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ABSTRACT

Large dams were among the first structures for whichnsieislesign had been performed. The seismic an
method developed by Westergaard in the 1930s haml favorldwide acceptance among dam designersthetite
1970s. This relatively simple psewatic analysis method accounts for both the imleeffects of the dam and 1
hydrodynamic pressure. It was common practice &auseismic coefficient of 0.1 if no information thre seismi
hazard was available. It isowadays recognized that earthquakes can produesdjraccelerations considers
higher than the values assumed at the time of dlsggd of many existing dams. The effect of eartkgqaaon th
design of dams was first discussed at thee 5th @ea@f tle International Commission on Large Dams (ICOLL
1955. Since then the ICOLD Committee on Seismicegtp of Dam Design, which at present comprises aat
earthquake experts from 28 different countries, fre@pared a number of guidelines on varioueetspof seism
analysis, design and seismic monitoring of damseséhguidelines are de facto considered as seispdiescil
countries which do not have any specific codesegulations for dams. The ongoing work of ICOLD’snGuittee
on Seismic Aspects of Dam Design is discus$éoreover, aspects which need closer attention énftture ar
discussed such as good practice in dam engineanidghe integral safety of dams, which includegcstiral safet'
dam safety monitoring, operational safety and damtenance, and emergency planning.
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1. INTRODUCTION TO SPECIAL SESSION ON SEISMIC ASPECTS OF LARGE EMBANKMENT
AND CONRETE DAMS

1.1. General

Dams are important structureshich have contributed significantly to the econordevelopment of mai
countries. The great majority of existing dams -intyasmaller ones were built for irrigation and wat
supply. Most large dam projects are multipurposgegots for energy prodtion, flood control, navigatio
water supply and irrigation, recreation, aquaceltatc. As large storage dams may have very largeagk
potentials, they must also be able to withstanceffexts of very strong earthquakes.

In several Western countries dams were built wherdeasible and very few new dams are no@ing
constructed. For example, the average age of tisérexdams in Switzerland is about 50 years. Tioeeg the
interest in the earthquake safety of dams has e sextent stagnatech many developing countries ther
still a large potential for technically and econoatly feasible dam projects, but these dams malpdsged i
less favorable locations than those already deeeloPne of the important factors is the high sesdmazard o
some of these sites. Therefore, the earthquakeciasal has become the dominant one for the desigpnod ¢
the new large dams. This was not the case when ofidsie existing dams were built, because the de
design criteria (low seismic coefficient) and metb@f dynamic analysis (pseudostatic analyss®d at thi
time were such that the earthquake safety of thewas automatically satisfied and hardly amgcial seism
design modifications were needed. In the meantiraeséismic dégn criteria and methods of dynamic anal
have changed dramatically and because of thesgyebdhere is also an increasing demand for checki
earthquake safety of the existing dams designethstgaarthquakes using design criteria and metlad
analysis, which are considered as outdated andtsnesewrong, today.

To increase the awareness of the dam designershanghrties involved in dam safety and also to watd
further research and development in earthquakessafaesilient dams, spatitheme sessions were organ
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with the support of the earthquake committee oflthernational @mmission on Large Dams (ICOLD) at
following World Conferences on Earthquake EnginagriAcapulco (1996), Auckland (2000), Vancot
(2004) and in Beijing (2008). In Beijing (14WCEEhet Special 8ssion on Seismic Aspects of Le
Embankment and Concrete Dams was organised by Bbeqgun of IWHR, China and the author of this paper.
A brief description of this special session is giwe Section 1.2.

Similar sessions were also organised at the Eurofeaferences on Earthquake Engineering in Vienna4)
Paris (1998), London (2002) and Geneva (200@Yyious aspects of seismic safety of dams wereudssed i
these conferences. Therefore, in the related pdinge many useful papers on this subject can bedfou
The present paper is intended to be the introdugaper for this Special Session at the 14 WCERBsiijing.
This session is also a very timely one in viewhaf fact that a large number ofrds has been affected by
May 12, 2008 Wenchuan earthquake in Sichuan previnc

In the subsequent sections a short overview ongaasiic analysis and design procedures for démsworl
of ICOLD in the field of seismic safety of damsetmtegral afety philosophy for dams, where earthqt
safety plays a central role, and future researeldsare briefly discussed.

The importance of earthquakes for large dams isilhestrated by Fig. 1. The world’s largest dangdy dam
with a maximum height of ca. 650 m is a landslidendn Tajikistan formed by a magnitude é&thquake |
1911. The landslide (dam) volume is over 2 billimhand the reservoir stored behind this dam, LakeSéma
a volume of 17 billion rhand a maximum water depth of some 600 m. Alsoign F a modern arch dais
shown where a fault is crossing the dam at thealefitment. The dam Iscated close to a major fault pas:
through the reservoir.

Fig. 1: Usoy dam in Tajikistan created by landstidiggered by magnitude 7.3 earthquake in 1911) (éefd
arch dam in Iran with fault crossing the left abetrm(right)

1.2. Brief Description of Special Session and Needs for further Research and Development
The Special Session on ‘Seismic Aspects of Largddfikment andConcrete Dams’ will be organized
cooperation with the Committee on Seismic Aspetf@am Design of ICOLD.
As the field of earthquake safety of dams is sglatively young, new lessons are learnt from estcn¢
earthquake, which either causes daentaga large dam, or provides strong motion recofdsstrumented darr
As very few large concrete dams have been damagéthchn earthquake and since the few dynamic nede
carried out with dam models up to rupture are eatly representativeéhere are still considerable uncertair
about the behaviour of a dam under the maximumildeedarthquake (MCE) or safety evaluation eartke
(SEE). It may be expected that in the coming y&ather developments are made, e.g., in the folgvieds:
« inelastic earthquake behaviour of dams under stgpognd shaking of MCE/SEE;
e dam design to resist MCE/SEE including developneésimplified methodgor the assessment of 1
dynamic stability of cracked concrete dams anddghamic slope stability of embankment dams;
» efficient seismic strengthening of existing dams;
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e seismic hazard assessment and refinement of seilsmmaesign criteria;

« shortterm behaviour of mass concrete, RCC and embankaa@mimaterials (dynamic tensile strer
of mass concrete, tensile strength in lift jointsl @ontraction joints);

« simulation of effect of fault movements in dam fdations on behaviour and safety of dams;

« seismic safety of concrete face rockfill (CFR) daand roller compacted concrete (RCC) dams;

e seismic design and safety of underground strucituesels, caverns, shafts);

« hydromechanical equipment (gates, penstock, vahaom outlets, intake structures etc.)

< dynamic rock slope stability in reservoir areaydgering of landslides and rockslides @aanovement
in reservoir area;

« foundation stability of dams during earthquakes, et

Therefore, contributions on the following subjegts invited for presentation and discussion:
e Seismic safety of existing dams;
« Effects of recent earthquakes on dams and stronigmadata;
* Reservoir-triggered seismicity;
* Seismic hazard assessment at dam sites;
* Seismic design criteria for large dams;
* Faults in dam foundations;
e Seismic aspects of underground works;
* Seismic aspects of slope stability of embankmentsdand slope stability in reservoir region;
» Seismic aspects of roller compacted concrete andrete-faced rockfill dams; and
* Seismic aspects of diaphragm walls and grout awgtiai dam foundations.

2. SEISMIC ANALYSISOF CONCRETE AND EMBANKMENT DAMS

2.1. Concrete dams

Large concrete dams were among the first strucforashich seismic analysis am@sign had been perform
The seismic analysis method that was originallyetigyed by Westergaard in the 1930s for the Hooser da
found worldwide acceptance among designers of etealams until the late 19708his relatively simpl
pseudstatic analysis method accounts for both the ialegffects of the dam and the hydrodynamic presst
was common practice to use a seismic coefficiet. bfif noinformation on the seismic hazard was avail:
It is nowadays recognized that earthquakes canupeod@round accelerations considerably higher tha
values assumed at the time of the design of maisyiex dams. Furthermore, it is also recognized toacrete
damsrespond dynamically to earthquake ground motiam$ #hat peak values of the acceleration ca
amplified by up to a factor of 10 from the basé¢h® crest of arch dams.

2.2 Fill dams

The first dynamic response analysis of an earth da® made by Mononobe et al. already in 1936.
modeled the dam as an infinitely long symmetricangular section consisting of linealastic material ar
resting on a rigid foundation (Mononobe et al., @98 owever, general design practice at tirae was to tak
account of the seismic loading of a dam by a seistoefficient. This seismic coefficient was comny
between 0.10 and 015. The concept was that thmiseferces acting on the dam could be represehyed
static horizontal force expressed as pheduct of the seismic coefficient and the weighthe potential slidin
mass in the dam body. If in a static stability gl the factor of safety would approach unity, diaen wouli
be considered close to failure and therefore unsafe

Earth dam design prior to the 1960s was mainly ecgliusing judgment guided by past experience hase
times, sites for dams were generally unproblematid engineers were confident that they could
completely safe structures. Little attentionswgven to the consequences of a possible failtlre.confidenc
in the ability to build safe dams was derived frim satisfactory performance of a large numberxadtiag
dams. However, there was a severe lack of precedegingams which had been settfed to strong shaking
an earthquakeMoreover, there were practically no quantitatiega on the response of concrete and earth
to strong ground motions due to the absence afiimsntation.
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There is no relationship between the peak groundexation (PGA) and the seismic coefficient in aalgsis
Marcuson (1981) suggested that appropriate psettosbefficients for dams should correspond to-ibrirel
to one-half of the PGA. Hence, pseudostatic arglysecause of its simplicity, may Isthave some meri
today, at least for preliminary design. Howeversasn as the materials in the dam or in its foundaghow
tendency to build up significant pore water pressuor lose more than about 15 % of their strendgtiinc
seismic loading in a laboratory test, the use @sie coefficients is unsafe and must be strictigradoned.

For embankment dams, the design practice was sitoildnat of concrete dambut great efforts were made
understanding the dynamic behaviour of thesesdafter several failures had occurred due to liactesr
during major earthquakes in the 1960s and espgeifilr the 1971 San Fernando earthquake in Cai#or

3. THE ROLE OF THE INTERNATIONAL COMMISSION ON LARGE DAMS (ICOLD) IN THE
EARTHQUAKE SAFETY OF LARGE DAMS

During the magnitude 8 Wenchuan earthquake, whedluroed on May 12, 2008 in Sichuan province, Cl
some 1580 dams were affected by the earthquakewffeted different types of damage. Most of themens
were small dams, but also sentarge dams were damaged. Many large dam progeturrently und
construction or in the desigrhase in Sichuan, the province with one of thénéxg hydropower potential
China. Some 245 earthen dams — mainly small dams/dter supply and irrigation were damaged by t
magnitude 7.7 Bhuj earthquake of January 26, 200Gujarat, IndiaNo failure occurred because all
reservoirs were almost empty at the time of th¢heaake Dams were also affected by the Kocaeli earthg
of August 17, 1999 in Turkey and during the Septen#td, 1999 Ch&hi earthquake in Taiwan. These re:
events have shown that the earthquake hazard oestito be a serious threat to dams. Therefore, L3
closely following seismic safety problems relatediams.
The Committee on Seismic Aspects of Dam Desigmes @f ICOLD’s oldest technical committeeshich a
present comprises dam and earthquake experts fadifferent countries from all continents hihs prepared
number of guidelines on various aspegtsseismic analysis, design and seismic monitoghglams. Thes
guidelines are considered as seismic guidelinesmadst countries which do not have any specific code
regulations for dams. Since 1984 the following glirtes have been prepared:

» Bulletin 52 (1986): Earthquake analysis proceduresdfams (Report prepared on behalf of

Committee on analysis and design of dams of ICORDC. Zienkiewicz, R. W. Clough, H. B. Seed),

» Bulletin 62 (1988) : Inspection of dams followingrthquakes — guidelines (revised in 2008),

* Bulletin 72 (1989): Selecting seismic parameterddmge dams (currently under revision),

* Bulletin 112 (1998): Neotectonics and dams,

* Bulletin 113 (1999): Seismic observation of dams,

* Bulletin 120 (2001): Design features of dams teetff/ely resist seismic ground motion,

* Bulletin 123 (2002): Earthquake design and evabmadif structures appurtenant to dams, and

» Bulletin (2008): Reservoirs and seismicity: stat&rmowledge (in print).

The last bulletin is concerned with reservoir-teged seismicity (RTS). Theonstruction of large storage de
has become a controversial subject and one ofrtharents against dams is RTS, which is catchingptidic
imagination quickly.

The publication with the greatest impact on thaers@ design of dams is Bulletin 72, which is currenthyde
revision. In this guideline the concept of two bqrttake level for the seismic design of dams wa®dioice:
internationally, i.e. the Operating Basis Earthqud®BE) and the Maximum Credible Eayttake (MCE
ground motions. Today, most dams are designed stgaiarthquakes using this concept, which ca
considered as the minimum seismic design requirefoedams.

Bulletin 120 complements Bulletin 72 as it includesiceptual features for theismic design of dams, whi
are extremely important as it is wéthown that it will be difficult to have a structute perform well during &
earthquake when the basic seismic design conceptmaobserved.

Besides bulletins, ICOLD is also organgioongresses, which are held every three yeaeadh congress fo
technical questions are discussed.

Previous questions dealing with seismic aspectianfs, discussed at some of the congresses, whroass:
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» Settlement of earth dams due to corspileility of the dam materials or of the foundati@ffect o
earthquakes on the design of dams (Paris, Frant@5h);

» Results and interpretation of measurements madkiarge dams of all types, including earthqt
observations (Edinburgh, United Kingdom in 1964);

« Dams in earthquake zones or other unfavourablat&ts (Istanbul, Turkey in 1967);

e Seismicity and aseismic design of dams (New Ddfldia in 1979); and

» Seismic aspects of dams (Montreal, Canada in 2003).

Several other Questions discuss¢dCOLD Congresses have also dealt with earthghakard and the seisr
vulnerability of dams.

In November 2008 ICOLD will celebrate its '‘8@nniversary 88 countries are members of ICOLD, whic
one of the first international professional orgatias in the world. Further details about this impo
organisation can be found under www.icold-cigb.net.

4. SEISMIC ANALYSISAND DESIGN ASPECTS OF LARGE DAMS

The evaluation of the earthquake behaviour of dare challenging task, as it requires meophisticate
analysis tools than those used for the usual statids. Significant progress has been achievedhé
linearelastic dynamic analysis of concrete dams and thevalent linear method has been develope
embankment dams, which has beeidely used for practical applications. The truenliveear dynami
behaviour of concrete dams, taking into accountreation joint opening and cracking of mass corgrand c
embankment dams is still under research and dawelop Also dynamic concrete ddoundation interactic
is a problem, which has not yet been solved satsfity as the proposed foundation models are fam
representing reality.

Significant progress has also been achieved in uhderstanding and in the testing of the dyn
characteristics of embankment and foundation nedteri

Before substantial further progress is possiblgjtmsal information has to be collected from damdict
have experienced severe ground shaking simildigmne expected during the maximum credible eaatkeju
Under such earthquake motion damage is expecteckto in most dams (Fig. 2).

¢ £ {5 b

Fig. 2: Damage in top portion of the 105 m highi®&&ud buttress dam caused by the magnitude 7.5ilMan
earthquake in Iran in 1990 (left), damage in cotecface of Zipingpu concrete face rockfill dam adiby the
magnitude 8 Wenchuan earthquake in China in 2008

In view of the large number of dams affected by Meey 12, 2008 Wenchuan earthquake, it is expedte
important lessons can be learnt freims powerful earthquake. These events will revkalactual earthqua
problems of dams. In the absence of such informatids necessary to perform model tests up to thlure
In such tests, the main parameters have to be hladdedcurately, i.econtraction joints and lift joints in me
concrete, joints in foundation rock, and soil pmes of embankment dams etc. For embankment 1
dynamic centrifuge model tests are promising, sithey can better represent the stresses and theestic
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behaviour of prototype dams. The characteristiceeairfault ground motions with high velocity pulses n
also be considered.
In spite of the fact that the development of nuoaranalysis methods has progressed significafithhel
information is neded before the behaviour of large dams during gtrgmound shaking can be determi
accurately. The main problems are:

» Selection of characteristics of seismic ground orofor the safety evaluation earthquake (SEE);

» Determination of seismic failure modes of differgmes of dams;

* Modelling of materials and identification of dynammaterial properties;

» Selection of damping properties of concrete damimgstrong ground shaking;

* Modelling of dam-foundation-reservoir system andlimear dynamic analysis; and

» Definition of performance criteria for differenttgs of dams.

Most of the above problems need engineering judgmen
5. SEISMIC HAZARD AND SEISMIC DESIGN CRITERIA FOR LARGE DAM PROJECTS

5.1. Seismic Hazard
Earthquakes are multiple hazards, ethhave the following features in the case of aag® dam (Wielan
2003):

e ground shaking causing vibrations in dams, appartestructures and equipment;

« fault movements in the dam foundation causing strat distortions;

- fault displacement in the reservoir bottom causiager waves or loss of freeboard; and

e mass movements into the reservoir causing impuésesvin the reservoir.

Other effects such as water waves and reservaitatgms caused by ground shaking are of less@oitanc
for the arthquake safety of a dam. Usually the main hazsinéh is addressed in codes and regulationsg
earthquake ground shaking. It causes stressegnufons, cracking, sliding, overturning, liquefaat etc. It
the subsequent parts the design criteria spedfiedor ground shaking only.

A hazard, which is often underestimated, is thgdarumber of rockfalls in mountainous regions. Ehems
movements can block access to dam sites and thevo@sor may sometimes form landslide dams. Dutheg
Wenchuan earthquake of May 12, 2008 large landslkitdenmed rivers and formed over 33 lakes. Becal
the mass movements and closed roads, some of the glech as the 132 m high Shapai RCC arch dantg
not be reached and inspected for several weeks.

If a major earthquake occurs, which can cause dartag well constructed dam that can withstandSlB&
then it has to be expected that the buildings afihgtructure in the dam and reservoir regionssanerel
damaged and that access to the diéenasid the reservoir may be obstructed due toslades, rockfalls, debr
on roads, cracks in road surface, soil deformatidamaged bridges, local flooding etc. Access taote dar
sites may only be possible by helicopter.

Rapid response is a preargsite for saving lives and this includes immegliatccess to the dam site
immediate safety and damage assessment. Accessniaggimportance as an increasing number of ¢
especially in remote areas or locations with difi@ccess during certain periods of the yaeg, monitored ar
operated by remote control centres. The severitydarhage cannot be assessed easily by the av
monitoring instruments. These are important factothe case of emergency planning (ICOLD, 1988800

5.2. Seismic Design Criteria for Dam and Safety-relevant Components
For the seismic design of dams, abutments andysafletvant components (spillway gates, bottom outkts
the following types of design earthquakes are usedcordance with ICOLD Bulletin 72 (1989):

() Operating Basis Earthquake (OBE): The OBE desigrsé&d to limit the earthquake damage to a
project and, therefore, is mainly a concern ofdaen owner. Accordingly, there are no fixed crit
for the OBE although ICOLD has proposedaverage return period of ca. 145 years (50% (ibtye
of exceedance in 100 years). Sometimes return ¢eeied 200 or 500 years are used. The dam
remain operable after the OBE and only minor easihairable damage is accepted.

(i)  Maximum CredibleEarthquake (MCE), Maximum Design Earthquake (MDE)Safety Evaluatic
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Earthquake (SEE): Strictly speaking, the MCE isegedninistic event, and is the largest reasor
conceivable earthquake that appears possible aorgcognized fault or within aeggraphicall
defined tectonic province, under the presently kmawpresumed tectonic framework. But in prac
due to the problems involved in estimating of tleeresponding ground motion, the MCE is ust
defined statistically with a typical returperiod of 10,000 years for countries of low tod®i@t
seismicity. Thus, the terms MDE or SEE are usesuastitutes for the MCE. The stability of the «
must be ensured under the worst possible grounsbnsoat the dam site and no uncontrolled retea
water from the reservoir shall take place, althosighificant structural damage is accepted. Inctm
of significant earthquake damage, the reservoir haaxe to be lowered.

Historically, the performance criteria for dams amitier structures dve evolved from the observation
damage and/or experimental investigations. Theop@ence criteria for dams during the OBE and MCH
are of very general nature and have to be congldere case-by-case basis.

Because bottom outlets and spillway gates have wplkrable after the SEE ground motion, the pedaoa
criteria for these safety-relevant elements aretstrthan for the dam body, which may be crackellas
undergone different types of deformations.

6. SAFETY PHILOSOPHY FOR LARGE DAM PROJECTS

The main safety concern is the failure of a dam thieduncontrolled release of the reservoir wateh flooc
consequences (loss of life, economical damage r@amwiental damage etc.), which will usually excelee
economical damage to the dafmerefore, for the seismic risk assessment ofna fial reservoir is the critic
situation.

Basically, the seismic safety of a dam depend$eridiowing factors:

1. Structural Safety: strength to resist seismic ferathout damage; capability to albldiigh seismi
forces by inelastic deformations (opening of joiautsl cracks in concrete dams; movements of joi
the foundation rock; inelastic deformation charasties of embankment materials); stability (slig
and overturning stability), design of dam accordimgtate-of-practice, etc.

2. Safety Monitoring: strong motion instrumentation ddm and foundation; visual observations
inspection after an earthquake; data analysisra@edpretation; post-earthquake safety assessnment et

3. Operational Safety: Rule curves and operationalg]iries for posearthquake phase; experienced
qualified dam maintenance staff, etc.

4. Emergency Planning: water alarm; flood mapping &wecuation plans; safe access to dam
reservoir after a strong earthquake; lowering séreoir; engineering back-up, etc.

In general, dams, which can resist the strong git@inaking of the MCE, will perform well under othgpes o
actions.

It is obvious from the above list that structurafety and earthquake resistadesign of a dam is only c
element, but a very important one, in the ovewdibty philosophy of large dams.

7. CONCLUSIONS

The technology for designing and building dams appurtenant structures that can safely resistfteete o
strong groud shaking is available. Dam construction has mdveth the West to the less developed cour
and the existing dams are ageing not only physidalt also the design criteria and design concagtgettin
old. This is particularly true for seismictam where a lot of developments have taken plaweghe 1971 Si
Fernando earthquake, a milestone in modern eattbqeragineering.

Dams are not inherently safe against earthquakesedions of low to moderate seismicity where g
earthquakes oce very rarely, it is sometimes believed (i) thad much emphasis is put on the seismic h:
and earthquake safety of dams, and (ii) that deesgyded for a seismic coefficient of 0.1 are sidghdly saft
against earthquakes as none of them has failed mpw. Such arguments are not correct.

For the earthquake safety evaluation the sameierifgam must withstand the MCE ground motion)astiie
hydrological safety (PMF must be released safefehto be considered. As most dams built priot 98¢
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when ICOLD has published its seismic design cat@fi dams, have not been checked for the behawio
safety for the maximum credible ground motion a ttam site, the earthquake safety of these damei
known and based on the comprehensafety checks carried out in California it must lssuamed that quite
number of them do not satisfy today’s seismic gafeteria. Therefore, owners of older dams shiitswith
the seismic safety checks of their dams.

They shall also realize (i) thitie earthquake load case has evolved as theattid case for most large de
even in regions of low to moderate seismicity aijdi{at due to changes in the seismic design rizitend th
design concepts it may be necessary to perforntaesesmic safety checks during the long economicaldf
a large dam. This is also true for other infragdtices projects and buildings.

Finally we have to realize that our knowledge amltkhaviour of large dams during very strong grashaking
is still very limited and that each destructivetkquake affecting dams may reveal some new featwm@shup
to now may have been ignored (Wieland and Brer2@£3).
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