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ABSTRACT

The implications of (i) movements caused by activg@otentially active faults passing through therfdatiol
of a large dam, and (ii) movements of blocks in dlaen foumation caused by strong earthquakes at a
close to a dam site, on the design of dams and sh&ty are discussedhe vulnerability of concrete dams
differential foundation movements is illustratedtiwithe damage observed at the Zeuzier aram da
Switzerland. Faults in dam foundations are an ingmirissue in dam safety assessments dafénsivi
measures to be taken when a dam is located ineanvenere it is not clear whetherovements are possi
along faults during strong ground shaking are renended.Very approximate numerical values of toler:
displacements are also presented.
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1. INTRODUCTION

During strong earthquakes the most severaition for a dam is when it is subjected to botbugpd shakin
and movement of faults and other discontinuitiegsgriootprint. However, for dam engineers primattention
is usually given to ground shaking while the poiisybof surface fault breakg or block movements in t
dam foundation is oftedisregarded. Surface fault breaking, or more pedgi surface slip along an identif
fault zone under the dam, was always understodzbtthe most damaging tectonic process that cantaffe
dam. The tendency and also the ne&mdnake use of less favourable dam sites, andaeeaess that tl
hazard of foundation movements is about the mosatreeincidenthat could affect the structural integrity
dams, should be considered and analysed when iadibg prevailing tectonic conditions.

Tectonic movements result generally in the formabbrault breaks and in creep movements. In conome
with fault breaks also block movements have todrescered as a possible mechanism, especiallyeindir-
field of major faults, which are capable of produriarge earthquakes. Such blocks can be formgdiig.
bedding planes, shear zones, and higher ordesfdith,fault breaking and creep movements constitut
crustal mobility, which can directly affect damest In the subsequent part of this paiber effect of cree
movements is not discussed as this effect is ofieptatic nature and less severe than the suddealeliyg :
fault or the movement of blocks during a stronglegrake.

Faults with surface breaking capability crossingdhen site and potential block movements are the paint:
of interest for the safety of dams subjected torgjrearthquake€onsequently, recognizing such features i
decisive step in the probleifithe existence of such features has been detediina dam foundation, the k
policy is to look for a tectonically more stabldeahative site. If this is not possible, then a smmativel
designed embankment dam might be an acceptablé&osolfi the expected differential movements cal
absorbed by its sealing and drainage zones, witrawboking adam failure.

Therefore the definition of an active (or potengialctive) fault is very important and quite seivgit Howevel
Allen and Cluff (2@0) stated that there is no sharp division intotit@t and “inactive” faults. Model
geologic studies in combination with improved aging capabilities have shown that there are @ &
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degrees of fault activity and any categorizatioartstrary.

It is quite obvious that a time mark is needediflentifying fault movements. This is usually a swilroct
surface, for example in a trench, offset by a faDkting of fault gauge has not been reliable so The
consequences of dam failure may also play an impbntole on how conservative one should be w
selecting potentially active faults. It is also ionfant to note that in view of new information assbessme
techniques, faults, which in the past were considess inactive, might now beonsidered as active
potentially active.

In the past, faults with no clear evidence of (mstentally recorded) activity were considered aciive
however, today faults where there exist no probé they are inactive, are assumed as actiyeotantially
active. The first approach might have been toonaiptic and the latter might be too pessimistic esily in
regions of high seismicity, where most faults hewée assumed as potentially active. Minor faulésraot o
concern as they areot capable of causing important earthquakes ofaserfracture with significa
movements. However, such faults and discontinuitiag be of concern, if a major fault where largegnitude
earthquakes can occur is located close by.

Tracing and dating #hactive tectonic phenomena into geologically repast is a difficult problem. In ea
case, the question whether the considered faalttise or not needs a clear answer: yes or no.aflseer t
this question has most serious consequences faieign and type of the dam which is being considler
This paper consists of two parts, i.e. in Part & vhinerability of dams to seismic movements in
foundations discussed and Part 2 is concerneddeitign aspects of dams to resist fault movem&Hisldnc
et al., 2008).

2. EFFECTS OF ACTIVE TECTONIC FEATURES ON SELECTION OF SITES AND DAM TYPE

The existence of historical or instrumental datesorface fault breaking is very important. But thme spa
for which such data are available is gerigr@r too short. Large surface breaking eventshinige separated
thousands of years. Hence, the related investigatiave to cover the full scopé geological, seismologic
geophysical and geodetic information, including ogansensing, trenchingdits, exploratory borings a
geochronological dating, etc.

Fault slips or block movements under the dam duwstngng earthquakes, are considered to be theloaming
conditions for the structural integrity of damse€p movements, rather slow amaform, can be monitort
and may be amenable to mitigating measures.

If a fault crossing the dam site is evaluated atemally active, the next question is what sizefaxlt
movements is to be expected, as the size expritsssanage potential. Cafation of the length of faults wi
earthquake magnitude and displacement along th#, faupplies such information. A comprehen
elaboration is given by Wells and Coppersmith ()99%ased on analyzing worldide data. Sever
correlations are presented so that the size of feebhk displacement can be estimated.

The tectonic activity assessment plays a key molseilecting sites and types of dams. Adequate estuati
investigations have to be performed. When compada sites, a reduced levdl tctonic uncertaintie
should be rated as a significant advantage. Henaduating the safety of any large dam with respadauli
slip and block movement hazards should be introdlaseconstant practice.

Still, there are cases where no geo-dynalfyi¢avourable alternative is available so thatexidion might b
taken to build a dam facing fault slip hazard.uoclsa case, concrete dams should be avoided afedeaee b
given to a conservatively designed embankment diasigned with ample fér and transition zones, on b
sides of a rather wide core, displaying ductilepgrties. There is considerable confidence that austhuctur
can withstand, without failure, significant fauffsets. Such a dam should be even more effectigenatjault
creep and other foundation displacements.

3. POTENTIALLY ACTIVE FAULTS IN DAM FOUNDATIONS — C ASE STUDIES
A comprehensive discussion of potentially activétiain dam foundations was given by Sherard gt18i74)

It contains information on exisig dams founded on active faults, a summary afdes learnt from histol
dam breaks and fault mechanisms, and opinions déwtithors regarding the design of dams on activisi
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The authors state that (i) concrete dams on afdivés, or near sommajor active faults, are not advisable,
(i) if a site with fault movements cannot be avaddhen it is reasonable practice to constructnsewativel
designed embankment dam.

The above statements still hold true today as agtheir introductory statements of the paflarearthquak
regions faults are frequently found to exist in diamndations. Evaluation of the likelihood thatplexcemer
could occur along the fault during the lifetimetbe dam, and the selection of the design detailsnigur
safety against such possible fault displacememtdéficult problems for which there still) little guidance i
the literature.’

Several case studies are given in the ICOLD Bulldtl2 (1998) whose main author is A. Bozovitis
bulletin represents the international state-ofghestice for dams on potentially active faulBelected ca:
histories described in the recent literature arersarized below.

1. The Upper Crystal Springs Dam first served as a dach was then submerged by a doweestr
structure. The 1906 San Andreas fault break haaretidhe dam and offset it by 2.5 m. (Note: Th
m high Lower Crystal Springs curved gravity damcassfully resisted the extreme ground shaki
the 1906 San Francisco earthquake.)

2. The 143 meterdigh Tarbela Dam (completed in 1974), built oreriindus in Pakistan is a gc
example of significance of active faults studielse Ham was designed without consideration to 4
(Darband fault) crossing the dam foundation, whics revealed duringhe construction stage.
detailed seismotectonic study at later stage pravedault to be active. The seismic design parare
had to be revised by taking into considerationatttéve fault passing below the dam body. The efbé
surface rupture ro Darband fault beneath the embankment was aldewed. It was estimated ti
movementof 1 m to 1.5 m could occur on this fault. It wesdieved that if such a movement did o«
on the Darband fault no catastrophic failure of gmebankment would rekusince the core of tl
embankment is constructed of sk#aling material with a transition zone and a widemney drain o
the downstream.

3. The Matahina Dam in New Zealand is a rockfill embraant 82 m high and 400 m long, with a cel
core. This dam has leaked after first filling in6¥9due to core cracking, and was sdgentl
repaired. In 1987 the dam was exposed to stromgnéeishaking (peak horizontal crest acceler:
0.42 g) due to a magnitude B3 earthquake, located on the EdgecumbeltF&ignifican
rehabilitation work was performed in 1988 due tieinal erosion of the core at the left abutment
dam is sited across a part of the Waiohau FauleZ80 km long. The fault is active with pro
surface fault breaking during the Hone. Several prominent strands of the Waioha ifstersect th
dam site and are considered capable of rupturingngluthe lifetime of the Matahina Da
Investigations in trenches showed that movemertherfault had occurred four times during thetpas
11,300 years. It was assumed that movement cowar @n any of the fault traces present withir
dam site. The design criteria, estimated at tHep@tcentile level, assumed the magnitude of thet§
Evaluation Earthquake (SEE) as, 2 with coresponding horizontal and vertical peak grc
accelerations of 1.25 g and 1.35 g respectively3amdof oblique slip on the fault (i.e. 2.7 m haonta
and 1.3 m vertical). Such displacements would gurebult in major cracking of the dam b
inducing piping and internal erosion (as evidenced by olegkrcore erosion during the 1¢
Edgecumbe earthquake). Therefore, it was decidestramgthen the dam with a leakage resi
buttress (Gillon et al. 1997; McMorran and Berrym2001).

4. Aviemore Dam inNew Zealand is a composite structure consisting 864 m long and 56 m hi
concrete gravity dam and a 430 m long and 49 m hagted earth embankment with upstream slc
core. There is a 1 m thick filter separating theedoom the downstream pervi@shoulder and servi
as a drainage blanket on the bottom of the comclreinder the shoulder. The Waitangi Fault
recognized in the foundation excavation. From thescit could be observed that this fault had &
Quaternary displacement of 1 —n2 and that the most recent displacement took pddoait 14,00
years ago. The fault crosses the footprint of tineankment dam and strikes normal to the dam
Waitangi Fault was assessed as being capable odgmitnde 7.0 event and with a peak gmu



th
The 14 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

acceleration of 1.0 g. For the fault a verticalesegion of 1.2 m and a horizontal to vertical radf
1H:3V were adopted for the SEE fault surface disgrlaent. To analyze the performance of
embankment under the SEE fault break, a three-diifo@sd numerical model was created. It sho
that the zone of embankment deformation would bers¢ tens of meters long. Cracking of the co
expected to occur over a 40 m long zone, mainlyransverse direction. Cracking would take p
from the cret downwards to a depth between 5 and 10 m. Ttez fl expected to remain continu
across the zone of faulting. The fault in the foatiwh is of low permeability and it would be expas
that no concentrated leaks would develop as atredulault displacement. However, in the post-
earthquake phase, the fault rupture may provideehanism for continued erosion (Mejia et al., 2005)

5. Shih-Kang weir, located at the [3&a river in Taiwan, comprises two sluiceways a8dgillway gate:
The concrete @ity dam has a height of 25 m and a crest lenf85@ m. On September 21, 1999
weir was severely damaged during the magnitudeChi3Chi earthquake and the reservoir wit
volume of 2.7 million Mwas released through spillway gates 17 and 18 spillway was design
for a total discharge of 8,000%s. The uncontrolled release of the reservoir thhoiwo openings d
not cause any flooding in the downstream area@®tilim as the total discharge was much less th
design discharge of the whole spillway (Wielan@let2003). The weir was damaged (i) by the rug
of segments of the Chelungpu fault, (ii) by surfas@vements, and (iii) by strong ground shaking.
most spectacular damage occurred at spillways béays 18 near the riglgbutment and was due
fault movements (reverse faulting) of several ngetr&inly in vertical direction. However, there
widespread cracking on the whole structure. In timfdi the irregular ground movements cal
separation of most of the blockwifn the foundation rock, which consists of layersnaidstone
siltstone and sandstone. Thus, five of the spillgates and one sluice gate were inoperable ak
earthquake. Moreover, all the simply supported spdrthe bridge across the weir felf tie bearing:
The dam, which was completed in 1977, was desiggaihst earthquakes using a seismic coeffi
of 0.15. There exists no direct information abdwg peak ground acceleration (PGA) at the darr
However, the strong motion station closest to thm decorded PGAalues of 0.51 g and 0.53 g
horizontal and vertical directions, respectivelyridg excavation of the foundation no clear evia
of a fault in the dam foundation was found. Thetegrake induced ground movements at Sham&
weir are rather complex as the Chelungpu faultspip into different sulbaults in this area, one
them crossing the weir and destroying the spillgates at the right abutment. Another fault br:
crossed the intake tunnel at the left abutmentsiredired it off. The Shikang dam is an importe
case study as it is the first large concrete danmiclwhas been exposed to substantial fault moves.
The lessons learnt are expected to have an impagitlar projects.

4. VULNERABILITY OF CONCRETE DAMS TO NON-UNIFORM GR OUND MOVEMENT

Concrete dams are very vulnerable to moiform foundation movement as shown in the casthef154 r
high double curvature Zeuzier arch dam in Switzetlé-ig.1). Cracks formed in the dam badyl978/197
due to deformations of the abutments caused by ments in the dam abutments generated by the deagfag
the rock. The latter resulted from the constructibra pilot tunnel for a highway, near the reservidelative
foundation movements of a few cm have caused sevac&ing in the dam (Amberg and Lombardi, 1982).
Moreover, the prediction of dynamic response ofdtaeked dam during strong ground shaking combividt
fault movement in the dam foundation is an extrgnuifficult task as the crack pattedue to foundatic
movement is very hard to predict. Therefore, défertypes of cracking scenarios must be considdreadus
also be assumed that strong ground shaking isgaotinthe dam, when the main cracks due to umdferm
ground movement havdready been developed, i.e. the dynamic behaviduh® cracked dam has to
assessed.

As shown in Fig. 2 for the Zeuzier arch dam, itjiste straightforward to extend the main crack st the
detached top portion of the dam will fall into tte=ervoir under earthquake ground shaking. In ordeshimn
how a rigid concrete dam behaves under the comlzingdn of nondniform foundation movement and str
ground shaking, shaking table tests may have tpdréormed as present analyses methods bgedan
engineers may not allow the prediction of crackegyas in a three-dimensional concrete dam.
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Fig. 1: Crack pattern in Zeuzier arch dam causeddmuniform foundation movements of a few centimetisasig
line: cracks at downstream face; dotted line: csaatkupstream face) (Amberg and Lombardi, 1982)
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Fig. 2: Observed cracking in upper portion of Zeunarch dam and possible extension of crack unaithcuak
ground motion (dotted line) causing failure of tieper portion of the dam intthe reservoir (assumed fail

scenario) (Amberg and Lombardi, 1982).
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Zeuzier dam has been repaired and is back in aperd&ut the impact of this severe damage is fatay ir
Switzerland.

However, as mentioned earlier, there is very ligthperiene with such types of foundation movements.
certainly very dangerous for most concrete dameréfbre, in connection with the ongoing construtd the
57 km long Gotthard railway tunnel in Switzerlandesty sophisticated dam monitoring system wasalled it
the concrete dams located above the tunnel to ororit the dam siteshe deformations caused by
excavation of the tunnel some 1000 m below the dand similarly, to record possible changesttia
groundwater regime in the vicinity of the dams. Huoeeptable movements are only in the order fefaacrr
for arch dams. This shows that the issue of fouadahovements in concrete dams is taken as a ‘egigLs
dam safety issue.

5. SELECTION OF DAM TYPES
In designing dams for fault movements the followsitgiations have to be considered:

) active fault of small width passing through the d&mundation: a concrete gravity damr
theoretically possible if the valley is wide;
(i) multiple faults passing through the dam foundatiwrfault with wide fracturedzone: concre

dams are not possible; and:

(iii) dam located in the neéited of a major fault, which is capable of produgilarge magnituc
earthquakes: if fault displacements spread assfdhedam site, they caause movements alc
fractures or higher order faults in the dam fourmgta concrete dam is then not feasible; and

(iv) dam located at large distance (tens of kilometeosh amajor fault, which is capable of produc
large magnitude earthquakes: all dam options aslie

Conaete dams can only be considered when the locafiamy fault(s) in the foundation and the directad
future movements are known reliably. The desigdarhs on potentially active faults is discussedairt g of
this paper.

In the subsequent partetimplications of (mainly horizontal) foundation wements on different dam tyf
and allowable displacements are given:

1. Earth core rockfill dams (ECRD): After a displacement, caused by the fault slig thmainin
overlapping filter zone should at ledst 2 m. This means that with a design displacewfehto 2 m,
filter of at least 3 m thickness would be requirddafety factor of 1.5 may be added to coverts
uncertainties and one would end up with a filteckhess of about 4.0 to 4.5 m. Tfiker will have nc
cracks, because its material has to be perfectigsionless. This means that any opening that &
created during the displacement process will cebagvhen saturated. The clay material of the
should be more ductile over tfault zone, so that when it is sheared duringdiBplacement it will nc
form open cracks which could provoke internal esnsiA horizontal (or strikeslip) displacement of
to 2 m in an embankment dam foundation can thezdfertolerated without problems.

Bray et al. (1994) reported from experimental emmethat ductile materials with large failure gie
can accommodate significant fault movements witremitially breakingThe rupture would then r
propagate to the top of the core and the zoneexratg would remain narrow.

2. Concrete face rockfill dam (CFRD): Displacement in the rock foundation will shear thiath anc
rupture the perimetric joint sealing. Leakage wthrt through cracks in the plinth, the foundat(id
the grout curtain isot wide enough) and through joints or crack$mface slabs. This does not inr
that the dam will collapse because the dam bodprdperly zoned, can sustain seepage wi
washing out of the finer particles. The rockfillnes on the downstreanus provide sufficient stabili
against the additional forces of seepage flow. @€hames are fregraining and excess pore wz
pressures cannot develop. Still, the stability loé upstream slope under the changed hyd
conditions (partial submeegce and saturation of the transition zones indéw® body under tl
cracked face slab) has to be checked and verified.

The plinth will require repairing which means tlia¢ reservoir has to be emptied (a bottom out
required) and the fill over thalinth has to be removed. If the horizontal displaent is less than ab
one half of the width of the plinth there is stllsufficiently wide continuous plinth slab, altht
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cracked, which can be repaired. The tolerable bot& displacement in éhfoundation below tt
plinth of a CFRD should not be larger than abow fmurth of the width of the plinth slab. Usuallye
minimum width of the plinth (or toe) slab is 3 mg that a displacement of 0.7 to 0.8 m coul
accommodated. In vertical drtion the displacement should not exceed onelfaifrthe thickness
the plinth slab.

The grout curtain will also have to be repairece@ae through the foundation can be minimizec
the location of the fault zone the grout curtainmiade wider,.e. consisting of several rows. 1
continuity of the grout curtain is then ensuredreaéter the displacement.

The situation is different with certain older damkich may not have sufficient drainage cap:
below the impervious face, for example, older altplamed embankments. If the impervious -
suffers cracking and the water penetrates throluglttacks into the dam fill with inadequate meam
fast drainage, the upstream slope will become hdialy unstable. Such cases should be ingastc
by an analysis modeling transient water ingressutlin the cracks in the facing. For such embankr
the tolerable displacements in the foundation megithe order of 5 to 20 cm only.

3. Concrete gravity dam (RCC or conventional concrete)For rigd materials such as concrete, si
displacements in the foundation will cause crackifige extent of the cracking is very difficult
predict and also depends on the topography ofdbedation. Cracks can, in general, be repairt
their extent iswithin limits. However, in the case of an earthqudke dynamic behaviour of i
cracked dam has to be predicted, which is beyoadtinrently available commercial analysis tools
generally accepted or verified software is knowth authors). Agaiesracking in a gravity dam dc
not mean that the dam will collapse, since eactckblacts independently. The limit for fe
displacements in the foundation may be set at moertihan 0.10 m.

4. Concrete arch and arch-gravity dams: The same applies as for the gravity dam. Herereeth
dimensional analysis of the cracking and the dyoameihaviour of the cracked dam is required.
limit for displacements depends on the valley shapkethe geometry of the dam. In the case of dn
dam, the limiting displeements can be less than 5 cm. Much depends omahge of th
displacement. This is true for all concrete damault-movements will cause cracks in almos
concrete dams, whereas differential foundation mwmes resulting, e.g. from the lowering thie
ground water table are less critical and largepldements can be acceptetkuzier dam i
Switzerland, discussed above is a typical example.

Based on this discussion it can be concludedth@atiam, which could best resist foundation movemsre
zoned embankment dam.

The estimates of acceptable movements along discitids in the dam foundations given above arey
approximate. Theycannot be generalized as all dams are prototypestdd at sites with specific lo
conditions.

6. CONCLUSIONS

The active tectonics being displayed at presenstdortes a specific hazard, which has to be takeo i
consideration during design and safety evaluatibdams. The most dramatic scenario is the surfacé
break through a dam foundation. Fault creep cam efslanger the structural integrity of dams alttnounge
less violent manner.

In spite of the fact that such active phenomenaatteer infrequent, the existing risk is not neiglig. When a
active or potentially active fault in the ddwundations is recognized, far reaching conseqgeefmr the dal
design must follow. This crucial evaluation must foemulated by the dam geologist and endorsed b
responsible dam design engineer who bears theiddivresponsibility for his dam.

The accumulated experience and evidence on faultemensts indicate that it is necessary to define
engineering strategy. The possibility of surfaceltfdreaks should, as a rulee considered while design
dams or evaluating their safety.

In cases whereecent tectonic activity of a fault crossing tteardsite is recognized and it is not possible td
an alternative site, a conservatively designed akibant dam (with large filter and transition zomméson-
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cohesive materials) is the type whicffiers best chances to survive the fault brealkceffdn general concre
dams should not be accepted for sites affectedtiyeatectonic features.

The experience in evaluating the geodynamic hazaadcumulating and monitoring of seismic phenoniena
steadily developing. In general, seismic monitorghguld be provided and kept active on and aroangk
dam sites, preceding by a couple of years the imgiog of the storage reservoir in question.

As a general guideline, if significant movementngl@a fault crossing the dam site is accepted aasonabl
possibility during the lifetime of the dam, the beslvice is to select an alternative site, lessosag t
geodynamic hazard. Such standpoint is supportetidyact that no dam, foreseen tweessfully survive t
shearing action of a fault slip in its foundatiohas ever been exposed to actual test under seci. ev

Due to the cumulative nature of fault movements auo@ to the vulnerability of dams to founda
movements, conservativetesates of the maximum possible fault movementsreseessary for design &
safety checks.
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