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Purpose

The purposeofthistechnicalnoteistodocumenta methodforevaluating
slidingstabilityofgravitystructuresusingphysicalmodeling.

Application

The mainloadingson gravitystructuresareproducedby bodyforces
generatedby theactionofgravityon water,soil,androck.The stresses
withingravitystructuresareproducedby thecombinationofself-weightofthe
structureandbodyforceloadingsofwater,soil,androck.A smallmodelofa
fill-sizestructure(prototype)canbeusedtomake inferencesregardingthe
full-sizestructureifsimilitudecanbemaintainedinthetestingofthemodel.

Background

Civilworksareone-of-kinditemsthatcannotbetestedtofailure.Full-
scaletestingmay alsobedangerousorimpractical.Modelingtoevaluate
slidingstabilityispossible,butrarelyused.Conversely,hydraulicmodelingis
well-establishedasa componentofdesignandhasbeenusedtoevaluatethe
designofchannels,gates,orifices,andthelike,whereanalysisproceduresare
notwelldevelopedorsignificantfactorsareneglectedforeaseof
computation.Testingtoevaluatethestabilityandbehaviorofgravity
structuresisfeasibleundercertainconditions.Geometricand,insome cases,
dynamicsimilitudemustbemaintainedtoexperimentallyevaluatethe
suitabilityofadesign.

Advantage

Physical modeling can be used to realistically evaluate three-dimensional
(3-D) .attributes such as geologic features and changes in the geometry of the
structure. The model may be tested to failure, if desired. The kinematics of
failure can be observed, and the effects of geologic features can be assessed.
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Requirements

The modelcomponentsmustsatisfygeometricsimilitudewiththe
prototype.Dynamicsimilitudemay alsoberequireddependingonthenature
oftheprototypecomponentsandloadingconditions.

Geometric similitude

The dimensionsofthemodelarea consistentfractionoftheprototype
dimensions.A 1:nmodelwillbesuchthatthecoordinatesoffeaturesinthe
modelaretheprototypecoordinatesdividedby n.

Dynamic similitude

Giventhata modelisbuilttosatisfygeometricsimilitude,thedynamic
parametersmustbecontrolledtoensurerealisticbehavior.Forfluids,the
dynamicparametersareviscosity,density,velocity,andpressure.These
parameterscontainoneormoreunitsofmass,force,andtime.Dynamic
similitudeismaintainedby consideringoneormorewell-knowndimensionless
parameterssuchasReynold’snumberorFroudenumber.Allofthe
dimensionlessparameterspertainingtofluiddynamicscontainavelocityterm.
Ifvelocitiesarenearzero,asisoftenthecaseinflowthroughsoil,dynamic
similitudemay beunimportant.

Model properties

The materialstIsedtomodelthestructureanditsfoundationmusthave
moduliandstrengthsscaledtomaintainsimilitude.Simulantmaterialswillbe
requiredthatcanbedesignedtohavestiffnessandstrengthreducedto
maintainproperrelationshipsamong theimportantparameters.Ingeneral,
thesematerialsmustbeatleastanorderofmagnitudelessstiffandlessstrong
thanthematerialsintheprototype.

Limitations

Usuallyitisimpossibletomaintaincompletesimilitude.When similitudeis
compromised,additionalexperimentsshouldbeperformedtoevaluatethe
influenceofthesedeparturesfromsimilitude.The processofadditionaltesting
toevaluatetheeffectsofcompromisesinsimilitudeiscalledmodelingof
models.

Boundaryconditionsoftheentiremodelasapackagecanlimitthe
applicabilityofthetestresults.The boundaryistheinterfacebetweenthe
modelandthecontainerholdingthemodel.The boundaryconditionsinclude
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physicalrestrictions(containerwallsandbase),confinementchanges
(containerstifiess,sidefriction),andcontainer-modelinteraction.Modeling
ofmodelscanbeusedtoevaluatetheseeffects,butthecostandtimerequked
tofullyevaluatetheseconditionscanbecomelarge.

Rock and soil have attributes that are difficult to model. Soil is a
particulate media, so the strength, permeability, grain-size distribution, and
compressibility are interrelated. Usually geometric similitude of the grain size
is violated to attempt to retain proper scaling of strength and compressibility.

Rock contains fractures, bedding planes, and other inhomogeneities that
dominate the behavior of the rock. These features have attributes of
orientation, crack width, roughness, waviness, and persistence that are
extremely difficult to model at reduced scale. In theory, modeling of models
can be used to assess the relative importance of maintaining similitude in these
attributes. In practice, it is impossible to create an accurate model of these
features in a small model. Research is needed to document the consequences
of neglecting these features.

Similitude Summary

A listofscalingfactorsisshowninTable1.Eachfactork aratioofa
prototypeattributetoa modelattribute.The tableappliestomodelshavinga
scaleof1:ntotheprototype.The parametersarethoseusedtoevaluate
slidingstability.Factorsthathavethesamemagnitudeintheprototypeandin
themodelhaveascalingfactorof1.

Example

Considerastraightgravitydam withatriangularcrosssectionsuchasthat
showninFigure1.The typicalnonoverflowmonolithis40 ftwide.The dam
is100fthigh,andthebasewidthis75 ft.The waterdepthis90 ft.The dam
hasno effectivedrainageandessentiallyzerotailwaterdepth.The customary
unitweightswillbeusedintheanalysis:150pcfforconcrete,62.5pcffor
water.A limitequilibriumanalysiswillbeusedtoevaluateslidingstability.
The modelisbuiltat1:50scale.SeeTable2 fora comparkonofparameters
fortheexample.

Discussion

The examplewas a simpletriangularsection.The strengthofphysical
modelingk thatthetechniquecanbeusedon sectionswithcomplexgeometry
withgeologicfeaturessuchasbeddingplanesandshearzonesincluded.In
addition,itmay bepossibletotestamodelofanentiredam orlockprovidea
3-D evaluationofstability.Structuresoftenuseshearkeysinthefoundation
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Table 1

Summary of Scaling Factors
I

Parameter I Scale Factor

Volume 113

Weight rla

Water force (horizontal) n3

Uplift (force) n3

Forces (normal, resultant) n3

Water pressure n

Stress (normal, shear) n

Cohesion (note 1 ) n

Strength (notes 1 and 2)
n3

Moments (note 3)
n4

Eccentricity (note 4) 1

Factor of safety (notes 1 and 5) 1

Zero compression zone (note 6) 1

Moduli (note 7) n

Notes:

(1) Cohesion in the model must be l/n ‘h of the cohesion in the prototype for the strength

and the factor of safety in the model to equal that of the prototype.

(2) Strength defined by Mohr’s expression for shear strength in terms of forces,

Tf - CA + N tan~.

(3) Moments used in overturning analysis.

(4) Eccentricity defined as the ratio of the distance between the center of the base and

the location of the resultant acting on the section, to the length of the base.

(5) Factor of safety defined as ratio of strength (force) to horizontal force. The factor of
safety is dimensionless (force/force).

(6) Zero compression zone (OA of base) was not calculated in the example. The entire base
was in compression. The scale factor is 1 in those cases where a zero compression zone

exists.

(7) The strain in the model is 1/n ‘h of the strain in the prototype, unless the moduli are

reduced. In soil/structure interaction problems, it is important to scale the moduli to

produce realistic kinematics. It is recognized that strain scaling has no effect on the

calculations that follow. Nevertheless, strain compatibility may be necessary if the ex-

perimental test results are to be compared to finite element analysis.
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Figure 1. Nonoverflow monolith

Table 2

Comparison of Parameters for Example

Parameter Prototype Model

Volume (ft3) 150,000 1.2

Weight (lb) 22,500,000 180

Water force (horizontal) (lb) 10,125,000 81

Uplift (force) (lb) 8,437,500 67.5

Water pressure (psf) 5,625 112.5

Forces (normal-resultant) (lb) 14,062,500 112.5

Strength (c = 5,000 psf, 4) 26,799,839 --

= 40°

Strength (c = 100 psf, 0 .- 214

= 40°

Eccentricity 0.12 0.12

Factor of safety 2.65 2.65
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andmonolithshearkeystotransferstressesfromonemonolithtoanother.
Structureson rocksometimesarebuilton a rockbench.None ofthese“
featurescanbereliablyaccountedforintraditionalanalyses,butallofthese
featuresmay bebuiltintoa modelandtested.

Conclusions

Physicalmodelscanincorporategeologicfeaturesandcomplicated
geometry.The factorofsafetyinthemodelduringthetestisequivalenttothe
safetyfactorintheprototype,asmeasuredby customarylimitequilibrium
analysis,ifthecohesionofmodelmaterialisreducedinproportiontothe
scaleofthemodel.
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