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ABSTRACT:

In this paper in view of the dam safety some spdegtures of the Wenchuan Earthquake on May12,2008
China are noted. The damages and behavior of d=spscially for the 4 dams with a height over 100nihe
area affected by the earthquake are briefly desdribhe lessons corning dam safety learnt frondéwastating
guake are preliminarily drawn. As the seismic safdt high dams during strong earthquake is the lprab
caused wide attention around the would, some atificoblems related to the dam construction in Elare
considered and discussed after the Wenchuan eak&gsuch as: “Why the dam construction is necgsear
China as a seismic country?”, “How to evaluated@ismic safety of high dams built in the westegiae of
China with seismogenic structures?”, “Whether gervoir impounding of the Zipingpu and the Thregdés
Projects could trigger the Wenchuan Earthquaké®hdt is the major challenge has to be faced fon€de
dam engineers of seismic aspects?”. Finally, theesponding tactics with response to the challeage
suggested.
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1. INTRODUCTION

A devastating earthquake with a magnitude of 8.9 &aruptly occurred in Wenchuan County of Sichuan
Province in China at 2:28 pm on May 12, 2008. peenter located at 103.4 E and 31.0 N with a fdegith of
about 15km. As Sichuan province is the provincéhwibundant water resources and the largest hydespow
potential in China, the earthquake has affectear@elnumber of dams. Dam safety becomes one ohts¢
serious problems concerned by not only the darmesegs but also the public both in the country dmdad. In
this paper in view of the dam safety, some spdealures of the quake and the dam behaviors duheg
earthquake are briefly described. Also, the lesdeamt from the Wenchuan Earthquake and somecalriti
problems must be seriously considered afterwarelsliacussed.

2. SPECIAL FEATURESOF THE EVENT IN VIEW OF DAM SAFETY

1 Supported by Chinese National Science Foundatid51(3017)
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2.1. Very Strong I ntensity

It has been revealed that the causative fault®fgtilke is the central fault of the Longmenshatoiéc fault
zone characterized by thrust with slightly dexstlke. However, due to the situation that the Lmegshan
fault had a minimum deformation rate among manytgain the Qinghai-Tibet Plateau and the maximum
magnitude of historical events in this area hasen&een over 6.5, its potential risk of suddenlgasing the
long-term accumulated energy has been underestimbbe Wenchuan Earthquake is the largest eartlegioak
hit China in more than three decades. The magninderupture scale of 5.12,2008 Wenchuan Earthgoake
exceeded that of the 7.28,1976 Tangshan Earthgaa#lethe 9.21,1999 Chi-Chi Earthquake. The shaking
intensity preliminary estimated by the China Setsmiidministration on Mayl16,2008 based on field
investigation, ground rupture from aero photo,riistion of aftershocks, source mechanism inversioalyses

of rupture process and reference to widely useshadtion lows is much higher than that correspanttinthe
current {Seismic ground motion parameters zonation map afa&0f2001) as shown in Fig.1.
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Fig.1 Preliminary intensity map of Wenchuan Eauthie

As a result, the Zipingpu concrete faced rockfdlnd (H=156 m) and the Shapai roller-compacted coacre
three-center gravity arch dam (H=130 m) both latatear to the epicenter have the actual intengifiesore
thanIX much more higher than their design intensitie¥lband VIl with design accelerations of 0.1&nd
0.260 g, respectively.

2.2. Quitelong duration

The source mechanism analysis illustrated thatrdpgure process of the earthquake has extended dhen
fault from south to north east up to more than 30Khe resolved seismic source time function digpla
sequence of rupture cause a quite long duratidmavibtal interval of about 120 s as shown in Fig.2
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Fig.2 Seismic source time function

It is well known that the dynamic responses of emkbzent dam is even more sensitive to the duratfon o
seismic input rather than to the peak accelerathe dynamic resistance of dam materials arecegldalong
with the vibration duration.

2.3. Widely spread areas

The strong earthquake with long duration causesltbek to be felt at very large distance coverimgginareas

of China. According to the statistical data frome tl€hina Ministry of Water Resources 2380 reservoirs
throughout eight provinces and cities includingh®gn, Chongqging, Shanxi have been affected by tiakey
Within the drainage basin of the Min River 29 hymivaver plants in operation have been hit by the gquak
which 10 at the trunk stream and 19 at its tribagar

2.4. In the mountain area with fragile rock stratum

As well known that the Indian plate dives to thdafisplate, causing fast uplift of the Qinghai-TilBdateau.
The plateau materials slowly move to east, crustestward along the Longmenshan structure zone en th
eastern edge of the plateau. The movement is lddakehe rigid table under the Sichuan Basin tasedarge
fault belt and eventually to cause the Longmendhah as the causative fault of the Wenchuan eagke. In
addition, the rock stratum in this mountain arethweictive tectonic movement is also rather fragile, many
massive landslides and mudflow have been inducetthd\strong earthquake to form a series of balailezs
along the rivers.

3. DAMAGESAND BEHAVIORS OF DAMS

The Chinese seismic design code of hydraulic sirastadopts the widely used concept of designingtstres

to allow repairable damage in maximum design eadhkg (MDE). Obviously, as earthquake is a powerful
natural force, it is neither unlikely nor econonita design all structures to perform without daeggn an
extreme event like the Wenchuan Earthquake. Afterearthquake many teams with a number of expaxts h
immediately been dispatched to the earthquakedgton to check the damages of dams and to provide
professional instructions for dealing with the egegrcy situations of the dams.

3.1. Alarge number of small-medium dams

Sichuan Province is rich in water resource and dyokver potential and has a large nhumber of resenas
mentioned above. It is the most important hydropoeveergy base of China. A total of 1803 dams wepented

to be damaged to different extent during the dewmst quake. But most of them ( about 95%) are lsmal
homogeneous earth dam for water supply and irdgatiith a storage capacity less than 5Mifhe main
damages of these dams during the quake are crackommsliding, crest settlement, leakage, failfrepillway
and outlet, and so on. Fig.3 shows one of the dathdgms with crest cracking.

The famous Dujingyan irrigation systemhich has supplied water to Sichuan's fertile eagpéains for more
than 2,000 yearssisafe during the destructive quake; even it iatkxt quite near the epicenter. Only small
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cracks of (2-3) cm on the weir surface (Fig.4) dowhl damage at the support of the headstock geasidice
were detected.

In the high mountain areas with steep gorges oMheRiver most hydropower projects are of diverstgpe
with small reservoirs and low concrete dams whighraore resistant to seismic loading and overtappian
embankment dams.

However, some dams were at high risk of collapaekly, most reservoirs were not full in this piledd
period. The emergency measures of lowering thervesewater level in time through equipped spillway
outlet to avoid dam collapse appeared quite effectihe power generation facilities of some hydrego
plants like Shapai, Taipingyi, Yingxiuwan, etc. weneavily damaged, but their dams were safe evéim wi
overtopping.

The Three Gorges Project and the high Ertan aroh (240 m) have no impact from the quake, as trey
located several hundred kilometers away from thzaseismal area.

2008 5 4

Fig.3 Damaged small dam with crest cracking Figsfnall cracks of (2-3) cm on the Dujiangyan
weir surface

3.2. Four high dams of different types with a height of more than 100m
In the quake-hit area with intensity of more thdinthere are only 4 high dams of different typeth a height
of more than 100 m.

3.2.1 Zipingpu concrete faced rockfill dam

Zipingpu CFRD of 156 m higivas completed in 2006. It is located upstream gfabgyan City in the region
with an epicentral distance of about 17km and #&nsity of more thamX far over its design value. During the
earthquake the reservoir had a minimum water lav&L 817m with a reservoir volume of only 0.2 ibifi n?
while its normal water elevation is 884.0 m wittsigg reservoir volume of 1.1 billionin

After earthquake the maximum settlement of 734.6 mimdam crest and the horizontal deflection to
downstream of 179.9mm have been measured. The cany®n deflections of both banks are pointed & th
river with a total value of 101.6mm to squeeze daen. The face slabs were partially dislocated aalitre
construction joints and broken away from the bedre® with a maximum bulge of about 150 mm (Fig.5).
Cracks between road at crest and downstream stopection have obviously appeared (Fig.6).
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Fig.5 Damages of face slabs Fig.6 damages of sioegam slope protection

The concrete slabs and the peripheral joints whgbtly deformed. But after the shock an anomalgrsh
deflection up to 104.24 mm at the base of canyenbegn detected, however, the malfunction of dresttucer
can not be excluded so far. As the change of seeigagnly ranging from 10.38l/s before the shockBd71/s
after the shock. It seems that even if the seaomper sheet might be damaged, the surface walgisgstem
including the clay overburden still keeps in nornoatler. Some parapet walls and banisters at crest w
collapsed

The sluice gate building and multi-functional figilsuffered a range of damage during the earthguak

3.2.2 Saipai roller-compacted arch dam

Saipai dam of 130 m high completed in 2006 is tloeldis highest RCC arch dam at that time. The dam i
three-center gravity arch structure having a deeggth of 250.25m. It is 9.5m thick at the cresi @8m at the
base. The dam is located 30km away from the epcamd the reservoir kept its normal water level@66.0m
during the quake. There are two contraction joamtd two induced joints along the arch directione Bam is
founded on granite and granodiorite formations mgkip the relatively steep-walled and V shaped @any
The dam abutments are supported by rock mass sdltlaithout continued plane of weakneste seismic
design of the dam has been carried out with a des&pk acceleration of 0.138g corresponding totarne
period of about 500 years based on a special selsaziard analysis for the dam site. The dynamigareses of
the dam were checked both by dynamic trial method finite element method. The dam site is still not
accessible due to the road blockage by the laregskd far. However, base on the aerial photo gmultrérom
individual investigator entered by walking, it reded that the dam including its anchored abutmisngtable
without evident damages (Figs.7-8). But the powantphas been inundated due to the collapse opdinial
penstock being across the river.

Fig.7 Aerial photo of Saipai dam Fig.8 Left aight abutment of Saipai dam
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3.2.3 Baozhusi concrete gravity dam

Baozhusi concrete gravity dam of 132 m high witleservoir volume of 2.55 MiriThe seismic safety of the
dam was checked with a design intensitylbfThe intensity of the dam site during the Wencharthquake is
aboutVII-VIl. An aftershock of magnitude 6.4 has occurred ing@uan County about 20 km away from the
dam. No damage of the dam or abnormal change ift ppgssure and leakage of the foundation weredated

by the inspection carried out after the quake. THakage water became a few muddy after the quake, b
returned to normal after two days.

Up to now around the world there are only 3 damgrakity type subjected to strong earthquake adnigity
more tharVll. They are the Koyna dam in India, the Hsinfenglgidam in China, and the Sefid Rud dam in Iran.
All those dams were cracked in upper part acroeswthole section near the break point of the dowastr
slope. Probably, the following favorable factorskendhe Baozhusi dam more seismic resistant dutieg t
Wenchuan Earthquake, such as: all contractiongdiawe interlocked keys and were grouted at lovaet;, fis
reservoir kept the minimum level of EL 558m duritip quake; the main component of seismic actiorewer
along dam axis, as verified by the fact that treevcbeams of gate at the crest were moved in 20ongahe
dam axis.

3.2.4 Bikou clay core embankment dam

Bikou clay core embankment dam of 105.3m high witkervoir volume of 0.5 Bhis located in Gansu
province, a neighboring province of Sichuarhe dam was completed in 1976. The actual interdidam
site is close to its design value \GF-VIl. No other damage has been reported except to have 8@placement
at the crest.

3.3. Barrier lakes

So long 35 barrier lakes had been reported in tiaerhit areas. Since the barrier lakes seriobsbaten both
upstream and downstream areas, it became the majagers of the secondary disaster of the earthquake
especially while considering the followed-up aftersks and flood season. River water overflowedetlufethe
barrier lakes in Qingchuan County, but posed noadmmAll the dangerous barrier lakes have been toreqi

and under controlled. The most dangerous Tongjiabharier lake located about 6 km away from thecBean
County measured 803m long, 612m wide and80-125tmith a volume of 20Mrh Emergent measures have
been taken to remove the blockage from the rivarsmby excavating discharge canal as wellas touate the
downstream resident. The dangerous situation hers sieccessfully got rid of.

Until now the investigation is being continued etiea roads to some dam sites are still not acdedsilzlosely
inspect. All relatively high dams are being reqdit® have re-examined after the quake. However,esom
preliminary conclusions can be drawn as follows:

(1) The safety of all dams including the naturaindeof barrier lakes has been under controlled andimgle
dam was breached.

(2) All four high dams of different types with aiglt of more than 100 m including the Saipai RCG€halam
and the Zipingpu CFRD in the epicenter area haea Btructurally stable and safe.



th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

4. LESSONS CONCERNING THE DAM SAFETY LEARNT FROM THE EVENT

(1) As “practice is always the unique criterion fidrecking truth”, the thorough in-situ investigatiand the
deep studies on it quickly after the devastatinghgaake like in Wenchuan are of extremely neggska
improve the future seismic design ideas and Codeelisas to continue advancing studies in the fafldeismic
safety of dams.

(2) As earthquake is powerful natural force, in&ther likely nor economical to design the danudtires to
perform without any damage in a devastating qu&kem the Wenchuan Earthquake it was revealed that
despite the mismatch of the design intensity amdatttual intensity for dams located near the epécdike
Zipingpu and Saipai dams, their integral structwtability and water retaining function were stiéimained
even with some repairable damages. It might beladed that for dams well designed according theecr
cord and good constructed, their desired seisnfitysevould be basically anticipated.

(3) Considering the uncertainties of seismic irgmishown in the Wenchuan Earthquake and the coitiptesaf
high dam structures of different types as welltes datastrophic aftermath of their secondary disastis of
extremely importance to prevent any collapse ohhldgm under the actions of so called “maximum ¢dedi
earthquake (MCE)". For critical high dams this riegment should be included into the framework o th
revising seismic design cord in addition to the fimaum design earthquake” with performance objectife
repairable damage.

(4) The geological stability of dam foundation undong seismic action cannot be overemphasizeecesdly
for arch dams. It is still impressed the major dgesamainly due to the weak left abutment of theoPa& dam
during the 1971 San Fernando and the 1994 Northrédgthquakes. The satisfactory behavior of thbaed
high slopes in the areas of Zipingpu and Saipai daotment during the Wenchuan Earthquake manifebted
effectiveness of the engineering strengthening oreaseven the neighboring slopes were heavily dacha

(5) The emergency lowering reservoir water wasnlost effective measure to prevent the secondaagtis of
dam during the Wenchuan earthquake. In the emeygersponse plan scenario for destructive earthqaake
great importance should be attached to the rellialif the emergency discharge structures andifi@silas well
as their energy supply under strong seismic actions

(6) The fact that the new type high dams like thigingpu CFRD and the Saipai RCC arch dam have stood
severe test of the strong Wenchuan Earthquakeiis meaningful as more such kind of high dams ‘4l
constructed in China and abroad. But even somedagts near the epicenter were structurally stalliegl the
strong Wenchuan earthquake; however, we must nobiway be off our guard and become careless. There
might be essential changes in dynamic behaviortewiné height of dam upgrade to a level of 300ra likthe
case of high dams under construction in the We&hina.

5. Somecritical problems concerning seismic dam safety in China



th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

5.1. Why the dam construction is necessary in China as a seismic country?

Water and energy and the affected environment age factors constrain the economic development and
environmental improvement of China. The reasonaliecation of the scarce water resources to guegant
water supply and to prevent flood and draught tisasas well as the effective utilization of theuadlant
renewable and clean hydropower potential rankeavtiréd’s first are the arduous task for sustainaaenomic
development and assured environment's securityhimaC Dam construction plays an important role doa

the condition of country for accomplishing the task

China is also a country with high seismicity espliin the western region where no other than eatrated
about 80% of the national total hydropower resaair@o, the seismic safety of high dams is an iablét
challenge we have to face.

5.2. How to evaluate the seismic safety of high dams built in the western region of China with seismogenic
structures?

Though the earthquake prediction is a world’s diffi problem not solved as yet; the capital corcsion
including dams still have flourished in seismicioeg all over the world. Of course, the studiehlmt seismic
hazard assessment and seismic design of dams éeseinterrupted and continuously advanced to iwvgtbhe
seismic safety of dams. Until now in the world hidgoms have damaged due to strong earthquake betrioayv
single breached yet while building collapse andd#dides have often killed thousands; as illustraited
Wenchuan Earthquake too.

5.3. Whether the reservoir impounding of the Zipingpu and the Three Gorges Projects could trigger the
Wenchuan Earthquake?

As well know; only less than 1% of reservoirs agi@bal scale have reported to have the “resenasthquake”.
The mechanism of reservoir earthquake is not cddso as for the natural earthquake. However, itsemo
commonly accepted explanation is that the porespresof the reservoir water permeated into rockiced) its
effective stresses and causing the drop of shea@taace is the major factor rather than the adladunding
water weight negligible in comparison with the weigf rock in depth. There are two kinds of theergsir
earthquake. The nonstructural one linked to thetkanine pit, and stress readjustment at the shalaface
layer usually produces reservoir earthquakes walmitude less than 3-4. So far most of reservathgaakes
are belong to this kind. The structural one linkedthe causative faults near the reservoir can tidger
reservoir earthquake with magnitude not exceedihgtws indigenous in the fault; if its existingests are close
to failure.

The flood water level of the Min River at the Zigpu reservoir edge nearest to the Longmenshandaudting
the Wenchuan earthquake is at EL884m while the maixi reservoir water level has never exceeded EL875m
During the earthquake the reservoir located atidhver wall of the longmenshan fault had a minimuratey
level at EL 817m. Clearly, there is no hydro-gedday condition for the reservoir to trigger the Viganan
earthquake. Besides, a special seismic monitorystesn for reservoir earthquake has been set upugust
2004. The impounding of the reservoir started inoB®er 2005. The variation of the recorded seismitovigy
including the occurrence frequency and magnituderbeand after the reservoir impounding appeared in
normal range. There is no reservoir earthquakeagmgpu Project at all.
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The Wenchuan is located far away from Three Gomyegect; moreover, there is no any tectonic stmgctu
connection between them.

Furthermore, in the Wenchuan event there was nd@eyunner earthquake as a special charactedftice
reservoir earthquake. The highest magnitude treghdoy reservoir, to date, is 6.3. Obviously, neittie
Zipingpu nor the Three Gorges reservoir impoundaagild trigger the Wenchuan Earthquake. Also, the
Wenchuan Earthquake is not provided with the belsizacteristics of reservoir earthquake.

5.4. What are the major challenge we have to be faced and the corresponding tactics adopted?

As any accident of collapse of high dam with hugservoir during strong earthquake can inflict grave
secondary disaster upon surrounding communitieprdgent such seismic catastrophe is the majotertt
we have to be faced. Therefore, the behaviorseofitm during the MCE at dam site must be clarified the
uncontrolled release of the reservoir water shbel@gvoided. However, neither engineering practicevar the
world nor lessons from past earthquake cases carsdud for reference to ensure seismic safety ohdxgh
arch dams which are being and will be construateskivere seismic areas of China so far.

Facing the severe challenges, we have to overcoenmajor obstacles to assess the seismic catastodtigh
arch dams, focusing on the clearly defining the M@t reasonably selecting its site-specific seisnmcit
parameters as well as on the criterion quantititieealuating the limit state of dam-breach forigeer.

Our conclusion is that the high dam constructiomégsessary and feasible even in the seismic regbns
Western China considering the situation of the tguriHowever, we have to make increasing progress i
practice of dam construction through further inigedtons and hard studies on the seismic safetynbuer
“give up eating for fear of choking”. Also, we alaoking forward to have more opportunities for hat
international cooperative research on seismic gafighigh dams with all colleagues.
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