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California Division of Safety of California Division of Safety of 
Dams (DSOD) PerspectivesDams (DSOD) Perspectives

37 million people, 37 million people, 
100+ active faults100+ active faults
1200+ dams under DSOD jurisdiction1200+ dams under DSOD jurisdiction

~1050 embankments~1050 embankments

Analysis sophistication vs. practicalityAnalysis sophistication vs. practicality
Progressive approach: start w/ simpleProgressive approach: start w/ simple--conservative, conservative, 
refine as neededrefine as needed



DSOD Progressive Approach for DSOD Progressive Approach for 
Dynamic Embankment AnalysisDynamic Embankment Analysis

NewmarkNewmark displacement displacement 
-- index of inertial index of inertial 
stabilitystability

More sophisticated (More sophisticated (egeg. . 
FLAC) if displacement FLAC) if displacement 
ambiguousambiguous

Increasingly Increasingly 
using time series tousing time series to
represent seismic loading represent seismic loading 

Run 1
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Guidance on Design Ground Guidance on Design Ground 
Motions for DamsMotions for Dams
USCOLD/USSD (1999)USCOLD/USSD (1999)
DSOD (2002)DSOD (2002)
USACE (1995/2003)USACE (1995/2003)
FEMA 65 (2005) FEMA 65 (2005) 
FERC (in progress)FERC (in progress)

1)1) SiteSite--specific analysisspecific analysis
2)2) No codeNo code--prescribed methodologyprescribed methodology
3)3) GM duration importantGM duration important
4)4) Safety evaluation should considerSafety evaluation should consider 

no less than no less than MMmaxmax loading loading 
(DSHA)(DSHA)……

……but consider PSHA perspectivesbut consider PSHA perspectives

FEMAFEMA--ERDC (2004): Important research needs include ERDC (2004): Important research needs include 
GM prediction, characterizing directivity, duration/intensityGM prediction, characterizing directivity, duration/intensity



DSODDSOD’’ss Deterministic Seismic Hazard Deterministic Seismic Hazard 
ApproachApproach

Characterize active sourcesCharacterize active sources
Characterize site  Characterize site  
Develop 50Develop 50thth to 84to 84thth PGA, PGV ,SA, Arias intensity PGA, PGV ,SA, Arias intensity 

[AI replaced duration after 2004][AI replaced duration after 2004]
Identify parameters best correlating w/ Identify parameters best correlating w/ 
performance  performance  
Identify candidate controlling Identify candidate controlling MMmaxmax event(sevent(s) ) 

((……need probabilistic feedback)need probabilistic feedback)



Load Selection Using Load Selection Using 
Consequence Hazard Matrix (2002)Consequence Hazard Matrix (2002)

MMmaxmax loading range: 50loading range: 50thth to 84to 84th th % motion% motion
Use event likelihood & Use event likelihood & d/sd/s consequenceconsequence

When When ““5050thth to 84to 84thth”” ……
PSHA/PSHA/pgapga
Goal: minimum RP Goal: minimum RP ““several thousandseveral thousand”” years years 
(USSD/ICOLD: 3 to 10k yr)(USSD/ICOLD: 3 to 10k yr)



Fraser and Burns, DSOD

(pre-NGA)



Original Acceleration Time Histories
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Design Ground Motion Development Design Ground Motion Development 

Objective: Minimum of 3 time histories for Objective: Minimum of 3 time histories for 
controlling earthquake scenariocontrolling earthquake scenario

GM Targets:  50GM Targets:  50thth -- 8484thth 5%5%--damped spectrum, damped spectrum, 
Arias intensityArias intensity
Select  Select  ““seedseed”” records   records   

similar similar spectral amplitude/shapespectral amplitude/shape
similar similar M,M, distancedistance, , nearnear--source effectssource effects, site, , site, 
fault stylefault style



Design Design EQsEQs commonly M commonly M >> 6.5,  R 6.5,  R << 10 km10 km……

Seed Record IssuesSeed Record Issues



Directivity expectedDirectivity expected ……
StrikeStrike--slip: ~50/50 chance   slip: ~50/50 chance   
DipDip--slip: upslip: up--dip rupture for larger events  dip rupture for larger events  

Fewer seed record candidatesFewer seed record candidates……

Potential scenario inconsistenciesPotential scenario inconsistencies……
…… Can use AI to check durational aspectsCan use AI to check durational aspects

Seed Record issues (cont.)Seed Record issues (cont.)



Example: Design EQ/GM DevelopmentExample: Design EQ/GM Development

250 ft high, water supply to 60,000 people 250 ft high, water supply to 60,000 people 
downstream downstream 
3 km from San Andreas fault (3 km from San Andreas fault (MMmaxmax = M8)= M8)
Analysis section nearly Analysis section nearly FN FN 
KKyy = 0.15= 0.15
Design GM: 84Design GM: 84thth percentile loading w/ directivity percentile loading w/ directivity 
PGA = 1.1g (1500 yr RP)     AI = 18 PGA = 1.1g (1500 yr RP)     AI = 18 m/sm/s

Seed records: 35 synthetics (nearSeed records: 35 synthetics (near--source M8 motions)source M8 motions)









RecordRecord
NewmarkNewmark 

displacement    displacement    
KKyy = 0.15= 0.15

PGVPGV SASA1.01.0
Arias intensity 

(target ~18m/s)

S18RS18R 4.8 ft4.8 ft 180 180 
cm/scm/s 1.54g1.54g 18.7 m/s

S29RS29R 4.7 ft4.7 ft 190 190 
cm/scm/s 1.53g1.53g 19.1 m/s

S10RS10R 8.3 ft8.3 ft 183 183 
cm/scm/s 1.54g1.54g 36.1 m/s

Conclusions: Conclusions: 
•• 8484thth targets yield 4targets yield 411//22 to 5 ft  (blue is to 5 ft  (blue is ““too conservativetoo conservative””))
•• Probably not Probably not ““15001500--yryr”” motions (PGA poor indicator)motions (PGA poor indicator)
•• How conservative?How conservative?



Assessing GM ConservatismAssessing GM Conservatism

Need different parameter for PSHA Need different parameter for PSHA 
PBEE PBEE -- ideal parameter isideal parameter is……

Efficient Efficient –– correlates well w/ performancecorrelates well w/ performance
Sufficient Sufficient –– predicts performance by itselfpredicts performance by itself

PGA, PGV, SA arenPGA, PGV, SA aren’’tt……..

Note: DSOD concerned with large motions andNote: DSOD concerned with large motions and
large deformationslarge deformations (e.g., feet)(e.g., feet)



Force vs. Work/EnergyForce vs. Work/Energy

Force: potential to move an object  (F = m Force: potential to move an object  (F = m ×× a)a)

Work: objectWork: object’’s displacement from application of s displacement from application of 
force force over timeover time (W = F (W = F ×× d)d)

Work: Work: transfer of energy to objecttransfer of energy to object
(Energy = potential to do work)(Energy = potential to do work)

Analysis for potential displacement, deformation, Analysis for potential displacement, deformation, 
strain strain ((workwork),), should consider GMshould consider GM energyenergy

displacement, settlement, strain

stress, pressure
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Wave Energy: Wave Energy: ““sum of the squares of the amplitudes of sum of the squares of the amplitudes of 
elements in a wavelet times a proportionality constant that elements in a wavelet times a proportionality constant that 

is often omittedis often omitted””
(Encyclopedic Dictionary of Geophysics, 3rd edition, 1991)(Encyclopedic Dictionary of Geophysics, 3rd edition, 1991)

•• Most Dynamic Geotechnical Analyses Most Dynamic Geotechnical Analyses 
Implicitly AddressImplicitly Address WorkWork//EnergyEnergy

……when GM when GM amplitude & durationamplitude & duration usedused: : 
•• Simplified: whenSimplified: when usingusing peak value peak value andand Magnitude      Magnitude      

(as proxy for duration)(as proxy for duration)
•• Detailed: when usingDetailed: when using acceleration time historyacceleration time history
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1983 M5.77 Coalinga aftershock Transmitter Hill
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1994 M6.7 Northridge Newhall Fire
Station

Ia = 5.60 m/s

Ia = 1.66 m/s

Arias Intensity addresses amplitude & durational aspectsArias Intensity addresses amplitude & durational aspects ((energyenergy))

Ground motion Ground motion 
recordrecord

Coalinga Coalinga 
M5.8 M5.8 
aftershockaftershock

Northridge Northridge 
M6.7 M6.7 
Newhall Newhall 
FSFS

Peak accelerationPeak acceleration 1.08g1.08g 0.59g0.59g

Peak velocityPeak velocity 40 cm/s40 cm/s 97 cm/s97 cm/s

Arias IntensityArias Intensity 1.7 1.7 m/sm/s 5.6 5.6 m/sm/s

NewmarkNewmark 
Displacement kDisplacement k yy 0.150.15

0.24 ft0.24 ft 1.69 ft1.69 ft



Efficiency & SufficiencyEfficiency & Sufficiency: : 

Arias Intensity & PGA vs. Arias Intensity & PGA vs. NewmarkNewmark DisplacementDisplacement 
natural & spectrally matched motionsnatural & spectrally matched motions

PGA PGA 

Arias intensityArias intensity

after Jibson &Jibson (2003)



Efficiency/Sufficiency (cont).Efficiency/Sufficiency (cont). 

Arias Intensity & PGA vs. Arias Intensity & PGA vs. NewmarkNewmark DisplacementDisplacement 
natural & spectrally matched motionsnatural & spectrally matched motions

PGA PGA 

Arias intensityArias intensity

after Jibson &Jibson (2003)



Durational
aspects

Arias intensity

Damage

Spectral 
(amplitude) 
matching



Prediction Capability and PSHA:Prediction Capability and PSHA: 
Empirical AI Attenuation FormulasEmpirical AI Attenuation Formulas

TravasarouTravasarou, Bray, and Abrahamson (2003), Bray, and Abrahamson (2003)

ln(AIln(AI) =  f (M) =  f (Mww , , RRruprup , site condition, fault style), site condition, fault style)

WatsonWatson--Lamprey and Abrahamson (2006)Lamprey and Abrahamson (2006)
ln(AIln(AI)  =  f (M)  =  f (Mww , , RRruprup , V, Vs30s30 , PGA, SA, PGA, SAT@1sT@1s ))



Modified JMA 142 Record 
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Run # 7
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JM AOut7.acc
JM A142acc.txt1) 1) TargetsTargets for Design Ground Motions for Design Ground Motions 

Response spectrum addresses frequency Response spectrum addresses frequency --
amplitudeamplitude
AI (energy) addresses durational aspectsAI (energy) addresses durational aspects
Use Use both to both to better constrain DGM, analysisbetter constrain DGM, analysis

Potential Uses for Arias Intensity Potential Uses for Arias Intensity 
PredictionsPredictions
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2) PSHA 2) PSHA Hazard CurvesHazard Curves
Conservatism of design GMConservatism of design GM
ProbabilisticProbabilistic AIAI target for design GMtarget for design GM

3) PSHA 3) PSHA DeaggregationDeaggregation
Gives most likely scenarios for probabilistic Gives most likely scenarios for probabilistic 
loadload
Results sensitive to parameter selectionResults sensitive to parameter selection
Consider AIConsider AI--based to get Design EQ scenario  based to get Design EQ scenario  



ExampleExample: Dam near : Dam near 
San Andreas fault:San Andreas fault: 

Design GM conservatismDesign GM conservatism based on AIbased on AI

8484thth target AI = 18 target AI = 18 m/sm/s
20002000--yr return periodyr return period

Revisiting design GM results:Revisiting design GM results:
S18RS18R -- 4.8 ft  4.8 ft  AI = 18.7  (2100AI = 18.7  (2100--yr)yr)
S29RS29R -- 4.7 ft  4.7 ft  AI = 19.1  (2200AI = 19.1  (2200--yr)yr)
S10RS10R -- 8.3 ft  8.3 ft  AI = 36.1  (7500AI = 36.1  (7500--yr)yr)

S23R      S23R      -- 6.0 ft6.0 ft AI = 27.0  (3700AI = 27.0  (3700--yr)yr)
S16R      S16R      -- 7.0 ft7.0 ft AI = 29.6  (5000AI = 29.6  (5000--yr)yr)
CT3N      CT3N      -- 7.4 ft7.4 ft AI = 36.7  (7500AI = 36.7  (7500--yr)yr)
S37S37--090  090  -- 12.5 ft12.5 ft AI = 50.8  (16,500AI = 50.8  (16,500--yr)yr)



Design Earthquakes from PSHADesign Earthquakes from PSHA 
San Bernardino Mountains San Bernardino Mountains –– weathered rock siteweathered rock site

25002500--yr ERPyr ERP

PGA (1.0g): PGA (1.0g): 
M6.5 @ 3 kmM6.5 @ 3 km

AI (15 AI (15 m/sm/s): ): 
M7.7 @ 8 kmM7.7 @ 8 km



SE of Bakersfield SE of Bakersfield –– soil sitesoil site

30003000--yr ERPyr ERP

PGA (0.54g):PGA (0.54g):
M6 @ 8 kmM6 @ 8 km

AI (3 AI (3 m/sm/s):):
M7.3 @ 23 kmM7.3 @ 23 km



Eastern Eastern 
SacramentoSacramento 
Valley Valley –– 
unweatheredunweathered 
rock siterock site

10,00010,000--yr ERPyr ERP

PGA (0.28g):PGA (0.28g):
M6 @ 8 kmM6 @ 8 km

SASA1s1s (0.22g):(0.22g):
M7.9 @ 160 kmM7.9 @ 160 km

AI (1.0m/s)AI (1.0m/s)
M6.5 @ 77kmM6.5 @ 77km



SummarySummary

Embankment dynamic analysis is concerned with ground Embankment dynamic analysis is concerned with ground 
motion motion amplitudeamplitude & & durationaldurational aspects aspects -- ((energy)energy)
AI represents GM AI represents GM energy energy 
AI AI correlatescorrelates with inertialwith inertial displacementdisplacement (esp. for spectrally (esp. for spectrally 
matched GM) matched GM) –– efficient/sufficientefficient/sufficient
Robust Robust AI predictionAI prediction capability exists (DSHA & PSHA)capability exists (DSHA & PSHA)
AI + spectral targetsAI + spectral targets better constrain design analysis better constrain design analysis 
PSHA using AIPSHA using AI

Hazard curves Hazard curves –– GM GM conservatismconservatism or or probabilistic targetprobabilistic target
DeaggregationDeaggregation -- design EQ scenarios design EQ scenarios for probabilistic for probabilistic 
loadload



endend
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