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ABSTRACT

The inflﬁencé of an impermeablé élayicore dn
ﬁhé static ana dynamic behaviour of an earth dam is
investigated. ‘The'éores used afe of‘twbrtypés; cehtrél_core
and upstfeam sloping core. Reéommendationé.are made on the
suitability of each.typg of éore fo;.dams in areas subject.;o

seismic activity.

vahé finite element method of analysis is used and

the material is assumed to behave in a viscoelastic hanner@

The“slopingvcore dam is,found to‘be less desirable
than the éentr;l core dam for e;fthﬁuake regio#sfbécaﬁée of
~the unfavourable strgss_distributions in the uppér part of the
. dam, >St;tic tensile stresses:develop in this‘region, which
do-n§t o;cﬁr iﬁ theAcentral core dah, and tﬁe extent of these
" stresses is increaéed wﬁen éhe dynamié'sﬁresses due to the‘
‘earthqdake.aré'supe;imédséd._AvThe acceler;;ions, which
incfease with_elevétion in theAdam, indicatfng the necessity
Wof.usiné aVVariable‘Seismic,coefficient,:aré highéi i; the -
slopinglcore dam than in the central core dam. ‘

It iéffound'that the first mode, the only mode

. . . / . .
,ﬁhat apprdximates a shear mode, contributes the major share

- to. the dynamic respbnsg of the dam,



(1i1)

-The finite element method is shown to Be_"
 §ensitive to irregdlaritiés in the subdivision of the dam .

|

into finite elements.
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CHAPTER 1 |

INTRODUCTICON

This theéis‘presénts tie résuits of a comparétivg
study bf.the‘behaviour of threé types of eafth dam Qhen |
subjectedﬁtolthe ground‘accelerations‘of'thé.Ei‘éentfo.earthf
-qqake (Calif. - 1940); The daﬁs'sﬁudied wefe'a homdgenebus_

dam, a central core dam and a sloping core dam, -

An_earth dam is a three-dimensidnalAcontinuum,‘
consﬁfucted of material.whichfis generally.unhomogeﬁébus,

" anisotropic and having'non-lineér étress-strain relaﬁions.~
Because of the complexity of the problem of.anaiyzing'the
.stresseé AHd déforméfions.in sucﬁ a structure,.a numbér of
siméiifying aésumpfions.have'to.Be,made.-' The first of ﬁhese
is,;hacvﬁhe dam can be fepresented Sy a éroés—se¢£i§h normal
to the axislof ﬁhe dam,_thus:redu¢ing'ﬁhe analysis to a th-
diﬁeﬁ#ioﬁal planevsfrain pgoﬁlem. ; Secpﬁdl§, it is assumed
"‘>th§t'so;1 is liﬁeariy ela;ﬁic &ith‘viscoué damping;v In this
man&er the»ﬁroblém‘is reducéd.£o5oﬁe’which,can Be solved by

v_using a standard finite element analysis'compuéer prdgrah.

The dam studied in this thesis was 300 feet high,
symmetrical about the cehter-line, of side slopes 1 in 3 and
‘either hombgeneoussof with a core.- Two types of‘cofE; central

and sldping,vwere included 1in the_étudy,'and>the comparative

"~



behaviour, static and dynamic, which may be of use to the
engineerlin'selecting a type of core, 1is presented in'the
" following chapters, Figure 1 Shows the dimensions and

 properties of the dam and core.

-VThe Young's.noduins Ed‘ 81,300 p.s.i.,xthe Poisson
'ratio:h =;0;45 and_theiunit weight y = 130_p;q,f;vwerevnsed so.
. that comparison'with previeusrworkvdone in,this field could be .
made; aiso,-the properties used“are‘associated with a shear
wave velocity.of-looo f;p.s. thchiis typical pf the naterial
used in the shelliof earth dams.  Two ralues.ef elastic |
moduius_for the'impervious'core naterial were used,‘

' 4Ec =~40,650’p.s.i;‘(Ec = l Ed) and E, = 8 130>p.s.i. (Ec =-%°Ed).
which, itbwas fele, represented the extreme values likely to
be encountered in practice. The higher value 1is typical of
a stiff clay of high strength and the lower of a soft clay

A with good self-healing properties in the case of cracking due

to earthquake stresses.

i'The'nroblem of netermining thevstresses, strains'

= and displacements in a structure such as an earth dam requires
cthat equilibrium and compatlbility be satisfied w1thin the.

region and that the stress-strain relations of the material

be known.v An analytical-solution,.even with the simplifying--

assumptionstmentioned previousl&,.would‘be very comniex and- |

theafinite element method_of'analysis'was”nsed.
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Vi- This method of analysis has been described
fully by a ‘number of writers, ;.g. Clough (l)* and a shorc‘
.description is included in Appendix I of this thesis.
~Brief1y, the method.con51sts of approximating the structnre
to bejanaiyzed b& an'assemblage‘of elements'and’using anﬁ
-exact'mathematical anal&sis of the approximation. Since.
‘the shape of the- dam makes. the use of triangular elements
more eonvenient, this shape has: been adopted here. . The
properties of the material used in the dam are retained in
:the individual elements and, sincefeach‘elenent'is defined
.aeparately, they may have different marerial properties,
thus making p0581b1e the analysis of non- homogeneous systems.
Fairly?coarse.netWOrks can be used with good results; but,
in areas ofjhigh stress gradienrs, the nerwork:should’be
finer. >Conputer storage limirations necessitate the use of
- a coarse subdivisionnexcept in areas of expected high‘stress

gradients,

Once.the‘behaviour of the dam under study has
‘been determined,»the~sratic-behaviour'of geOmetrically'
similar damsiean_be derermined by.the use of appronriate scale
~factors., . An increase in size wiil eause:a pronortional

increase in stresses and strains and will cause.an increase

* Numbers in parentheses indicate reference number ‘at the
- back of the thesis.» : ‘ L




ip dispiacemgnts prppﬁrtiona? to'the squaré 6f thé scale
facfor.- Stresées iﬁ homqgéneous.strﬁétureé afé dnaffected
by changes in Youngfs-modﬁlus.ﬁ, while st;ains-and
edisplécementsivary in inverse pfpportioﬁ'to'E. Finally,

“sttains,and disp1acéments all vafy linearly with density.

!Changes>in the Poisson ratio cannot be gécounted
¥for by;a scale_fac;ér,.nor.can'é'cﬁange in the side slopeé;f
~however, Ciough and Wbbﬂward (2) have'derivéd empirical
Telations which show how the streéseg, stfains and

~deformations vary with Poiséon's fatio'and the side slopes.

Iransition zoneé and filtérs ﬂave.noﬁ been
included in the dam, though, in the case of éarthqhéke design;
Sherard (3)'advoéatgs the use of a wide;transition‘;one of
well-gréded sandvand gravél.: The:inélusioﬂ of such';ones in
the dam would'presen; no difficulties in‘the finiteuélement

a@alysis.

The:aams.werg_subdivided iﬁto finite elements as

: ﬂghowh;in Figuré»Z; A finer subdivision waé ﬁsed iﬁ.ﬁhe
 tegipﬁ'of’the'éore”in ordef'to,exgmiﬁeAthg'effect 6f the core
in‘mddifying'the stresé-pattefns; . The as&ﬁme;tiqal sub-

“ division of the dam, which.wés nécesgary-to includé»the cofes,
Qcaused.some.inaccuracieé in the :ésulﬁs obtaiﬁéd; L“To_examine
‘the e#ﬁent df these inaéchacies, a syﬁmetriéal subdiViéion |
-yas.hade'of thélcaéé‘of ﬁhe dam without a‘¢§réiahd the errors
'aue_ﬁo{asymyef;icai‘gubdivision werg‘fogndvto be small;

<
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‘fﬁe'daﬁ was divided into 129 éiement§ with a
total ovaO nédes}_: Nodéé referréd.to in thevdiscussiov of,
éié#ults br-iﬁ.diagfams-ére'shbwn ﬁumbered in_Figure.Z.‘.Sincéi

,fghe base of.the'dém wasrfixed,:nOdes in the base have no
ﬁgovement:and tﬁe total-nuﬁber df'degrees‘of ffeedom,was'134:
_~tﬁ6vfpr each node - horizontal andlvertical. ‘AGr;vit§ loéding
was introduced by luﬁping one-third,of the weight 6f the -
;sﬁrrqundihg elgments at eagh péde.'. Dfnamic'loading was
' app1ied fo:the dam b& subjecting the base to the accelérations
A.fothe first 10 seconds of thé-North-Sduth cémpdneﬁt of>E1

-Centro, ) A _ ' . .

Chaptg; 2 presents the results of the static
stress analysis. vTﬁe normal.strésses in the x-direction
(horizontal) and the y—directioh’(Veftical) togethervwitﬁ,the
' shearvstfeSS in tﬁg xy-pléne wé£e détermined,,alohg with the
vertical'and horizontal disblééements‘due to the,self-ﬁeight

“of~£he dam, These were‘determined for the three dams under
v..sﬁudy'aﬁd ﬁodificationSAof_the.stress‘dié@riﬁution and

‘ -deformations due to.the two types of éores were noted,

éhaptef_3 deals with the:dynamic'beha;iour.of the
'dahs; ‘The‘mo&al frequédciésiand the mod¢.§hapés were first
detetmipedvand the effects of the_ﬂfesencé of the core Q;s
~udi§cusséd; : Ne#f; tﬁg'time_hiéto;ieé:of the stresses aﬁa
*3accé1erations‘a;vselgcted'ﬁodes:in fhe damé were fouﬁd with
the purpdse:of detefmiﬁing.how'these Qerelﬁddified'by the

‘core. The'powet'spectrum of the accelerations of El Centro



8.

‘was compared with those of the accelétatidns‘at the crast of
'{the»dams to determine the frequencies at which the energy of

j - , .
:the -earthquake was transmitted in the dams. Finally, the

- response of the dams in each mode was found and connections

between the mode shape and the'reSpoﬁse.inAthe mode were
”'-'noted{'_
'The last chapter presents the conclusions drawn
£from. the study and suggestions for further research on this

: ‘problem.



" CHAPTER 2

STATIC . STRESS ANALYSIS

4

2.1 _Intfoduction

The'detetminetion_of static stresses and
'AdiSplacements, due to tue:self-weight of the damé'isdthe
initial step iu the procedute of aualyzing_an earth danm
subject to earthqueke lbading. The stresses and deform-
~_ations due to tﬁe’earthduake are then superduposed on the

static stresses to give the stress distribution~throughout

the dam at any instant while the earthquake acts.

The gravity loading is applied by assuming one-
thirdidf'the-weight of the surrounding elements acts at each
‘node. In the analysis herein it is assumed that the
material of the dam is lineerly elastic ‘and isotropic and

‘the effect of stored water is ignored,

In this enalysis; the.gravitational body forces .
“are applied directly on the completed structure. _In |
practice, the:dam-is built up by-a-suceession of lifts._ ‘Tp
check the validity ef this prectide,‘C1ough and WOOdward:(Z)
investigated tﬁe.effects on thevsttesses and displacement'of_v
- direct applieetion of gtavity.leading'and coupated them with
» those due to sequential loading. The dam used was 100 feet.
‘Ehigh and it was assumed ‘to be built up of 10 layers of 10

o jfeet in_depth. ‘_There was_very little difference in the
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~strésses aﬁd the.horizonta1 di;placgmen;é betwéen the two
cases, though'theVveftiéal-dispiaéeﬁen;s obtained from
Jdirect>load-app1icatiqn ﬁéte found to be'inacgurate. ~In
fﬁhe Case:o§ direct loéding, the ﬁaximum vertical déformation
was at the top of the-dam whereas, in.the seguéntialnloading
gése, the maximum vertical displacgment opcurred“at the |
center of’the dém-a;d was approximately half the»ﬁagnitﬁde.
Iﬁlwas, thérefore,'deciﬂed thag‘thé ﬁefﬂod of direct ioad

-application was adequate for this inféstigation.

luIt was found‘that'phe asymmetry of tﬁe irrégular'
subdivision of the dam into finité elements necegéitated by
‘chéiélopiﬁg core caused some erroré, though'small, in the -
stresses and deformation5 obtainéd; - Consequently, a
‘symmefrical subdiviéion into,finite,eleménts Qas made éf_
the dam for tﬂe‘homogeneoﬁs case to.check ﬁhis;- Figure 2

‘shows the divisioﬁ into finite elements of the two dams.

>2.2 Static Stresses*

Tﬁe stréss dis;fibution,>hérizbntai normal stréss:f
.and.gheér sﬁress'for the homogeneous dém, togecﬁér with that
~of - the sloping ébré and central ;ore dams, éxpreséed asva
petcen;age'of the‘stfess,iﬁ thé hoﬁogeneous dam, is shown in

“Figures 3- and 4. Stresses are iﬁ.pOundé'per-square'inch.



- (a) .- , HORIZONTAL NORMAL STRESS IN PSI DAM W/O COBE ‘

(b) | | CENTRAL CORE E=%E,

- (c) : . - CENTRAL CORE ' E ={5Ey

@ . ' SLOPING CORE E =
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6.3 - | o |
- HORIZONTAL STATIC STRESSES IN DAM WITH CORE EXPRESSED AS A
PERCENTAGE OF THE STRESSES IN THE DAM WITHOUT A CORE (TOP DIAGRAM)



Ab) e ,:,CENTBAL CORE E.= —Egq

() - T CENTRAL CORE E, loEd

(d) .- . .. .- SLOPING CORE E_ =

. . SLOPING CORE E =-bEq

FIG. 4

o STATIC . SHEAR STRESSES IN DAM WITH CORE EXPRESSED AS A

. PERCENTAGE OF THE STRESSES IN THE DAM WITHOUT A CORE (TOP
,ZDIAGRAM) | -



" Figure 3(a) shows tﬁe_horizontal_normal stresses
for the homogeneoﬁsvdam;’ The paxiﬁuﬁ étrésévis approximat-
ely l75 p.s,i;_at,the basé of the'sam, on the cente# 1ine.:
In tbé;cedtral'coreAdam, for the mérg figi& core;.Figure-3(b), -
ithe-changes in stress due fo the core are confined'main1y to
the upper :hird cf.thebdam and tovthé core itgeifl | Stresses
fateiinéreased by'a_maximum éf 300 pér‘cent néar théagrest
uaﬁd are reduced to about 90 pe£ cegt“at the base of the core.
..Stress changes are small in the other parts of the embank-
ﬁenﬁ; ‘For the dam with the more flexible central core,
\Figure 3(c)3,the>pattefnvof stress chgng; is similar fhoqgh-
‘the variations are greater, {anging from 600 per cent at the
crest to‘60 per cent at the base of the core. Stresses are

decreased élightly,‘abou; 5 - 10 per cent, infthe lower two-

‘:hirds of the shells.

Changes infthe>hqrizontal ndrmai stress in the
slbping core dams- are ﬁot as greatvés in the dam withna
‘central éofe;- 'Fér the dam with a mofe rigid,s1oping cote,
Figufé'3(d), the stress changes-are also g?eatest in:the
uppé;lﬁart of the d#m.»A The stress decreases.slightly at.
»thé base of fhe core-and‘theVéhaﬁges:éré_greater_in ;hé shell
on the upstreanm side of the core. ?‘As the sloping core is
Jmade'mdre fLexible,'Figure 3(#);'the é;ress changes'iq the
dam aré g:eatef and feach a_ﬁéximum 6fv400 per qent.towards

.. the ;0p'of'the upstréamvshouldef 6f the dém;‘and drop to
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70 per cent at the base'of the core. - This high stress

increase ‘at the upstream shoulder of the sloping core dam, -

Lhe,part of the dam most liable'to failuré,*makes this form

)

-0f core less desirable than the central core,

.In the upper zone of the homogeneous daﬁ, from
elevation 250 feet fo.;he crest at 300 feet, there are some:
:locali;ed areas of.hﬁrizontalvtensile stresses. These
aaréas.éf.tension, which.couid cause # fissuré to open and
Jthﬁs initiate a failure surface; do ﬁot exist in the central
féére dém; probably due to the inward and downward movement
offtHe sﬁoulder as the softer core is co&pressed, thus.

‘ reiieving.the tensile stresses in the embankment. - The
;dévelopmedf of horizontal tensile stresses is mucﬁ1more'w
serious in the dam witﬁ a sloping core. ‘These tensions,,
J'shown.by the shaded area in Figure 3(d) énd\3(e),'have.als§,
"be¢n>no;ed by Finn and Khannal(S).' As ﬁhe core 1is made‘moré
flgkibie,‘fhe tensile streésésiin¢rease and extend over a
' slightly largér.area, reaching their maximum ekteht for‘a
.-medium-soft'core, Further sdf;ening of the core inéreases 
the'tensile étreéses slighfly,buﬁvcauses them-to‘beCOme moref.

localized,

During aﬁ earth§uAke, ﬁ@riionfal.fensile.st:ésses
will Be'suéérimpbséd bériodicallf'on'thg’existing»tensions'in/
.:fﬁe dam, giving a very.ﬁnfavouragie stréSS'&isfributioniin
tﬁg_top of the éioping:éore dap énd making it more‘liébie fo“

. failure than thevdam'with a .central core - énjimporfan; point
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t04$§,considéred-in ;eleé;iné;g type o£ core for,ah"eé;fh
-ﬁam. a‘The sdftest.éore material, di;ﬁiiﬁs sglf-healiﬁg:
‘fpropertiés in the evént'of'cracking,‘andbthé @oré.ibcaliigd-
laréa of‘fensile stresses,'woﬁld,bg thé'better;chdicé,:if
;ather consider#tioné make it necessary to use-a sloping core

«dam in an area subject to earthquakes.w

‘The ve:cicai stresses show little variation for
“the different dams shown’here,_being-mainly dependent on the
- weight of the overlying material,_an&'are~not investigated

further.
' 2

The stat?é-shear stress dis;ribution in the xy-
:pléne for the hbmogenédds dam is éhéwn»in Figure 4(a). Tﬁ§~
-maximgm shear stfesé.of.appfoximately 30 p.s.i. occurs on
“the bésé of ﬁhe'dam; midwéyvbetwéen the centef—line'and the
" toe.  The gffectkof a,cengrai.qore is to iﬁcrease‘the~§hear;
3tressés, Figure A(b), the ninimum increasévbéing at the toe
ofithg dam‘and becomiﬁg progfessively Iarger'toward the
:_centeryﬂwhere ﬁhé-shear strgésésrafe six fiﬁes-as'greét as 
‘: »1ﬁ the.homogenéops_éaée; f HoQéﬁef; since the stresses iﬁ theb
7:homdgeneoﬁs dam are at a'minimum neér the»center, this iarge,
iﬁcréasé-haé,little effecf_on th§ level'éf"the shear stresses
‘there. . For the mofe,flexible-cenféalycore, Figﬁrevé(c); fhe
 shear'streséesféfe‘aiso unchanged afvthe toé. ' Aboﬁt'cné- |

s

.~;third of the way in from the toe, the stresses decrease to

,abdut JS'pergcent and'increase again towards the center where

"”;.;5the ipcrea$e isihigher'fhéﬁ'with the étiffer coré; ff :
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  F6r the SIOping core dém; the pattern of stress
,‘.Fhange is mére'compiica;ed. -Invthe'mére rigidlcore;:
&igureA4(d);‘there i; a.genefai'deqreasé in shear stress
-ﬁthroughout tﬁe core, falliﬁg fo about 10 per cent of the

original stress tqQards the toé. : Stressés‘in the ubstream

: sidebof the shgll are increaséd slightly; in the downstream’

- side they are generally lower thaniin theihomogeﬁeoﬁs dam,
o Thé»stressvchange pattern is similar.for the cése of the
sdft corev(Figure A(e)), though the increése in sheaf streés
-;1n the.upstrgam Sheil iévhigher, up to 400 per cent greater
than the homogeneous case, and the sheér.stress in thé top

~0of the core also increases,

Thus, thoﬁgh thq percentage increasgiin Sheari
"stress dué £6 the presence of a core is higher for the central
core dam, these large percentage increases p;cﬁr'in aréas of
very.lqw,shear stress and the resulting sﬁear strésses aré not
high;‘ The percentage increase in the slopiﬁg coré dam,
though hotvas great, occurs in fhe upstream_shbulder,ja region
_Of highvshearvstress'in the.ﬁd@ogeneous dam;Aand also the most
likely regioﬁ for the initiation of a failure surface. This
‘ isAésﬁecially so since the horizqﬁtal qormal.st:ess
distribution ié aiso moét ﬁﬁfavourable in~this région, with
Atensile:streésesAoccurring toward thé top of thevéhell.
Hégce, it would seém,that, from static stressfcoﬁsiderationé,

" the central core dam is the safer type.



2,3 Static Displateﬁentsblf

| A study of‘thé displacements in .the three dams -
:shows that both:the hotiz§nta1-and ;ertic31 displacements
are'generally greatef in the dam wikh»a‘core. The ﬁorizontal
.displacements in the sléping core dam.are very similar to
those of the homogeneous dam in the';rea bet&een-the down-
,streaﬁ face and the edgé of the corét The'differencé.is'
greateSt a1ong the'center.line of the core and decreases
towards the ggétream'face of the dam. -Maximum horizqnt#l-
.displaceﬁent for the hoﬁogeneous dam is 0.9?‘feé§, oégﬁrring

[} . ’ .

at the 150 foot levél close to the face of the shell. - The
maximum for the sloping core dam is 1.1 feet at the same
.point in‘ghe dam. The aiffgrences in the vertical displace-
ments”folloQ_a similar éatte;n. l On’the downétreambside of
the ?ore,.differeﬁces.are'negligible.  Maximﬁm~diffe;ences
6ccut'at the upper edge of the cbre and ingfease with height

in the dam.  Maximum vertical displacement_for the homogen-

eous dam is 2.3 feet, and 2.7 feet for the slbping core dam.

A The hé:iiontal'disﬁlaceﬁenfs:in thelﬁpré of thé
cenﬁrél core dam afgjless fhan ;t cdrréspohding ﬁoihts in‘
the ﬁomogeneoué &am. At a shor;-disténce:ffom-the_core,-the
'dispiaéements are.similar‘and,_towa;ds the face of»thé dam,
are‘greaté;; thoughAphendifferencebdecreaseé‘énd is small at -
theffaqe of the dam. Maxiﬁum displacémeﬁglis L,foét,j
oécurring>atgthe~sameApointfés in thé homdgéneous dam. - Thg

'_vertiCal disp1acements‘in ﬁhe core and.the sur;éunding shell
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are greater than at corresponding pbints in the homogeneous
dam, though in the rest of the shell they are similar.

Maximum wertical displacement is 3 feet at the crest.

IS

Though the central core dam has smaller horizoﬁtal,
displacements than the sloping core dam, it is subject to
greater vertical displacements.' Neither type hés any clear

"-advantage where static deformation is concerned.



‘CHAPTER 3

f o DYNAMIC RESPONSE' ANALYSIS .

§

3.1 Introduction

In the ﬁirst in?estigations of the dynamic
response of earth dams by Monobe (6), Hatanaka (7),
Ambraseys (8) éﬁd others, the dam was represented bfia wedge~ -
.shapedk;ertical.sﬁear beam. _Thisvmethod is restricted to
homogeneous, symmetrical cross-sections and aliows only one-
ndimeﬁsional displacements to occur, I;hizaki and Hatakeyama.
(9) have shdwn thgt'the vertical shear beam apprpach is
accurate‘sniy at the center-line of the dam. Errors occur
everywhere else and reach a maximum ét the faqe.  Since the .
perfofmancg of a dam during an éarthquaké ﬁill be de;e?minéd
largely by the streés conditions at the face, it can be seen
‘that fhe shear beam analysis may lead to significant é;rors

“in design.

The.frbblem was nextAéxtended to allow £WO-
dimensionﬁlldiéplaceﬁents to odéur; by.Isﬁizaki and Hatakeyaﬁa
- (9), using.the>finite differencgbméthod.. Difficulties are
encduntered in using this method when é non-homogeneous dam
is studied, thoﬁgh this presents no'prqﬁlem in the fiﬁité
éiement method used here. - The finite.elemenf-method»was
first applied tq';he seismic an#1ysis‘of earth dams. by Clouéh.

and Chopra (10) in 1966. This method takes into account non-



- homogeneity and simple cases of anisotropy, but is limited
at presént to linear elasticity for dynamicvanalysis.'

The disturblng force applied to the dam was the
first 10 seconds of the North South component of the E1
Centro earthquake, as shown in Figure 5(a). The acceler;
ations of the'garthquake weré scaiéd.to givé.a méximum value
of 0.28g so that comparisons could be made witﬁ ﬁrevious wo;k
done at the University of>British Columbia by Finn (4) and’
T Fiﬁn and Khanna. (5). fhe vefticai component of El Centro,
" which is not used in this anaiysis, is ghown in.Figﬁre'S(b).
4A'§omparative1y high vélﬁe of damping of fwenty per cent of

critical in'each mode was used to take into account the large

absorption of energy due to inelastic deformation.

3.2 Mode Shapes and Frequencies

‘The dynamic response of a structure comprised of
viscoelas;ié matefiai to eafthquake vibraﬁion‘caﬁ be analyzed
as:tﬁe}s#mmation‘of fhgxresponSes in a‘ndmber of,inaividuai
mo&es.“'_Thus; where a dam is disturbed from.equilibrium by’
.aq'earthQUake,'it can be-considered as vibr#tiné in its
vdifferent modes simulﬁaneousiy and the ac?ﬁgl>vibration may-
be. obtained by éuperéosition of the fesponses ip‘the |
__in&iVidual ﬁode51"-The modé shépés and:fréaQeﬁcies dependlon
the geometry and elasti§ propg;tiés'of tﬁe'materiél énd ndt

on the'disturbingvforce.f' Thus fﬁe first step in the djnémic
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analysis is the determination of these mode shapes and

fre@uencies;

'”The firsﬁ‘ten mode éhapés (scale exaggefaéed)~for
each dam are»shéﬁn ip-Appeﬁdix 11, figufés 22 to 30, and the
natural pefiods for each are given,' For . the dams with cores,
‘the natural périod for the case of the more rigia cére.ié
given first,‘followea by tﬂat_of the softér co:e. ""The ﬁode
~§h#pes of the hpmogeneous daﬁ, figures 22 to>24, are of two
basic types, sym@etric about the centerfline, #nd‘asymﬁetric.
The symmetric modes, which create s&ﬁmetrid stréss-diétribué
tioﬁs, wil1 not be excited by horizontaf-ground motioﬁ and
this can be seén when the response of ihe dam is aetermined in

-4'each mode'individuélly; ;Similarly, the asymmetric modeé,

’ which-cause'asyﬁmetric stresé distributions, will ﬁot be
excited by:ve;tical groqndracéelefations, This. type of
uncoupling exists for symmetrical cross-éections only and itv
can be seen from Figures 25 to 30 that the mode shapes for the

dams with cores are all asymmetric., - In genéral, any mode will

be excited by horizohtalvand vertical ground éégelerations.'

It is interesting'td.note,'in éompérison with fhe_
“sﬁear'wedge méthod which aécounts'onlylfbr shear stresses,
that only the first mode fepreSenté’pure shear d{stortioﬁ.
_ -Chopraz(i1) hés shown thét theldiffefehce'in response between
the center-line of the dam and the fate-is:gféater for flatter
slopes; the résults.apéroacﬁiﬁg:tﬁe shear Wedge solﬁtion as

the slopes are~made;steepef.- 'This"difference.is a maximum at
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'aboutvoné-third the height~of the dam, The mode shapes and
' modal frequencies do not depend on_the‘side'éiopes,of the dam
when the shear wedgé’method is used, though"they are very

dependent on them,in the finite element analysis.

The mode'shape-diagraﬁs represent the deflected
shape.of the dam in that mode and can be used as maximum

Vdeflection diagrams_by using'the apﬁropriéte scale.

The quai period'incfeases as the core is made
'”mAfe'flexiﬁle, the differeﬁce Betweehkthé m&ré rigid‘and the
 more'f1ekib1e core'being about ten per gent.. Tﬂ; fundamenfal
period is lowest for the homogeneous.dém, incfe&ses for the
sloping core dam aﬁdﬂis highest for the central core dam,

" The more rigid the dam,vthe lower the fundaméntal pefiod will

be.

3.3 Power Spectral Dénsity.Estimates

‘ An eartﬁquake cauSes>acéelerations at the base of
‘5 structure iﬁducidg_inertia_forces gnd~¢bnsequent'stre35es
and strains witﬁin.thé structure, “These_base accelerations,
ithough of a ragdom nature,rcan.be considered as the super-
.position of a number bf»sinuéoidal vibratioﬁs._r-A4p§we€
'spécﬁfal density anaiysis.deéompoéesv;hé accelerations in;o
their basis fréquéncies,And in.this way a measure . of the
frééugncy,gt which‘mosf of the energy is bging,transmit;éd

- can be obtained;



Studles of damage caused by earthquakes to earth
structures .carried out by Ambtaseys (8) indlcate that most
damage<occurs whenvche fundamental ftequency of the structure
corresponds"to the frequency at whichimost of the energy of
rtneiearthquake isvbeing.transmitted. ‘Thus, the structure

will resonate when subjected to certain ground motions.

, Power'soectral density analysis.on a numbe: of
strong motion earthquakes indicate cnat most of the energy
.of the earthquakes iS‘transmicted in a frequency range of
0.25 to 5 cycles per second, Therefore, structureS'yith a
" fundamental frequency greater than abon€'10 cycles per second
can be expecten to respond in a rigid body manner and a
dynamic analysis is not required.  Structures witn‘a
funoamental freouency in'a range'of approximately 0.25 to 5

cycles per second can be expected to have a large response to

strong motion earthquakes and a dynamic analysis is necessary.

fhe.power Spectral density (P S. D. ) analysis of
the horizontal component of El Centro earthquake and of the
accelerations at the crests of the three dams is shown in
figute 6. ‘Erom Figure 6(a) it can be seen chat_Ei Centro 1is
a high frequency earthquake, thewenergy'cranSmitted-being |
concentrated.at a frequency»of 2 cycles per»second (c.p.s.).
Since the fnndamencal fcequency of the:dam is approximately
"1 c.p.s.'fof all cases, it can be inferred"that-che'fesponse
to El Centro will be large._ Figures 6(b), (c) and (d) show

the P.S.D, of the crest accelerations of the homogeneous dam,.
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central core dam and sloping ;ore-dém respectively.,  There
A}s,a peak at 'l c.p.s. in each case, the fundamental frequency

fof~the dam, showing that'moét of ﬁhe responée’of the dam is
;in}the'first mode. ‘This was confirmed, as will bé'seen 1atef,‘
ryhén~én analysis of the resfodse in each sepafate-mdde wasvﬂ

Qperformed; ‘The secondéfy»peak at 2 c.b;s. éorresponds quite

'-*closé1y>to the natural frequency of the third mode for.each

"dam,

3.4 Ereliminary Investigation of Dynamic Response

.
An earthquéke will apply both horizontal and
vertical accelefafions.atvthe Bése of a structure, The
dynamic analysis coﬁputer-piogrém used in the anélysis cbuid'-
apply either a hofizontal base acceleration aione, or vertical
and’horizontai base #ccelerations withvthe vertical,.-
acceleration”equal to thé horizonta1.‘ The prdgram cou1d haveA
’beeniﬁodified to incérpbrate anAindependenc»veftical

acceleration, but this was not done.

A check on the effect of vertical base acceleration
'was performed by comparing results using: -
1) a_horizontal base acceleration only:

2) the same horizontal and vertical base accelerations.

- The comparison is shown in Figure 7 where.the.horizontél

normal stress, the shear stress in the x-y plane and ﬁhé

“wvertical normal stress were determined ‘for a point near the
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cénfer—line»at.apprqximafeiy t&ééthirds the'height of the
dam, With the exception of the'peak at'2;2 éeconds, the
horizontal npfmal étréss Was on1y—s1ight1y affected, the .
shear streés was affected even iess;'but the change in the
~vertical normal stress was in éxcéss of 100 pér cent aﬁ’the
=peak»§alues. _Thg respoﬁse of»the.norﬁal'stresses unde;»
vertical aﬁd‘hotizbntal acéeleragion is dut éf'pﬁase with
‘that under horizbnfal accelgration'énly. The horizontal
:Aormal sﬁ:ess'undef.éombined acceleration éomponents leads
that under horizontal acéeieracion only, whileithe'vertical
noraml stresses lag. This hethod of applying vertical
motion to the damvcaﬁ give only an approximate indication of
how tﬁe response.will be affected by the actualiver;ical
comppnent.of El Qeq;ro. It éénibe seén from Figure 5(b)
_ﬁhat the vérticalAcomponént.of‘El Centro has a much higher
frequency of vibration than the'approxiﬁation’used;:tﬁough
" the actual value.bf the ﬁéximdm acceleration is similar.
Siﬁcé'the natu£a1 frequencies of tﬁe @odes mos£ affected‘by-
vertical ﬁotioﬁ:‘i;e;imaaés_Z égd 2, are approximately equal
'to'tﬁe.freQuency at which fhe horizontal componeﬁf of E1
Ceﬁﬁro.transmits mést}bf itsAenerg§, é resonance effect is to
be expected’whgn a vertical compénenf of accelératidn equal
to the horiéontal‘component of E1 %ehtfo is used. Hence.it”
wAs felt fhat ghe'aqtuél high frequeﬁcy; ve;ﬁical component
‘would have less effect on the ver;iéai éffessithan shqwn in
Figure 7.. ‘?hﬁs;}it wvas felt_that:the use of the hérizbntal

component only of El Centfo gives risé\to on1y s1ight error
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in the results. Idriss and Seed (15) have also shown: that
the vertical component of earthquake acceleration has little
| ‘ '

:effect.on the horizontal component of response of the dam:or

~on the shear stress, but that it may influence the vertical

response considerable, . ' ' ~

From Figure 7, it can be seen that the péak in
the horizpntai stress atA2.2 seconds has been truncated for
thé case of no vertica;'acceleratioﬁ»coﬁponentm This is
~.because, due to time limitations on the cémputef,Aprint;out
of resuits was_atVO.Z second infervals, though the response
was calculated at 0.0l second intervals. To‘examihe'the
- extent of theAerror due to this limitation, the response at a
point‘néaf ghe crest of the dam was printed oﬁt at the normal
b.Z second ‘interval and at a 0.05 seéond interval. The
fesult-is shown in FigﬁrejS and it can be seen that the errof
iﬁ ghe response can be large. «However, since this study is
a_comparative one, if the errors involved'in the plotted
résponsé of each dam are similar,'the cdﬁélusioné.should be
valid, | ‘.( | |
ﬁéfore the inveétigation couldlproceed further,
'itIWas neéess;ty to decide on_thé number‘of qués which shoﬁld

be included in tﬂe ihtegration to oftgin fhe'total response of
the dam. Figure 9 éhows a’comparisﬁp of the horizontal

V_normal stress at a point in the gmbankmentiusing 5. modes and

- 15 modes in the integration. . From this result, it was
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decided that, for economy of computer time; the use of the

~first 3 modes was sufficient.

‘3.5 Accelerations in Dam

The dynanlc,force lnduced in an'element of a‘
structure durlng an earthquake is the product of the mass
times the absolute acceleration.. ~1f the acceleration histoty‘
~of thevstructure-during the earthquake can be obtained,tthen'
~ the variation of dynamic’forces with time can be determined,
Thus, the structure uill be subjected.to4a'transient'force
system ln additionito static fotces.l With knonn dynamic
forces, Seed (12)'has outlined a procedure for the design of‘
andearth'dam. Hence; the first step in this type of ana1y81s:

1s the determlnatlon of absolute accelerations.

Thevfinlte.element method’used in the dynamic
analysis assumes that the material behaVesvin a viscoelastic -
mannef. "Itlis fealized that plastic deformations will occut
'durlng strong motion earthquakes and to account for this'a
_relatively high value of the percentage:ofbcritical dampiné

was used.

Seismographs placed in damsishow that, durlng
earthquakes,'the acceleratlon'increases with height |
(Ambraseys (8)) and is in good agreement with viscoelastic
analysis;‘-hThuS, lt'would appear_that a'viscoelastic

response‘analysis‘ptovidesAaVreasonable method for assessing
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the'dynamic.forces induced in an embankment by an earthquake.
: Thié<idcreasé with height is demonstrated in Figure 10 which
'cdmpafes'the horizoﬁtalAacceleration, in terﬁé.of g, of.El
Centro, at the base of the daﬁ,-with that of the crest. The
acceleration peakS'of the crest are ﬁeariy double those of

the base, though they are generaliy out of phase with them.

Field tests on dams approximately 100 feet high,
“using forced vibration by large machines (Seed (13)) showed

that peak accelerations are developed at certain character-

s

. {
istic frequencies, those of the free vibration modes

(resonance effects), and also that the response was in

agreement with that predicted by viscoelastic anélysis.

The response of the dam under a different earth-
quake is shown in Fiéure 11 where the érést accelerations are
compared for the E1 Centro and Alameda Park (Mexico) earth-
qhékes. (Boﬁh earthqﬁakes were scaled to give a maximum
accelefatién»of 0.28g.) Alameda Pafk ea:thduake is a lower
_frequency eérthq;ake‘than'El Centro with a feriod\of two -
seéohds cémpare& fo El Centro's half second. Since the
>fundamenta1 period bf the dam is:one second, resonance effects
‘should Be'éimilér to those when El Centro acts, chough.peak
accelerations will occur at diff;rent‘times; Figﬁre 11 show;
that thé'ﬁaxim#mbaccelerations‘are éimilér forvboth'earthquakeé,
though thé ffequency‘of.the response when the Alameda Park
earthquake acts is-siigﬁtly lowér, and the maximﬁm adcelerétions

are reached later. .
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The variation of tespénse-with height within the
#am is shown in Figﬁre 12,'whére-the aéceleratiqhs at‘Qérious
.%éights along thé center-line oé the homogeneous dam are
iplotted. Tﬁe response at node;43.at'the base of the dam 1is
the hérizontal‘component of E1 Céntro, since the foundation is
.rigid, ;nd_that at node 50 is.the respdnse at tHe crest, asA.
shown in Figure 10. Theiacéeleration, in the eérly stages
of vibration, decreases to a minigam-atva height of approx-~
imétely'BOeret above the base and then increases with heigh:;
. reaching a maximum at the'é;est. However, after:the first
. two éeconds, there is.a gradual inérease»ig respbnse from base-
£9 crest;--jThe oscillations at the various heights are |

generally out of phase and, at times, act in opposite

directions.

The effect ofrthe'ceﬁtral core is to deé;eése
acceieratiohs at points within the core by‘10 per cent for ;he_
more figid‘éore and by 30 per cent for the more flexible core.
In ﬁhg sléping ébre, the approkimate aVeragé‘decrease in
~acceleration is 5 pefycehﬁ for the'mo:é.rigid éore'and lSlpér.i
‘cent for thevmore flexibie‘core. Accelerationé at points

outside the cores are affected only very slightly.

The usuai curfenf pfactiée in.the seismic design
of earth d#ms is to cbmpuﬁe the factbr qf safety along a.
o potential failuré surface when a gtatic;hdfizoﬁta1>fo:ce,
acting on ﬁhe sliding block, ;s inclu@éd in the;aﬁalysis;

. The problem is treated as a static analysis and the horizontal

Lt
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| FIG. 12 VARIATION OF ABSOLUTE HORIZONTAL ACCELERATION WITH HEIGHT ALONG ‘¢ OF DAM WITHOUT A CORE
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forcé is expressed as the product of the weight of the sliding
mass and a coefficient called‘the seismic coefficient, The
wdeterminatibn of the séismic coefficient is not included in

this study;»hoﬁeyer,_aﬁmethod of_de?ermining-tﬁe.required
horizonfai fcerce, froﬁAthé results of thg finite element
fanalysis;,is'given by Chépra.(ll). '“The liﬁitations of this
_ pseudo-gtatic.approach are discussgd by.Seed énd Martin (14)
.aﬁd a method is proposed where the séismic.cbéfficieﬁt variesv
with time and with héight within the dam.

The increase in rgsponsé with elevétion in the
dam shows that thg-séiséié'coeffiZiEht should be ihcreased»
with elevation. "Codes do not recogni;e phe non-rigid nature
'of»eartﬁ &amsAsubject to seismic_loadiﬁg and speéify a constant
seismic_coéfficient,'witg_;he exceptién of the Russian code,
feferred to»by Ambraseys (8),.whefé the seismic coeificieht
varies with height aﬁd depends on fhe damping propertieS»éf
the eﬁbaﬁkﬁept material and fﬁe seismic intensity of the regién.
‘The ﬁaxiﬁuﬁ accélera;ion is develoPed in a dam for only a short.
"-périod'of.time‘ hencé:the»reéulﬁing.aéforﬁations may-  be small"
and, though other deformations will occur f:Om other peaks
Sduring the earthqﬁake, itfaoes not:seem-reaéonable to assume
that the-totalldéformations willlbe as great as_if a-st#tic
inertia force corresponding to the maximum accéleration'were

-applied for an unlimited time.
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3.6 Dynamic Stress Response

i

[ ' Figufes 13 and 14 éhow the'vériétion'iq dynémic
stressés élong a horizontal plane gt_elevations 60-feet and‘
.180 feetvrespeétively in the homogeneous dém. Since the
: -structﬁrg is symmetrical; the horizontal ana verticai normal
Tdy#amié s#resse% arglzero at thevCenter-line pf‘the gam ahd
the-embaﬁkméntvmaterial is in a state of puré shear, fhe>
ahorizontﬁl no;mal stress fe;ches 5 maximum apprqximately
-midway>between the centerfliheténd the,embankment_face at\;hg
-60_foot ele?ation and then falls off slightly towards the.face.
‘It also increases with,elevation,“the peék value at the 180
‘foot level being approximately lQO per éent greater than that
at the 60 foot level. At the 180 foot elevation, horizontal
normal stress is a maximum aﬁ the face.  The response is out
of phasé at the varioﬁ§>pdints'between the center-line and the
facé{
The vertical nofmal'streséas are included for
' .purpose.of comparison only as_ic.has alreédy been shown that
the use of just the horizontal Eompbnenf”of El Centro makes
-lthése‘values qﬁes;ionable. . 'The variation in the vertical
nofmal'stfess follows the samé pgttern>as thaf of the hbrizontal

plane, but the trend is reversed with elevation, the vertical

stresses decreasing with height.

At the 60 foot level, éhe variation of‘shear_stress
along a horizontél_plane is cdnsidefable, decre§sing_from-a

"maximum at the cenﬁer-line to'approximately‘30 per cent of that 
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value at‘the face. ‘In tﬁe shear wedge solution, the shear
etreﬁs.is ¢oﬁstantvfrom the ceater-line to-the'face.:.'The
shear sﬁress 15 51ightly lower .at the 180 foot level andutﬁe
varia;ion between the center-liﬁg,of'the dam and the face is
not as great. .

The variation of thé dynamic_sﬁe%;vStrgss along
a hofizontal pl;né a# elevatio; 125 feét in the thr;e damé is
.showﬁ in Figure,lS._ 'In all tﬁree.éases,vthe-shear:stresé
increases from the face of the dam to the center-line (node 6 .
on face of dam, node 46 on center-line of dam).: Qf'particul#r
interest, however, 'is that the shear stfesses a:egohly affected
to any degree by tﬁe presence of a-coré at points within the
éote. vAt other pbiﬁts in the embankmenf, the shear §tr¢ssés
are virtually unchanged. wi;hin thermore flexible ma;eriai
of the éore, the shear stresses are lowef, being approximately‘

two-thirds of the_s:resses,at-qorresponding_pointsAin'fhe

homogeneous dam., The data presented invFigufe 15 is forlthe
more rigia éores,with elastic modulus equal toréne-half that

6f the'embankﬁent ﬁatgrial; ' Theiresults'for'the more flexible
cores, withielastic modulus one-tenth that of . the eﬁb;nkment
hateriél;vis.Similir though the effect on the shéér.stresées

at pdiﬁts in the embankment near‘tﬁg”ébre'will be- slightly

¥

greater and the shear stresses in the core will be smaller.

It can be seen from Figures 13 to 15 that the shear

stresses along a ho:izbntai plane in the dam are in phase,

while the verticaliand hofizontal stresses. are not. AThis is

I3
5



(p.s.i.)

DYNAMIC SHEAR STRESS

~FIG. 15 -

\V \vaave
NODE 6

'NODE " 12

/\-\/\A

vv\/v\/

NODE 23
(in sloping core)

(See F|gure 2(A) For Location of Nodes)

-20L -
2071
10 |- | o
o —H M‘w/\ ,/\ - /\
- f
-10 - NODE 28
-éO - no core
L T S U Y | I (S central core
10 | —
0 =+ - /A:\vf/\ _A".\\ f
. \ " v
| v A
-10 | 4 ~ NODE 45
- " (in central core)
-20 |- | . 1
o 4 seconds 6 ‘ & l,o
VARIATION OF DYNAMIC SHEAR STRESS ALONG THE 125' LEVEL



42,

because the.:esponse of the dam is mainly in the first mode, °
. predominantly a shear mode, with little differential
movement between the face of the embankment and the center=-

jline.:

Figure 16 piesents the.hérizontal'dyﬁamic stress
a;-various heights along the center of. the slqpihgmgore.
The stress is seen to decrease with elevation élong the sloping
-:cdte, though Figures 13 apd 14‘sho§ aﬁ increase Vith elevation
in the d;m. The'réason fof tﬁe decrease shown in Figufé 16
is that‘points highér in tﬁe-core-are also closer tokthe center-
line of the dam where horizontal dynamic stresses afe zero and
this decrease with proximity to the.center-line more than
compénsatés for the increase with.elevation in the dam, :iF;om
the base to'half the height of the dam, the horizontal streés
in ﬁhe ébre»is greater fof'the softer core, jﬁgt slightly
'Bélow_ﬁhe stfess.atucorresponding points-in the homogénqus
dam, The stress for tﬁe softe£ cofe is also oppésite in sign
to the otﬁer-cases up to-this level.  From half the height of
the dam,to the crest; the stress'is.a maximum:for the softer
core,'foiloﬁed by the hqmogeneous'dam and then the mofé rigid

core,

Comﬁaring the requnse»éf the.cenfral aﬁd’sloping» 
corgvdams,.thé hdrizonéal'dynamic.stress in the core is very

- low for the>central;cérevdam. The high Hbrizon#al‘stress in

;hg»slopiﬁg.coréfdém will ipduce'highér ﬁoféfwater preséures

in the impermeable core material during the éarthquake>and,‘
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hence, create a less’desirable condition,

The effect of the éore>on the dynémic shear stress
',at_pOiﬁts w?thin the Core:is'shownv;n Figures.17>and 18 where
: the.éheﬁr stress‘in the core of-thé-dam.is compared with that
,#t correspondingvpbints in the homogeneous:daﬁ.-'-Figure 17
shows the variation of the'dynémic shear stress with height
along the center-line éf'ﬁhe:central core dam, for both soft
and rigid cores, compared with that of'thekhomﬁgeneoﬁs dam,

It can be seen, for the lower part of the daﬁ, that thershear
stresses induced by the earthquake in thg homogenéous dam>are
nearly'twiceAas.high as in the dam wigh the rigid core and
abdut five times as high as in the dam with the soft core.
Higher up‘in the dam, the differences are less ﬁarked until,
inbthé upper.fifth of the dam,';he sheaf stresses are siightlj
‘}greatér?in the core than in the homogeneous dam. Shear
sttesses at points-qbtside thé»core are affected very liztlgb
-by thg'preéenceléf the core. It is ihteresting to note ;hat,
while thé shear-stréés decreaseé with.height along the'cegter-
. line of -the homogeneéus dam, it is nearlyﬁdonstant along.the
heightvof the centrallébré, decreaSing_sligh;ly near thé.top
,fof_the rigid-coré.and acthally'increasing~with-height'along

the center-line of the flexible borg.

- The variation of dynamic shear stress with height
along the centér-iine'of.the core in the sloping core dam is
shown in Figure 18. . The shear stress 1is compared at ﬁoints

in ‘the dam with a rigidvcore,‘the dam with a flexible core,
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>and_a£ corresponding points in_thé homogeneous dam. The
sheafAstrés;'is ﬁighes;,for'the homogeneous dam, éppfoximately
twice as,ﬂigh as‘for-the rigid core dam, and five times as .
high as for the dam with the more flexible core. Unlike the
~central core dam, this ratio is maintained throughout the

length of .the core, the shear stress decreasing with height.

A c&mmon poiﬁt to both cores, node 49, occurs 20
feet below the crest of the dam. Froﬁ Figures 17 and 18; it
is seen from the fesponse at ghis common point and from the
response at nodes 40'and 48, which are at the same elevation,
that the shear stress is considerably higher in the uppervpart
of the central core and i§ geqeraily,slightly_highef at all

levels than in the sloping core.

3.7 Responses by Modes

When the‘response of théihomogeneéus damlié

: computed>for each mode individually, it is fbun& that modes

2, 4, 7,‘8 and 10 con;ribute nothiﬁg'tb the total.;eséonéé.

. On referring to Figures'ZZ, 23 and 24 in Appendix II, it is
'useén that these ques are éymmetrical ébout the central axis -
the& are vertiééi mofion mo@es»ahd are not excited by horiz-
ontal ground motion. éince only the horiéontal component of
'E1 Centro was used,'thef§ ié no response in these ﬁodes. «
figure 19.5hows the.shéaé stress in eacﬁ of ghe-first ten'“

' modés’for thfee_points at the same elevation in the homogeﬁeous

dam, Figure Z(b), »The.response generally decreased as mode
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number increésed and the responsé in modé 9 waé-tbo small to
plof.‘ The first mode; which’is a shear mode,:coﬁtributéé
the ﬁajor part to the éhear étress.A The next largest
contribuéor'to the-shear_StreSS'is not mode 3, as would be
expected, but mode 5. ' The reason for this may be seén from
an examination of the'modg.shapes in Figures_22 apa 23 in
Appendix II. Mode 5 is seen to résembie f#ifly closely a

shear mode, with bending motion at a minimum, while mode 3

is predominantly a bending mode, hence ché shear~stréssﬁin
mode 5 will Se greater, 'vThe frequeﬁcy o? mode ‘5 is close to
that of E1 Centro énd heﬁée a resonance effect is probably
ihvolved.. The fact that mode 1, a éhea; mode, contributes
tﬁe major paft to fhé‘résponse of ;he dam explains why the
shear.&edge‘analysis can be used effectively to determine

the seismic response of the earth dam,

The shear stress coﬁtributéd‘by the individual'
'mbdes to the total shear stress in the dam wi;h,a sloping
cofe is presented in Figurg 20. :The figﬁre Shéstthe shear
stresses in the fir#t 5 modes. at 'a point in the sloping core
at half ﬁhe height of‘the dam.‘ As with the homogeneous dam,
 'the-major'part of the response is in the first mode. . Due to.
the‘asymmetrical nature of the damn there are ﬂo symmgtrical
mode shépes and, éonséq#eﬁtly,-eacb mode coﬁttibutes to the
respdnéé of the dam, - As.before, the fifth-modé contributes
.thezsé¢ond91arge§t.sha:e.;o the résponse,:but tﬁé difference~
between modes 3 and 5 is n§f'as pronounced ;s in the hqmégeneous‘

dam. ~The first que-contributes a proportionally'greater
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-share of the fesponse than in che.homogeneous dam and the

error would be small if this mode alone were used to determine
| .

-

ithe shear stress. = = ‘ s

In Figure 21, the response in the first 5 modes

at a point in the homogeneous dam is presented assuming that

'a vertical component equal to the horizontal acceleration

¢

mcomponentAof the earthquake is acting. When compared with

the same point in Figure 19, the response_dué to the horiz-

ontal component of the earthquake only, it is seen that modes

which are refresented in Figure 19 are unchanged here. The
effect of the vertical component of earthquake acceleration
is to excite-reéponse in the symmetrical modes only, leaving

the other. modes unéhanged.

3.8 Modal Participation Factor
The response in each mode can also be analyzed
in terms of the modal participation fa@for'(M.P.F.)." The

M.P.F. for any mode gives a measure of the proportion.bf the

.total response occurring in that mode. It depénds only on

‘the mode shape and direction of the earthquake base accelera-

tion. ‘For horizontal‘base acceleration alone, only mode

shapes with horizontal displaceﬁenQS'coﬁtribute to .the

response, while for vertical base acceleration alone, only

- mode shapes with vertical displacements:cdntribute,  ‘The

applicable M.P,F, for.each'casebis given by equations 12 and

13 of Appendix I. For both ho;izontal_ahdvvertiCal'base
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 accelérafioné all modes will coﬁtribﬁte tovthe responses and

thebM.P.F.vis given'by equation 14 of Appendik I. Since

M.P.F;'s_depend only on the mode shapes and difection of the

earthquake base apceleration,;théy can be determined priér to
- integrating the équa;iohs.of motion énd,'heﬁce; the contri-

bution of each mode is predetermine&.

»The M.f;f. fér eacﬁ type of dam, for modes 1 to 5,
for quizontal eartﬁquake acceleration only and for combined
horizonfai and vertical‘aéceleration, is shown in Table 1.

The M.P.F, for modes 2 and 4 of the symmetrical hémogeneous
dam, modes in which there. was no ;esponée; as éhown in Figurei
19, is zero.> ﬁheh a vertical acceleration compdnent_is
.; inc1uded in the earthquake; the M.P.F. for ;hese'twq modes is
pow‘ﬁon-zero, the M.P.F. for the other modes remains unchanged.
This uncoupling applies only to the symﬁetficai dgm, though
‘the central cére daﬁ is,leés.éffected than the more asymmetric
sloping.core dam., In the response.of the mofe flexible core
déms, #he‘intrddﬁction of a vertical acceleration coﬁpénéﬁt
decreaééssthe responég ih'séme modes, notably mode 5 of ﬁhé
"central core dam, _Exéminétion of Figures 19, 20 andv21
'vqonfirms that thg'modes with the highesﬁ M.P.F, contribute

most to the response of the dam. - ;ble 1 also shows that,

. for the dams with the more fle#ible cores, thevreSponée |
contributed'by'éach mode is quite different than for the more
rigid ﬁore.‘ Méde 4 ié ihe_éecqh& largest contributor to the

responée of the flexible core dams, a mode which contributes

nothing to the response.of the homogeneous dam, though mode 1 .



TABLE 1

MODAL PARTICIPATION FACTOR

- HOMOGENEOUS - ‘ CENTRAL CORE DAM : SLOPING CORE DAM
_ : " DAM : Rigid Core "Flexible Core Rigid Core  |Flexible Core
MODE | : -
: Horizontal |Horizontal H H&V H H&V H H&V H |H & V|
Component |& Vertical : : ‘ C : '
‘only '
1 1.54 ->1.54 -1.54 -1.54 -1.65 -1.63 l.58v 1.56 1.61 1.56
2 | 0 - 0.45 -0.02 -0,63 6.06 | 0.91 0.05 0.58. |-0,29 |-0.88
3 -0,.33 -0.33 0.44 0.45 0.60 1,44 -0.36 -0.40 0.42 | 0,10
4- o ~0.002 0.20 | 0.20 | 0.95 | 0.61 [-0.10 [-0.06 [-0.66 (-1.00

€S
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remains the largest contributor in every case, The. effect
of includiﬁg a vertical acceleration'component'in the modal -
‘response distribution is more pronounced in the case of the

-softer core,

.'Iﬁus, it isAshown that the M.P.F. is very useful
4in determining fhevmodes thét are the major Cén;fibutors to the
response befo;e the dynamic‘analysis is run and, hence, an
accurate estimate of the numbe? of modes needed for fhe

required accuracy in the integration can be made.

3.9 Application of Results .

The finite element method yields the stafe of
stress and strain in the dam for static loading cases and,
the stress and absolute acéelerétion history of the .dam fér'
dynamic loading cases ;uch‘as;earthuakeé. -Howevér; due.to
the high valué of'démping used in each mode to take into
account the inelastic defo:mation, the actuai'displacement
and strain history gf the real dam is not knoﬁn-from suéh a
viscoelastic finite element analysis. To be of use to the:
designer, it must be pbssibie to rel;;g the available ?eéults
to the acﬁual performance of thé'ma;erial used in the dam and
predict the ultimate'displacements'of ;he dam due to the
earthqﬁéke. It is necessary tb recognize the importance of
basing design on displécéments produced, :ather-than.pn
factor of séfety, since a fac£dr of safe;y.df'less than Qnity

éan:exist for a short period of time without excessive
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displacements before the stress cycle is reversed (Newmark

f16)).

Since theHQiscoelas;icrfinité element aqalyéis
does noc.yield an adequate'displacément history, asséssmenf
of the actual deformation of the dam will requirebthe use of
either thé stress or absolute acceleration history. Finn (4)
suggests using cyclic loading tests on representative sampiés
to“determine s?rains within the»dam._ First, the static
finite element anal&sis is ﬁsed to dete:mihe the anisotropic
consqlidation stresses to be uséd,'and then the cyclic.stress
history is taken from the viscoelastic finiée.element-solution
for the dynamic loading. From the stréins obtained in: such
cyclic tests, the deformation of the dam can Be obtained.

. On the other hand, Seed (12) useé thé ébsolu;e‘acceleration

) history to determine the_inertié'forces to introduce in;p a.
slip-circlé analysis ;6 determine the state of stress on the

, éotén;ial failure surface., -fhgse_gtresses a{e then used in

cyclic loading tests and the strains obtained.
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CHAPTER &

CONCLUSIONS

e

That a case for the improved seismic designvof
earth dams is evident is shown by Ambrééeys (17) who statés
that in an investigation of dams, levees and émﬁankments
subjéctéd to strong eafthquakes, most dams Qere sevefely
damaged‘while all levees and embankments were destroyed.
Iﬁ,recent years, there has béen no failure of a major earth
dam dﬁe to earthquake action, but this is proﬁably becéuse no
large'dam has been subjectéd to a majorAearthquake in tﬂat

time,

" The following conclusions are drawn from the
‘results of the investigation presented in the preceding -

chapters:

l._Thé higher,dynamié horizontal sfresses induced in the

hpbér part ofvtheAsioping éore; c6ﬁp1ed withlthe existing
static tensile stresses‘in_this.;egion, combing to make this
 type'of core less desirable_for‘earth,dams in aréas subject-
"to seismic-  activity. : The dynamic’HotiZOntal stresses induced
iﬁ the upper éore by the.eafthquak; idcredée as the cére is

made more flexible. e | .

2. There are no tensile static stresses in the central core

dam and the dynamic horizontal stresses in the core are very
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low. However, the dynamic shear stresses are considerably
>highét in the central core than in the sloping core,

particularly in the Qppef levels of the core.

3. The dynamic shear stress is lower in the ép;e, both
central and sloping, than at corresponding ﬁoints in the
'homogéneous dam. It is affected only to a very small degree
at polnts outside the core, dependihg on &he flexibility of

"the core.

4, The variatiqn of the accelerations with height in the dam
indicates that, in the seismic coefficient method of‘design,
a coefficient which increases with elevation should be used,
5. The acéelerationé are higher in the 310ping core dam and,
1hence, a higher seismic coefficient would be required than for

- the central core dam.

6, The finite element method is seen to be sensitive to
irregularities in the subdivision of the dam into finite
Velements. A symmetrical subdivision should be used when

- possible,

7. In a comparison between the finite element method and the
‘shear wedge anélysis, it_is seen that only the first mode
approximates to a shear mode, »A”Staté*of pure sheaf exists

' ,bnly at the center-line of the dam, and the shear stress is
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.~ not uniform on a horizontal plané through the dam, an
assumption made by the shear wedge approach.

8. The vertical eérthquake acceleration modifies only the
'vertical.dynémic stress and has a wagligible effect on the

" dynamic shear stress and horizontal dynémic stress.

9, The Modal Participation Factor, which can be easily
determined before the dynamic analysis is run, is shown to
be a very useful guide in selecting the number of modes which

should be used to achieve the desifed degree of accuracy.

10. From an apptaisai of the findings of this investigation,
it is concluded that the use of a central type core in areas
of earthquake activity would lead to safer seismic design of

_earth dams.

Furﬁher;feSearch on this topic is»ﬁecessary. The:
‘éffect.of Var&idg.éide-slopes, heigﬁt of dam, core placing and»
core dimensions, as well asbthe response of the dam when
underlain by various types of foundatibﬁs, shou1d be studied.
>The dynamic response qf the dam under earthquakes of the
highest and lowést frequencies to bé.expeqted Shouldrbe

inves;igatéd, with particular emphasié on resonance effects,
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DESCRIPTION OF FINITE ELEMENT METHOD

. The finite element metﬁod'of stress analysis is
a powerfdl extension of matrix structural analysis procedures
for obtaining digiﬁal_comppter sqlutions to problems of thgv
continuum, A_geﬁeral description of the method has been

given by Clough (1).

In practice, thé continuum may be comprized of
.,nonfhomogéneous, anisotropic, and non-e1astic-matérials.
ﬁon-homogeneity and simple forms of anisotropy introduce no
difficulty into the fiﬁite element method of analysié;
non-elasticity isbapéroximated-by multi-linear elasticity for
'statié analysis. However,-dynamic analysis is still

restricted to linear elastic behaviour.

The actual continuum is idealized as an asseﬁblage.
of discrete elements or segmenté cénnectéd at the nodes. . Any
shape'of element may’belﬁsedAprovidéd a>stiffness matrix,
giving thelrelationshib between. the nodal forces and nodal
‘displacemenﬁs,'ié-available.fot the element., Rectangular'and
“triangular elemenﬁs are coﬁmonly used., The bouﬁdaries of a
»dém are most easily‘followed‘by.triaqgulat eleménts which are

used herein.

Generally, the more refined the discretization of
‘the region the more accurate the results. . Because of

‘limitations of computer storage and pfoblemé of maintaining



accuracy in the solution of largé sets of ‘equations, in
practice, the‘fineness of subdivision varies with anticipated
stress gradients. In regions of high stress gradient a
Arelatively”finer subdivisioa is used; in regions of.léw stress

gradients, a coarser subdivision.

If {F} are the nodal forces . on eacpréleﬁent and
{r} the nod31 disp1acemen£s then the element stiffness matrix,.

[k]l, is defined by the eqﬁationi
{F} = [k]{r} - W

The element stiffness matrix used herein is determiﬁed on the
assumption of a linear variation of'diéplaceménts.over the
element. This assumption‘ensures'compatibility of displacemenﬁs
along the_edges of cﬁntiguous.elements. .The stiffness matfix
(K1, for.the'entire‘structure is obtained by éuperimposing_the
appropr%ate.gtiffness coefficients of thé individﬁal_éleméﬁts

surrouﬁding each node, o ": - ' -

The nodal force-deformation relations'are then

giveﬁ'By
{R} = [K]{r} o BRI €

in which {R}‘is fhé matrix of thernédaluforces.>. Nodal forcés.
due to_graﬁity ére obtainédAby.lumpingIOne-tﬁird;of each
element weight at the:nodgs of the elementé. 'qu distributed
applied.loads; suéh as'surface.loads,'sﬁaticélly eduivalent

concentrated loads are applied at the appropriate nodes.
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The matrix [K] is a symmetric band matri# and, for
“the'dyder'of'equations used herein, equations.(Z) are most
conveniently solved'by the Cholesky'methoa (Faddeeva (18)).
For systems of very high order an ite:ative method such as
:that descrived by Wilson (19) is desirabieAto reduce round- -

off errors,

The stresses, o, in the elements are obtained by
{o} = [S1{r} (3)

in whichb[S], the stress trgnsformation'matrix, ié determined

by the assumed displacement pattern and the matgriai properties,
Nodal stresses are obtainea by'averaging the stresses 1in
eiements around each node, This procedure loses accuracy at
the béundariés and for mofe accurate results the extrapolation

proéedure suggested by Wilson (19) may be used.

SEISMIC ANALYSIS

The seismic behaviour éf a dam subjected to a .
base acceleration, a(t); may be studied by considering the
'~ base fé be at reét.and the dam to bé aéted upon by ineftia
Aforces, ﬁi(tj,:giyen by |

| Ry(t) = - M a(t) S D (4)
:he mass. My iS'dbtained_by lumping at node 1 one-ﬁhird of the

masses of all elements surrounding node i, - Letting the

»displagement of node i be r; the equation of motion for node 1
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becomes

. : A ‘ ; ' ' - o, '
f Myr, + ciii + Kyry o= Ri(t), o :\5)
l S o |
4dn which Ci is the viscous damping, Ki the appropriate stiffness
and the dots indicate differentiation with reSpect-tovtime.

'In matrix form, the equations of motion for the structure are
[(M]{r} + [C]{£} + [K]{r} = {R(t)} (e

in which [M] is the mass matrix [C] the viscous damping matrix,'
‘[K] the stiffness matrix, and R(t)' the load matrix. In

"~ expanded form, R(t) 1is given by

'Ml’ (0 )
v
0 1
Mz g N ,
. M, | -
R(e) =-71 | ah(t) - 40 r av(t)A . R
M .
n M
0 n
. P, \ V,

in which‘ah(t) and a (t) are the horizontal and vertical
v :

acceleration components of the earthquake,

Thé undamped free vigra;ion-modé shapes [¢] and

. the éorrespohding na:u;al ffequenci;s of'vibratian{wn} are
first determined by'sclution of the usual charactéfistic value
‘rprobiem

2 L ' -
- wy (Mo} + [Kl{e ) =0 ’ o (8)
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The normal cdordinates of the system, Y, may then by>related

;d the nodal coordinates by

| |
{r} = [$1(¥} o O

The equations of motion may now be reduced to n normal mode

.equations

¥ o+ 2aje ¥+ wly = B © (10)

N . |
in which Mnx = o ¥ MIGe Y, B = (4,1 (R(O))

andxn = 7 of critical damping in the nth mode. It is assumed
that the damping is such that the damping matrix has the
orthogonality property .
{6_}[CI{¢ } =0m+#n |
. n (11)
The normal equations (10) are solved for Yn using
step-by-étep matrix analysis method of integration (Wilson
~and Clough (20)). Then using equations (9) the dynamic i
displacements“{r}>ére.determined'at.discrete intervals of time.

‘Applying equations (3) the dynamic element stresses and finally

the dynamic nodal stresses are déetermined.
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MODAL PARTICIPATION FACTOR

f The modal participation factor (M.P.F.) discussed

'jChapter'3;8 were calculated as follows

1. For horizontal base motion only, the modal participation

_ factor in the nth mode is given”by.

_ , ST ‘
. \ r
M
0
. ‘ | M2 .
M.P.?. =1 Jeal r (12)
M ¥ .
n 0
- M
_ n
\ - J : \ /
2. for vertical base motion.only
.- T
[} (o)
My
M.P.F. = 1 [4a0 101 | o (13)
. & .
M .
n L ]
M
n
L J \o. /
3. For combined horizontal and vertical base motioh v
T
( 9 4 3
Ml
My
. Y
{ 2
MoP.F- - 1 ¢n’ Jo r (14)
* : -
Mn
"Mn
M
\ J \ nJ
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FIG. 22

1

MODE SHAPES | TO 4 -DAM WITHOUT CORE

MODE 4 (T =0.419 sec) .

‘0L



" FI16. 23 - MODE SHAPES 5 TO 8 — DAM WITHOUT CORE

MODE 8 (T=0.319sec )

"TL



FIG. 24  MODE SHAPES 9 AND 10 — DAM WITHOUT CORE

"‘MODE 10 (T =0.286 sec)

L



MODE 1 (T=0.9405ec E.= sz )

MODE 2 (T 0.629sec )
<~ - (T =0.694 sec )

—

—_—

MODE 3 (T =O. 495 sec)
(T=0.577sec)

(T =0.449 sec)

MODE 4
: (T=0.559 sec) -

FIG. 25

-MODES

T0 4

— DAM WITH CENTRAL CORE

(T=1.043sec Ec=-K-)ED )

€L



MODE‘5 (T= 0427sec)
(T 0.489 sec )

MODE 6 (T =0.383 sec)

MODE 8 (T=0.336sec)
( T =0.389 sec)

FIG. 26

'MODES 5

TO 8

— DAM WITH CENTRAL CORE

(T =0.4465sec ) -

MODE 7 (T =0.360 sec)
{ T=0.416sec)

i



MODE 9 (T=0.3I7sec)
(T =0.360sec )

MODE - 10 (T=0.306sec )
' (T=0.346 sec )

FIG. 27  MODES -9 AND 10 — DAM WITH CENTRAL CORE

gL
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MODE | (T=0928sec Ec=%Ep)
(T=0.979sec E = Z1Ep)

"MODE 2 (T=0.628 sec) -
.- (T=0.773sec ). - - ..

MODE 3 (Tﬁo.sqosec )
(T=0C.512 sec )

_ MODE 4 (T =0.446 sec)
(T=0.492 sec) .

*9¢

FIG. 28  MODES-1 TO 4 — DAM WITH SLOPING CORE



MODE 5 (T =0.424 sec )
(T=0.488sec )

——

MODE 6 (T=0.377 sec )
(T=0.470 sec )

*MODE 7 (T =0.364 sec )
(T =0.418 sec )

MODE 8 (T =0.335 sec)
(T =0.386 sec)

FIG. 20 MODES 5 TO 8 — DAM WITH SLOPING CORE

‘Le




MODE 9 (T =0.3!8 secs )
(T =0.364secs)

MODE 10 { T =0.310secs)
(T=0.356 secs )

FiG. 30

MODES 9 AND 10 — DAM WITH SLOPING CORE

‘8L



