* U.S. NUCLEAR REGULATORY COMMISSION April 1978

'\:/ . REGULATORY GUIDE

OFFICE OF STANDARDS DEVELOPMENT
REGULATORY GUIDE 1.138
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A. INTRODUCTION

program is required to wdentify and classify soils and

rocks and to evaluate their physical and engineenng
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an reologic .\H‘a Criteria for Nuclear ower obtained from the site investigations and laboratory
Plants,”” to 10 CFR Part 100, '"Reactor Site :

Criteria,”” establishes requirements for conducting
site investigations for nuclear power plants to permit
an evaluation of the site and provide information
needed for seismic response analyses and engineering
design Requirements include the development of in
formation relevant to the static and dynamic engineer
ing properties of soil and rock matenals of the site

Safety-related site characteristics are dentitied in
detarl 1n Regulatory Guide 1.70, "'Standard Format
and Content of Safety Analysis Reports tor Nuclear
Power Plants " Regulatory Guide 4.7, “"Gene<ral Site
Suitabily Critena for Nuclear Power Stations,”’ dis
cusses site characteristics that affect site suitability
Regulatory Guide 1. 132, “"Site Investigations for
Foundauons of Nuclear Plants discus s
programs of field studies, exploratory bonings, 3 nd

sampling needed to provide zeotechnical forfate
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evaluation and engineering analysis and design. %

This guide describes laboratory investigationg and
testing practices acceptable for determining soil and
rock properties and u‘;.u“t:\lu\ needed for en
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tests and considers the safety aspects of the applica
tion of the data to the design and construction ot nu
clear plants. Consideration of public
particularly stringent requirements on
construction of nuclear power planig atihit
fore, it is essential that all phages o
tion program and associated fi “‘ y test
ing be carefully planned and carfigd ensure that
soil and rock properties arg realistgally estimated

sale mposes

»sign and

The coursg of site .m&.lﬁ\'rulnr) investigations
will dcpcndfh actual gite conditions, the nature of
problems engou d or suspected at the site, and
desig g réments for foundations and earthworks

1 ting requirements and details of testing
mﬁuﬁ!cs ill depend on the nature of the soils and
rogks ®countered It is normally desirable to follow

ittesthhg procedures that are generally known and ac
& cepted since they are easily reproduced. Also, the ef

fects of standard procedures on test results are better
understood. In some cases. depending on the nature
of the soil or rock material, it may be more appro
priate and desirable to modify existing standard pro
cedure or to use alternative procedures. Such practice
is acceptable, however, it is important that test pro
cedures be fully described so that the test may be re

Criter or plannigg 4 serforming laboratory
ta jor, plantigg nd | ' - i produced and the results venfied
fests are givem in the re L‘-.‘m(.\.'. position. Terms )
printed fn uahcs are fefined in Appendix A Appen In most cases, the state ot the art of laboratory test

test methods for

in Appendix C

dix B 15 @ tabulation of laboratory

soil and rogk  References are given

B. DISCUSSION

sotls 18 reflected in existing standards. and

will discuss and refer
for some of the more

ing ol
where appropriate, this guide
ence such standards However

complex geotechnical problems, such as those invols

T ing the dynamic response and behavior of sotls, the
| re " “ <
state of the art of laboratory testing 1s changing and
In the course of site investigations and analyses for ¢stablished standard procedures do not exist. Where
nuclear power plant facthities laboratory testng there are no standar?s, this guide will describe lab
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oratory testing practices presently used and discuss
the importance of some of the procedures used in
these tests. Continuing rescarch and advances in the
state of the art of dynamic soil testing and subsequent
revisions to this guide are expected

2. Laboratory Facilities

A laboratory for soil or rock testing should have a
firm, solid floor and should be free of vibrations due
to traffic and machinery. Temperature control of the
entire laboratory is desirable but s esseanal for
areas in which triaxial, simple shear, resonant col-
umn, consolidation, or permeability fests are con-
ducted. Separate areas, and preferably separate
rooms, are desirable for dust. and vibration:
producing activities such as sieve analyses, compa:
tton tests, and sample processing. Samples are nor
mally tested on armval from the field It storage 15
required. considesation should be given to stoning
samples in a separate room with the relative humidity
maintained at or near 100% (a humid room)

3. Laboratory Equipment
a. Apparatus

When standard laboratory testing procedures are
used. the test apparatus should conform to the pub
lished specifications. Where testing apparatus do not
satisfy published specifications, a complete descrip-
tion of the essential characteristics of the apparatus is
needed. with appropriate references to published pa-
pers, reports, or monographs In order to ensure that
essentia; charactenistics (such as dimensions, mating
of parts, piston fniction. and fluid seals) are not sig
mificantly altered by wear, handhing, corrosion, din,
or detenioration of matenals, all testing apparatus
should be regularly inspected and maintained

b Caltbratiom

All test apparatus and instruments used for quantity
measurement should be cahbrated agamnst certified
calibration standards before being put into service
Calibrations can he verified at regular intervals there
after. The necessary frequency for recalibration var-
ies according to the susceptibility of the apparatus to
change and the required precision of measurement
Physical length or volume measuring apparatus such
as metallic tapes, rules, pyenometers, or graduates
need not be calibrated unless aitered by visible wear
or damage Weights and other equipment used as
standards to calibrate test instruments are normally
recalibrated peniodically by an external agency with
equipment durectly traceable to the U.S  Bureau of
Standards. Metallic weights used for production may
be subject to sigmlicant alteration by wear or corro
ston over long periods and should be periodically
checked against the calibrated standards

It is advisable to recalibrate balances or scales at
least annually and to check them against known
weights on at least a quarterly basis The zero should

be checked at 2ach weighing  Balances or scales used
in the field should also be periodically checked
against known weight. wt cach field location.

In general, calibiatnig instrunicnis for measuring
forces, pressures, temperatures, electrical guantities,
and length agamst certificd standards annually 1 sul-
ficient. More fiequent cavbration may be necessary
in cases where instruments are subject to heavy use
and to change by drift or wyar

Additional discussion of -alibration procedures is
given by the Corps of Enginvers (Ref. 1)

¢, Reagents and Water

Guidelines for suitable clic mcal reagents, distilled
water, and apparatus for <semical analyses can be
found in standards of the American Public Health
Assocation (Ref 2) ‘Water for use in soil or rock
testing may be disulled or demineralized by 1on-
exchange processes. Ordinary distillauon does not
remove ammonia or carbon dioxide, and ion-
exchange demineralization does not remove organic
colloids. Theretore, special precautions are required
where these substances may be present and may inter-
fere with tests Tap water may be used where speci-
fied by standard methods or where chemical analyses
show that it does not contain impurities in sufficient
amounts 1o interfere with tests. Consideration should
be given to the use of water taken from a specific site
in laboratory tests on samples from environments
where the water chemistry 1s such that the use of dis-
tulled water in tests would vield nonrepresentative
results, e g, samples from acidic water environments
may behave differently when tested with distilled
water than when tested with water found 1n the actual
environment of the samples. When saturation of sam
ples 1s required for testing, it 1s best to de-air waler
since dissolved gases or arr can make 1t irpossible o
obtain tull saturation in test specimens /. procedure
for de-airing water is given by the Corps o Engineers
(Ref, 3). Suitable commercial de-airing devices may
be used

4 Handling and Storage of Samples

Improper handling and storage of soil and rock
samples can result in damage or alteration that could
affect the results of laboratory tests. Undisturbed soil
samples, whether in blocks or tubes, require the most
stringent protective measures [t is important to
transport and handle undisturbed samples so as to
minimize disturbance of the soil structure. To avoid
disturbance of tube samples of granular soils, they
may be hand carmied or transported and stored verti-
cally Padded containers or racks are recommended
for use in transportation and storage of samples
Close inspection of moisture seals upon receipt of the
samples at the laboratory ts necessary to ensure that
the seals are mtact and that the samples have been
protected against changes in water content. Seals
should be renewed if needed. The natural water con-
tent of rock samples and soil blocks may be preserved
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by sealing them in styrofoam or cheesecloth and wax
at the site prior to iransporung

Even the mosi careful treatment of samples cannot
prevent slow structural and chemical changes with
time. These changes usually result in a decrease of
both shear strength and the value of preconsolidation
stress. It is therefore best to test samples as soon as
possible after receipt, perferably within two weeks.
Longer storage periods may be acceptable for mate-
nals whose properties are less susceptible to change
with time. Samplcs that have been stored for long
periods may be suitable for visual inspection but
should not be considered to have the charactenstics
of undisturbed samples. A discussion of the effects of
storage and extrusion on undisturbed samples is given
by Arman and McManis (Ref. 4).

Special handling for preserving undisturbéd sam-
ples of sand that are free draining may consist of par-
tially draining ur partially draining and freezing the
samples at the site. However, some believe freezing
will produce disturbances to the soil structure even in
free-draining soils. If sand samples are frozen they
should be well drained (but not permitted to dry)
since freezing of saturated or near-saturaied samples
produces disturbances from expansion of freezing wa-
ter. Soils that are not free draiming cannot be frozen
without disturbance. Also, 1t is important to protect
frozen samples from thawing and from wide fluctua-
tions of temperature below the freezing point

Bulk and disturbed samples of soil do not require
any special care iu or protection from mechanical dis-
turbance Samples to be used for fluid content deter-
minations and shale samples to be used for tests of
mechanical properties need to be protected against
change in waier content. Rock samples with soil-like
properties such as soft shales o1 weakly nduiated
sandstones «an be transporied, handled, and stored as
soils

Criteria regarding sample handling and storage are
given in regulatory position 2.

3. Selection and Preparation of Test Specimens
a. Undisturbed Samples

The selection of soil and rock specimens for lab-
oratory testing requires careful examination of boring
records and available samples. It 1s important that
test specimens be representative of the soil or rock
unit to be tested and be accurately described to permit
escablishment of the soil profile Average test values
of maierial properties need to be identified as well as
the range of values identifying their vanability. This
requires the testing of not only the most representa
tive samples, but also of those with extreme prop-
erties and those representative of critical zones
Guidelines for spacing of borings and frequency of
sampling are given in Regulatory Guide 1. 132 Addi-
tional boring and sampling may be required when
laboratory examination of the samples reveals an in-

adequate number or distribution of suitahle samples
to meet testing requirements

Undisturbed tube samples of soils should be
examined for evidence of disturbance General
criteria for selecting undisturbed samples for testing
are given by Hvorslev (Ref. S) and are stated in regu-
latory position 3.

Hvorslev describes procedures for examiming cut
surfaces of soil samples. Portions of the tube samples
may be examined by these procedures whie other
portions are used for testing. A desirable alternative
is the use of radiography, which car be used to
examine samples for distortion of strata, gaps, voids,
and shear zones and which leaves the samples intact.
It is also useful for delineating the boundaries of soil
zones with different properties and thus aids in sub-
dividing samples and sclecung test specimens. Pro-
cedures for examination by X-radiography aie glven
by Krinitzky (Ref. 6).

A serious source of damage to undisturbed soil
samples is the extrusion of the samples from the sam-
ple tubes. One method that may minimize this dam-
age in the removal of samples from thin-wall tubes is
to split the tube longitudinally by milling. An alterna-
tive may be to saw the tube transversely into seg-
ments of sufficient length to extrude a single test
specimen from each and tiim off the ends. The fact
that milling may cause disturbance and changes in the
void ratio in some soils, particularly in loose sand, 1s
an imponriant consideration in the assessment of the
best way te remove samples from tubes. Dressing the
cut {ube edges before extruding samples from the
tube sections reduces disturbance of the sample
Reuse of thin-walled sample tubes that have not been
cut is not recommesded if they have been damaged
during retrieving or extruding samples

Trimming and shaping of test specimens of soils
require great care to prevent disturbance and changes
in water content. Frozen samples can be prepared
under conditions that will prevent premature thawing.
Details of procedures depend on the nature of the test
and the specimen. Procedures for preparing soil
specimens for testing are described by the Corps of
Engineers (Ref 3) Methods of preparation of rock
specimens for testing are described by Obert and
Duvall (Ref 7) and in ASTM standards (Refs. 8, 9)

b. Reconstituted or Remolded Somples

High-quality undisturbed samples are preferred for
all tests of strength and dynamic response of in situ
matenials, whether cohesive or cohesionless. How-
ever, in some instances, reconstituted or remolded
samples must be used when representative undis-
turbed samples cannot be obtained Remolded sam-
ples are also used as representative of compacted fill
or backfill maternial for new construction. Undis
turbed samples of earth fill are taken for confirmatory
testing during construction. Undisturbed samples are
also taken in the testing and reevaluation of existing

142 137

1.138-3



structures. Reconstituted specimens representative of
in situ material should be moided to the in situ den-
sity and moisture content as determined from actual
field measurements. Regulatory Guide 1.132 discuss-
es methods of determining the in situ density of
cobesionless soils. Samples representative of fiil ma-
terial should be molded to the range of densities and
water contents expected or obtained under field con-
ditions

In preparing remolded specimens, care should be
taken to avoid mixing granular soils of different gra-
dation. Such a mixture may exhibit behavior that is
entirely different from that of its separate compo-
nents, even though the density is closely reproduced.
Scalping (the removal of the coarse fraction of a
sample) is also known to influence test results par-
ticularly in dynamic testing, but the natuie of the in-
fluence is not well understood. Therefore, scalping
should be avoided whenever possible.

6. Laboratory Testing Program

All soils and rocks sampled at the site need to be
identified and classified. This requires index and
classification tests and water content and density de-
terminations. Additional classification tests may also
include grain size analyses, mineralogical analyses,
organic content determinations, and other types of
testing as appropniate to the soil and rock types and
water conditions ercountered.

Test requirements beyond those for identification
and classification are determined by consideration of
the nature and distribution of the soil and rock mate-
rals at the site, material properties, decign loading
conditions, and potential problems. Common tests
required of foundation and embankment materials in-
clude drained and uncrained shear strength, consoli-
dation and swelling characteristics, compaction, rela-
tive density. and permeability

In addition te the usual geotechnical engineering
considerations, the investigation and evaluation of
sites for nuclear power p/ants require an evaluatiorn, of
the site response to earthquake loacing as well as
other dynamic loading conditions. Such analyses in
clude the evaluation of weve propagation characteris-
tics of subsurface materials with interaction effects of
structures, the analysis of the potential for soil
liguefaction, settlement under dynamic loading, and
the analysis of the effects »f earthquake loading on
the stability of slopes and embankments.

The basic parameters required as input for dynamic
resnonse analyses of soil® include total mass density,
relative Jensity, Poisson’s ratio, the static soil
strength, initial stress conditions, shear and compres-
sional wave velocities, and the dynamic shear mod-
uius and damping ratio. The vanation of strength,
moduli, and damping with strain is also needed for
such analyses

L 1384

7. Testing Procedures for Determining Staric Soil
Properties

a. Soil Tesiing

WASH-1301 (Ref. 39) describes the methods
commonly employed in determining the classification
and engineering properties of soils 2nd rocks. It
places into perspective the various aspects of classifi-
cation and engineering properties as they pertain to
geotechnical investigations for nuc’.ar plants.

Whenever possible, laboratory testing should be
carried out according to generally accepted published
procedures. Such published procedures include those
of the standards of the Amenican Society for Testing
and Materials (ASTM), the American Asscciation of
State Highway and Transportation Officials
(AASHTO, formerly AASHO), and those established
by U.S. Government agencies such as the U.S. Army
Corps of Engineers, the Bureau of Reclamation, and
the Soil Conservation Service. Others include widely
known and accepted tests, monographs, and journals
describing test procedures and publications of similar
character and standing. Laboratory procedures for
some of the more commen tests are included 10 Ap-
pendix B together with references to selected litera-
ture. Criteria regarding testing procedures are stated
in regulatory positions | and §.

The U.S. Army Engineer Manual EM 1110-2-
1906, *‘Laboratory Soil Testing '~ (Ref. 3) and ASTM
standards (Refs. 8, 9) give detailed procedures that
are widely accepted for many index and engincering
property tests of soils. These include:

Water Content Permeability

Unit Weights Consolidation

Void Ratio Direct Shear Test
Porosity Triaxial Compression
Saturation Tests

Atterberg Limits Unconfined Compression
Specific Gravity Tests

Grain Size Analysis  Relative Density
Compaction

In addition to the Corps of Engineers Manual,
there is a two-volume monograph entitled Methods of
Soil Analysis (Ref. 10) sponsored jointiy by tne
American Society of Agronomy and the American
Society for Testing and Materials that provides ac-
cepted procedures for determining some engineering
properties and a wide variety of tests for physical,
chemical, and microbiological properties of soils.
Both the Corps of Engineers Manual and this monog-
raph provide valuable discussions of common prob-
lems, precautionary measures, calibration proce-
dures, and control of errors in testing soils

Where cohesive soils are used in water-retention
structures, or are otherwise used to control water
movement, it is essential that the dispersion charac-
teristics and erodibility of the soil be evaluated by suit-
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able tests of samples remolded to the same density
and water content used for design. Acceptable testing
methods are described by Sherard et al. (Ref. 11) and
Perry (Ref. 12).

b. Tests of Groundwater or Surface Waters. The
requirements for testing of groundwater and surface
water depend on the nature «f potential prcblems
identified at the site. Acid water, for example, may
cause the degradation of carbonate rocks and concrete
foundations. Standard methods of testing water for
physical, chemical, radioactive, and microbiological
properties are described in Reference 2. This refer-
ence also describes methods of testing polluted water,
wastewaters, effluents, bottom sediments, and
sludges. Standard testing methods can be used unless
special problems are encountered that require modifi-
cations or alternative methods.

8. Testing Procedures for Determining Dynamic Soil
Praperites and Soil Behavior

a. General

Some laboratory investigations and testing proce-
dures for determining dynamic soil preoperties and
sotl behavior are listed, with references. in Appendix
B Test methods and analyses relevant to determining
the dynamic response of soils are discussed by Shan-
non and Wilson and Agbabian-Jacobsen Associates
(Refs. 13, 14). Silver discusses laboratory procedures
for conducting cyclic tnaxial tests in Reference 30
Criteria regarding some of the procedures ured in
dynamic soil testing are given in regulatory position
4

It is important that the laboratory tes's represent
field conditions as closely as practical to ensure a
realistic assessment of soil properties. Before
dynamic tests are performed, the initial state of stress
in the soil is normally determined, and a series of
static consolidated-drained and consolidated-
undrained triaxial compression tests are made to de-
termine static strength. The dynamic testing program
includes tests to determine the soil parameters needed
as input for reference analyses and soil structure in-
teraction studies as well as testung to determine the
dynamic strength characteristics and liguefaction po-
tentia! of soils. Criteria regarding the range of con-
solidation stress ratios and confining pressures that
are appropriate for both static and dynamic testing are
given ip regulatory position 4

b. Testing to Determine the Dyvnamic Shear Mod-
ulus. Damping, and Poisson’s Ratio

The dynamic shear modulus and damiping values in
soils are strain dependent, it is therefore important to
determine these properties using several different
testing methods to cover various ranges of apphed
strain. Figure | shows 'he level or range of stramn ap-
plicable to each test procedure

Laboratory * - (hat measure shear modulus in-
clude the cyclic  + le shear test, the cyclic torsional
shear test, and th. esonant column test. In addition,
the cyclic trnaxial test is used to determine the Young's
modulus from which the shear modulus may be calcu-
lated based on an estimated value for Poisson’s ratio.
This is an indirect method of estimating the shear
modulus, but it i1s widely used. The resonant column
device has been improved to cover a broader range of
applied shear strain, aad the device is becoming more
commonly available The resonant column and cyclic
triaxial tests are also the most commonly used labora-
tory procedures for determining matenial damping.
Regardless of the methods used in determiming the
shear modulus and damping characteristics of soils, it
is important to use several different techniques and to
correlate laboratory data with geophysical data from
the field. The range of values selected for design
purposes should then be tempered with judgment and
experience

Values of Poisson’s ratio may be obtained in the
laboratory by (1) monitoring both axial and radial
strains 1n the cyclic tnaxial compression test, (2)
comparing data from cyclic triaxial and cychic simple
shear tests, or (3) comparing response in the axial
mode with that in the torsional mode in the resonant
column test. Care should be taken that data compared
are from tests with approximately equal strain levels
Laboratory determination of Poisson's ratio is dif-
ficult, and it is sometimes preferable to determine
values based on field measurement of shear and com-
pression wave velocity in situ. Also, i1n some cases
there may be laboratory or field test data available for
similar soils that shouid be evaluated in estimating
values of Poisson's ratio. Under dynamic or un-
drained conditions, Poisson s ratio for fully saturated
soils normally will have a value approaching 0.5 be-
cause of the influence of the water. whereas soils of
low saturation usually have lower values

¢. Testing to Determine Dynamic Shear Resis-
tance and Liquefaction Porential

The shear and other deformation behavior of soils sub-
jected to seismic or other dynamic loads may be deter-
mined by a testing program including both monotonic
(static) and cyclic load tests. Appropriate static tests
inciude consolidated-undrained triaxial tests with
pore pressure measurements. These tests may include
isotropically and amisotropically consolidated speci-
mens, with a range of confining pressures and con-
solidation stress ratios appropriate to the field condi-
tions. The effect of cychic loading 1s evaluated by a
program of stress- or strain-controlled cvelic loading
tests. Equipment available for conducting such tests
include the cyclic triaxial, cyclic simple shear, and
cyclic torsional shear devices. However, the cyclic
triaxial device is more commonly available. It is im-
portant that the scope of the dynamic testing program
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be sufficient to determine the degree to which shear-
ing resistance s affected by cyclic loading.

d. Special Considerations in Performing Dynamic
Soul Testing

In planning. performing, and interpreting dynamic
laboratory tests, consideration should be given to (1)
the condition of undisturbed test specimens and the
degree to which the structure of the soil ha: been pre-
served, (2) the method of reconstituting remolded
samples, (3) the consolidation and saturation of the
specimens prior o testing, (4) the applied confining
pressures and the apphed axial deviator stress of
stress ratio, (5) the wave form of cyclic loading, (6)
the frequency of loading. and (7) the duration of con-
fining pressure application The time effect of load-
ing is particularly important for cohesive soils. All of
these factors and parameters will have an important
influence on test results and their interpretation. For
example:

(1) The method of reconstituting samples has a
strong effect on dynamic test results, and it is impor-
tant 1o consider this effect in the interpretation of test
data as well as 1n planning the test program. Mulilis,
Chan, and Seed (Ref. 15) discuss the effect of
method of sample preparation on the results of cyclic
loading tests

(2) Square-wave loading produces more severe
conditions than sinusoidal loading and consequently
may produce an apparently lower cyelic shear
strength or greater susceptibility to liquefaction. At
the other extreme, inangular wave loading produces
less severe conditons than sinusoidal loading and
consequently may produce an apparently higher cyc-
lic shear strength or lower susceptibility to liquefac-
tion

(3} Information available at the present time in-
dicates that the dynamic behavior of soils is relatively
insensitive to the frequency of applied cyclic loading
within the range of 0.5 1o 2 Hz It is therefore com-
mon practice to carry out laboratory cyclic tests at a
frequency in the neighborhood of 1 Hz

C. REGULATORY POSITION

|, General Reguirements for a Laboratory Testing
Program

a. A labroatory testing program needed for deter-
mining the properties of subsurface materials at a nu-
clear power plant site s highly dependent on actual
site conditions, matenial properties, and design re-
quirements for foundations and earthworks. There-
fore, a program should be made flexible and tailored
to each site and plant design as the site and laboratory
ivestigations proceed «nd should be under the direc-
tion of experienced engineers and geologists that
have demonstrated competence in the field of soil and
rock mechanics testing and are familiar with the site.

1.138.7
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Lahoratory tests on soil and rock matenal should be
e rough and of documented quahity that permils a
realistic estimate of sotl and rock properties and sub
surface conditions.

b. Personnel experienced in laboratory practices
for soil testing should be responsible for handling
samples. preparing lest specimens, testing procedures
and operations, and all related documentation

¢. The testing facility should be adequate for the
planned testing program. It should be a substantial
structure free of traffic and machinery vibration and
should be provided with sufficient area to separate
activities such as sample preparation, sieve analyses,
compaction tests, and physicai property fests

Equipment should be initially calibrated when in-
stalled as in the case of field facilities and regularly
inspected and maintained. A calibration program that
is formally documented as part of the laboratory test-
ing program should be provided The program should
ensure that equipment is recalibrated at least annu-
ally and continually inspected. Standards traceable to
the National Bureau of Standards should be used for
recalibration and should be at least tour times as a¢
curate as those recuired of the working instrument

d. The number of tests required in a laboratory in-
vestigation program will depend upon the type of ma-
terial, the guality of samples, the purpose and rela-
tive importance of the test, and the scarter of test
data. In general, all soils and rocks sampled at the
site should be first identified and classified using ap-
propriate index and classification. tests. The Unified
Soil Classification Svstem should be used in d2senb
ing soils and in preparing soil profiles. Further tests
required to establish physical and engineering prop-
erties should be sufficient to define the range of val
ues for material properties. A sufficient number of
tests should be completed to cover the range of val-
ues expected under field conditions for such impor-
tant variables as confiming pressure, consolidation
ratio, degree of saturation. and density.

e. Whan applicable, laboratory tests should be car-
ried out according to generally asccepted published
procedures such as those identified in this guide. Ap-
pendix B lists preferred methods for conducting many
soil and rock tests

Standard test procedures that are followed without
deviation and performed on standard equipment re-
quire documentation by reference only  For tests
where there are no standard procedures available or
where it is appropnate to use modified or alternative
procedures, the details of the test procedures should
be documented for evaluation and future referencing
The technical basis for deviating from standard test-
ing procedures should be documented. Use of other
than standard equipment, even it it is used with
standard testing procedures, should also be
documented
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2. Handling and Storage of Samples

Undisturbed samples should be transported and
handled so as to minimize disturbance of the soil
structure by impact of vibration, and they should be
protected against changes in water content. Undis-
turbed sand samples may be partially drained before
transporting and storing. Regardless of the methods
used for handling aod transporting samples, some
type of conirol measure should be made to detect po-
tential disturbance Moisture seals should be periodi-
cally checked and renewed as needed

Samples shouid be tested as soon as possible after
reaching the laboratory to minimize the effects of
structural aad chemical changes with time. The durs-
tion of storage before testing should be recorded for
each sample test. Samples that have been stored for
long periods of time should net be considered to have
the characteristics of undisturbed samples. Therefore,
they should not be tested as undisturbed samples.

1. Selection and "reparation of Test Specimens
a. Undisturbed Samples

Test specimens should be representative of each
discrete soil or rock unit to be tested and should be
accurately described on the basis of classification
tests to permit establishment of the soil and geologic
profiles. The best guality and most representative un-
disturbed saimples available should be used in physi-
cal and engineering property tests of in situ soils
whether cohesive or cohesionless.

Undisturbed tube samples should satisfy the fol-
lowing criteria:

(1) The specific recevery ratic should be be-
tween 90 and 100 percent; a tube with less recovery
may be acceptable if it appears that the sample may
have broken off and otherwise appears undisturbed
The actual recovery obtained should be recorded and
uocumented.

(2) On the surface of or in sliced sections of the
sample, there should be no visible distortions, planes
of failure, pitting, discoloration, or other signs of dis-
turbance that can be attributed to the sampling opera-
tion or handling of the sample.

(3) The net length and weight of the sample and
the results of other control tests should not have
changed during shipment, storage, and handiin; of
the sample

In addition to the above, samples that have been
subjected to violent mechanical shocks or to acciden-
ts! {isezing and thawing should not be considered to
e undisturbed even if other evidence of disturbance
18 abseut

n. Reconstituted or Remolded Samples

Where reconstituted specimens must be used o
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represent in situ materials, as in the case of some
sands or gravelly soils, they should be reconstituted
to the in situ density and water contents as deter-
mined from actual field measurements Usually, the
use of relative density as interpreted from Standard
Penetration Tests (SPT) 1s not sufficiently accurate
for determining densit es in cohesionless soils. Regu-
latory Guide 1. 132, "'Site Investigations for Founda-
tions of Nuclear Power Plants,”" discusses methods of
determination of in situ density in cohesionless soils
Samples prepared as representative of fills such as
earth embankments should be remolded to the range
of water contents acceptable for fill placement and
compacted to densities equivalent to those that will
be achieved under field conditions.

Where large particles are present in the matenal to
be tested, the diameter of the test specimen should be
at least six times the diameter of the largest particle.
Scalping should be avoided whenever possible In in-
stances where scalping cannot be avoided, the test
specimens should be prepared at & density corre-
sponding to the matrix density of the material, which
is normally lower than the total bulk density This
may be done by replacing oversize particles with an
equal percentage, by weight, of material retained on
the No. 4 sieve, with a top size not exceeding the
maximum allowable sieve size. Scalping procedures
should be explained together with reasons for expect
ing test results to be valid. Expenence has shown that
reconstituting samples to the matrix density of the
material will sometimes give different results. How-
ever, it is believed to be a conservative approach. For
granule: soils, an alternative would be to prepare the
sample to a density corresponding to the same rela-
tive density as that of the original in situ unscalped
material.

4. Criteria for Testing Procedures

a. General

(1) All representative soil samples prepared for con-
solidated triaxial compression tests, whether static or
dynamic, should be consolidated to a range of con-
solidation stress ratios appropriate to expected field
conditions. Consolidation stress ratio values of 1.0,
1.5, and 2.0 are usually satisfactory but may vary
with anticipated soil conditions. Confining pressures
should also cover a range of values corresponding to
those expected in the field Pore pressures should be
measured in consolidated undrained static and
dynamic tes's. Sufficient data should be obtained to
permit the determination of the nonlinearity of the
consolidated drained and consoiidated undrained
stress-strain relations, as well as the peak and re-
sidual shear strengths Also, testing should be per-
formed on both isotropically and anisotropically ~on-
solidated specimens, as necessary, to represent initial
stress conditions in the field




(2) Tests of soils that will be below the water
table or will become saturated during plant operation
should be performed only on specimens that are es-
sentially 100% saturated, as indicated by Skemp-
tion's B-value. The minimum acceptable B value is
considered to be 0.95

b. Cyclic Louding Tests

(1) It is recommended that the cycle tnaxial de-
vice be periodically checked by measuring the cyclic
strength of some standard sand as that described by
Silver et al. (Ref. 28)

(2) The absolute value of the applied deviator
stress 4, in the cychic tnaxial tests normally should
not exceed the effective ambient confining pressure
() so that the vertical stress remains compressive.
Exceeding the effective confining pressure will result
in physical pulling on the end caps in the extension
halfl of the loading cycle and, unless the sample is
highly dilative, will cause separation of the cap from
the sample. Applied stress ratios of loading -7~ in
the tniaxial device should therefore normally be lim-
tted to 0.5 A higher ratio may be acceptable if the
sample 1. sufficiently dilative so that the effective
stress remains compressive and the end cap does not
separate from the sample. These conditions should be
thoroughly documented.

(3) Test specimens in cyclic tnaxial tests some-
times neck (expenence exaggerated reduction in cross
sectional area usually near the end cap) duning exten-
ston  Test results should be considered invalid from
the moment that necking begins. Tests in which neck-
ing occurs should be identified in the documentation
of test results

(4) The loading function used in the dyaamic
testing program should be documented. The loading
function for cyclic tests should be reasonably repre-
sentative of field loading conditions. Whatever the

wm of loading function used, the first half cycle of
toading in a cychic triaxial test should be compres-
stonal. The effects of the loading function used on
apparent dynamic shear strength should be considered
when evaluating test results. The staff will interpret
test data based on the loading function used.

(5) Cyclic tests should be carried out with load-
ing frequencies within the range 0.5 to 2 Hz

(6) In cyclic loading tests on soils where the

form of a relation between dependent and independ-
ent variables (such as cyclic shear stress and number
of cycles to a particular strain level or failure) is
known or suspected to be nonlinear, the curve ex-
pressing the relation should have sufficient data
points to accurately define the curve. The range of
applied shear or deviator stress values ir. the cychc
test should sufficiently encompass anticipated field
loading conditions to permit the margin of safety to
be evaluated. The number of tests required should be
increased when the scatter of data 1s wide and when
there are large vanations in ma‘erial gradation or
density, quality of samples, or changes and adjust-
ments in test procedures

S. Deocumentation of Test Results

a. All laboratory test results and soil and rock
identifications and descriptions should be
documented in detail in a manner that permtts inde
pendent verification and analysis of data All test
data including seemingly anomalous test results
should be included

b. The degree of vanability or scatter in data, the
range of extreme values, and selected design values
should be clearly shown to permit an independent
evaluation of the test results

¢. The scales of all graphs, diagrams, and plots
should be so chosen that data may be read directly
from these documents with an engineer's scale. The
scales should be identified on all such documents.

D. IMPLEMENTATION

This guide will be used by the staff 1o evaluate the
results of laboratory tests on soils and rocks including
the adequacy and quality of data provided to define
their characteristics and properties needed for en-
gineering analysis and design. The staff will use this
guide to evaluate the results of laboratory tests sub-
mitted in connection with construction permit appfi-
cations docketed after December 1, 1978. The staff
will also use this guide to evaluate the results of any
new tests performed after December 1, 1978, by a
person whose construction permit was issued on or
before December 1, 1978
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APPENDIX A

DEFINITIONS

For the convenience of the user, the following
terms are presented with their definitions as used in
this guide:

 Applied deviator stress (Tqp) I8 the cyclic stress
applied to the vertical axis of a sample in a cyclic
triaxial test with an ambient confining pressure equal
to oy. In the compression half of the loading cycle,
the vertical stress o, equals oy + @4, in the ex-
tension half of the loading cycle, o, = @y ~ 04

B-value is & measure of the degree of soil satura-
tion used when preparing samples for testing. It Is
defined as B = where Au is the pore waier pres-
sure induced in a soil sample as a result of a given
applied increase in ambient pressure Ac,.

Consolidation stress ratio is the ratio of the major
principal stress to the minor principal stress during
consolidation. If the ratio is unity, consolidation is
isotropic.

Cyclic strength is the cyclic stress that produces
cither a failure condition or a specific level of strain
measured in extension or compression or both (dou-
ble amplitude strain) in a given number of cycles

Damping is the dissinaticn of strain energy during
cyclic loading. The energy dissipated is proportional
to the area of the hysteresis loop. (See Reference 32
for relationships between damping terms.)

Dispersion (of soils) refers to a change in soil
structure with loss of bonding forces between parii-
cles so that the particles tend to assume wider spacing
and are relatively easily eroded.

Disturbed sample is a sample whose internal struc-
ture has been damaged to such a degree that it does
not reasonably approximate that of the matenal in
situ. Such a sample bears a resemblance to an undis-
turbed sample in having preserved the gross shape
given it by a sampling device

Humid room is & room or chamber in which the
relative humidity is maintained at or near 100%. It is
used for storage of samples and/or preparation of test
specimens

Inside clearance ratio, C,, of a sampling device, is
defined as

where D, is the inside diameter of the body of the
sample tube or liner and D, is the diameter of the
cutting edge

Liquefaction refers to & significant loss of shearing
resistance in a cohesionless soil, due to an increase in
pore pressure under loading. It may be caused by cyc-
lic or monotonic increase in static loading.

Marrix in soll or rock Is the assemblage of finer
grains in which grains of distinctively larger size are
embedded

Representative sample is a sample that contains (1)
approximately the same mineral constituents of the
stratum from which it is taken in the same propor-
tions &id with the same grain size distribution and (2)
is uncontaminated by foreign materials or by chemi-
cal altera’ on.

Specific recovery ratio in the advance of a ssmple
tube is defined as:

AL

where AL is the increment of length of sample in the
tube corresponding to an increment AH of sampler
advance.

Strain-controlled test 1s a test in which strains are
produced in a specimen with controlled rate or mag-
nitude.

Stress-controlled test is a test in which stresses are
applied to a specimen with controlled rate or mag-
nitude

Soil structure is a complex physical-mechanical
property, components of which are the sizes, shapes,
and arrangements of the consiituent grains and inter-
granular matter and the bonding and capillary forces
acting among the constituents

Undisturbed sample is a sample obtained and han-
dled in such a way that disturbance of its original
structure is minimal so that the sample is suitable for
laboratory tests of material properties that depend on
in situ soil structure
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APPENDIX B

LABORATORY TEST METHODS FOR SOIL AND ROCK

STANDARD OR PROPERTIES OR
PREFERRED PARAMETERS
METHOD ' OTHER REFERENCES DETERMINED

SOILS ~INDEX AND CLASSIFICATION TESTS

REMARKS/'SPECIAL
EQUIPMENT

NAME OF TEST REQUIREMENTS

Gradation Analysis ASTM D421 Refs. 16, 3 Pamicle size Methods are applicable
Daz2 disiribution to some rocks, after
D2217 disaggregation
Percent Fines ASTM D1140  Refs. 16, 3 Percent of weight of
matenal finer than
No 200 sieve
Atterberg Limits ASTM D423 Refs 16, 3 Plastic limit, higuid
D424 fimat, plasticity
D427 index, shrinkage
factors
Specific Gravity ASTM DRS4 Refs 16,3 Specific gravity or Boihing should not be
appareat specific used for de-ainng
gravity ol soil solids Method can be used for
rock, after gnnding
sufficiently fine 10
eliminate internal voids
i the intact rock
Sotl Description ASTM D248k Description of soil
from visual-manual
examination
Soil Classification ASTM D2an7 Unified soil classifica
Hon
X ray Ref 6 Comparative density Very useful for detec
macrostructure non of disturbance due
1o sampling and for
delineation of sl
strata in tube samples
Requires X ray apparatus
SOILS —~MOISTURE-DENSITY RELATIONS
Bulk Unit Weight Ref. 3 Bulk umit weight Methods are applicabie

Water Content ASTM D2216

SOILS —~CONSOLIDATION AND PERMEABILITY

D2974
Relative Density Ref 3
Compaction ASTM D69%

D1557
Consolwdaiion ASTM D2435

(bulk density)

Ref 3 Water content as
percent of dry weight

ASTM D2049 Maximam and mimmum
density of cohesion

less soils

Ref 3 Optimum moisture
content-density
relations

Refs 16 13 One -dimensional com
pressibility, permeabil
ity of cohesive soil

NOTE | ASTM standard methods are given in Reference §
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ta rocks, with some
obvious maodifcations

Method 1s applicable
to rock

Requires vibration

table In vibration

table testing, both
amplitude and frequency
should be adjusted to
values that yvield
greatest density  How
ever, treatment that
produces breakage of
grans should be avonded
and mechamcal analyses
shouid be performed as
& check on gran
breakage

Method for earth and
rock mixtures s g'ven
in Ref 13
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APPENDIX B—Continued

STANDARD OR PROPERTIES OR REMARKS/SPECIAL
PREFERRED PARAMETERS EQUIPMENT
NAME OF TEST METHOD' OTHER REFERENCES DETERMINED REQUIREMENTS
Ref. 17 One-dimensiona! Method uses conventional
expansion vs. load consolidometer spparatus
relation
Permeability ASTM D2434  Refs. 3, 1/ Permeability Suitable for remolded
or compacted soils. For
natural, in situ soils,
field test should be
used
SOILS—PHY' * AND CHEMICAL PROPERTIES
Mineralogy Ref 19 Ref" g Identification of Applicable to rock
minerals Requires X-ray diffrac-
tion apparatus. Dif.
ferential thermal
analysis apparatus may
alsc be used
Organic Content Ref 21 ASTM D2974, Organic and inorganic Dry combustion methods
Ref 22 carbon content as per- (ASTM D2974) are accept-
cent of dry weight able, but where organic
matter content is criti-
cal, data so obtained
should be verified by
wet combustion tests
(Ref. 21) |
Soluble Salts Ref 23 Concentration of soluble
salts in soil pore water
Pinhole Test Refs 11,12 Dispersion tendency in Signi® .ant in evaluation
cohesive suils of pot sntial erosion
or pif ing
(Ref 24)
SOILS-—-SHEAR STRENGTH AND DEFORMABILITY
Unconfined Compression ASTM D2166 Ref 3 Strength of cohesive
soil in uniaxial
compression
Direct Shear, ASTM D3080 Ref 23 Cohesion and angle of
Consolidated- mternal friction
Drained ander drained conditions
Triazial Compression, ASTM D2850 Refs 25,3 Shear strength parameters,
Unconsolidzed- Cohesion and angle of
Undrained internal friction for

soils of low permeability

Triaxial Compression, Refs. 3,25 Shear strength parameters; Circumferential drains,
Consolidated- Cohesion and angle of if used, should
Undrained internal friction for be slit to avord
consolidated soil. With stiffering test
pressure measurements, specimen
cohesion and friction
may be obtained
Triaxial Compression, Refs 3, 2§ Shear strength parameters, Circumferential drains,
Consolidated- Cohesion and angle of if used, shouid be
Drained internal friction, for slit to avoid stif-
long-term loading fening test specimen
conditions
Cyclic Triaxial Refs 26, 13 Young's modulus damp- See text, subsection
Strain-Controlled * ing and pore pressure 9e)
response of cohesionless
soils, modulus and damp-
ing of cohesive soils
Cyclic Triaxial, Ref 27 Refs. 13, 28 Cyclic strength of See text, subsection
Siress Controlled cuhesive and cohesion- 9e)
— less soils
2 Comprehensive single references are not available for most dynamic test procedures A literatire survey is recommended (o any laborstory performing such tests
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APPENDIX B—Continued

STANDARD OR PROPERTIES OR REMARKS/SPECIAL
PREFERRED PARAMENTERS EQUIPMENT
NAME OF TEST METHOD' OTHER REFERENCES DETERMINED REQUIREMENTS
Cyclic Simple Refs, 29, Shear modulus and damp- Tests may be run with
Shear” 30, 31, 2 ing values and cyclic ¢ither stress control
strength of cohesive or strain control. Two
and ~ohesionless soils different types of
apparatus, NGl and
Roscoe devices, are
described in Refs 29
and 31, respectively
Resonant Column Ref 13 Shear modulus and damp- Requires resonant

Porosity

Permeability

Seismic Velocity

Direct Tensil
Strength

“Brazilian Test'’

Modulus of
Rupture

Unconfined
Compression

Triax:al
Compression
{Undrained)

Iriaxial Compression

witii Pore Pressure
Measurements

Slake Durability

ASTM D284S

ASTM D2936

ASTM D2938

ASIM D2664

ing in cohesive and
cohesionless sols

Some devices can be
used with deformations
in longitudinal mode

1o determine Young's
modulus. Some devices
can be used to detzrmine
cyclic strength

ROCKS-—ENGINEERING PROPERTIES *

Refs

Refs

Re's

Ref

Ret

Ref

Ref

Ref

Ref

34 78

» 4S8

7.3

37

38

Bulk unit weight,

specific gravity, and

total porosity (Melcher
Methud) or effective
porosity (Simmons or
Washburn-Bunting Method)

Permeahlity of intact
rock

Compressional and shear
w2ve velocities in
intact rock

Uniaxial tensile
strength of intact
rock

Indirect measure of
tensile strength of
tact rock

Indirect measure of
tensile strength of
intact rock

Young's moduli and
unconfined compressive
strength of intact rock

Young's modul', conesion
friction parameters of
failure envelope

Young's moduli, cohesion
friction parameters of
effective stress

conditions

Index of resistance
to slaking

! Many methods of tests for sael are also applicable 1o rock  See under listings for soils
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column device

Soil testing methods
generally applicable
with minor modifica
tion

Laboratory permeability
values are not normally
representative of in

situ permeability of
shallow jointed rock
masses

Requires signal genera
tor, transducers,
oscilloscope
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