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PREFisCE

This report was prepared by the U. S. Army Engineer Waterways

Experl=ent Station (WES) for the U. S. Nuclear RerJlatory CCC'31SSion
(ImC) under Contract No. AT(h9-24)-0126, for use by the NRC in
developing Eegulatory Guide 1.138, "Laboratery Investigations of Soils
for Engineering Analysis and Design of Nuclear Power Plants." Regu-
latory Guide 1.138 as published for conment by the URC differs in some
particulars from th2 guidelines proposed in this report .

This report vac prepared during the period of April 1975 through
June 1976 by Drs. A. G. Franklin and W. F. Marcucon III of the
Earthquake Fngineering and Gecphysicc Divicion (EE&GD), Geotechnical

Laboratory (GL), WES. The work was done under the general cuperficion

of Dr. F. G. ?bLean , for .er Chief, EEL.GD, and Mr. Janec P. Sale , Chief,

GL.

Directors of the WES during the preparation of this report were
COL G. H. Hilt, CE, end COL J. L. Cannon, CE. Technical Director was

Mr. F. R. Brown.
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CO?IVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UITITS OF MFJSUR12 SIT

:

U. S. customary units of measurement used in this report can be con-
'

verted to metric (SI) units as follows:

Hultiply By To Obtain

inches 25.h millimetres,

feet 0.3048 metres

miles (U. S. statute) 1.6093hh kilometres

pounda (maas) 0.4535924 kilocrams
pounds (macc) per

cubic foot 16.018k6 kilogramo per cubic netre

pounds (force) per
square inch 6894.757 pascals

pounds (force) per
square foot 47.88026 paccals

j kips (force) per
square foot k7.33026 kilopascals

inches per second 25.h millimetres per cecond
feet per second 0.30h8 metres per second
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A. It'TRODUCTICS

A'ppendi< A to 10 CFR Part 100 catablishes requirements for site investi-

gations for nuclear power plants that will pernit evalustion of the site and

provice informatica for seis=ic evaluatien and engineering desigh. Included

in the required investigations is the development of infornaticn relevant to

the static and dynauic engineering prcperties of soil and rock materials of

the site.

Safety-related site characteristics are identified in detail in Secticn P.5

of Recalats ry Guide 1.70, " Standard Format and Content of Safety Analysin

Reports for Nuclear Power Plants." Froposed Eegulatory Guide 4.7, " General

Site Suitability Criteria for Nuclear Power Stations," discusses r.ajor site

characteristics, including those related to geology and seismolecy, that should

be considered in determining the suitability of a site. Sections 2.5.1

through 2.5.5 of the Standard Peview Plen cf the Office of Nuclear Peactor

Regulaticn, LLC, provides acceptance criteria for geolcgic, seismic, and

foundaticn-related information to te provided in Safety Analysis Reports. Fro-

posed Fegulatory Guide 0.00, " Site Investigaticns for Foundations of Nuclear

Power Facilities," discusses programs of field studies, drilling, and

sampling reeded to provide field data and taterial samples for site evaluaticns

and engineering design.

The present guide describes acceptable laboratory testing practices for

the study of geologic materials from sites of nuclear power facilities in

order to provide information en naterial properties and characteristics that

is needed to cary out evaluations or analyses to assure the safety of the
;

} facilities against geologic, seismic, or foundaticns-related hazards.
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B. DISCUSSION
)

i
In the courue of site investigations and analyses for nuclear power

facilities, laboratory testing is performed on geologic caterials to identify

and clastify site raterials and to evaluate material properties for site safety

analyses, foundation analyses, and engineering design. Consider.ations of public

safety impose particularly stringent requirements on engineering design and,

construction of nuclear power facilities, so that all phases of the site

investigations and associated testing and analyses must be carried out in such

a way as to assure a high degree of confidence 1: the results. In adaition,

it is necessa. y that informatien obtained from the investigations be reported

in such a nanner and with sufficient completeness to allow verification by

independent analysis and evaluaticn on the part of the regulatory staff and its'

; consultants.

Conditions at sites of nuclear power facilities vary to a high degree, and

the course of a site investigaticn depends on the nature of the probicms, or

potential problems, encountered. Appropriate types of laboratory tests depend
<

i on the paraneters required as input for analyses or evaluation of potential

geotechnical problems. In tany cases, the nature of the soil or rock dictates

the type of test and the details of test procedure, so that modifications in

established procedures are sometimes required. Because the signifi:ance of

test results is dependent on minor details, verifiability of the results takes

it desirable that testing procedures follow, where possible, practices that are

generally known and accepted. Where departures from these practices are

required, they should be fully described.

Acceptance criteria given in the Standard Reviev Plan require that state-

of-the-art cethods be used to determine the static and dynamic properties of

f foundation soils and rocks in the site area. For most purposes, the state of

6
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the art is reflected in entablished standard methods, such es those adopted by

the Acerices Society for Testing end Materials (/Snt), procedures established

by agencies such au the Corps of Engineers, the Bureau of Ecclamation, or the

Soil Conservatien Service, or practices described in generally accepted texts

on laboratory testing.

For some gectechnical probler.s, in particular those involving dynntic

response of soils, the state of the art is changing relatively rapidly. This

guide describes programs, metheds of testing, and laboratory procedures that

are acceptable for there casca, cnd reflect the state of the art at the time

of its preparation. Cognizance shculd be taken, however, of continuing research

and advances in the state of the art.

C. REGUIATCF.Y POSITION

1. Laboratort Aprnrntus and Facilities

1.1 Arcaratus. When laboratory est procedures follow published standards,

such as those of the ICT'.!, or tanuals, such as the Corps of Pngineers lhcineer

Manual on Laboratory Coils Testing, the test apparatus cheuld confort to

published specifications. Where nodifications are used because of special needs,

they should be reported with the test results. Where test rethods do not follow

standards or tanuals, complete descriptions of the essential characteristics of

test apparatus should be given. This tay be done by reference to published

papars, reports, conographs, or the like, where appropriate. All laboratory

apparatus should be regularly inspected and maintained to assure that essential

characteristics (such as dimensions, nating of parts, pisten friction, or

fluid seals) are not significantly altered by vcar, handling, corrosion, dirt,

or deterioration of caterials.

1.2 Calibration. All test apparatus and instruments should be calibrated

against certified calibration standards before being put into service, and

7 id Of/
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enlibrations should be verified at regular intervals thereafter. Necessary

frequency of calibration or checking of calibration varies according to the

susceptibility of the apparatus to change and the required precision of reasure-
ment. Scaled glass thermometers and hydrometcra are not normally susceptible

to change. Phycical length or volure tensuring apparatus , such as metallic

tapes, scales, pycnoncters, or graduates, are not normally subject to calibra-

tion che.n;e unless altered by visible wear or damage. Standards cf mass, such

tetallic veights, may be subject to significant alteraticn by vest or corrosionat

over long periods, with hard use, er where great precision is required. Palances1

i

) or scales should be recalibrated at least annually, and should be checked

against known weights during the course of each dca 's work. halances or scales

used in the field should also be checked againrt known weights in each field
location. In general, instruments for measuring forces , pressur23, temperatures,

and electrical quantitice, and length measuring instruments with moving parts,
,

1

should be calibrated against certified calibration standards at least annually,

and more frequently in ceres of instruments that are subject to change by drift

All laboratory apparatus should be inspected for signs of dannge,
or wear.

s

vear, deterioration, or drift on a continuing basis. Apparatus used for critical

testo should be inspected and subjected to calibration checke at the time of each
.

i
?

test. Records of calibration and inspection should be taintained. Calibration
procedures for laboratory equipment for soils testing are described in

Reference 36 (Et 1110-2-1909).
.

1.3 Eengents and Water.
Guidelines for suitable chemical reagents,

i

distilled water, and apparatus for chenical analyses can be found in Reference
2 (APHA, et al, 1971). Water for use in soil or rock testing may be distilled

or demineralized by ion-exchange processes. Since ordinary distillation does
;

}
not recove e==onia or carbon dicxide, and ion-exchange demineralisation does

;l
not remove organic colloids, special precautions are required where these

8 0*0) )
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subctances may be present and may interfere tith tests. Top water tay te used

where, r.pecified by ctandard tethedc or where cP'alcal analysis chov that it

does not contain impurities in sufficient t=ounto to interfere with tests.

De-aired water should be provided, since diamolved r , , or air can take it

icpeccible'to obtain full saturation in test specin. ' f, prccedure for de-

~

airing vnter is described in Reference 35 (U3 Army EM ' ' ' c - -1906) . Suitable

commercial de-airing devices may be used.

l.h Interrtory Fe 111tien. A laboratory for soil oi testing chould
'n

have a firm, colid floor and be free of traffic and enchinery vi. ^sticns.

Terperature centrol of the entire laborntory in preferred, e.nd is cential for

areas in which triaxial, si=ple chear, resacant column, consolidaticn , cr

perneability tests are ecnducted. Temperatures cheuld be raintained within a

range of npproximately 5 C during tests or these types. Separate areas, and

preferably separate roces, chould le uced for dust-producing activities such as

sieve analyses and sample processing . A roca vith relative hunidity rnintained

at or near 100% (a " humid roon") cnd large enough to permit storage of samples

and preparution of test specimens should be provided.

2. Carple Han:lling and Ctorna c

Handling and storcge of soil and rock camples should not produce dcince or

alteration that could affect the results ' of latoratcry tests. Undisturbed * soil

samples, whether in blocks or tules, are the cost vulnerable to darece, end

thus require the most stringent protective reasures. Undfsturted camples shculd

be transported and handled so ac to avoid damage to the soil structure by

impacts or vibration, and undisturted samples of cre.nular coils in tubes, unless

frozen, should be transported and stored vertically if they are to be tested in

an undicturted cunlition. Fadded containers or racks chould always be used for

transportation end are highly recorrended for storage. Sacples to be stored

* Defined in Appendix B.
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prior to testing must be protected against changes in Vater content; they cheuld

be closely inspected upon receipt at the Jaboratory to assure that toisture

seals are intact, and the seals should be renewed if needed. Storage should

be in a,hunid room. Even the most car (ful treatment, however, can not prevent

slow structural and chemical changes with time, which usually result in decrease

of shear strength and the measured value of preconsolidation stress. Carples
,

rhould be tested as soon as possible after receipt, and preferably should not

be stored for nore than two weeks prior to testing. Samples that have been

stored for long periods may be suitable for visual inspection, but should not

be considered to have the characteristics of undisturbed camples. A discussion

of the effects of storage and extrusion on undisturbed samples is given in

Reference /> ( Artan and 14chnis,1970.

Undisturbed samples of cand may be drained and frozen at the sampling site

; to make them less susceptible to disturbance during transportation and handling.

Such treattent affords sete protection frcu nechanical disturbance, but does
1

not obviate the need for careful he,ndline. Frozen samples should be protected

from thawing and fron vide fluctuations of tcrperature below the freezing point.

Sand samples should be vell-drained, but not dry, before they are frozen, since

freezing of saturated or near-saturated snnples produces disturbance from

expansion of freezing water. Soils that are not free-draining can not be frozen

without disturbance.

Recolded or bulk samples of soil do not require storage in a humid room nor3
i

protectica from techanical disturbance, but should be stored indoors and pro-

tected against contanination. Rock samples nortally can be stored in core

boxes, except that sarples to be used for fluid content determinations and shale

carples to be used for tests of techtnical preperties should be protected from
i

change in fluid content. Rock samples should be stored indoors to provide'

j
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protection frem vcathering. Rocks with soil-like properties, such ac soft

shales or weakly indurated candstones, should be treated es soiln,

3. Celection and Preparatien of Tent rpecitens

The selection of coil and rock specirens for laboratory testing requires
.

careful examinatitn of all samples, in order that test specimens accurately

represent the cheracteristics o'/ each discrete soil or rock unit, and that the

soil profile be accurately described. Specirenc should be selected so that

test results define average values of caterial properties as well as the range

of values and their degree of sariability. 7his requires the testing not cnly

of the root representative sarplcc, but alse those with extrence of properties

and those representative of critical zonec. Guidelines for spacing of borings

and frequency of sampling are given in Eegulatcry Guide 0.00, " Site Invest!gatiens

for Foundations of "uclear Power Flants." In sone instances, additional boring

and sarplir.g tay be required, when latoratcry examination of the samples reveals

that they are not adequate in freedon fren disturbance, number, or distributien

to meet testing requirements.

Undisturbed tube samplec of coils should te exanined for evidence of

disturbance. Requirements that should be satisfied by undisturbed sampics are

stated by Hvorslev (Eeference 18) as:

The specific recovery ratio * shall nct be greater than 1.00 nor c allera.

than (1-20 ), where C is the inside clearance ratio" at the cutting

edge. When thin-vall drive samplers, strplers with ctationary pisten,

or core barrels are uced, it is generally sufficient that the total

recover / ratio be equal to or slightly c: aller than unity.

b. On the surface of or in cliced secticns of the sample there must be

no visible distortiens, plcnec of failure, pitting, discoloration, or

.

* Defined in Appendix B.
-

.
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other signs of disturbance which can te attributed to the sorpling,

operation or handling of the carpler.

The net length and weight of the sarple and the results of otherc.

control tests must not change during shipment, storage, and handling
.

of the sample.

All of the above requirements should be satisfied, and, in e.ddition, sccples

that have been subjected to violer' mechanical shocks or to accidental freezing

and thaving should not be considered to be undisturbed even if cther evidence

of disturbance is absent.

Hvorslev describec procedures fer examining cut curfaces of soil camples.

Pcrtions of tube samples may be examined by these procedures while other portiens
| are used for testing. A desirable alternative is the use of X-radiographs,'

which can be used to examine sacples for distortion of strata, gaps, voids, and'

e

chear zones, and which leaves the samples intact. It is also usefu'l for

delineating the bcundaries of soil zones vitn different properties, and thus

aids in subdividing samples and selecting + at cpe :irens. Procedures for

examination by X-radiography are given in Reference 19 (Krinitzsky, 1970).

A serious ource of damage to undisturted soil samples is extrusion from

sample tubes. The preferred method of removal of samples from thin-vall tubes

is to split the tube longitudinally by milling. An acceptable alternative is

to saw the tube transversely into segments of sufficient length to extrude a

single test specimen from each and to permit penetrometer or vane shear testing

(where applicable) and trirming of the ends. Before extrusion of samples from

the tube secticns, the cut tube edges should be drecsed. Reuse of thin-vall

sample tubes should not be attecpted.

Trimming and shaping of test specimenn of soils require great care to

prevent disturbance and changes in toisture content. Normally, preparation

should be done in a humid room. Frozen samples should be prepared under

b ;h b12
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conditic.2 that vill prevent prcr.ature thawing. Details of procedure depend on

the nature of the test and the creciren. For a number of tests of soils, pro-

cedures are deceribed in Reference 35 (Di 1110-2-1906,1970). 1Yeparation of

rock specimens for testing is describ"d in l'eference 22 (Obert and Duvall,1967).

14 Testin.2 Requirrtents

C neral. The evaluation of a site requires the development of subsur-14 . 1 g

face soil etnd rock profiles. All soils and rocks sampled at the site require

appropriate exaninatien and Lesting for identification and classification.

Thia require; index and classification tests and moisture and density determina-

tions, and tsy also require techanical r.nalyces, mineraloc,1 cal analyses, organic

content determinatiens, or other types of testing, as appropriate to the soil

and rock types end water conditiens encountered.

Test requirencnte beyond thcse for identification and classificaticn are

determined by censideration of soil and rock types present and their relations

to structures cr systers belonging er related to the facility. Depending on the

nature of potential problers, such as settlement, slope stability, or tearing

capacity, various laboratory testa such as tests of comprecsibility, consolidatien

behavior, or shear strength are required. Most tests of this naturu are vell-

known; common enes are included in Appendix A, together with tests for more

special cpplicatiens and references to applicable standards and other selected

literature.

Laboratory procedures, particularly those of a routine nature, should

norcally be carried out according to generally accepted and published procedures,

where they are available. Such published procedures include the standards of

the American Society for Testing ani flaterials (ASTM), some of which are listed

.n Appendix A, and the American Association of State Highway Officials (AASHO);

the Laboratory Manuals of the U. S. Arv Corps of Engineers and the U. S. Eureau

{
ot' M c1ccation; videly known and accepted monographs and journal papers describing

13 ,_
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test procedures; and other publications of similar character and str.nding. The
,

U. S. Army Engineer Manual IM 1110-2-1906 (Reference 35) gives detailed procedures
~

for many tests of engineering properties of soils. The two-volere nonograph,

Methods of Coil Analysis, (Reference 5) sponsored jointly by the American Society

of Agroneny and the Ancrican Society for Testing tnd Materials , provides pro-
i

l cedures for some engineering properties tests and a vide variety of tests for
i physical, chemical, and microbiological propertieu of soils. Both of theseI

references provide valuable discussions of pitfalls, precautionary censures,

j calibration procedures, and control of errors. Where standard procedures are

not available, or where special prcbless make others preferable, alternative

procedures or modifications of standard procedures may be used. For purposes

of review, published procclures that are followed without deviaticn require,

documentation only by reference, but other procedures or modifications of

standard procedures rhauld be described and documented.

h.2 Testinc for Dyntmic Perpense Analysen. Dynanic respcnse analyses nny

be required for evaluation of site and structural behavior under earthquake

leads, as well es dynr.=le londing from other sources, such as nachine vibrations
,

or explosive events. Such analyses include the analysis of vave propagation

through site materials, including interaction effects with structures; the

analysis of the potential for liquefaction or loss of strength of cohesionless

soils under dynanic loading, and analysis cf the effects of earthquake loading
,

on the stability of slepes and embankments. A;_ opricte test cethods, together

with references for procedures, are listed in Appendix A. An extensive and

detailed discussion of test methods and analyses relevant to dynnnic response

of soils is given in Eeference 25 (Shannon and Wilson and Agbabian-Jacobsen

Associates,1972).
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4.2.1 Develormen,t of Coil Profile. Dynamic analyces require as input the

parameters describing tre coil profile, ami must therefore be preceded 'oy

exploration and te ting to obtain thoce parametera.

h . 2.,2 Static Ctrern Analynig. An analysis is generally required to provide

the in ?tal state of stress on which dynnmic stresses are superirposed. Parameters

required na input include the static stress-strain parameters, and where seepage

is involved, in situ pertenbility values. A test pregram including both

consolidated-drained and concolidated-undrained, monotonically-loaded, strain-

controlled, triaxial chear tectc vould be r.n acceptable means of obtaining the

stress-strain parancterr. Sbe tect program chould include all soils involved in

the analysis. Ccncolidacion should cover a rangc cf ecncolidatien stresa raticc

appropriate to the range expected in the field; values of 1.0,1.5, and 2.0 are

usually satisfectory. Confining pressures shculd also cover a rance of values

appropriate to these expected in the field. Pcre pressures should be mensured

in undrained teatr. Sufficient data chould te obtained to perndt nonlinearity

of the strecs-ctrain relationa to te veil defined, as well as the peak and

recidual shear strengths. For determination of perroability, in situ testing

nethods should be used wherever pocsible.

h.2.3 Wave Prepm atien Analyces. The basic soil parameters required for

a dynamic ' tress analysis are the total tass density, Poicscn's P.atio, shear

moduluc , and dtmping ratio. The cheer Loduluc and demping valuco are, in coils,

functicas of strain level, and it is important that they be determined over a

range of st rains that are appropriate to the problem. F.ecause of limitations

inherent in available test equip ent, it is necessary to perform tects by

various methods to evaluate responce at different strain levels. Useful tests

vould include the resonant eclunn test, strain-controlled, undrained, cyclic

15
.
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triaxial tests, and the cyclic simple chear tect (undrained), rupplemented

by field tests which yield stress-stri.in relations for small strain levels.

Figure 1 shows approximate ranges of c; rains applicable te these test methods.
'

Values of l'oisson's Ratio tay be obtained by (a) monitorin.3 both axial and

radial strains in the cyclic triaxial chcar test, (b) cocparing data from

cyclic triaxial and cyclic simple chear tests, (c) comparing rer. pense 'n the
J

axial mode with that in the torsicnal node in the resonant colu=n test, or

(d) comparing shear wave and compreccion vave velocities. Care should be taken

that data ec pared are from tests vit'r.r'pproxinately equal strain levels. Under
dyne.ic cr unira'ned co: 'iticns Peiscon's Ratio for caturated soils normally vill

have a value approaching 0 5, and such a valuc rny be assumed cc an alternative

to d':.ertinatien frem test data.

I#. oratory tests should be wrorred with cpecimens consolidated both

isotropically and anisotrcpically, with a range of cencolidaticn stress ratics

and confining pressu es appropriate to the field condition.

The analysis of test data to e slutste nr. lulus and dartir.g values is

discussed in Reference 25 (Channcn and Wilson and Agbabian-Jacobser. Associates,

1972). It is preferable, where possible, that the nethods of analysis of test

data do not require assumptions of idealized codels of material behavior, such

as linear elasticity or linear viscoelasticity.

h.2.h Chear Eesistance sr lac "n;er Dynnnie Loadine

k.2.k.1 General. The shear t d deformation behavior of soils

subjected to scirnic or other dynnzic louds chould be determined by a testing

program including both menotenic (static) and cycl. Ioad tests. Appropriate

static tests vould include stress- cr strain-controlled, consolidated-undrained,

trinxial tests, with pore pressure reasurements. These tests should include

isotropically and anisotropically censolidated specinens, with a range of con-

1 16
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fining pressures and consolidation stress ratios appropriate to the field con-
1

ditions. The effects of cyclic loading should be evaluated by a program of

! stress- or strain-controlled cyclic loading tests, which may be triaxial, simple

shear, or torsional shear, of adequate scope to determine the degree to which

shearing' resistance is affected by cyclic loading.

h.2.h.2 Liquefretion Potantial. Saturated cohesion'less soils are

susceptible under some conditions to liquefaction and/or loss of shear strength

under earthquake loading. Where laboratory determination of liquefaction

potential is required, stress -controlled, undrained, cyclic riaxial tests shauld

be performed on each material that might be susceptible. Tests should be

performed with test specitens consolidated both isotropically and anisotropically,<

a

| vith a range of confining pressures and consolidation stress ratios

appropriate to the field conditions, and with a rance of stress amplitudes

such that 5% and 10% (peak-to-peak) strain amplitudes are obtained over the

range of 3 to 50 cycles. Stresa-controlled cyclic sirp1'e shear tests tcy be

used as an alternative or to supplement cyclic triaxial tests.

In the present state of the art, the cyclic trinxial test is the only one

generally available for engineering application in liquefaction analyses. This

test possesses severe shortconings, and requires the application of e=pirical

correction facters, which have been develcred from a limited data base, to test

results to co=pensate for effects of nenideal conditions in loading or in

configuration of test specimens. Alternative tethods, such as shake table tests,

cyclic simple chear tests, and cyclic torsional tests, are essentially research

tools at the present tine. Where available these tests tay be used, but they

should be supplemented by cyclic triaxial tests unless cufficient data are

available to demonstrate a correlatien u -sults of the test method used with

; either field performance or conventional tests,

f
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4.2.5 Special Considerations and Potential Pitfalls. The following points

should be given careful attention in planning, perforning, and interpreting
:
'

dynamic laboratory tests:

h.2.5.1 Preparation of Test Specimens. For all dynamic laboratory.

tests, the test specimens should be prepared and treated so as to represent ass

nearly as possible the material whose field behavior is to be analyzed. For fill

materials, the preferred procedure is to perfors tests on specinens obtained from

undisturbed samples of test fills. Alternatively, tests may be performed on

test specimens compacted to field density and vater centent, with the degree of

saturation adjusted prior to testing, if necessary, to correspond to the condition

to be analyzed. For analysis of in situ caterials, whether cohesive or non-

cohesive, the preferred test specimen for all tests of strength and dynamic

responsc is an undisturbed sample of high quality. Where reconstituted specinens

cust be used to represent in situ materials, they should be reconstituted at in

|
situ dry density as determined from actual density neasurements. The use of

relative density as interpreted from SPT tests is nct sufficiently accurate fori

g this purpose. The nethod of reconstitution has a strong effect on the test
i

results, and this effect should be considered in the interpretation of test data

as well as in planning the test program. See Reference 21 (Mulilis, Chan, and

Seed,1975) for a discussion of the effects of nethod of sa=ple preparation.

Care should be taken to avoid mixing granular soils of different gradation.

Such a mixture ray exhibit behavior that is entirely different from that of its

separate components, even though the in situ density is closely reproduced.

h.2-5.2 Effects of Sca1 ring. Where large particles are present in

the caterial to be tested, the dieceter of the test specimen should be at least

6 times the diaceter of the largest particle. Scalping (the removal of a coarse.

fraction of the se ple) is known to influence the results of dynamic tests, but
.k
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the nature of the influer.cc is not vell understcod, and scalping should be
.

avoided wherever possible. In instances where scalping can not be avoided,

j the test specitens should be prepared at a density corresponding to the matrix *
1

density of the in situ material, which is normally lower than the total bulk

density. Scalping procedures should be explained together with reasons for

expecting that test results are valid. Materials having parallel grain size

distribution curves can not be assumed to be equivalent caterials for purposes

| of dynamic testing.
i

h.2.5.3 Decree of Saturaticn. The dynamic behavior of soils is

profoundly influenced by the degree of saturation, and tests of soils that vill

i be belev the water table crould be performed cnly on specirens that are

essentially 100% saturated, as indicated by Skempto' B value. The minitun

acceptable B value is censidered to bc 0 95

t
~

h.2.5.h Deterninsticn of In Situ DensitE. The in situ density of

cohesionless scil is of critical importance in dynamic behavior, and extrete

care should be given to its determinaticn. The proposed Regulatory Guide 0.00,

" Site Investigations for Foundations of Nuclear Power Facilitics," discusses

tethods of determination of in situ density in cohesionless soils and provides

references.

h.2.5.5 Neckine of Test Specinens. Test specimens in cyclic triaxial

tests sometines neck during extension. When necking begins, the test should be

considered invalid from that point on.

h.2.5.6 Forn of Leadinc Function. The preferred loading functicn

for cyclic tests is sinusoidal. Square-vave or trir.ngular-vave loading functions

tay alco be used. Whatever the for= of leading function used, the first half-

cycle of loading in a cyclic triaxial test should be co=pressional. Square-

* Defined in Appendix E.
< ~
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vave loading produces core Levere conditions than sinusoidal loading, and

consequently may produce an apparently lower dynamic shear strength or greater

susceptibility to liquefaction. However, in the absence of experimentally

develope,d site-specific correlation, the results of tests with square-vave

! loading as well as trian6ular-wave loading should be used withcut upward adjust-

ment of apparent strength or resistance values.
<

h.2.5.7 Comparison of Recr>onse to Different Tests. Ia cyclic tests

for dynanic codulus and damping values of soils, care should be taken to use

tests that itrose levels of strain that are oppropriate to the analyses for
1

which thcy cre intended, as illustrated in Figure 1. In addition, where test
<

|
pregrams include tests by different tethods to study behavior over an extended

range of strain levels, tests should be performed by the different tethods in

the regions of overlap. The redundancy so cbtained will provide a ceans of

comparing response un:1er different test conditions, and vill thus aid in

verifying the consistency of the data obtained.
i

I

h.2.5.8 Frequoney of Cyclic Leadinq. Information available at the

present time indicates that the techanical behavior of soils is relatively

insensitive to frequency in the frequency range of pricary interest in carthquale

response problems. -1t is co==on practice to carry out laboratcr/ cyclic tests

#

1 at a frequency in the neighborhood of 1 Hz. If tests are performed at frequencies

( outside the range of 0.5 to 2 Hz, additional investigations should be made to

verify that test results are comparable to those done at I lH .

I
h.2.5.9 nambor of Tests Penuired . Ir general, where the form of a

j relation between dependent and independent variables (such as cyclic shear stress

and number of cycles to failure) is known or suspected to be non-linear, the;
i

j definition of the curve expressing the relaticn requires at least three data
1

} points, and thece should represent a range of values that is consistent with

-|
-
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f that anticipated in the field. In some instances, it is possible to reduce

the number of tests required when the scatter is omall and the foi n of a curve

has been established by other curves in the family. In other instances, the

data may show a degree of scatter such that more than three tests are required
'

to define the curve.

h.3 Dispersive Characteristics of Cohesive Soils. Where cohesive soils

are used in water-retaining structures, or are otherwise used to control vater

movement, the dispersive characteristics or erodability should be evaluated by
i

suitable tests of the materials at the same density and water contents used for,
i

design. Acceptable methods of test are described in References 26 (Eherard,

et al, 1976) an-1 23 (Ferry, 1975).

f 4.4 Tects of Groundwater or Curface k*aters. The requirecents for testing
,

of groundwater er surface water depend on the nature of potential proble=s

identified at the site. Standard methods of testing water for physical, chemical,

radicactive, and microbiological properties are given in Reference 2 ( APEA, AWWA,

and ',lPCF,1971) . Also described are nethods of testing polluted water, vastevaters,

eff]uents, botten seditents, and sludges. Standard tethods cf test should be

used unless special problems are encountered which rcquire modifications or

alternative methods, in which case any departure frcm standard methods should be

documented.

5 Presentatirn of Test Results,

The results of laboratory tests should be reported in sufficient detail,

and in suitable form, to permit independent verificatien and analysis during

review. All test parameters that are needed to analyze or evaluate the test

dats, or to judge its validity, should be reported. In plots showing the results

of tests or experiments, all data points should be shown. The ecnstruction and

labelling of plots shcving test results, anti symbols used in figures and text,

21
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should conform to accepted engineering and scientific practice unless there are

specific reasons for deviatic,n. In such cases, the usages followed should be

explained in acco=p uying discussions. A listing of standard terns and sycbols

for soil and rock techcnics is given in ASri Standard D653 (Reference 3). The

use of dual units (English and SI) is reco= tended.

In the presentation of test data, care should be taken to show clearly the

degree of variability in the data and the range of extreme values, so that the
i

degree of conservatism in the choice of design values can be assessed.
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#
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'= EARDlQUAKES* :|r'

i
~ -2 ~l10-5 10 '' 10-3 10 10 1 10

Shear Ctrain, percent

c. FIELD TECTO
<

r

I

i I

< CYCLIC TRIAXIAL >|

| | !

CYCLIC Slf7LE SHEAR-d:

|
|= TORSI 0fiAL SHEAR >|

~ P.ESONANT COLU11 ->

SHAKE
TABLE

h-SM-EQ*H

h EARTH 2UAKES * >|
_i

~3 ~l10~5 10' 10 10-2 10 1 '10

Shear Strain, percent

b. LABORATORY TEST 3

* Note: Range of shear s train denoted as " Earthquakes" represents

T', si,enotes stp)ains"SM-{J ,) , )
an extrene range for noct earthquakes.

(J . .induced by strong totica earthquakes.

Figure 1. FIELD A?!D LABORIOD2Y Tt'S'IS CH0' JING APPROXIMATE
STRAIN PA'i3E3 ( Adapted frc= Reference 25)
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'

s',''''s' " " " ^ " (-LABORATORY TEST I'F"' HODS FOR SOIL A?ID ROCK
- L

|

STACARD OR
PR'" rLDrD' ' ~ ~ ~ ~

PROPERT!ES OR PAP 1J4ETED.S E0'JIPMENT
1

NA'4E OF TEST MFTHOD . OTHER REFERE' ICES DE"'EDIINED REQUIPl2<E'ITS

I
' SOILS - INDEX A'iD CLASSIFICATION TESTS

Gradation Analysis ASO!I'k21 Ref 20 (Lambe,1951), Particle size Methods are applicable

j Dh22 Ch IV; Per 35 (D: 1110-2- distribution to some reeks , after

j D2217 1906), App. V disaggregation.

?
Percent Fines AS'N D11h0 Ref 20 (Lambe, 1951).

,.,ercent by weight ofr rCh IV; Ref 35 (D!-1110-2-
naterial finer thsn190 ), App V> No. 200 sieveg

Atterberg Limits ASSI Dh23 Re f 20 ( Lambe , 1951) , Plastic limit, liquid
Dh2h Ch III; Fef 35 (D:-1110- limit, plasticity

Dh27 2-1906), App III index, shrinkage
factors

Specific Gravity ASTM D85h Ref 20 (Lambe,1951), Specific gravity or Boiling should not be
3

Ch II; Ref 35 (E'd 1110- apparent specific used for de-airing.
}

_

.

2-1906), App IV gravity of soil solids Method can be used for |
rock, after grinding {w
sufficiently fine to

;t t, ;
eliminate blind pore |;y
space.

Soil Description ASSI D2h88 Description.of soilc3

] from visual-msnual,

] examinution;w

1
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tST OR

%4- PREFE'~DED REMARES/SPECIAL fig y' PRORT3 TIES OR PARJJETERS EQUIP'4E'iT |1., t- 3 ?UCS OF TEST ME"~EOD OTHER REFERE'!CES DETERM :iED REQUIREME'.TS }.
!,' Z23, I

<-
1

- Scil Classification AST'1 D2k87 Unified soil classifica- -
-

{ **cn
'

c4 - x.

[
} __ _
i

_

X-ray Ref 19 (Krinitzsky, 1970) Cc:parative density , very useful for detection |
macrcstructure of disturbance due to () _- sampling, and for [,

]
'

delineation of soil E
I strata in tube canples. ?

I Requires X-ray apparatus, f
"

'

rs t
'

{
SOILS - MOIST"RE-DE"SITY RELATIC?!S,

(. -, .

Bulk Unit Weight Ref 35 (24 Eulk unit weight Methods are applicable [
'- _-

|d[ 1110-2-1906) (bulk density) to rocks, with some
[

i :''] App. II obvious modifications. ty
m- y

j'~q~' i

'Ater Content ASD4 D2216 Ref 35 (E41110-2-1906), Water content as Method in applicable [D29" App I percent of dry veight to rock.D
.

.

.I
Relative Density Ref 35 (EM AS3! D2049 Maximum and minimum Requires vibration f1210-2-1906) density of cohesion- table. In vibration i

App. XII lecs coils table testing, both
l

a plitude er.d frequency
j should be adjusted to
'

values which yield '

greatest density. I
EcVever, treatment that f
produces breakage of |O grains should be avoided,
cnd mechanical analyses
'should be performed as
a check on grain

j breakage. !

Ccepacticn ASti D698 Ref 35 (EM 1110-2-1906), Optimum noicture n'thed for earth and ro:t
*

f D1557 App VI cnd App VI A. content-density mixtures is given in Ref
j relaticns 35 (EM 1110-2-1906),

App VI A.

t,

t
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f FE ARK 3/ SPEC!AL 'I

'

f'L ,*~% pn':'vnp'~r3
' ~ " , PROFEHTIE3 OR PAPM'ETERS E^UIT:E!!T '

,

CD ?!A'"' OF TEST IE"'HO D* OTHER REFERl" CES DETE5!I!ED REQUIP 2 ;TS !-

I b2.4 E
V :.) \
C - -

fG SOILS - CCNEOLIDATIO:| A:O PEFJEABILITY

f 7.. Consolidation AS"'4 D2h35 Raf 20 (Lante, 1951), One-di .cnsional com- ,

( l Ch IX; Ref 35 (E' 112 0- prescibility, pe= eabil- I
L' - 2-1906), App VIII ity of cohesive soil
L
E } Expansion Ref 17 (Holtz, 1970b) One-dinensional Method uses cenventional .

( exper.cien vs. load consolidereter apparatus, f, ,

relation rI g ,, ' * |
* ''

| Pemeability AS"'M D2h3h Pef 35 (Di 1110-2-1906), Perreabihty Suitable for renolded (~
<

E a- - App. VII; Ref 16 (Holtz, or co=pacted soils. For |.

D ... . , 1970a) natural, in situ soils,: *

ID! - J field test should be used.

[' 4Q, I

fSOILS - PHYSICAL A'iD CHD!ICAL PROPERTIES
>
"

Mineralogical Ref 37 Ref 12 (Gillott, 1968), Identification of Applicable to rock. |
Analysis (k'arshaw Ch 10; Ref 5 (ASA-ASTM, minerals Requires X-rcy

and Roy, 1965) diffraction apparatus.
1961) Differential ther cl f

{ analysis apparatus =ay j
1 also be used.

Organic Content Ref 1 AST/ D2974; Ref 2h - organic and inorganic Dry combustion nethods !
(Allison, (Schmidt, 1970) carbon centent as (ASTM D297h) are
1960) percent of dry veight acceptable, but where i

Iorganic matter content
L "' is critical, data so

9 'o l obtained should be
C~' verified by vet

ec=bustion tests
(Refs 1 & 24).
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IIMD STA!iDARD OR
3 REERKS/SPECIALMC PB w"" ERRED

.
30PMES OR MMS WWCf.D, 3

y !7A'4E OF TEST "ETHOD OTHER REFERE'!CES DETEFRINED REQUIREC: TS
4 ,p ; f ,J

, . _

!

:O' ' # Soluble Salts Ref 33 (Soil Concentratien of soluble
~

! .__ Conservation salts in soil pore water
-

) Service, 1967) i
i,

IJ" ,

|-L
j Pinhole Test Ref. 26 (Sherard, et al, Dirpersion tendency in Significant in evalua-

g {' , f 1976); Raf 23 (Ferry, cchecive soils tien of potential l

3

'q 1975) erosien or piping.
See Ref 27 (Sherard,

; _?[3
.

.,

et al,1976); Ref 23

'{.i ]a
(Perry,1975).

q
'

a .

E.f'y{g
e ...e

SOILS - SI! EAR STRE' GTH A'iD DEPOR'! ABILITY p
'

l[hgal
|'

Unconfined ASW D2166 Ref 35 (E41110-2-1906), Strength of cohesiveg
i Cc=pression App. XI soil in uniaxial

ccr.preccion fi
1 i

!
:r. Direct Shear, ASW D3080 Ref 35 (EM 1110-2-1906), Cohesien, e', and

Consolidated- App IX, IX A. angle of internal f#

DrP. friction, 4', under j..
*drained conditione

.

i
| Triaxial Shear, AS W D2850 Ref 7 (Bishop and Henkel, Cohesion, c, and angle

Uncorsolidated- 1962); Mr 35 (E41110-2- of internal friction,

Undrained 1906), App X 4, for soils of low
perreability

Triaxial Shear, Ref 35 (E's 1110-2-1906), Cohesien, c , and cngle Circumferential drains,

Consolidated- App. X; Ref 7 (Bishop of internal friction, i' used, should be slit {
Undrained and Henkel, 1962) c, for consolidated tvoid stiffening

soi'. With pcre pressure oeot specimen.
.,

nee.Irements, e' and $'
may be obtained.
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3 b h, dn D,UUC U d**g4
STA'!DARD OR REMAPZS/SPECIAL
PREVERRED PROPERTIES OR PAPJJL"fERS EQUIP?/E';T

.

'" "?UlG OF T"ST !CIHCD OTHER REFERE';CE

i
i

Trir xial Shear, Per 35 (EM 1110-2-1906), Cohesion, c', and angle Circumferential drains, gH solidated- App. X; Eef 7 (Eichcp of internal friction, if used, shculd be
f| Drained and Henkel, 1962) c', for long-term slit to avoid stiff-

leading conditions ening test specimen. I
;
e

Cyclic Triaxial' 2 Ref 30 (Silver and Park, Young ':: modulus, see text, Subsection j
Strain-Contro: led 1975); Ref 25 (Shannon dc=pinc, and pore L.2.5 (

& Wilson, Inc., and prescure responce u.* I

1 Agbatian-Jacobs en cohesienleca soils.
j Associates, 1972) Modulus and derping of
g cchecive soils
i
| Cyclic Triaxial, Eef 28 Pef 25 (Shannon ': C/' clic strength of See text, Subsection

| Stress Controlled (Silver, Wilsen, Inc., and cohesive and h.2 5
1976) Agtabian-Jacobcen cohecionless soils'

| Assccittes, 1972); Eer 29 !

{ > (Silver, et al, 1976) l

f
"

:
Cyclic Simple Bef 3b ( Siers and Seed, Shear modulus and damp- Tests may be run with ka

} 2 1963) Bef 32 (Silver ing values and cyclic either stress control or,"' e ^^- e.nd Seed, 1971); Ref 10 strength of cohesive strain control. Two g(Finn, et al, 1971); and cchesionless soils different types of appa-
Fef 25 (Shannon and ratus, LGI a-d Ecsece f
Wilcon, Inc. and Agbabian- devices, are decerited |Jacobsen Associates, 1972); in Eefc 3L and 10, p

; Ref 31 (Silver and Seed, respectively.
I L9 1969)
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PROPERTIES OR PARAMETERS EQUIF*C;T
{-. . ?!A'E OF TEST 0 OT'3ER REFERFliCES DETE:iM!?iED REQUIREE;TS= .-

; T1 -

j ll-i. j Resonant Column Ref 1h (Hardin, 1970) Shear nodulus and damp- Requires resonant
j ing in cohesive and column device.' (I-~ T'; cohesicnless soils.

{N- 3 Sone devices can be fE ~;
used with deformationsC. ['

in longitudinal mode [C1 .;
to determine Young's

](~ - modulus. Scme devices,
. >

i '- n> can be used to determine
Ei - Ji

C. --
cyclic strength. *

n- >'
a

3n' J: ROCKS - EIGI??EERI G PROPERTIES
is

EIESA "' Porosity Ref 8 (Puell, 1949); Bulk unit weight, Soil testing =ethods are i
h5dIEET Ref 9 (Fancher, 1950) specific gravity, and generally applicable, '

total porosity (Melcher with minor nodifications.
> Method) or effectivecn

porosity (Sinr.ons or
Washburn-Bunting Method)

Permeability Ref 8 (Buell, 19h ); Permeabi'ity of intact Laboratory permeability
.

9
Ref 9 (Fancher, 1950) rock. values are not normally

representative of in situ
permeability of shallow,

,

jointed rock = asses. I
i

Seismic Velocity ASTM D2Sk5 Ref 22 (Obert and Duvall, Compressional and shear Requires signal genera-
1967), pp 3hh-3h6; vave velocities in tor, transducers ,

LJ' Ref 13 (Gregory, 1963) intact rock. oscilloscope. f
i
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STA?!DARD OR
PS!APKS/SPECIALPREERRED ,

PROPERTIES OR PARAMETERS EQUIP'ENT7NNE OF TEST E"' HOD O'~4ER RNENCFS DE"ER'4INED PEQUIRE'ENTS ,

Direct Tensile ASTM D2936 Ref 22 (Obert and Duvall, Uniaxial tensile strength
Strength 1967), pp 327-329 of intact rock.

" Brazilian Test" Ref 22 (Obert and Duvall, Indirect reasure of g,.1967), pp 329-330 tensile strength of (1/
intact rock. y

n .,i
'dadulus cf Fef 22 (Obert and Duvall, Indirect measure of Z~N

| Rupture 1967), pp 333-334. tensile strength of C.. 7)
intact rock. ,'E fe;

" _),

Unconfined AS*M D2938 Per 22 (Obert and Duvall, Elactic moduli and
'

Co=pression 1967), pn 330-333, unconfined compressive , _ . ,
pp 339-344. strength of intact rock. !{ ;j

__,

Triaxial ASTM D266h Ref 22 (Obert and Duvall, Elastic toduli, e and ',
'

M Conpression 1967), pp 336-344 4 parameters of failure ' f,

(Undrained) envelope. ' , ' ^'7<

-3
1

Triaxial Ref 15 (Heck, 1972) Elastic moduli, e and L -,p
|

-

-

Compression with 4 parameters under { fCh t

Fore Pressure effect e stress -

([, ,.,?'ensurenents conditions.
,

A :=>
Slake-Durability Ref 11 (Franklin and Index of resistance [5 r- 2

Chandra, 1972) to slaking. '

(
NOTES: 1. ASTM standard tethods are given in Reference 3

LD
2. Comprehensive single references are not available for tost dyr.anic test procedures. A literature

}- j
g survey is reco'= ended to any laboratory performing such tests. g

3 Many methods of test for soils are also applicable to rock. See under listings for soils. I
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' 1
O

I



- - -. - -- . . , _ . _. -.-- _.-- - . .

.

APPFliDIX B

DEFINITIONS

For the purposes of thi., guide, the following words and terms are used

with intended ceanings as indicated below.

B Parameter, or B value teens the pore pressure coefficient B in the

equation

Au = B [Ac3 + A (ao - Aa ) ]3

in which Au is the change in pore pressure resulting frcs stress changes Ac y

and Ac "" # "* " *
3

*

Consolidation stress ratio teans the ratio of the major principal stress to

the minor principal stre s during consolidation. If the ratio is unity. con-

solidation is isotropic.

Cyclic strencth means the e.mplitude of cyclic stress, in extension, ccc-

pressien, or both, that produces failure by liquefaction or by excessive shear

defor ation in the test specimen, in a given number of cycles.

Damping t3ans the dissiration of strain energy during cyclic loading. The

energy dissipated is proportional to the area of the hysteresis loop.

Disversien (of soils) teans a change in soil structure with loss of bonding

forces between particles, so that particles tend to ssume vider spacing and are

relatively easily eroded.

Dispersive (of soils) teans having a tendency or susceptibility to

dispersion.

Dist'irbed sample means a sample whose internal structure has been damaged

to such a degree that it dces not reasonably approximate that of the r:aterial

in situ. Such a sample may be completely retolded, or it may bear a resemblance

to an undisturbed sa ple in having preserved the gross shape given it by a

sampling device.

5 ?> 3 D i 'iEl
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Hunid room teans a room or chc=ber in which the relative humidity in

maintained at or near 100%, and which is used for storage of sa=ples and/or

preparation of test specimens.

Hysteresis loop means a clc2ed curve formed by a plot of stress versus,

.

strain during a cyclic test.

Taside clearance ratio, C of a sa pling device, is defined as:

D -D
* *

C =
i D

e

whera D is the inside diameter ,of the body of the sample tube or liner ands

D in the diameter of the cutting edge.e

Liquefaction means a sud: 1, large Icss of shearing resistance in a

cohesionless coil, associated with an increase in pore pressure. It may be

4 caused by cyclic or conctonic loading.

Matrix, in soil or rock, is the cssemblage of finer grains in which

grains of distinctively larger size are enbedded.

Retolded sarp'e reans a sample which has been disturbed to such an extent

that its structure is determined by the stresses and strains undergone duringi

end after sampling, and the effecta of in situ conditions are obscured.
1

Eepresentntive narple means a sample that contains all of the nineral

constituents of the stratum frc= which. it is taken, in the same propor tions,

with the same grain size distribution, and is uncontaminated by foreign caterials
4

or by chemical alteratien.
,

Snecific recovery ratio, in the advance of a sample tube, is defined as:
t

ALp e ~~.
s AH

where AL is the increment of length of sample in the tube corresponding tos

an increment AH of sa pler advance.

Strain-controlled test means a test in which strains are imposed q ~ } (j i i
.7

specimen with controlled rate and/or magnitude.

B2
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Stress-controlled test means c test in which stresses are applied to a4

1

.

specimen with controlled rate and/or tagnitude.

Structure, in soil or rock, means a complex physical-cechanical property,

components of which are the sizes, shapes, and arrangements of the constituent

grains and intergranular tatter, and the forces acting among the const.cuents.

Undisturbed snrple means a sample obtained and treated in such a way that

disturbance of its original structure is insignificant, so that the sample

.

is suitable for laboratory tests of caterial properties that depend on structure.
.I
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