the topography with different soil conditions
and its effect on earthquake ground motion and_damage are different. The
softer the soil is, the more obvious the effect will become.As for the had-
bedrock, if the height of the ridge is less than 30m, the effect is not
obvious.All of these are quite in agreement with the conclusions obtaine
from the field investigations into destructive earthquakes in China in re-
cent years,

2)Since the loess or loess-like soil is loose and soft, the harmful ef-
fect of the loess ridge on earthquake ground motion and earthquake damage
is more obvious As for the loess ridge, when the ridge is lower and loess
harder, the acceleration on the ridge is greater than the input accelera-
tion at its foot, but when the ridge is higher and the loess softer, the re-
sponse acceleration will evidently increase with its height.

3)The characteristics of the acceleration response spectra of strong
ground motion of the ridge are closely related to their geometric configura-
tion and property of the media,For the hard bedrock ridge, the harnful
effect is mainly shown on the magnifing of the peak acceleration, But as
for the"soft loess ridge the harmful effect is mainly shown on the altera-
tion of the spectrum characteristics of the earthquake ground motion, For
the loess ridge, we have analysed the acceleration response spectra, all if
which are narrowly centered around asingle frequency.The dominant freq-
uency of the response spectra decreases withthe height of the ridge, The
characteristics of response spectra show that the loess ridge is generally
disadvantageous for most of the buildings to resist eathquakes,

( Received 23, Jan,1982)
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