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SUMMARY:

The seismic design criteria and methods of dynamaldysis of dams have undergone substantial chasiges
the 1930s when earthquake actions have been inteddo the design of large concrete and embankdams.
Earthquakes can cause multiple hazards in large plajects including ground shaking, fault movements
rockfalls, landslides, landslide dams, liquefactiorater waves in reservoirs, etc. The integralrsigissafety
approach to be adopted for large storage damssisribed. Furthermore, the seismic design critavialdrge
dams, safety-relevant elements, appurtenant stegsttemporary structures and critical construcstages,
recommended by the International Commission on édbgms (ICOLD), are presented. The performance
criteria of dams and safety-relevant elements sischottom outlets and spillways, which must be aiplerafter

a strong earthquake, are discussed.
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1. INTRODUCTION

The seismic design criteria and methods of dynamalysis of large concrete and embankment dams
have undergone substantial changes since the 1@8fls earthquake actions have been introduced to
their design. At that time, the earthquake hazaag ground shaking, which was represented by a
seismic coefficient. Typically, a value of 0.1 wased for most dams. In exceptional cases (e.gnJapa
and Iran) slightly higher values were considerete Beismic coefficients had no clear physical
relation with the design ground motions and thera& hazard at the dam site. Moreover, the dynamic
response was determined by a pseudostatic analybish does not account for the dynamic
characteristics of the dam. Therefore, these dewigeria and methods of dynamic analysis, which,
due to their simplicity, are still liked by dam éngers, are considered outdated and may even be
completely wrong. The seismic analysis and desifjrdaons using seismic coefficients and the
pseudostatic methods of analysis have been in oskthe late 1980s when the International
Commission on Large Dams (ICOLD) published Bullét entitled ‘Seismic design parameters for
large dams’ (ICOLD, 2010) in which it is statedtthadam should be able to resist the ground motions
caused by the maximum credible earthquake.

Today we have a clear concept for the seismic desiteria to be applied when a dam is subjected to
ground shaking and methods of dynamic analyses Ibeee developed which allow the calculation of
the inelastic seismic response of embankment anttrete dams. However, several strong
earthquakes damaging dams such as the Chi-Chigeakbt 1999 (Taiwan), the Bhuj earthquake,
2001 (India), the Wenchuan earthquake, 2008 (Chara) the Tohoku earthquake 2011 (Japan), have
shown that earthquakes can cause multiple hazactigling ground shaking, fault movements in dam
foundations and reservoirs, rockfalls, landslidesdslide dams, liquefaction, water waves in the
reservoir etc.



The dam safety concepts have also undergone chandesis had an impact on earthquake safety as
discussed in the subsequent sections. In the gast,safety was mainly related to structural safety,
but today dam safety means structural safety, dafetys monitoring, operational safety and
emergency planning. Such comprehensive dam safetyepts are necessary for large storage dams
and public dam safety agencies are needed to entbeim. Unfortunately such agencies are still
lacking in a number of countries.

Structural safety means design of a dam followirtgrnationally accepted guidelines for, e.g., flood

hazard, earthquake hazard, seepage, and safetstagtier hazards from the natural and man-made
environment including site-specific and projectafe hazards. In recent years the earthquake Hazar

has gained much importance in the dam industry.

In the earthquake-resistant design and construcfidarge dams and other infrastructure projects th
following factors have to be taken into account:
e Selection of ground motion parameters of the différdesign earthquakes based on site-
specific seismic hazard analyses, and selectiappfopriate methods of seismic analysis;
* Observing conceptual and detailing recommendationshe earthquake-resistant design of
dams; and
« High quality of all construction works.

To focus on dynamic analyses of dams is not that sgay as it is not possible to make a dam with
conceptual deficiencies to perform well during stgoearthquakes by carrying out sophisticated
dynamic analyses. Very often conceptual and cocistnal guidelines are more effective than
analyses.

The paper provides an overview on the seismic demngl safety of large storage dams. In particular,
the seismic design criteria for dams, which haventepproved by ICOLD in 2010, are presented. The
paper is based on the author’s previous publicat{gvieland, 2003; Wieland, 2006; Wieland, 2011)

and ICOLD recommendations (ICOLD, 2001 and ICOLD1@).

2. ELEMENTSOF LARGE STORAGE DAMS FOR POWER GENERATION

A large storage dam consists of a concrete oddith with a height exceeding 15 m, a grout curtain o
cut-off to minimise leakage of water through thendfoundation, a spillway for the safe release of
floods, a bottom outlet for lowering the reservioiemergencies, and a water intake structure t® tak
the water from the reservoir for commercial usep®&wling on the use of the reservoir and the
location of the project there are other componsuath as a power intake, desilting basin, undergtoun
structures, penstocks, powerhouse, switchyardcddair control of environmental flow, fish ladder,
slopes, retaining walls, etc. These are mainlyl giructures. In addition to that there are diffdgre
types of hydro-mechanical equipment (gates, vadte3 and electro-mechanical equipment for power
generation and power transmission etc. Dependingheir importance, all these structures and
components must be able to withstand differentdygfeearthquake actions, which are specified in the
seismic design criteria.

3. EARTHQUAKE HAZARD: A MULTI-HAZARD FOR LARGE STORAGE DAMS

Recent earthquakes have demonstrated that majbigaakes are multiple hazard events, which can
affect large dam projects in many different wayes, i
e ground shaking causing vibrations in dams, apparestructures and equipment, and their
foundations;
« fault movements in the dam foundation or discoiiti@s in dam foundation near major faults
which can be activated during strong nearby eaetkesi causing structural distortions;



« fault displacement in the reservoir bottom causiajer waves in the reservoir or loss of
freeboard;

e rockfalls causing damage to gates, spillway pi@racks), retaining walls (overturning),
surface powerhouses (cracking and puncturing),trelesechanical equipment, penstocks,
switchyards, transmission lines, etc.

« mass movements (landslides and rockfalls) into rdservoir causing impulse waves and
overtopping of dams;

« mass movements blocking rivers and forming landstidms and lakes whose failure may
lead to overtopping of downstream run-of-river powglants or the inundation of
powerhouses and the electro-mechanical equipment;

* mass movements blocking access roads to dam sdesgpgurtenant structures, and

* ground movements and settlements due to liquefaabio densification of soil, causing
distortions in dams and appurtenant structures, etc

Most of the above hazards were observed duriniylne12, 2008 Wenchuan earthquake in China.

Other effects in reservoirs such as surface wasares, long-period reservoir oscillations (seiches),
turbidity currents, and tsunamis are generallyestér importance for the earthquake safety of dams.
The maximum water waves in reservoirs recordedndutihe March 11, 2011 Tohoku earthquake in
Japan (magnitude 9.0) was less than half a melersel surface waves can be compared with those
caused by wind.

During impounding and/or during the first yearsopieration of large reservoirs reservoir-triggered
seismicity (RTS) may occur, which is related toiatfaults in the reservoir region and/or the
existence of faults with high tectonic stresseselo the strength of the fault.

Usually dam engineers are focusing on the grourakisf and tend to neglect the other seismic
hazards, which for some dams may have consequémateare even worse than ground shaking. The
consequences of the ignored hazards may be seyvéreyahave not been considered in the design and
thus the dam may be vulnerable to these hazard=zefdne, the analysis of all possible hazards is
required. This can be done best by preparing artiamatrix for each dam project in which for each
structure, structural element and component tHerdifit seismic hazards are listed. For each strictu
and each relevant seismic hazard the design acttmiksbe given. For large civil structures sulgelct

to ground shaking the protection against groundkisgais provided by the earthquake-resistant
design. However, for important electro-mechanicehponents and smaller structures etc., which may
have to function after a strong earthquake, badatisn or other types of damping mechanisms may
be the proper solution.

Furthermore, the consequences of damaged or faitadents must be assessed as these may cause
secondary hazards such as flooding due to penfdake, fires etc.

Ground shaking affects all civil structures (abaved below ground) and hydro-mechanical and
electro-mechanical components of a large storage atathe same time, whereas the other seismic
hazards listed above may only affect certain typestructures or equipment. For example, the
Wenchuan earthquake has shown that in the mounigiapicentral region, mass movement was a
major hazard, which was underestimated in the desighydropower plants. Also construction
equipment could not be transported to several des for several months because access roads were
blocked by rockfalls. Therefore, it has to be assdirthat a damaged dam has to remain safe for
several months after an earthquake before it castsbilitated or transformed into a safe state.

4. INTEGRAL SAFETY CONCEPT FOR LARGE STORAGE DAMS

The main goals of every safety concept for largeaste dam and infrastructure project are: (i) the



minimization of all risks, and (ii) the masterinfjtbe remaining risk in the best possible way.

To reach these two goals a comprehensive dam safetept is needed. The main safety concern is
the failure of a dam and the uncontrolled reledsbereservoir water with flood consequences (loss
of life, economical damage, environmental damagg,ethich will usually exceed the economical
damage to the dam. Therefore, for the seismicasslessment of a dam, full reservoir is the critical
situation that has to be analyzed.

The seismic safety of a dam includes the followimg elements:

1. Structural Safety: Strength to resist seismic feneghout damage; capability to absorb
high seismic forces by inelastic deformations (@pgof joints and cracks in concrete
dams; movements of joints in the foundation ronkjastic deformation characteristics of
embankment materials); stability (sliding and owering stability), design of dam
according to state-of-practice, etc.

2. Dam Safety Monitoring: Strong motion instrumentata dam and foundation; visual
observations and inspection after an earthquaka;atelysis and interpretation; post-
earthquake safety assessment, etc.

3. Operational Safety: Rule curves and operationalaimnes for post-earthquake phase;
experienced and qualified staff, etc.

4. Emergency Planning: Water alarm; flood mapping evatuation plans; safe access to
dam and reservoir after a strong earthquake; chityadfilowering of reservoir after a
strong earthquake; engineering back-up, etc.

In general, dams, which can resist strong groudtisl, will perform well also under other types of
static and dynamic actions. It is obvious from #teve list that earthquake-resistant design is only
one element in the comprehensive safety concdptgé storage dams.

A lot of know-how exists already on the seismic dgbur of dams. It is necessary that this
information is fully used by the dam communityidtstill much cheaper to make a dam to perform
well during an earthquake in the design phase thanng to upgrade it later. There is also the
conviction of some people that a design must be séifen a similar design has already been made
repeatedly in the past. However, we have to recegttiat (i) a faulty design employed repeatedly in
the past does not become correct when carriedndiiiei same way the next time, and (ii) designs of
structures to resist extreme loads may never heea tested (Wieland, 2006).

5. SEISMIC DESIGN CRITERIA FOR LARGE DAMSAND APPURTENANT STRUCTURES

The following design earthquakes are needed forsdiemic design of the different structures and
elements of a large dam project:
 Maximum Credible Earthquake (MCE): The MCE is therg, which produces the largest
ground motion expected at the dam site on the bakishe seismic history and the
seismotectonic setup in the region. It is estiméeskd on deterministic earthquake scenarios.
According to ICOLD (2010) the ground motion paraenstof the MCE shall be taken as the
84 percentiles (mean plus one standard deviation).
¢ Maximum Design Earthquake (MDE): For large damsrttarn period of the MDE is taken
as 10,000 years. For dams with small or limited aigenpotential shorter return periods can be
specified. The MDE ground motion parameters argnestd based on a probabilistic seismic
hazard analysis (PSHA). According to ICOLD (20183 tnean values of the ground motion
parameters of the MDE shall be taken. In the caBereva single seismic source (fault)
contributes mainly to the seismic hazard, uniforzdrd spectra can be used for the seismic



design. Otherwise, based on the deaggregationeasdfsmic hazard (magnitude versus focal
distance) different scenario earthquakes may baatbf

Safety Evaluation Earthquake (SEE): The SEE isetimthquake ground motion a dam must
be able to resist without uncontrolled releasehefreservoir. For major dams the SEE can be
taken either as the MCE or MDE ground motions. Ugufie most unfavourable ground
motion parameters have to be taken. If it is nasfide to make a realistic assessment of the
MCE then the SEE shall be at least equal to the MDte SEE is the governing earthquake
ground motion for the safety assessment and seidasign of the dam and safety-relevant
components, which have to be functioning afterSE&.

Design Basis Earthquake (DBE): The DBE with a metoeriod of 475 years is the reference
design earthquake for the appurtenant structuree. OBE ground motion parameters are
estimated based on a PSHA. The mean values ofrthand) motion parameters of the DBE
can be taken. (Note: The return period of the DBy tme determined in accordance with the
earthquake codes and regulations for buildingshaialdies in the project region.)

Operating Basis Earthquake (OBE): The OBE may Ipeeted to occur during the lifetime of
the dam. No damage or loss of service must happdras a probability of occurrence of
about 50% during the service life of 100 years. Témrn period is taken as 145 years
(ICOLD, 2010). The OBE ground motion parameters estmated based on a PSHA. The
mean values of the ground motion parameters ocDBIE can be taken.

Construction Earthquake (CE): The CE is to be uUsedhe design of temporary structures
such as coffer dams and takes into account thécedrife of the temporary structure. There
are different methods to calculate this designhejaiike. For the temporary diversion facilities
a probability of exceedance of 10% is assumed lier design life span of the diversion
facilities. Alternatively the return period of ti@E of the diversion facilities may be taken as
that of the design flood of the river diversion

MDE, DBE, OBE and CE ground motion parameters aseally determined by a probabilistic
approach (mean values of ground motion parameterseeommended), while for the MCE ground
motion deterministic earthquake scenarios are (&&gercentile values of ground motion parameters
shall be used). However, for the MDE, DBE, OBE &P also deterministic scenarios may be
defined.

If reservoir-triggered seismicity (RTS) is possithen the DBE and OBE ground motion parameters
should cover those from the critical and most JkKBITS scenarios as such events are like to occur
within years after the start of the impoundinglad teservoir.

The different design earthquakes are characteliydlle following seismic parameters:

Peak ground acceleration (PGA) of horizontal anticed earthquake components.
Acceleration response spectra of horizontal antloarearthquake components typically for
5% damping, i.e. uniform hazard spectra for CE, OBBE and MDE obtained from the
probabilistic seismic hazard analysis (mean valaes) 84 percentile values of acceleration
spectra for MCE obtained from the deterministiclgsia using different attenuation models.
Spectrum-compatible acceleration time historiegtierhorizontal and vertical components of
the MCE ground motion determined either from a cangrocess or by scaling of recorded
earthquake ground motions. The artificially genedatcceleration time histories of the
horizontal and vertical earthquake components $leafitochastically independent. To account
for aftershocks, it is recommended to increasalthiation of strong ground shaking.

In case of fault movements, similar estimates ageiired as for the ground shaking. It appearsithat
is quite difficult for the dam designer to get gtitive estimates of fault movements for the diffe
types of design earthquakes.

It must be added that for the seismic design ofsdground motion parameters are used, which do not
necessarily have the characteristics, which thth esmientists feel are physically correct, i.e.afian



of strong ground shaking, near field and direcjidtfects, spectrum shape of main and aftershocks
etc. However, the dam designer will use simplifigad and analysis models that lead to a safe design
even if the load model does not comply fully witle real nature of the earthquake ground motion!

6. SEISMIC PERFORMANCE CRITERIA

According to ICOLD (2010) the performance critduathe dam body and safety-relevant
components and equipment are as follows:

« Dam body OBE: No structural damage (cracks, defoans, leakage etc.) which affect the
operation of the dam and the reservoir is permittéidor, repairable damage, is accepted.

» Dam body SEE: Structural damage (cracks, deformstieakage etc.) is accepted as long as
the stability of the dam is ensured and no unctiettoelease of large quantities of water is
released from the reservoir causing flooding indbenstream region of the dam.

« Safety-relevant components and equipment OBE: To@sgonents and equipments must be
fully operable during and after the OBE. No distors are accepted.

« Safety-relevant components and equipment SEE: T¢w@sponents and equipments must be
fully operable during and after the SEE. Minor ditbns are accepted as long as they have
no impact on the proper functioning of the compasamd equipment.

The performance criteria may be linked to the di&din of the SEE, e.g., sliding stability safety
factors of slopes of greater than 1.0 are requicedan SEE with a return period of 2500 years
(Germany), or water stops in concrete dams shalbeaamaged during the SEE with a return period
of 5000 years (China). Such requirements may betestrthan those given by ICOLD (2010),
especially in areas of high seismicity where thximam earthquake ground motion parameters are
already reached for events with return periodess than 10,000 years.

Safety-relevant components and equipment are baitdfats and spillways and all related equipment
(mainly gates), control panels, power supply, safenetc., as it must be possible to regulate andrlo
the reservoir after the SEE. As the repair of aalggd dam will need some time, it is necessary that
after an earthquake a moderate flood with a rgberod of say 200 years can still be releasedsafel
This may be a lesser problem for concrete damsyrevhmited overtopping of the crest may be
acceptable under extreme circumstances, howevtreinase of embankment dams such overtopping
cannot be accepted, thus after an earthquake I#oges than for concrete dams must be considered.

For embankment dams the safety criteria under BE Sre: (i) loss of freeboard, i.e. after the
earthquake the reservoir level shall be below tipedf the impervious core of the dam, (ii) internal
erosion, i.e. after the earthquake at least 50%initial thickness of the filter and transitiaones

must be available, and (iii) the sliding safetytémoof slopes (considering build up of pore pressur
and residual strength parameters of embankmentialajeshall be larger than 1 after the earthquake.

The second criterion also applies for earth cookfiib dams located on faults or discontinuitiestive
dam foundation, which can be moving during a streagthquake. Moreover, at such sites only
conservatively designed earth core rockfill danwsudth be built.

7. EARTHQUAKE DESIGN ASPECTS OF CONCRETE AND EMBANKMENT DAMS
7.1 Concrete dams

There are several design details that are regasl@dntributing to a favourable seismic performance
of arch dams (ICOLD, 2001), (Note: Guidelines foe tseismic design of appurtenant structures are
given in ICOLD (2002)):
« Design of a dam shape with symmetrical and antimsgtrical mode shapes that are excited
by along valley and cross-canyon components ofrgt@aking.



¢ Maintenance of continuous compressive loading aldreg foundation, by shaping of the
foundation, by thickening of the arches towardsahetments (filets) or by a plinth structure
to support the dam and transfer load to the fouonat

< Limiting the crest length to height ratio, to asstiiat the dam carries a substantial portion of
the applied seismic forces by arch action, and batuniform ground motions excite higher
modes and lead to undesired stress concentrations.

< Providing contraction joints with adequate inteking.

« Improving the dynamic resistance and consolidatbrnhe foundation rock by appropriate
excavation, grouting etc.

« Provision of well-prepared lift surfaces to maximizond and tensile strength.

e Increasing the crest width to reduce high dynammsite stresses in crest region.

¢ Minimizing unnecessary mass in the upper portionthef dam that does not contribute
effectively to the stiffness of the crest.

¢ Maintenance of low concrete placing temperaturemiteimize initial, heat-induced tensile
stresses and shrinkage cracking.

» Development and maintenance of a good drainagersyst

The structural features, which improve the seispécformance of gravity and buttress dams, are
essentially the same as that for arch dams. Eakegabservations have shown that a break in slope
on the downstream faces of gravity and buttresssdsimould be avoided to eliminate local stress
concentrations and cracking under moderate earkeguaThe webs of buttresses should be
sufficiently massive to prevent damage from craasyon earthquake excitations.

The main factor, which governs the dynamic respasisa concrete dam is damping. Structural
damping ratios obtained from forced and ambientatibn tests are surprisingly low, i.e. damping
ratios of the lowest modes of vibrations are of trder of 1 to 2% of critical. In these field
measurements the effect of radiation damping irfédbadation and the reservoir are already included.
Linear-elastic dynamic interaction analyses of dammdation-reservoir systems would suggest
damping ratios (structural and radiation dampirfgglmout 10% for the lowest modes of vibration and
even higher values for the higher modes of largee dams. Accordingly, the maximum dynamic
tensile stresses in an arch dam might be up td32itnes smaller when all dynamic interaction effec
are considered than those obtained from an analydiss% damping where the reservoir is assumed
to be incompressible and the dynamic interactidece$ with the foundation are represented by the
foundation flexibility only (massless foundatiorynfortunately, there is a lack of observational
evidence, which would justify the use of large damgpatios in seismic analyses of concrete dams.

Moreover, in view of the fact that large concreteng will exhibit nonlinear behaviour (joint opening
and cracking) during the SEE, the linear dam-redefeundation interaction models are not
applicable. Therefore, in view of the uncertaintieghe estimation of the SEE ground motion, it is
proposed to use damping ratios of maximum 5% fogelaarch dams and less than 7% for gravity
dams when no other information and data is avalabl

7.2 Embankment dams

The seismic design of embankment dams is based) @or{ceptual (empirical) criteria, which are
mainly based on the observation of the behaviowndfankment dams during strong earthquakes and
the behaviour of soils and rockfill under dynanoadings, and (ii) the results of seismic analy$is o
dams subjected to different types of design eaekes, i.e. OBE and SEE. Usually several
earthquakes must be analyzed — at least threebAsis for the dynamic analysis, a static analysit
simulates the incremental construction of the dasdyband the filling of the reservoir, and if
applicable, a seepage analysis must be perform&tdbiefore the earthquake ground motion can be
applied.

The conceptual and constructional criteria formesresistant fill dams are (ICOLD 2001):



* Foundations must be excavated to very dense miatasrarock; alternatively the loose
foundation materials must be densified, or remosaed replaced with highly compacted
materials, to guard against liquefaction or stribrgss.

« Fill materials, which tend to build up significapbre water pressures during strong shaking
must not be used.

» All zones of the embankment must be thoroughly cactgd to prevent excessive settlements
during an earthquake.

« All embankment dams, and especially homogeneous damst have high capacity internal
drainage zones to intercept seepage from any weseseracking caused by earthquakes, and
to assure that embankment zones designed to béutatsd remain so after any event that
may have led to cracking.

» Filters must be provided on fractured foundationkréo preclude piping of embankment
material into the foundation.

* Wide filter and drain zones must be used.

e The upstream and/or downstream transition zoneslidhioe ‘self-healing’, and of such
gradation as to also heal cracking within the core.

« Sufficient freeboard should be provided in ordecdwer the settlement likely to occur during
the earthquake and possible water waves in thev@sdue to mass movements etc.

* Since cracking of the crest is possible, the arédth should be wider than normal to produce
longer seepage paths through any transverse diztksay develop during earthquakes.

One of the most dangerous consequences of the dyrlaating of an embankment dam is the
liquefaction of foundations or embankment zoned ttumtain saturated fine-grained cohesionless
and/or uncompacted materials.

The dynamic response of an embankment dam durnoggstground shaking is governed by the
deformational characteristics of the different sodterials. For large storage dams, the earthquake-
induced permanent deformations must be calculdtied.calculations of the permanent settlement of
large rockfill dams based on dynamic analyses titevary approximate, as most of the dynamic soil
tests are usually carried out with maximum aggeegate of less than 5 cm. This is a particular
problem for rockfill dams and other dams with largek aggregates and in dams, where the shell
materials, containing coarse rock aggregates, havéeen compacted at the time of construction.
Poorly compacted rockfill may settle significanttiuring strong ground shaking but may well
withstand strong earthquakes.

To get information on the dynamic material propstidynamic direct shear or triaxial tests witlyéar
samples are needed. These tests are too costipdst rockfill dams. But as information on the
dynamic behaviour of rockfill published in the ti¢ure is also scarce, the settlement prediction
involves sensitivity analyses and engineering juelghiWieland 2003).

At dam sites located on active or potentially aetfaults or discontinuities in the dam foundation,

which can be moving during a strong earthquakey ophservatively designed earth core rockfill

dams should be built. This means that in highlgme&ally active regions where there are doubts
about possible movements along discontinuitiebéndam foundation, earth core rockfill dams are the
proper dam types.

8. LESSONSLEARNT FROM RECENT EARTHQUAKES

During the Tohoku earthquake of March 11, 2011 1B& m high Fujinuma-ike embankment dam
failed and the resulting flood wave killed 8 peoglhis is the first case of a dam failure causeaiby
earthquake, where lives of people were lost. Fujisnike is an earthfill dam completed in 1949,
storing a reservoir with 1.5 Minwhich was almost full at the time of the eartHgigMatsumoto et
al., 2011).



Strong earthquakes can affect a large area and dang may be subjected to strong ground shaking.
This has been the case for the Wenchuan and Taenkiiquakes. Different types of dams have been
damaged.

During the Wenchuan earthquake mass movements Igmaiokfalls in very steep valleys) and
landslide lakes were new hazards that were notiders in the design of dams and appurtenant
structures. In addition, an unprecedented largebeurof dams and run-of-river power plants have
been affected by this earthquake. The Wenchuamaeke has confirmed and demonstrated that
dams, spillways and appurtenant structures mustbhe to withstand the multiple effects of strong
earthquakes. In particular the following items ianportant (Wieland and Chen, 2009):
« Following a strong earthquake the seismic hazaxhat sites and seismic design guidelines
had to be reassessed, reviewed and updated.
¢ In mountainous regions mass movements have to pected, which hinder access to dams
after an earthquake up to several months, and atbskfan cause substantial damage to
surface appurtenant structures and hydro-mechaggcépment.
* The earthquake hazard has several site-speciftaré&sa which must be considered in the
design of new dams or the safety evaluation oftiexjglams.
« Safety-relevant gates and gate structures mugpdraiole after strong earthquakes
e The concrete face of concrete face rockfill danme \anlnerable to strong ground shaking
mainly due to large in-plane forces. They can lokiced significantly by providing adequate
joint widths and detailing of joints as well asnfercement of the concrete slab.
e Seismic instrumentation is still lacking in mosige dams.
* Methods for the assessment of the seismic safetlppés need further development
* Every time a strong earthquake occurs, new feathes up which have been overlooked in
the past by dam engineers.

8. SEISMIC SAFETY EVALUATION OF EXISTING DAMS

There are two cases, which call for the safetyuatain of existing dams (Wieland, 2006):
« when a strong earthquake has occurred and strotignmastruments have recorded strong
shaking in a dam and a post-earthquake inspecéismdvealed some damage, and
* when the seismic design criteria or seismic peréoroe criteria have changed and/or new
developments have taken place (a) in the seisndardaassessment, (b) in the methods of
seismic analysis, or (c) in the dynamic behavidunaterials, etc.

Thus, during the lifespan of a dam several seismalyses may be needed. As most dams built prior
to 1989, when ICOLD has published guidelines osrs& design criteria for dams (ICOLD, 2010),
were designed for earthquakes using seismic desitgria and methods of dynamic analyses, which
are considered as obsolete today, it has becomessey to re-evaluate the seismic safety of these
dams. Such evaluations have been done or are wagein several countries. But eventually all the
older dams have to be checked using modern sedasign criteria and methods of dynamic analysis.

9. CONCLUSIONS

The seismic hazard is a multi-hazard for most daojepts. Ground shaking is the main hazard
considered in all earthquake guidelines for damse ©ther seismic hazards are addressed less
rigorously than the ground shaking or may even Hepean ignored.

Fault movements in the footprint of a dam are tlostneritical seismic hazard for most dam types. If
no other site can be selected then a conservatiledigned earth core rockfill dam would be the only
solution.



Dams are not inherently safe against earthquakasekker, the technology for designing and building
dams and appurtenant structures that can saféy ties effects of strong ground shaking is avédab

The concrete slab of concrete face rockfill damsusceptible to seismic settlements and large in-
plane stresses if it acts as a monolithic structOygen joints can almost completely eliminate these
stresses resulting from the greatly different defational behaviour of the rockfill and the concrete

As most dams built prior to 1989 when ICOLD has Ighied its seismic design criteria of dams
(ICOLD, 2010)], have not been checked for the SEatigd motion, the earthquake safety of these
dams is not known and it must be assumed that dauaf them do not satisfy today’s seismic safety
criteria. Therefore, owners of older dams shalt stéh the seismic safety checks of their dams.

Today we have to recognize that

» the earthquake load case has evolved as the Ciitma case for most large dams even in
regions of low to moderate seismicity,

* due to changes in the seismic design criteria hadlesign concepts it may be necessary to
perform several seismic safety checks during thg Economical life of a large dam,

e our knowledge on the behaviour of large dams dusitigng ground shaking is still very
limited, and

e each destructive earthquake affecting dams mayatessane new features, which up to now
may have been ignored.
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