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Chapter IV

Embankment Dams

4-1  Purposeand Scope
4-1.1 General

The guiddines presented in this chapter provide gaff enginears with recommended procedures and
criteriato be used in reviewing and eva uaing the safety of existing and proposad earth and rockfill
(embankment) dams. The review parformed by daff engineerswill be conducted to ensure thet dl
decisons, methods, and procedures performed by licensees/exemptecs, or their conaultants, are sound
regarding dam sfety, and to ensure that the Commission's Dam Safety Program objectives as Sated in
Pat 12 of the Commisson's Regulations are condgstent with accepted. up-to-date Sate-of the-art
procedures (the term licensees d 0 refers to gpplicants for license where gppropriate).

The evaugtion of safety of both new and exising embankment dams presents spedid and unique
problems. Exiging dams may prove difficult to andyze espedidly in those ingances where the dam was
desgned before the deve opment of modern design and congtruction technology or where adequate
records are not avalable. Even for ardaivey new dam, where records are extensve. Evauation can
be cumbersome for the following reasons: (a) variousleves of completeness of records, (b) different
Ste conditions, (C) varying degress of qudity in design and condtruction, and (d) differing depth of
evauation required for eech dam. The objective st forth in this chepter isto provide sysemetic
procedures for performing gaff evauaions

4-1.2 Depth of Review

Thereview of exiding damswill generdly nat be as detalled as the procedures involved in the design of
new dams  Some criticd areas may require detalled review. Primaily, the review isintended to

evd uate procedures and methodology of design and andydsto ensure that sefe and adequiate
embankment dams were condructed. The licenseggexemptegs or its consultant's investigations and
evauaions should be examined to determineif dl areas of importance were conddered and
gopropriate design criteria have been used.

For proposad dams, the licensee will be required to submit a design report in accordance with the
Commisson's Regulations This report will be thoroughly examined to determineif dl gppropriate
design criteriahave been met.

During the invegtigation and evauation for both proposed and exising dams, important aressto
condder are asfollows



. The embankment must be ssfe againg excessive overtopping by wave action epedidly during
pre-inflow design flood conditions.

. The dopes mudt be gable during dl conditions of resarvoir operations, induding rapid
drawdown, if gpplicable.

. Sepage flow through the embbankment, foundetion, and abutments must be controlled so thet
no internd erogon (piping) takes place and there is no doughing in arees where segpege
emerges

. The embankment must not overstress the foundation.

. Embankment dopes must be acceptably protected againg eroson by wave action and from
gullying and scour againgt surfece runoff.

. The embankment, foundeation, abutments and reservair rim must be sable and mugt not
deved op unacceptable deformations under earth quake conditions. 1/ See Section 4-7 and
Reference 36 for seigmic design.

Exiging dams should be viewed in light of knowledge of sudies and reports on Smilar dams of the
same vintage to gain an understanding of probable design and congruction methods. For exigting
dams, an independent andyd's of the embankment sability or adequacy need not necessaxily be
performed by daff. The data presented by the licensee should be reviewed to determineif they appear
reasonable and if the latest information has been consdered. The criteriaused by thelicensee or its
conaultant should be consgtent with any changed conditions discovered during ongite examinations such
asloadings, seepage, increased pore pressures in the dam or the foundation, eroson, etc.

For proposed dams, an andyss of the gability and adequiecy is required unless specificaly exempted
by the Commisson. The methods and procedures usad in the evaudtion of any embankment should be
congdent with the latest, accepted Sate-of-the-art methods and criteria, and with guidance contained
in this chapter of the Guiddines.

4-1.3 References

Criteriaand methods of evauation and andysis used in reviewing licensegs reports should be based on
criteria and procedures established in literature published by such agendes as the Corps of Engineers,
U. S. Bureau of Redlamation, or other recognized enginesring references. Sdected rferences are
listed in Section 4-8.

1/ Reference 1, pg. 192



4-2  Sourcesof Data and I nformation

To properly evduae dl information and data presented in the licenseds design report, various available
FERC reports should dso be reviewed. Avalladle reportsindude:

. Predicense Ingpection Reports of exiging dams and/or Site Ingpection Reports of proposed
damdtes

. Operation Reports

. Condruction Reports

. I ndependent Consultant's Safety Ingpection Reports

One or more of the above listed reports should be avallable for licensad projects. If alicense has not
previoudy been issued, the gaff engineer performing the review should refer to the Prelicense
Ingpection Report prepared by the gaff engineer respongble for the project in the Regiond Office.
For exiding dams, additiond datamay be availabdle from the fadility owner, previous owners, date or
locd agency if the fadility isapublidy owned project, and from the Sate agency respongble for dam
safety, such as Department of Water Resources, Department of Environmenta Resources, Divison of
Dam Sdfety or Department of Naturd Resources: Also, technical information may be available from
Corps of Enginears Phase | Ingpection Reports of public or private entities having impounding
dructures upstream or downdream of the fedility.

For proposed dams, the source of information will generdly be the licensee and/or its consultants and
engineers. For dl proposed dams, the licensee will be required to provide saff with those data
necessary to eva uate whether the design of the Structure is sefe and adeguate.

Datathet may be avaladle from the sources referenced should indude:

. Logsof drill holes, test pits, and exploratory trenches

. Site geologic reports

. Ste saigmidity reports

. Materids exploration and testing reports

. Reservoir area-capacity curves, rim conditions, and drainage basin information
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. Dambregk analyses and reports
. Condiruction reports

. Correpondence that may highlight design changes or problems
. Desgn drawings and edifications

. Design reports induding assumptions used and the ressons therefore

. I ngpection records

. Maintenance records

. Aerid photography

. Licensegs reports

. Condruction photogrgphs

. Concrete materids and mix design

. Ashuilt drawings

4-3  Review of Existing Data

Appendix 4-A isaliding of various engineering data relaed to the design, condruction, and operation
of an embankment dam. Prior to review and andlyds of exising data, this gopendix may be useful in
organizing the data as discussed in the U.S. Bureau of Redamation's " Safety Evauation of Exising
Dams' (SEED) Manud." 2/

The enginexr parforming the review should examine dl datato determine if problem arees have been
recognized and, if appropriate methods are propased for correction. Additiondly, the data should be
examined to determineif the source of any current conditions or problems, suich as segpege, sttlement,

cracking, etc., are evident from exiging data. The methodologies and criteria used in the design should
be examined and compared to accepted Sate-of-the-art procedures and criteria

2/ Reference 2



Advances in accepted Sate-of-the-art methodologies may require areevdudion of the origind design
or of theseguiddines The SEED Manud discussssin gregter detall goedific information to look for in
the reports and deta thet may be available.

4-4  Need for Supplemental Information

The objective of reviewing exiging dataisto bein apogtion to use as much information asis available
to evauate the sructurd adequacy of exiging or proposad embankment dams. Dataand andyses
should be the prevdent basis for judgments on dam safety. If potentidly hezardous conditions are
bdieved or determined to exis and the exiding data are insufficient to resolve the problem, it may be
necessary to request supplementd investigations, andyses, or information to complete the evauetion.
The informetion could involve additiond visud ingpections, measurements, foundation exploration and
tesing, maerids teding, seigmic information, hydrologic and hydraulic data Conditions that may
require supplementd information are asfollows

. Sgnificant cracking, settlement or doughing of an exiding embankment and the potentid for
such in any proposed gructure

. Uncontrolled segpage conditions through the embankment, the abutments, or a the toe areg,
and the patentid for such in any proposed sructure

. Available datais not adequate to perform accepted date-of-the-art andytica methods thet are

necessary
. Increese in settlement rate
. Increase in meesured segpage

. Risein internd segpage pressures
4-5  Evaluation of Embankment Dams

Thetwo principd types of embankment dams are earth dams and rock-fill dams, depending on the
predominant fill materid usd.

a Earth Dams - An earth dam is composad of suitable soils obtained from borrow aress or
reguired excavaion which are then spread and compacted in layers by mechanicd means.
Earth dams may be condtructed as homogeneous or zoned dams. Zoned dams are generdly
preferred Snce zoning permits the use of severd different materid typesin the embankment thet
may be avallable from borrow areas or required excavations. Homogeneous embankments are
usudly not conddered exogpt when free-draining maerias are not reedily available,
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Some older dams have been placed by hydraulic means. These hydraulic fill dams frequently
contain large masses of loose to vary loose soils in them because of the dumping and duicing of
the soils during condruction. Adequate ol data(eg. SPT blow counts, gradation andyds,
phredtic surface, eic.) must be avalable to evauate the liquefaction potentid and Sability of
these dams

b. Rock-fill Dams 3/ - A rock-fill dam is an embankment compased largdly of fragmented
rock with an impervious earth core. The coreis separated from the shdlls by aseries of
trandtion zones built of properly graded maerids. Theimpervious core may be centrd or
incdlined. The core, trangtion zones filters, etc. should be evauated as discussad in Section
4-5.1. In some cases an impervious upsream membrane of concrete, asphdlt, or sed plate
may exis or be used in lieu of an impervious core

Rock-fill zones are generdly compacted in layers, 12 to 24 inchesthick by 10 to 15 ton
sed-whed vibratory rollers. Layer thicknesses of 6 inches up to 36 inches have been dso
usad and may be gppropriate. The largest particle diameter generdly should not exceed .9 of
the compacted layer thickness. Dumping rock-fill and duicing with water, or dumping in water
isgenerdly not acceptable for embankment dam condruction today. However, the gpplication
of some water before compaction, on dirty rock-fill, and on the zone adjacent to an impervious
upsiream membrane, to achieve better compaction, is acceptable.

The gructurd sfety of an embankment dam is dependent primarily on the absence of
excessive deformations under dl conditions of environment and operation, the aaility to safdy
pass flood flows, and the control of segpage to prevent migration of materias and thus predude
adverse effects on gahility.

To propely evaduate the gability of an embankment dam, the following areas should be reviewed.
. Embankment zoning and cross ssction
. Seepage control measures and records
. Deformation, predicted or recorded

. Erodon control messures

. Structurd gbility andyses

3/ Reference 3, Chapter 1



. Liquefaction potentia

. Overtopping potentid and the ability to resst overtopping

. Foundation and embankment materid properties and srengths
. Erodibility indices

. Adequacy of freeboard

For exiging dams, the review should aso indude summarizing the past behavior of the dam, with
atention given to any problem aress noted.

4-5.1 Embankment Zoning

For zoned embankments, the zoning geometry and properties of the materids placed in the zones
should be reviewed to determine: (1) the structurd design, and (2) the types of internd festures such as
chimney drains, blanket drains, toe drains, ic., that are proposad or were used to provide for and
maintain embankment S&bility. One should kegp in mind that embankment zoning is dso established
for economic reasons according to the availahility of meterids. 4/ The embankment zoning should
provide an adequate impervious zone, trangtion zones between the core and the shells, and seepege
control zones. Desrable characteridtics that these zones should have or provide are asfollows

. In generd, the width of the core a the base of cutoff should be equd to, or greater than, 25 per
cent of the maximum difference between the maximum reservoir and minimum tailwater
devaions The minimum top width of the core should not be lessthen 10feet. 5/ The
coeffidient of permestiility of the core materid should preferably be 10 cnvsec or less. More
permesble core materid may be acceptable if segpageis il adequatdly controlled and
gopropriate factors of safety are ill met. 6/

. Trangtion zones must meet accepted filter criteria, eg. see References 1, 4, & 5, to protect the
adjacent zones from piping. The trandtion zones should be sufficently wide to ensure thet they

4/ Reference 1, Chepter 6
5/ Reference 3, pg. 5-3
6/ Reference 1, Chepter 6



are continuous and congructable with aminimum of contaminetion &t the contact. 7/8/ The
range of gradation of the trangtion zones should be limited to avoid segregation of meterids
during placementt.

. Segpage contral feetures within the embankment should be Szed adequatdly to contain dl
seepage flows The features should dso be suffidently pervious to ensure thet dl segpage will
be intercepted and controlled without excessve pressure head losses. 9/10/

. Zoning of an embankment that places the more pervious meterid on eech Sde of the core zone
ispreferdble This placement improves the Sahility of the embankment during rapid drawvdown
conditions and kegps the downsream dope drained for greeter effective waight. 11/

Homaogeneous dams should dso have segpage contral feetures such as chimney drains, blanket drains,
etc. induding atrangtion zone between the main embankment meterid and the drain.. Eveniif a
homogeneous embankment has no pecific segpage contral fegtures, these embankments must have
adequate internd drainage capability to ensure againgt seepage outbresk on the downstream dopes or
abutments. Desirable characterigtics listed above dso gpply to the features of thistype of sructure.
The homogeneous dructure is generdly more massve and usudly hasflatter dopes than azoned
embankment of the same height. These characteristics compensate for atendency toward a higher
phredtic line in the homogeneous embankment. They dso tend to provide better dope gability during
rapid drawdown. 12/

4-5.2 Seepage Control Measures

All embankment dams are subject to Some seepage passing through, under, and around them. 13/ If
uncontrolled, segpage may be detrimentd to the Sability of the Sructure as aresult of excessve internd

7/ Reference 4, pg. 57, 606
8/ Reference 1, Chapter 6
9 Ibid.

10/ Reference 3, pg. 5-3
11/ Reference 5, pg.7

12/ Reference 1, Chap. 6
13/ Reference 5, pg.1



pore weter presaures or by piping. 14/ For exiding dams, records or evidence that seepage flows have
removed any Sgnificant degree of fine grained materid must be evduated. Any such record reguires
further fidd invedtigation.

Segpage should be effectively contralled to preclude sructurd damage or interference with norma
operations.

In the evaluation of segpage reduction or segpage control measures asthey pertain to dam sfety, one
should review and evduate the fallowing:

Protective control meesures such asrdief wels, weghted graded filters, horizontd drains, or
chimney drainswhich prevent seegpage forces from endangering the sability of the downsiream
dope 15/

Hlters and trangtion zones designed to prevent movement of soil partides thet could dog
dransor result in piping. 16/17/

Drainage blankets, chimney drains, and toe drains designed to ensure that they contral and
safdy discharge seepage for dl conditions: The design of these features must dso provide
aufficient flow capaaty to ssfdy control segpage through potentia cracksin the embankment
impervious zone. 18/

Contacts of seepage contral features with the foundation, abutments, embedded Structures,
€ic., desgned to prevent the occurrence of piping and/or hydrofracturing of embankment
and/or foundation materids. 19/ If conduits or pipes exig through the embankment, they
should be ingpected to ensure that they are functiond or have been properly seded.

Grouting, cut-off trenches, and impervious blankets

14/ Reference 3, pg. 1-6

15/ Ibid., pg. 1-6, b

16/ Reference 4. pg. 57

17/ Reference 1, pg. 218

18/ Reference 3, pg. 1-6

19/ Reference 1



. Congtruction records for foundation shgping, trestment and grouting at the contact between the
impervious core and foundation.

. Mesasures such as compaction requirements, seepage collars, placement of specid materids or
other amilar fegtures to prevent internd eroson from segpage a the interface with concrete
gructures. 20/21/ If seegpage collars are presant, pedid attention should be given to
compaction reguirements around them.  The use of segpage callarsis not recommended in new
condruction.

. For exiding embankments, dl seepage records compiled during the existence of the Sructure
should be reviewed for sgnificant trends or dbnormd changes. The causes of any
abnormdlities should be determined as accuratdy as possible.

4-5.3 Deformation, Predicted or Recorded

Thetype, amount, and rate of deformetion of an embankment, ether vertical or horizonta movement,
must be estimated during the design stage and should be recorded during the operation of the Structure.
For proposad embankments, the structure should generdly be cambered to dlow for the esimated
sdttlement during the life of the Sructure. For existing embankments, any evidence or records of
unusud settlement, cracking, or movement should be reviewed to determine whether these conditions
are detrimentd to the continued safe operation of the sructure. Hdd investigations may be reguired to
Oetermine the causes of these abnormédities. These investigations may involve such items as surveying
the dructure, inddling movement detecting insruments; or excavaing test pits for examinaion. 22/ The
embankment higtory, height, foundation conditions, hazard, etc. are factorsto be congdered in
determining fidd investigetion needs

Asareault of deformation, cracking can devel op through the impervious core section beow the line of
sauration which may result in piping. Adeguatdly Szed and graded filter zones located downdream
from the impervious core can prevent piping. 23/ Corrective measures or indrumentetion may be
needed if adequate filter zones do not exis or are not correctly located.

4-5.4 Erosion Control Measures

20/ Ibid.

21/ Reference 3, Chepter 2
22/ Reference 4, Chapter 12
23/ Reference 4, Chapter 11



Upstream and downstream dopes, the toe area, groin areas of the abutments, gpproach and discharge
channds, and areas adjacent to concrete sructures should be protected againg excessve eroson from
wave action, surface runoff, and impinging currents. Inadequiate erason protection can result in dope
indahility. 24/ Some common types of protection used are riprgp, gabions, paving (concrete or
agphdt), and gppropriate vegetative cover.

The dope and toe protection of dl embankment dams should be reviewed to determineif the damiis
adequatdy protected againgt erosve forces. If the dope protection is being continudly displaced,
heavier protection isrequired. Additiondly, if embankment materias, condgting of sty and sandy soils
are baing moved into the dope protection, measures must be taken to correct this condition before
eroson becomes detrimentd to the embankment. If riprap is reguired, abedding layer must be
desgned according to established filter criteriaand placed under the riprap protection. 25/

4-55 Structural Stability Analyses

The evauation of the gability of embankment dams shdl be based on the available design information
for proposed dructures and on design and condruction information and records of performance for
exiding embankments. The Corps of Engineers Guiddinesfor Safety Ingpection of Dams 26/ can be
usd asaguidein paforming the review.

Sahility sudies and andyses for proposed embankments will be conducted during designin
acocordance with methods discussed in Section 4-6.8. Qudlity contral testing during congtruction will be
used to confirm thet the design values are being achieved. For exising embankments, the initid stebility
gudies and andyses will normally be acogptable if they were performed by gpproved methodologies.
Additiond gahility andyses should be performed if initid desgn andysesdo not exist or are
incomplete, if existing conditions have deteriorated, if hazard potentid of the project hasincreased, if
the embankment has been subjected to loading conditions more severe then designed for, if existing
andyses are not in agreement with current acogpted date-of-the-art methodologies, or if assumed
design parameters cannot be satisfactorily judtified. Satisfactory behavior of the embankment under
loading conditions not expected to be exceaded during the life of the sructure should generdly be
indicative of stifactory sahility, provided adverse changesin the physicd condition of the
embankment have not occurred. 27/

24/ Reference 3, Chapter 5
25/ Reference 1, Chepter 6
26/ Reference 6

27/ Reference 6, pg. 10



Evidence of any adverse changes which could affect the sahility of an embankment may be obtained
from visud ingpection and obsarvation of avalladle indrumentation data covering such items as changes
in pore water pressures, displacements, changes in loading conditions, seegpage, etc. Review of
maintenance records and related information may aso provide areference to sructura behavior data
for apaticular sructure. Should areview of project records indicate possible deficendiesin the
dability of an embankment, additiond informeation may be reguired regarding the foundetion and
embankment maerids. The Corps of Enginears Guiddines for Sefety Ingpection of Dams 28/ and
other avallable literature 29/30/31/32/ 33/34/35/ can berefared to in establishing the information
necessary to determine the condition and materid properties of the foundation and embankment.

4-5.6 Potential for Liquefaction

The phenomenon of liquefaction of loose saturated sands, graves, or Slts having a contractive sructure
may occur when such materids are subjected to shear deformation with high pore water pressures
developing, resulting in aloss of resgtance to deformation.

The potentid for liquefaction in an embankment or its foundation must be evauated on the besis of
empirical knowledge and enginesring judgment supplemented by spoedd |aboratory tests when
necessary. Smplified methods for evauaing soil liquefaction potentid are used by Seed and Idriss 36/
and Cadiro 37/ to rdate blow counts va ues from sandard penetration tests to ssfe, unsafe, and
margind conditions These empiricd charts rdae to obsarvaions of meanifestations of increase of pore
pressure under leve ground, such as sand bails. Theempiricd charts should be conddered only asa

28/ Ihid.

29/ Reference 3
30/ Reference 5
31/ Reference 7
32/ Reference 8
33/ Reference 9
34/ Reference 10
35/ Reference 15
36/ Reference 12

37/Reference 13



guide for identifying zones within the dam and its foundation thet may require further sudy. Further
discusson of liguefaction is presented in Section 4-7.

4-5.7 Soil Properties

Soil propertiesinduding strength and segpage parameters to be used asinput deta for Sability andyses
should be redidic and representative of the range and variation thet exist in the foundation, abutment,
and embankment materids. 38/  For information concerning the characteristics and srengths of
foundation and embankment soils and rock, refer to the procedures established in the Corps of
Enginearsand U.S. Bureau of Redamation Guiddines, 39/40/41/42/ and other literature. 43/44/45/46/
The sdection of the proper input parameters and their correct use in agability andysis are generdly of
grester importance than the method of gability andyss used.

4-5.8 Embankment Overtopping Potential

All embankment dams ether proposad or exiding, should be evaluated for overtopping potentia under
the mog extreme conditions expected for which the dam is determined to be a hazard to life or
property. Chapter 2 of these Guiddines discusses the Spillway Desgn Hood and provides freghoard
criteria’ The maximum resarvoir devation determined for the design flood and expected wave runup
are conditions thet should be conddered. However, aless severe sorm with lower ressrvoir devation
but gregter wave propagation may result in conditions thet are more critica than those produced by the
desgnflood. In generd, overtopping of an embankment is not acceptable. However, for exiding dams
should minor or intermittent overtopping be determined to be apossihility, an evaduation of the
acogptability of this condition must be made basad on such information as the characterigtics of the

38/ Reference 14
39/ Reference 8
40/ Reference9
41/ Reference 2
42/ Reference 15
43/Reference 16
44/Reference 4
45/Reference 17

46/Reference 34



flood hydrograph, embankment maerids, prevailing wind direction, fetch, dope and crest protection,
hezard potentid at thet time, eic.

4-6  Static Stability Evaluation
4-6.1 General

Asdiscussed in Section 4-1.2, anew, independent gability analysis by saff is not necessarily reguired
for aproposad or exiging embankment. Spot checks of andyses may be required to verify that
goplication of the gpedific andytica gpproachis correct. The andyss and evaugtion of the Sructurd
adequacy of an embankment dam by the licensee and/or its consultant should be reviewed based on
informetion formulated by the licensee and information developed by the Regiond Office gaff from
various project ingpections and data requests resulting from the licensing or ingpection program.  For
embankment dams, gability andyses should be examined to determineif the ariteria used and loading
conditions andyzed are gppropriate. Thisreview should be based on the above information to
determine if the methods of analyses used are based on accepted date-of-the-art and that proper types
of failure surfaces have been andyzed (eg., wedge, drcular, or noncircular).

An independent gability andys's should be performed by gt if actud conditions differ from those
assumed in the licensegs andydis if Soil parameters are incondstent with materid types, if soil Srength
parameters or pore water pressures are incongstent with the method being used, or if the criticd failure
surfaces do not gppear to have been determined.

Saf has severd gability programsfor computers avallable. 47/ These programs may be used by daff
in reviewing the results of the licensegs andyses. It should, however, be understood that the resulits
obtained by these methods of andlyses may not necessrily agree exactly with the licensegs results
based on ancther method; however, it will provide an indication as to the adequecy of the andyss
being reviewed. Staff isnot limited to the use of these computer programs. Other acoepted programs
may a0 beusad. The gaff should verify that the licensee has checked the andlysis by hand
cdculaionsfor potentid critical casesthat have margind factors of sfety.

A brigf discussonisinduded in this section of the Enginearing Guiddines concarning some methods of
gahility andysis and why the results obtained from each method may vary to some degree.
Additiondly, references are listed in Section 4-8 that andyze the various methods of gability andysesin
detail. An higoricd devdopment of methods of gahility andysesis presented in Reference 16. 48/

47/ Reference 37 and 38

48/ Reference 16, pp. 323-326



4-6.2 Review Approach

Sahility andyses should be reviewed to determineif input deta gppear appropriate based on a
knowledge of the embankment and foundation materids, on pore pressuresin the embankment and its
foundation, or if the method of andlys's chosen by the licenseeisbeing used correctly. The literature
provides severd publications, textbooks, and other sources of information thet discussin detall the
various methods of andyses available Refer to Saction 4-8 for references that can be used in obtaining
information for usein reviewing a paticular method of dability andyds 49/50/

A review of the gability andlyss presented by the licensse Shdl indude an evaduation and summary of
the data used in the andlyss and an evaduation to determineif the aritical condiitions have been
investigated. Theitemsto be evauated indude:

. Dendtiesof soils

. Shear drength parameters

. Porewater pressures, esimated or exigting

. Loading conditions

. Trid fallure surfaces

. Method of andyss

The soil dengties and shear strengthsto be used for the various loading conditions investigated can be
evduated by sudying available laboratory test data and/or comparing data presented to that known for
amilar materids basad on past expeariences and on data availadle from other dams congding of Smilar
materials and condruction methods.

Pore water pressures used in the andlys's of the variousloading conditionsinvestigated should be

reviewed to determineif they are redidtic basad on available insrumentation data or estimates basad on
such methods as those proposed by Casagrande 51/ and Carstens and May. 52/

49/ Reference 20
50/ Reference 26
51/ Reference 18

52/ Reference 19



When fidd explorations and laboratory testing are required to provide additiond information concerning
the drength characteridtics of the embankment materids, the sampling and laboratory testing
procedures should be reviewed to determine if they were adequately accomplished and are
representative of the conditions andlyzed. Corps of Enginearsand U.S. Bureau of Reclamation
technical guiddines concerning sampling and laboratory testing procedures can be used to complete this
review. 53/54/55/

4-6.3 Conditionsto belnvestigated

An embankment and its foundation are subject to shear Sressesimposed by the weight of the
embankment and by poal fluctuations, seepage, or earthquake forces. Loading conditions vary from
the commencameant of condruction of the embankment until the time when the embankment has been
completed and has afull reservoir pool behind it. The range of |loading conditions encompasesthe
following conditions at various Sages from condruction through the operationd stage of the completed
embankment:

. End of Condruction

. Sudden drawdown

. Partid pool with Seady seepage

. Steedy seepage, normd pool

. Earthquake

. Appropriate flood surcharge pool

Indl loading cases, the shear srength dong any potentid failure surface must be defined. The shear
drength available to ress failure dong any particular failure surface depends on the loading condiitions

applied.

4-6.4 Shear Strength

53/ Reference 9
54/ Reference 10

55/ Reference 15



Gengrdly, the shear srengths of materids usad in Sability andyses are determined from laboretory
testing procedures which atempt to duplicate the various loading conditions to which the embankment
is expected to be subjected. 56/57/58/

From the time congruction begins until the reservoir has been filled and a Sate of Seedy seepage hes
been egablished, three different conditions of drainage will have occurred. Shear strength values used
in ability andyses for each condition of drainege are determined from laboratory tests on specimens of
the materid which are compected to the dengty and water content that Smulates the conditions
anticipated in the dam. 59/ Tedts corresponding to the three conditions of drainage are: 60/61/62/63/

. Q or unconsalidated-undrained (UU) test in which no initid consolidation is dlowed under the
confining pressure and the water content is kept condtant during shear.

. R or R consolidated-undrained (CU) testsin which consolidation is adlowed under initid stress
conditions but in which the water content is kept congtant during application of shearing
dresses. The R testisidenticd to the R test except that pore water pressure measurements
are made during the R test.

. Sor consolidated-drained (CD) test in which consolidetion is permitted under theinitid dress
conditions and dso for each increment of loading during sheer.

4-6.4.1 Laboratory Testing

Teding procedures for determining the shear Srengths of soilsto be used in gability andyses, aswdl as
Oetermining other enginearing properties of sails, such as dendty, moisture content, consolidetion,

56/ Reference 11
57/ Reference 16
58/ Reference 20
59/ Reference 16
60/ Reference 11
61/ Reference 10, pp. 328-338
62/ Reference 16

63/ Reference 20



permesbility, gradation, etc., can be found in Corps of Engineers and U.S. Bureau of Redamation
manuds 64/65/ When reviewing-andyses of existing embankmentsthe R, R, and S shear srength
parameters may be consdered. In Stuaions where unconsolidated soils may dill exidt for years after
condruction a strength envelope between the Q and R may be gppropriate in evauating the ability of
the embankment dam. For proposed dams, shear Srength parameters obtained from the Q test will
aso be used.

4-6.4.2 Q - Unconsolidated-Undrained Shear Strength

The Q tes is parformed on specimens of impearvious meterids under Smulated loading conditions
expected to occur during congruction of embankments and results in an gpproximetion of the
end-of-condruction shear srength of the materid.

4-6.4.3 R and R - Consolidated-Undrained Shear Strength

TheR and R tests goply to conditionsin which impervious or semipervious soils that have been fully
consolidated under one set of stresses are subjected to a sress change during the test without time for
consolidation to take place (s0il is sheared without dlowing disspation of pore pressures).

4-6.4.4 S- Consolidated-Drained Shear Strength

The shear srength resuliting from an Stest is abtained by fully consolidating the soil Joecimen under the
gpplied confining stress and, when drainage is complete, gpplying shear Sresses dowly enough to dlow
full drainage to occur during the shearing process under eech loading increment.

4-6.5 Typesof Stress Analyses

In generd there are two types of dress andyses that are used in the evauation of exising and proposed
embankments. These are the totd dress andyss and the effective dressandyss. Thetota dress
andyssisused in the desgn of embankments for loading conditions during congruction, rapid
drawvdown, and earthquake. The effective dress andyss should be used only in cases where the soils
behave drained and piezometer dataare availale. The casesthat can be andyzed by the effective

gress method are partid pool and steady seepage.

4-6.6 Loading Conditionsfor Analysis

64/ Reference 10

65/ Reference 15



Asoutlined in Section 4-6.3, an embankment may be subjected to severd |oading conditions during its
life, ranging from condruction to full podl operation. The loading conditions for which an embankment
must be andyzed are presanted in detall in the fallowing paragraphs



4-6.6.1 End of Construction L oading Condition

At the end of congtruction, an embankment dam is till undergoing internd consolidetion under itsown
weight. For homogeneous dams or for zonesin dams condructed from impervious materids, pore
water pressureswill be built up during condruction due to the inghility of theimpervious soil massto
dran rgpidy during consolidation.

The shear rength goplicable to the impervious dam or zones within the dam during the condiruction
loading condition, is determined by the Q test conducted at field moisture contents and a fidd confining
dresses. Thetype of dressandydsthat gopliesto thisloading condition isthe totd Sressandyss
Because of the difficulty in esimeting pore water pressures within the embankment during this sage of
loading, an effective dress andyssisnot generdly usad. The andyss may, however, be conducted
using pore pressure responses in previoudy condructed dams that used materids, congruction
methods, and condruction schedules smilar to those for the proposad dam. For pervious zonesin the
embankment where drainage can occur rgpidly, S srengths should be used in the andyds

The end of condruction andyds usng shear srengths obtained from the Q test as representative of the
drength available in the impervious zones of an embankment, represants alower limit of dability Snce
consolidation is progressing during the course of condruction. If there are any serious questions about
dability during condruction, the only positive method to determine the dability isto indal piezometers
and evauate the Sability during congtruction.

4-6.6.2 Sudden Drawdown L oading Condition

In the sudden drawdown loading condition the Structure has been subjected to a prolonged high pool
during which time a steedy Segpage condition has been established through the embankment. The soil
in the embankment beow the phreetic surface isin acompletdy saturated sate and isfully consolidated
under the weight of the overlying materid. If subseguently the resarvoir poal is drawn down fagter then
pore water can escape, excess pore water pressures develop.  Consequently, the reduced factor of
sdfety following aresarvoir drawvdown is due primearily to the exisence of high resdud pore water
pressures (drawdown pore water pressures) acting indde the upstream dope. 66/ The shear srengthis
governed by the date of stress deve oped during consolidation under buoyant waight before
drawdown. 67/

The shear srength parameters required for an andys's under thisloading condition are obtained from
the R test. An expression is then determined for relating consolidation pressure to the undrained shear

66/ Reference 16, pg. 370

67/ Reference 20, pg. 26



grength. Laboraory tests are performed under consolidated -undrained conditions, in which the
samples are consolidated under stresses corresponding to the conditionsimmediatdy preceding the
drawdown. 68/69/ If the materia being investigated can drain so rgpidly asto disspete precticdly dl
the excess pore water pressure as the drawdown progresses, 70/ the drained or S drengthisthe
dgrength usad inthe andyds Thistype of andyssisreferred to as atotd dressandyss.

If an effective dress andyds is conducted, one method of measuring the effective dress parametersis
to perform consolidated-undrained triaxid tests on the soil with the measurement of pore pressure.
Thistype of tet isrefared to asan R test. The accuracy of thistype of andysisrestsin how well the
pore pressures can be estimated. If R tests are run on undisturbed samples retrieved from an existing
embankment, results of pore-pressure obsarvaionsin the fidd can be usad in determining pore
pressure cofficients to be usad in the R testing procedure.

For further discussion on differences between totd and effective Sress andyses refer to References 4
and 16. Laboratory procedures for the R and R tests are discussed in Reference 10.

When conducting a sudden drawdown andyss the Corps of Enginears uses shear strength based on
the minimum of the combined R and S enveopes (figure 1). 71/ Shear srengths of free-draining
materids where disspation of pore water pressure can proceed as the resarvoir poal is drawn down
will be based on the S shear drength enveope of the materid.

68/ Reference 4, pg. 258
69/ Reference 20, pp. 23-27
70/ Reference 4, pg. 258

71/ Reference 11
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The unit weights of the sailsto be used in andlyzing the "before dravdown condition will be the moist
weights above the line of saturation and submerged weights bdow.  1n andlyzing the "&fter drawvdown'”
condition, moist unit weightswill be usad for the zone above the origind phrediic surface, ssturated unit
weightswill be used within the dravdown zone, and submerged weaghts will be usad bdow theleve of
drawdown.

4-6.6.3 Steady Seepage L oading Condition

Steady seepage deve ops dfter areservoir pool has been maintained a apaticular devation (eg.,
maximum storage poal) for asuffident length of time to establish ageedy line of saturation through the
embankment. The segpage forces which develop in the Steady State condition act in adowngtream
direction. The condition of steedy seepage throughout an embankment may be critica for downdream
dope gahility. 72/ The segpage forces can be conservatively esimated by assuming a horizonta
phregtic line through the impervious zone a the devation of the Sorage poal intersected by zones of
free-draining materid. However, high abutment groundwater tables may cause the phredtic surface to
be higher in the vidnity of the dbutments 1n homogeneous impervious embankments, the line of
Seepage can be esimated by various methods. 73/74/ Examples of esimating the line of segpege
through an embankment are given in Reference 5. If suffidient indrumentation is avallable, piezometer
levelsin both the embankment and foundation can be reviewed and phreetic surfaces can be deve oped
accordingly.

72/ Reference 11, pg. 19
73/ Reference 18

74/ Reference 19



The pore water pressures which exigt within an embankment a any given time are generated asthe
result of two actions which can be conddered independent for practica purposes. (1) gravity seepage
flow, and (2) changesin pore volume due to changesin thetota sresses 75/ Thefull reservoir Sahility
condition is nearly dways andlyzed usang the effective sress method of andlyss and the pore weter
pressures acting are assumed to be those governed by gravity flow through the embankment. 76/

For design purposes, the Corps of Engineers generdly uses the shear srength of impervious soils
corresponding to a strength enve ope midway between the R and S test enve opes when the S strength
is gregter than the R srength. The S enveopeis used when the S srength is less than the R strength
(figure 2). The shear srength of fredy draining cohesonless soils should be represented by the Stest
enveopes. 77/
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unit weights to be usad in the andysis will be the moigt unit weight above the line of saturation and
submerged weights beow thisline

In the case where a Steady segpage condition exigtsin an embankment, an additiond horizontd thrust
may beimposed by asurcharge poal up to the probable maximum podl devation, generdly not for a
prolonged period of time. Thus the impervious zone would not become saturated above the Steedy

75/ Reference 16
76/ 1bid.

77/ Reference 11, pg. 18



date condiition established under normd resarvoir conditions: The shear Srengthsto beusad inthe
gahility analyses should be the same as those usad in the Steedy Seepage case with maximum dorege

poal.
4-6.6.4 Partial Pool L oading Condition

The sameinformation gppliesto the partid pool loading condiition as to the Seedy seepege loading
condiition except that the upstream dopeisdso andyzed. The upstream dope should be andyzed for
various poal devationsto determine which pool devation creetes the lowest fector of sfety.

4-6.6.5 Earthquake

Evduations of saigmic effects for embankments located in areas of low or negligible seismiaty (0.05g o
less) may be accomplished usang the seiamic codffident in the pseudodatic method of andyss Saiamic
codffidents a leest aslarge as shown in figures 6, 6a, 6b, and 6¢ of Reference 11 shdl be employed as
goplicable. 78/ The psaudodtatic method assumes that the earthquiake causes additiond horizontal
forcesin the direction of potentid fallure. Thisinvedtigation need only be gpplied to those ariticd failure
surfaces found in andlyzing loading conditions without earthquake loading. An andyss of earthquake
loading is sddom necessary in conjunction with sudden dravdown dability andyss However, if
earthquake loading is possible during reservoir drawdown assodiated with apumped sorage project
where frequency of drawdown occurs on adaily cyde, earthquake effects during sudden drawvdown
should beinvestigated. The sdlection of shear Srengthsto be used in the andydsare discussed in
Section 4-7.

For embankmentslocated in aress of grong seigmidity, adynamic andyd's of embankment gability
should be performed based on present sate-of-the-art procedures. Refer to Corps of Enginears ER
1110-2-1806, "Earthquake Design and Andysisfor Corps of Enginears Dams” for the earthquiake
loading to be usad in dynamic andyses and for guidance in performing seismic evauaions.

In generd, an embankment dam should be cgpable of retaining the resarvoir under conditions induced
by the maximum credible earthgquake where falure would cause loss of life. The fallowing invedtigations
should be accomplished for dl proposad and exigting embankments, with the exogption thet exigting
confirmed "low" hezard potentid dams may be exempted from these investigetions

. A sagmic gahility invesigaion usng adynamic andysisfor proposad and exiding dams
located in Saigmic Zones 3 and 4 of Reference 33.

78/ Reference 11, change 1, dated 17 February 1982

4-—-24



. An evauation of the liquefaction potentid for dl damsthat have or will have liquefigble
maeidsather in the embankment or foundation.

. A geologicd and ssismalogicd review of exiging damsin Sasmic Zones 2, 3, and 4 of
Reference 33, to locate faults and ascertain the saiamic higtory the of region around the dam
and resarvoir.

. A sagmic ahility investigation of exising dams by dynamic andyses regardless of the sasmic
zonein which the dam islocated where capable faults or recent earthquke epicanters are
discovered within a digance where an earthquiake could cause Sgnificant sructurd damage.

4-6.7 Factorsof Safety

Thefactor of sfety indudes amargin of sfety to guard againg ultimate failure, to avoid unacceptable
deformations, and to cover uncertainties associaed with the measurement of soil properties or the
andyssused. 79/ In sdecting aminimum accepteble factor of sefety an evduation should be made on
both the degree of conservatism with which assumptions were mede in choosing soil srength
parameters and pore weter pressures, and the influence of the method of andysswhich is used 80/
The latter concernsthe method of calculation in which Sde earth forces are consdered and how
assumptions of directions of Sde earth forces affect gability andyssresuts

A quditative estimete of the factor of sefety can be obtained by examining conditions of eguilibrium
when indpient falure is postulated, and comparing the strength necessary to maintain limiting equilibrium
with the available grength of the soil. 81/

Therefore, the dope ability andlyds of soils requires messurements of the shear drength and
computation of the shear sress. Appropriate minimum vaues of factors of sefety to be used in the
dability analyds of adope depend primarily on the messurement of srength. Fectorsinfluencing the
sdection of minimum factors of sefety indude:

. Rdiability of laboratory shear strength testing resulits

. Embankment haght

. Storage capacity

79/ Reference 22, pg. 48
80/ Reference 16, pp. 368-371

81/ Reference 23



. Thoroughness of investigations

. Congruction qudity, congruction control of embankment fills

. Judgment basad on past experience

. Desgn conditions bang andyzed

. Predictions of pore water pressures used in effective dress andyses

FERC minimum factors of ssfety arelised in Table 1. Find acogpted factors of sefety may depend
upon the degree of confidence in the enginering data available. Inthefind andyds, the consequences
of afalure with respect to humean life. property dameage, and impairment of project functionsare
important consderations in establishing factors of safety for gpedific invedtigations

4-6.8 Static Stability Analysis

Vaious andyticd methods for evauaing the satic Sability of an embankment dam exig. The method
utilized in the licenseds andlys's should be congstent with the anticipated mode of fallure, dam cross
section, and il test data

4-6.8.1 Limit Equilibrium

Many methods of gability andyses exid that use the same generd gpproach of employing the "limit
equilibrium method" of dope gability andlyss In thistype of goproach a quditative estimete of factor
of safety can be obtained by examining the conditions of equilibrium when incipient falure is postulated,
and comparing the grength necessary to maintain limiting equilibrium with the available srength of the
soil. Thefactor of ety (F.S) isthus defined astheretio of thetotd shear Srength avalable (s) onthe
falure surface assumed to the total shear dressmohilized T dong the fallure surface to in order maintain
equilibrium. 82/

FS=s
J

@

A date of limiting equilibrium exists when the shear srength mohilized is expressed as

82/ Reference 24



J=1(0 2
FS.

F.S isafactor of safety with respect to shear Srength and 1/F.S. isthe degree of mobilization of the
shear drength. It may be shown that the definition of F.S. given by equation (1) is equivdent to the one
used in the Ordinary Method of Slices, wherethe fector of sefety is defined astheratio of the resding
moment to the over turning moment. 83/

The shear drength of asoil is expressed by the following expresson:
s=c+FtanN

inwhichcand N represent the intercept and dope of the Mohr-Coulomb shear diagram and F
represents the normd dress on the shear surface. Thus, to determine the shear srength dong a
potentid failure surface the normd gtress on the shear surface mugt be known.  In andlyzing both force
and moment conditions of equilibrium it becomes gpparent thet the problem of determining the
didribution of the normd gtress on the shear surface is Sticdly indeterminate, thet is, there are more
unknowns then there are equitions of eqilibrium. 84/ An gpproach to this Stuaion isto make
assumptions to reduce the number of unknownsin order thet the problem is Saticaly determinete, such
asisdoneinthe"limit equilibrium’ andyss procedure. Different procedures use different assumptions
Some methods do nat satiy dl condiitions of equilibrium, such as moment equilibrium or verticd and
horizonta force equilibrium. Table 2 shows equilibrium conditions satisfied by various methods of
andyss

Table?2

Equilibrium Conditions Stidfied

Individud
Overd| Sice Veticd
Horizontd
Procedure Momet Momet Force Force
Ordinary Method of Slices Yes No No No

83/ Reference 25, pg. 784

84/ Reference 25



Bishop's Modified Method Yes No Yes No

Janbu's Generdized Yes Yes Yes Yes
Procedure of Sices

Spencer's Procedure Yes Yes Yes Yes
Morgengern and Price Yes Yes Yes Yes

Sudies have been performed to examine the accuracy of the equilibrium methods of dope sability
andyss 85/86/

4-7  Seismic Stability Evaluationy

Various methods of andlyses are available for evauating the saismic dahility of an earth dam. These
may be dasdfied as

. Pseudogtatic methods

. Smplified procedures

. Dynamic andyses of embankment s2bility and deformetility

Regardess of the method of andyds, the find evauetion of the saismic sefety of the embankment
should be basad on dl pertinent factorsinvalved in the investigation and not soldy on the numericd
results of the andyss 87/ References presented in the Corps of Engineers ER 1110-2-1806 can be

usd in determining the scope of andyds required for properly assessing the seiamic dahility of an
embankment dam.

Tablel (1)
Minimum
Fector of Sopetobe
Loading Condition Saety Andyzed

85/ Reference 25, pp. 783-791
86/ Reference 26, pp. 475-498

87/ Reference 21



End of condtruction
condition

Sudden drawdown from
maximum pool

Sudden drawdown from
spillway crest or top of gates

Steady seepage with
maximum storage poal

Steady seepage with
surcharge pool

Earthquake (for Seady
Seepage conditions with
sagmic loading usng
the sagmic coeffident
method)

Earthquake (for dl

dynamic andyses usng
adeformation method)

13

>1.1*

1.2*

15

14

>1.0

The degree of safety againg ultimate failure may be defined as

Factor of Safety = drength
dress

‘]f
o F.s "L
J

where F.S =factor of safety

Js = shear drength dong thetrid shear surface

J = equilibrium shear dressdong the sametrid shear surface

4-7.1 General Approach

upsream and
downsream

upstream
upstream
updream ad
downstream
downstream

updream ad
downgtream

<2 feet of Newmark-type
Oeformetion dong the
potentid falure

plane (3)



. Andysesfor earthquake loading should begin with smplified procedures and proceed to more
rigorous methods of andlyses as a particular Stuation may warrant. Prgjects with well
compacted embankments and dense foundation soils located in Saismic Zones 1 or 2, 88/ ad
al confirmed low hazard potentid projects, may be evauated by the pseudodatic method usng
the seigmic codffident assigned to the saismic zone the project isin.

. In areas of severe and/or frequent seimic loading such asin saamic Zones 3 and 4 or where
foundation liquefaction potentid exigts, more rigorous dynamic methods of andyseswill be
necessary. 89/ Site gpedific saiamic evaduationswill be performed for dl projects not covered in
the paragraph above. These sudieswill identify earthquiake source aress, the maximum
credible earthquake, and the distance from the Ste of each rdevant source area. Potentid for
fault rupture in the dam foundation and in the resarvoir will be assessed. The modes of fallure
that need to be investigated and the gppropriate methodology are described in the fallowing
ubsections.

4-7.2 Modesof Failure:
a L oss of Stability

The dam becomes undable as aresult of lossin srength in the dam or foundation - Liquefection Side -
typica examples Lower Sen Fernando Dam and F. Peck Dam.

b. Excessive Deformations

The dam remains Sable during and after the earthquake; however, deformations can accumulae. The
accumulated deformation nesds to be estimated and eva uated with respect to its effects on the
likdlihood of an uncontrolled rease of water from the reservair.

C. Other M echanisms:

. Overtopping due to saiches

. Movements dong afault passing under the dam

. Landdides in abutments causing direct damage to the dam or due to wave in resarvoir (Vaont
dam)

88/ Reference 33
89/ Reference Ihid.



4-7.3 Methods of Analyses
a Pseudostatic Analysis Procedures

For many years the gandard method of evauating the safety of embankment dams againgt diding during
earthquakes has been the psaudodtatic method of andyss. In using this gpproach no spedid
congderation has been given to the nature of the dope-forming or foundation meterids and if the
computed factor of safety was larger then unity, it has generdly been conduded thet the saismic Sability
question has been stidfactarily resolved. 90/ In Terzaghi's opinion, depending on the neture of the
dopeforming materids adope may reman Sableif the factor of safety isless than unity or may fall if
the factor of safety has been found to be greeter than unity based on the pseudodtatic goproach. 91/
This has been confirmed by embankment performancesin recent earthquakes.

In generd, therefore, earthquiake andy'ses using the seismic codfficient method may be performed only
for ructures proposed or exising in Sasmic Zones 1 and 2. Saamic codfidents a leest aslarge as
shown in the Corps of Enginear ER 1110-2-1806, should be employed in the andysis 92/ In Zones 3
and 4 and in ather zones where the pseudodtatic method of analys's does not necessarily evaluate
gopropriady the safety of an embankment, more sophidticated andyses should be performed.

b. Simplified Analysis

Fallowing addailed sudy of embankment dam performance during earthquiakes, 93/ Seed observed
thet the saismic resgtance of dams condiructed of dayey soilsis much higher then thet of embankments
condructed of saturated sands or other cohesionless soils. Thus for embankments which do not involve
saurated cohesonless Sils, the pseudodtatic method of andyss may il beused; dterndively,
methods for eva uating deformations in such dams have been developed. The computed displacements
can be compared to dlowable disolacements to determine the adequacy of the embankment (See 4-
7.3.d). Methodsfor evduating deformations have been developed by Seed and Newmark. 94/95/

90/ Reference 27, pg. 220
9V Ibid.

92/ Reference 33

93/ Reference 27, pg. 227
94/ Reference 28

95/ Reference 29



When embankments and/or their foundations are composed of loose sands, glts, or graves, the
pseudogtatic method may not be goplicable. Therefore, analyses mugt be performed to determine (a) if
liquefaction potentid exigts and (b) whether such aliquefied condition can leed to failure or excessive
deformations of an embankment. There are various Smplified methods avallable for evaugting soil
liquefaction potentid 96/97/98/ basad on empiricd corrdlaions between in Stu behavior of sandsand
Sandard pendtration resstance. In addition, methods exig to assessthe liquefaction potentia of a ol
by determining whether the ail is contractive or dilative. 99/100/ Under cydic loading of sufficient
megnitude and duration, aloose sturated sand, Silt, or grave having a contractive structure will
deveop high pore water pressures, lose alarge portion of its resstance to deformation, and flow.

C. L oss of Stability

The potentid for loss of Sahility can be andyzed usng aconventiond gability andys's (Section 4-6)
incorporating minimum srength vaues corresponding to the degree to which pore water pressures are
generated in the soils by the earthquake sheking. Where the pore pressure raio in the soil buildsup to
avaue doseto 100%, the soil is congdered to have developed a condition of liquefaction.

The determination of those zones where liquefaction or pore pressure build-up will occur must be made
usng adynamic andysis to determine the stresses and grains induced in the embankment by the
maximum anticipated earthquake motions and a knowledge of the pore pressure generdtion
characteridics of the soils comprising the embankment and its foundation. 101/ In generd dayey oils
do not gppear to develop increases in pore pressure due to earthquake sheking. However cohesion-
less soils are highly vulnerable to pore presaure devel opment depending on their rddive dengty and
other characterigtics which should be congdered in the seigmic evauation.

Once the degree of pore pressure build up has been evduated, and zones of potentid liquefaction
identified, oil may be assgned srength vaues for usein adability andyssasfalows

96/ Reference 29
97/ Reference 30
98/ Reference 13
99/ Reference 31
100/ Reference 32

101/ Reference 27



Soil Type Saturated Unsaurated

Impervious (clayey) Sw Sip
Pervious (sands) lower of Sy Sty
withr, = 100% or S and S

Parvious (sands) Swu Sy
withr, <100%

whae S, = undrained pesk srength
Ss = undrained seedy-dete srength
Sis = drained seady sate srength
S = resdud srength of liquefied soil

Siv = shear drength determined by effective stresses corresponding to induced pore
pressure.

For soilswhich develop acondition of r, = 100% the vdue of Ss or S islikdy to contral the S2bility
of the dope and gopropriate vaues may be determined asfollows:

. Based on empiricd information from liquefaction didesin Smiler soils. Thereisagenerd
corrdation between vdues of S and vaues of (NI)eo, the normalized sandard penetration
resstance of sands and Sty sands, presented in Reference 39. However, it isimportant to be
guided in the choice of vdues of S by empirica information from previousfalluresinvolving
soilsSmilar to the ones under Sudy.

. Basad on |aboratory tests using the procedures described in Reference 21, Ininterpreting the
test datait should be noted that values of S are very sendtive to void ratio changes and thusit
is necessary to gpply corrections to laboratory measured strengths to obtain in-Situ values and
for possble void ratio redigtribution during the period of earthquake shaking, and to interpret
the resuits consarvaively.

If the gahility andyssindicates no potentid for aliquefaction (flow) falure, then adeformetion andyss
should be performed.

d. Defor mations



Deformation computations are gpplicable only to dams not subject to aliquefaction (dahility) falure

Deformations can be assumed nat to be a problem if the dam iswell-built (densdy compected) and
pesk accderations are 0.2g or less. 102/ If this condition is not satidfied, adeformation andysis should
bemade Thisandyss can he made usng the Newmark gpproach or asmplified Newmark
procedure. 103/ The deformation cdculated dong the falure plane by these methods should not
generdly exceed 2 feet. Larger deformations may be acogptable depending on available fregboard,
ability of the embankment to hed cracks and other congderations

The basc gepsinvalved in conducting a deformation andyss are asfollows

. Determine the magnitude and source of the earthquake or earthquakes thet should be
conddered

. Determine thetime-higory or time hitories of the ground motion associated with the
earthquake or earthquakes

. Determine the yidd srength of the embankment and foundation materids
. Determine the dynamic response of embankment and foundation materias
. Predict the extent of dructurd deformations resuliting from earthquiake shaking

. If predicted deformations are not tolerable, explore design dterndives that would provide a
tolerable regponse

e Other Methods of Analysis

Other failure mechanismsidentified in Section 4-7.2 require gpecid methods of analyss which would
need to be adgpted or developed for the Specid circumdiances of the project. Generdly dams located
over faultsthat could patentialy move during an earthquake should not be permitted unlessfilter
trangtion zones are provided which are a least twice the maximum potentid fault movement both
horizontdly and verticaly.
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APPENDIX 4-A

ENGINEERING DATA

This gppendix lists engineering datawhich should be collected reaing to the design, condruction, and
operation of an embankment dam to be used in establishing the adequacy of embankment sructures.

1.

a

General Project Data
Condruction dates.
Design of Sructures

As-huilt drawingsindicating plans, eevations, and sections of embankment and gppurtenant
structures

Information on any modifications mede, if goplicable, uch asdam rasng.
Geotechnical Data
Regiond and dte sagmicity.

Foundation data and geologicd festuresinduding logs or borings geologica profiles and cross
sections, and reports of foundetion trestment.

Engineering properties assigned to condruction materias and the foundation for design
purposes induding results of |aboratory tests, fidd permesbility tests, condruction control tests,
and assumed design properties for materids

Construction History

Condruction procedures and methods used.

Properties and characterigtics of condruction materids

How was qudlity control meesured and maintained?

Fnd foundation and embankment reports.



Operation and M aintenance Recor ds
Performance record to date basad on indrumentation observations and surveillance reports.

Comparison of conditions to which embankment has been subjected, to those assumed inthe
origind design.

Remedid meesures undertaken during life of project.

Known defidendies and any work underway to correct deficdencies
I nspection History

Operation ingpections reports.

Sefety ingpections reports



