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ABSTRACT: Testing is an inherent and integral element otgmical design. This paper describes and dissugsotechnical testing in
the design process from a consulting practitionee€sspective of the current state-of-practice. fdie, objectives, types and interpretation
of testing, limitations and recommended good pcastiare presented. Successful implementationstihgein design is demonstrated

through examination of test data from a few casends.

1. INTRODUCTION

Testing is an inherent and integral part of thetggmical design
process. A primary objective of geotechnical tesgtis to assist in
obtaining information for geotechnical site chaeai@ation and in
developing the geotechnical model in terms of gtbaonditions
(stratigraphy) and engineering parameters and piepe Ground is
a complex engineering material with properties pachmeters that
are not linear, unique or constant. The key respént for testing
in geotechnical engineering is driven by the nemditably and
adequately characterize natural materials thahigtdy variable and
subject to high degrees of uncertainty.

Geotechnical engineers must deal with the grouatidkists at
a given site. Unlike other civil engineering dpdgies such as
structural and materials engineering, the ground given site is
generally not specified and manufactured to achielesired
engineering properties within a known degree oftaiety or
confidence. A primary role of testing in other mmgring
disciplines is generally to advance knowledge tpgtouesearch
towards improved and more sophisticated methodsiésign and
economic efficiencies.

In geotechnical engineering state-of-practice, ghetechnical
engineer's foremost role and responsibility are adequately
characterize the site (i.e. assess what's thergydeide sufficient,
reliable information of the ground conditions tociféate good
engineering decisions to be made during assessrdesign and
construction phases of a project that satisfiesctient’'s/owner’s
needs, or as required by regulatory agencies. yAisahnd design
should proceed only after the stratigraphy and rexeging
properties have been appropriately defined. Inettperience of the
author, the tendency of many junior geotechnica@iregers is that
they want to jump right to analysis without suffiot thought and
detail given to interrogation of all data and imf@tion to confirm
that a representative geotechnical model hasb&sn established.
It takes discipline of thought and effective meirtgrto avoid this
urge of starting analysis and design too soon Ifiedore a reliable
geotechnical model has been developed).

This paper describes and discusses geotechnitaigtes the
design process from a consulting practitioner’'sspective of the
current state-of-practice. The role, objectivegpes and
interpretation of testing, limitations and recommhed good
practices as part of the geotechnical design psoegs outlined.
Successful implementation of testing in desigrhisven through the
examination of test data from a few case records.

2. GEOTECHNICAL DESIGN PROCESS
2.1 General

The geotechnical design process is summarized stitathy on
Figure 1 and comprises the elements (architectfran integrated
system that is described in greater detail beléwelevant code and
guidelines of practice normally outline the despgncess and assist
engineers in making appropriate design decisiorduding testing
requirements. From an interpretation of the resdifom site

characterization and testing programs, a geoteahmuwodel is
developed in terms of ground and groundwater camdit and
engineering properties. The analyses, calculatimtedures and
design equations for geotechnical resistance asedban relevant
theoretical frameworks or on the basis of empiricatrelations
against a variety of laboratory, in-situ and fitddts.
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Figure 1. Geotechnical Design Process (after Be2®@6b)

A sound design approach requires a thorough urahetisty of
the key design issues, of the geological setting geotechnical
conditions, and of the interaction between them. most cases, a
good understanding of these factors is as impqriinbt more so,
as the methods used for analysis and calculatibis important to
initially capture the essence of the problem, drehtproceed with
appropriate, simple testing and analysis followgdah increasing
level of sophistication and complexity, as requioedas the project
demands. The results from the testing and analysisen
appropriately tempered or modified by engineerindgement and
experience, are then used in the decision makingess as to what
constitutes the most appropriate designs.
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Engineering judgement and experience play an iategte in
geotechnical engineering analysis and design; ey vital for
managing safety (risk) of geotechnical structuréere will always
be a need for judgement, tempered by experiencee tapplied to
geotechnical testing, new technologies and todsicertainties in
loads, engineering properties, models, identifigatof potential
failure modes (limit states) and geotechnical ptahs all need to
be considered collectively in achieving an adequeel of safety
(reliability) in the design. The role of the gedtaical engineer
through his or her judgement and experience, aatidhothers, in
appreciating the complexities of geotechnical béhav and
recognizing the inherent limitations in geotechhteating methods,
models and theories is of considerable importance.

2.2 The Geatechnical Circle Concept

For any given project, geotechnical testing isrgegral component
of a successful design and in satisfying overaijqat requirements.
Figure 2 shows the relationships that generallgte®rr projects.
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Figure 2. Geotechnical Circle Concept (from Beckeé¥130

Testing and design lie at the kernel of the proog#h specific
needs and requirement of the project influencing firocess.
Important inter-relationship exist between field dafaboratory
testing, with linkage between them provided by titutse
relationships of the ground being investigatedeld-investigation
and in-situ testing results provide not only dirdesign information
and parameters, but also provide data requireefioelappropriate
test conditions in the laboratory. An example bfstis the
measurement of the coefficient of earth pressumestt K, in the
field for use in specialized strength-deformatiabdratory testing
such as anisotropically consolidated triaxial testsaboratory test
results, in turn, provide data to assist in propealuation and
interpretation of in-situ test results.

The Geotechnical Circle concept was first used lgyatthor
and his colleagues in the early 1980’s when charaatg Beaufort
Sea clays towards demonstrating distinct charatiesi found to
exist in these clays (Jefferies et al. 1987, Becakeal. 2006a).
Similar concepts relating design, testing and asislyhave been
presented and described by others in the techlitiesdture; notable
examples include Peck (1980), Burland (1987), Rardadpd
House (2001), Graham (2006) and Mayne et al. (2009)

The above process is iterative; as data are cetleand interpreted,
it is often necessary to make changes to the maaleladditional

data collection may be required. During the aseess of data, one
can'’t ignore data simply because they do not &tdkeneral trend or
expected behaviour. If it is concluded after thiio evaluation that
the test was carried out properly, the test resulist be kept. Good
test data always tell something or suggest whexe toelook and

investigate. Apparent anomalies often provide mesight and the
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stimulus or justification to further investigate darrefine the
geotechnical model towards obtaining a better wtdeding of the
ground characteristics and expected behaviour. di$eepancy or
anomaly may be indicative of special or unique b&ha. An
example of this is the hypothesis and subsequerificetion of

unusually high K values in Beaufort Sea clays through the use of

in-situ self-boring pessuremeter testing and laiooyatesting as
described by Jefferies et al. (1987) and Beckel. ¢2@06a).

2.3 Philosophy and Framework of Geotechnical Testing

Testing and results obtained should not be viewsedraentity in
isolation from other components of the geotechnileslign process.
In most cases an appropriate combination of in-disting
(including geophysics), sampled boreholes and &boy tests on
representative samples provide for suitable eviaoand definition
of a representative geotechnical model. It needs be
acknowledged that the quality of test results olgdi is
commensurate with the extent of thought and effgplied in
planning and performing in-situ and laboratory gestSuccessful,
cost-effective geotechnical characterization caty omsult from
thorough and thoughtful planning and implementatiohack of
adequate and thoughtful planning, an incompleteetstdnding of
fundamental soil or rock behaviour, and not havingonsistent
theoretical framework in which to assess, interpred interrogate
test results are probably the main factors thatl leawrong or
misleading results. All of these conditions hawmnsequential
potential impact (i.e. detrimental effect) on thmjpct in terms of
inadequate or wrong design, undesirable surprisesingl
construction, time delays, additional costs, loaigrt maintenance,
and loss of licence and confidence by regulatorenaigs.
Additional information and discussion on these atpare provided
in authoritative references (e.g. British Standdrdsitution 1981,
Site Investigation Steering Group 1993, Hong Kongv&nment
1996, Becker 2001, CFEM 2006, FHWA 2002).

Throughout his consulting practitioner career, ¢hghor has
used critical state soil mechanics (CSSM) concepdsfeamework,
including state parameter for sands (Been and @edfet985,
Jefferies and Been 2006), yield envelope/effectivess path
(YE/ESP) approach for clays (Folkes and Crooks 1@850ks et al.
1984, Becker et al. 1984) and the relationship betwaverage
mobilized undrained shear strength,)(sand preconsolidation
pressure ) as § = 0.22¢’, (Mesri 1975). The application of
these considerations for assessing and understafigdiamental
ground behaviour has been very useful and instrtahén the
implementation and execution of hundreds of prgjelsbth routine
and complex.

The CSSM framework is used by many researchers ghmu
the world. Readers of this paper, in particularcfitianers, are
encouraged to adopt a critical state soil mechafimsiework to
achieve and enhance the development of meaningfsling
programs and improved geotechnical design in thejects.
However, although CSSM has many advantages andvarpteack
record, to date it is not commonly applied in pi@in many parts
of the world for a variety of reasons that are distussed herein.
Nevertheless, it is important that, for the benefft projects,
practitioners work within a suitable theoreticarfrework. It does
not need to be CSSM based if the practitioner hasbeen so
educated or trained and as such is not comfortablesing these
concepts. It is more important for a practitiob@mnwork within a
mechanics framework compatible with their educatioaining and
experience, than to say it must be CSSM based. pdim is that a
suitably consistent theoretical framework shouldagis be applied
by the practicing geotechnical engineer when tgssra key part of
geotechnical design of a project. There needset@ lveason for
each geotechnical test, whether routine or speeidi that is
performed during execution of a project. Furthenohe expected
relationships between tests and their results teebd understood in
order for the test program results to be fully iradgated and
demonstrated to be consistent, reliable and reprabes. It is
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through this process that the credibility and f8lity of the
engineering properties and parameters can be isttath) and for
reliable analysis and design to be achieved.

Quality is everyone’s responsibility. The achieesin of
technical quality is realized when each personlireain the testing
program (field, laboratory and engineering) do rthpart with
appropriate care and scrutiny. Effective teamwerperience, and
a knowledge and awareness when a test result deggear to “fit”
are essential.  The design and implementation suecessful
testing program require a thorough knowledge dbfacthat control
or significantly affect engineering properties addaracteristics.
The limitations of each type of test (field anddedtory) must also
be known so that the most appropriate (in termtediinical merit
and economic considerations) tests are carried fauta given
project.

2.4 Geotechnical Testing Flowchart and Consider ations

The testing process is summarized on Figure 3 wétidws that the
process is iterative in nature. A large part of tterative process
should take place during the field program, thoitghations in the
laboratory will assist in improved characterizatmfrthe ground and
the geotechnical model. As data is obtained atetpreted, it is
often necessary to make adjustments to the modeladditional

data collection is required.

Understand Client's / Owner's Needs and
Project Requirements and Criteria

Identify Testing Program Objectives and
How They Fit with the Overall Site
Characterization Purpose

v

‘ Review Existing Site Information ‘
v

‘ Develop Conceptual Geotechnical Model ‘
v

‘ Design Testing Program ‘

lterative Process

Modify Testing
Program As-Required

Collect, Analyze, and
Interpret Data

Interrogate Data and
Confirm Consistency Within No

Theoretical Framework
Scope Change
Indicated?

Figure 3. Geotechnical Testing Process Flowchart
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and Deemed Reliable?

Report Findings and Establish
Geotechnical Model

Standard procedures and careful attention to detast be
carried out. For quality laboratory testing, gooddisturbed
representative samples must be used (i.e. thetiiesohly as good
as the sample and care taken in performing thég. tdst addition,

structure or the applied loading from the structireluding the
effects of construction and groundwater conditicthgring the
service life of the proposed structures (Becker Bp06

Engineering judgement and experience assist isdleztion of
an appropriate characteristic value. For spreadifgs and raft
foundations, the volume of affected ground (zoneirdfuence)
could be taken as the stress bulb associated hattiobting or raft
foundation. Factors that need to be considerednvetedecting a
suitable characteristic value of a geotechnicapery or parameter
include: stress path imposed by the test relatvékely stress path
imposed by the proposed structure; strain ratectsffeanisotropy;
fabric and structure (e.g. presence of varves);lesaftfects
(e.g. intact strength of small sized samples orsonesl by in-situ
tests relative to the spacing of factures of fissun the ground);
and other relevant factors.

It should be noted that a substantial amount dfdat is not
necessarily a good thing. Emphasis should be glaneguality not
quantity. It is better to have only a few goodadabints than lots of
data of poor and questionable quality. There titelibenefit of
having data from a large variety of tests for aegiyproperty (e.g.
undrained shear strength) & the quality and relevance of each test
type are different. For analysis and design, dralsl only report
and use test results that are known to be of gamalitg and
appropriate for the property or parameter to beerdahed. For
example there is little merit in reporting field ne test or
consolidated anisotropically undrained triaxialt tessults (higher
quality) on the same graph as laboratory torvane pocket
penetrometer test results (known poorer quality).

Laboratory tests should always be carried out toukite as
close as possible or practical, the in-situ andoseg loading
conditions. The types of test and effective stygeth imposed on
the specimen during testing should be represestativmost likely
field conditions to be imposed by the proposed Wgpraent. For
example in triaxial testing, the use of a back gues approximately
equal to the in-situ porewater pressure is recondeen
Additionally if the value of K is anticipated to be significantly less
than one, a few anisotropically consolidated testould be
performed in addition to standard isotropic cordaifd tests to
examine the influence of horizontal (radial) strebsthe experience
of the author and as reported in technical litemtthe effect of
anisotropic consolidation has more influence on suesd
deformation parameters than on measured strength.

25 Useof Statistical M ethods and Reliability Theory

Reliability and probabilistic theory constitute aykeasis of limit
states design based codes that have become mandator
geotechnical aspects of foundations, retaining svalhd other
applications in many countries throughout the wdeld). Eurocode,
AASHTO Bridge Code, Canadian Highway Bridge Design Code
and others). The use of these concepts is intémgithle appropriate
selection of characteristic value for geotechnipabperties and
design parameters (Becker 1996a and b, Phoon €t08Band
Becker 2006b).

The use of formal statistical techniques to anatiieeresults of
laboratory and in-situ tests to determine realistEan and standard
deviation values (which define coefficient of vaéda) of
geotechnical parameters is recommended. Geotedlamgineering
practitioners need to better embrace these tootb @mncepts.

due consideration must be given to assess thadtiffes and scale Reliability analyses are being carried out much nfoequently in

effects between sample size and full scale fieldab®ur. These
and other aspects are to be captured by the “deaisic” value

geotechnical practice and will eventually beconamdard practice.
In-situ testing readily lends itself to statistieald probabilistic

that is cited in limit states and reliability baseeisign codes. The methods as large quantities of reliable data caprbduced by the

characteristic value reflects the geotechnical resmi's best
estimate of the representative or operational vafue geotechnical
parameter/property that controls a specific limtats. The
magnitude of the value selected needs to takegietount all factors
that potentially have influence on ground behaviwithin the zone
of influence (i.e. volume of ground) affected bye tiproposed

in-situ probes and data acquisition systems. T8eeaf geostastic
and reliability based design for geotechnical eegiing

applications are discussed by Harr (1987), Kulhd®§92), Tang
(1993), Meyerhof (1995), Fenton and Griffths (2088 in many
other publications.
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3. EMPIRICAL CORRELATIONS

Geotechnical engineering has a rich history in iarembodied with
the use of empirical correlations. Numerous catighs between
test type and engineering properties and paramédtave been
developed over the years. In particular, a congnsive summary
of commonly used correlations for laboratory anekito tests is
provided by Kulhawy and Mayne (1990).

3.1 Engineering Property Estimates and Comparison of Data

In many projects it is not feasible (from a budgethomic
perspective) to measure all soil properties/pararsetequired.
Therefore, estimates of engineering properties hedé@ made from
other available data such as the results from &bor and in-situ
tests. Empirical correlations are also very usefmtl insightful
towards establishing consistency and reliabilitypodject specific
test results. Although existing correlations aseful as a database
against which project test data can be comparedagsess
consistency and validity, care must be taken toumnsthat
appropriate correlations are being used and they dapture the
essence of behaviour. The source, extent andalimit of each
correlation should be examined carefully so thatagolation is not

Table 1. Methods of Measuring Undrained Shear §tren

1. In-situ Vane Strength
(FVT)

2. In-Situ Piezo-Cone
Penetration Testing (CPU)

Reliable but generally limited to
soft to firm clays.

Requires interpretation.
Provides useful and reliable
information.

Requires interpretation. Useful
for stiff to hard clays.

Subject to sampling disturbance
effects-underestimates strength.
Some disturbance effects, likely
underestimates strength.

3. In-Situ Pressuremeter
(PMT)

4. Laboratory Unconfined
Compression (UC)

5. Laboratory
Unconsolidated Undrained
(UU) Triaxial Compression
6. Laboratory Consolidated
Undrained Triaxial
Compression (CIU/CAU)
with Porewater Pressure
Measurement

7. Consolidation
(Oedometer) (C)

Most versatile of laboratory
tests and provides useful
information, but can
overestimate strength.

s, = 0.22¢'is a reliable
estimate of average mobilized
strength

made beyond the intent of the original boundaryditions. Local
or site-specific calibrations, where available, preferred over the
broad, generalized correlations. Many of the dati@ns reported
in the literature have been developed from tesh datt relatively
insensitive clays of low to moderate plasticity amdunaged quartz
sands reconstituted in the laboratory. Extrapatatof these
correlations to “special” soils (such as very swftl organic clays,
sensitive clays, fissured clays, cemented soilsacgous sands and
collapsible soils) should be made with particularecand scrutiny
because the existing correlations may not applythlese soil
deposits. The same caution should be exerciseghinte areas and
where no prior experience has been gained.

Comparisons with existing correlations help in asisesif the
ground at a given site is likely to display simitdraracteristics and
behaviour as ground that has been more thoroughkiBstigated in
other projects, or as documented in the technitadature. If a
project specific test result does not conform wiib existing well
established correlations, it does not mean nedbsghat it is
wrong. The noted discrepancy may be indicativespécial or
distinct ground behaviour and performance. Sudtrdpancies
should be resolved satisfactorily to confirm thatgmtial risks to the
project are within acceptable levels.

Particular care and scrutiny need to be placedssaessment of
undrained shear strengtl) which is not unique, but is a function of
type of test and effective stress path inducediwithe clay during
testing. Woo and Moh (1990) provide an excellemhsary of how
undrained shear strength is related to test typed stress path
considerations for clays in the Taipei Basin.

A wide variation in g can be measured. Which value is mos
appropriate will depend on the field loading coiwdis and field
effective stress path to be imposed by the projébidrained shear
strength is also influenced by: rate effects (hew fast test is
carried out — generally, the faster the test, tighdr the measured
s, initial stress conditions (i.e. value of,Kand OCR); and
anisotropy in terms of fabric and stress path. I§dbsummarizes
the merit of commonly used tests for measuring ainéd shear
strength. The combined use of in-situ tests swchiedd vane and
piezo-cone penetration tests (CPT) and laboratesystsuch as
oedometer and undrained triaxial tests can prowdgeropriate
determination of g

3.2 In-Situ Testsand Design Parameters

The results from in-situ tests are usually intetguate for the
determination and assessment of the following eraging
characteristics of soils:

soil profiling and classification;

strength parameters such as undrained shear s$trehgtays
and effective friction angle of sands;
deformation and stiffness characteristics such aduhs of
deformation, shear modulus and maximum shear medulu
(static and dynamic);
initial states such as density, relative densitgtesparameter,
in-situ horizontal stress (K stress history (OCR or pre-
consolidation pressure) and sensitivity;
hydraulic characteristic parameters such as
conductivity and coefficient of consolidation; and,
direct design applications such as foundation bgacapacity,
pile capacities, ground improvement control andification
and liquefaction potential.
Most of the interpretation of in-situ test resuftis engineering
properties and parameters, and for direct desigrlicapions, is
based on a semi-empirical and correlation approdtie correlation
and/or interpretation should be based on an apjateptheoretical
framework and a physical appreciation and undedgtgnof why
the properties can be expected to be related.cdtielations should
capture the essence or first order controlling atéfeof the ground
Fonditions and behaviour during in-situ testindnenfluence of the
time and duration of loading must also be taken aatcount when
developing correlations. Time and hydraulic conihity govern
development of excess porewater pressure thaturim governs
whether total stress (short-term, undrained) aratiffe stress (long-
term, drained) parameters are appropriate. The ¢fpgest should
consider rate of loading effects if it is to relalyepresent field
behaviour. If the soil response is essentiallyraimtd, the test
results should be used to infer or interpret uma@icharacteristics
such as undrained shear strength. The results iefo{gzone
penetration tests (CPT) tests should, thereforeudmd to infer
undrained characteristics in clays and drainedrperars in sands.
Similar consideration should also be given to tlegrde of
deformation or strain induced in the soil duringtieg. For
example, an in-situ test which imposes very smafbdnation in

hyidraul

the soil is best suited for interpretation of snsithin response and
in-situ stresses. In contrast, in-situ tests whioipose large
strain/deformation in the soil, such as the CPT prebsuremeter
tests (PMT) should be used to correlate with stiteagd other large
strain behaviour. Multi-stage or indirect corredas should be
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avoided wherever possible because they compoundseand often
mask controlling factors.

Interpretation of the commonly used field vane shesst
(FVT) provides an example that demonstrates theoitapce of
considering key factors that influence strengtthe FVT has been
used as the reference test for assessing calibriadors for other
in-situ tests such as the CPT. Traditional cofi@hs involve soil
index properties and FVT strength normalized witspect to
vertical stresses. Undrained shear strength depemdhe effective
stress regime that controls strength on the mailiailure surface.
Approximately 90 % of the total resistance measurga@ standard
field vane is provided by the vertical circumscdbfailure surface.
Consequently FVT results are dominated by the sthempbilized
on that vertical plane. In turn, it is the hori@nin-situ effective

stress (i.e. K and yield stress that is expected to predomipatel 0

control FVT strength. Yet, to date, vane strengilrelations have
been considered primarily in terms of vertical s$ees only.

Becker et al. (1988) discusses an interpretationtder FVT
within generalized state concepts characterizeddtir horizontal
and vertical effective and yield stresses. Thetrodling influence
of horizontal stresses was demonstrated usingotelidata from 14
clay deposits, which exhibited both strain-softgnand non-strain
softening stress-strain characteristics from diffier countries,
including back-analysis results of average mohiligerength during
embankment failures. The controlling influencekgf (horizontal
stress) and OCR is indicated by the relationshipsvshan Figure 4
through a comparison of the scatter in the plodi@@. The effect of
K, is embodied within the expression for mean ambstrass, J,
as follows:

P Fpg

I,= [1+2Kan )
The data plotted in terms of I(Figure 4a) display a well-defined
narrow band compared to the data plotted on Figbren terms of
ovwo only, suggesting that first order (primary) effechave been
better captured when horizontal stress is congidere The
normalized strength {&,,) is represented well by the well-
established expression where nc and oc stand fomaly
consolidated and overconsolidated conditions, &gy, and the
value of m is approximately 0.8 for a wide rangelafys (Ladd and
Foott, 1974). A normalized strength of about G28emonstrated
for normally consolidated condition, which is catent with
theoretical considerations and approximates thatiogiship g =
0.226,. Additional supporting evidence of the primarffeet of
horizontal stress on FVT strength is shown on Fdur

(8/0v0") oc = (8/6v0") e OCR" 2
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correlation (from Becker et al., 1988)
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Figure 5. Comparison of normalized FVT strengtthvaiperational
strength at failure during field testing (from Becke¢ al. 1988)

The traditional interpretation involving the classi Bjerrum
correction factor is shown on Figure 5a where vatrength is
normalized relative tos,’ (vertical yield stress). The range in
operational strength based on back-analysis dfirisl as reported
by Larsson (1980) is also shown. It is seen thahynof the
measured field vane strengths fall outside of tlaekianalyzed
range in operational strength. However when thmesdata are
plotted in terms of horizontal yield stress,, a well-defined narrow
band in the data exists and are within the backyaed range in
operational strength. This striking comparisordii§icult to deny
and strongly indicates that horizontal stress regigoverns
measured field vane shear strength.

The above discussion demonstrates the importaneg¢ th
meaningful empirical correlations need to be baseda physical
understanding of the test conditions and a suitdigeretical basis.

Numerous correlations between the results of in&sts and
engineering properties and designs have been gmaland are
used in practice. The choice of the most suitatderelations
depends on the property or design application beargidered, the
experience and background of the engineer, and Istzde-of-
practice. The correlations available have beemtified and
discussed by several researchers and have beenlifeet of many
national and international conferences and spgciajtmposia
(e.g. Jamiolkowski et al. 1985, ASCE 1986, ISOPT8198inne et
al. 1990 and 1997, ICE 1996 and ISC 1998Becker (2001),
FHWA (2002), Ladd and DeGroot (2003) and Maynelet2009)
also provide a summary of the applicability andfuleess of the
more common in-situ tests for the assessment ofneegng
properties and design applications.
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3.3 Key Factors Controlling Soil Behaviour

The engineering properties and behaviour of clagls are largely
controlled by void ratio, stress history and inisitresses (i.e. the
“state” of the soil or the degree of overconsolmat (OCR)).
Reliable definition of the stress history of a cliayimportant in
quantifying and understanding its stress-straingeldyi and
compressibility behaviour. Definition of OCR requireeliable
interpretation of the preconsolidation pressure.urttfermore,
knowledge of the in-situ, geostatic effective sretate ¢,’, ono,
(or Ky)) is important because it provides necessaryrinédion for:
(i) appropriate interpretation of in-situ test d&fig reconsolidation
of laboratory specimens for stress path testingaihdr laboratory
strength-deformation tests; (iii) a starting pdimt analysis; and (iv)
a general better understanding of fundamentabsbiaviour.

The following sections summarize key findings oh¢al from
the results of applied research project work penéamt on Beaufort
Sea clay by the author and his colleagues. Itsis demonstrated
that the findings are applicable to many other radittiays.

3.3.1 Preconsolidation Pressure and I n-Situ Stresses

Traditionally, preconsolidation pressurg] is determined from the
results of the standard oedometer test. Variouthads for the
interpretation ofo’, from the void ratio (e) — logarithm of vertical

effective pressure (log,’) relationship are available. In general,

these methods are satisfactory for soils that éxhib e-logo,’
relationship with a well-defined break in the vigin of o',

However, for rounded e-log,’ curves, such as those typical for

Beaufort Sea clays and other on-land clays encaeohtey the
author and his colleagues, there is considerabbertainty in the

estimation ofc’, using methods such as the classical Casagran
construction. Frequently ,is reported in terms of a probable valueo

with an associated range of possible values. 8ityjlprediction or
evaluation of clay behaviour is also subject to ange of
interpretation, which is not particularly helpfuh ianalysis and
design. For these clays an alternate method f@rméingc’, was
needed. This was achieved through the use of & wer unit
volume (W) criterion to define the onset of yielginn the
oedometer test (Becker et al. 1987). In this metltoel cumulated
work per unit volume is plotted against the veltietiective stress
at the end of a given load increment using aritionetale axes.
The incremental work done during a given load in@®et can be
calculated as:

AW = (%j x (e -c) -

communication, FHWA-IF-02-034, 2002, Ladd and Degiro
2003). In addition, Grozic et al. (2003) compasgdtematically a
variety of methods reported in the technical litera for

determining preconsolidation pressure and concludatthe Work
method was one of two methods that: (i) producee thost

consistent results overall; (i) was the most giiforward to

interpret; and (iii) provided the best agreementthwiactual

preconsoldation pressure values.

A typical e-log o, curve obtained from a conventional
oedometer (load increment ratio, LIR = 1) on a rafualmost
normally consolidated Beaufort Sea clay specimeprésented in
the upper plot on Figure 6. The probable valueb{Casagrande
construction) is also shown together with a ranf@assiblec,
values. The lower plot on Figure 6 shows the saptometer test
data but interpreted in Work; space using the Work method. The
data at low stress levels are shown at an expasaidd and indicate
that a linear relationship is a good approximatioimilarly, the
data at high stress levels define a second linelationship. A
distinct vertex exists between the two linear teentthis vertex is
defined a5, (0,y). The mapping of oedometer data in Wousk-
space to define,” has the added advantage (over conventional log
o, presentation) that stress is plotted on a aritiorecale, which
increases the level of interpretation precision.

3.3.2 OCR and Preconsolidation Pressure Correlated to CPT
Tip Resistance

Many correlations between OCR and the results framQRT have
been developed and reported in the technical titezasince about
the mid-1980s. Figure 7 summarizes the correlatieveloped by
%PEe author in the early 1980s for the Beaufort Sagsdnvestigated.
e correlation is based on a direct comparisoithefresults of
CR measured on quality samples in the oedometeratekithe
CPT normalized tip resistance measured at the skawatien of the
oedometer sample. The preconsolidation pressgireand OCR
were interpreted using the Work approach. OCR itquloon a log
scale to reflect that the state of clay is reprekriy OCR (i.e.
stress difference between the preconsolidationspresand in-situ

current vertical effective stress (leg — 109 6,,)).
The tip resistance,,qused has been corrected for unequal area
effects. A normalized tip resistance®, dyas been used where
g = (a4 =)o (4)

I, = effective mean stress = (1+9K,, /3

|, = total mean stress
The above normalized tip resistance is similar lie t

Wherec'.; andc’; are the effective stresses at the end of thgonventional normalized tip resistance expressedrins of vertical

i+1 and i loading increments, respectively:1 ande; are the natural
strains at the end of the i+1 and i loading incnetneespectively. It
is noted that the above expression, when cumuiated the stress
range of the test, corresponds essentially to tha heneath the
stress-strain curve of the oedometer test. ThekWoethod is
therefore also referred to as the Strain Energycau.

In the Work method, the work done per unit volumeised as
a yield criterion to define, in an unambiguous nemrhe change
from small strain response to large strain resporBecker et al.
(1987) demonstrates that this vertical yield stregs, is equivalent

to the preconsolidation pressusg. It was also demonstrated that

stress as:

G = (4 —06v)/ove (5)
Mean effective and total stresses were used tapocate the
effect of K, which, as described earlier, tend to be higherstame
Beaufort Sea clays than for other clays for whictraations have
been developed. The correlation presented on €&iguican be
represented with reasonable accuracy as:

OCR = 0.4q¢= 0.4(q — lo)/l, (6)
The above equation when the value gfi&taken into account

horizontal yield stresses could be interpreted ftbenresults of test c@n be expressed in terms of preconsolidation press,, and

specimens that were trimmed at 90 degrees to thal i®rizontal
orientation (i.e. vertically). An interpretatiom estimate current
effective vertical and horizontal stresses (i.g) I§ also described
by Becker et al. (1987).

Although the Work approach was developed specifict
facilitate enhanced interpretation g¢f for Beaufort Sea clays, its
use has been subsequently proven valid for manyralatlays
throughout the world. Many researchers and pianéts now use
and advocate the use of the Work method as orfeeahbst reliable
methods for estimatingo, (C.C. Ladd 2002 personal
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vertical stress as approximately:
0p =0.30 (g-0y) for K, =1.5 )
Op =0.24 (g- 0yo) for K, = 2.0 (8)
The above expressions fog' are similar to the well established
correlations generally expressed as: g, = f (¢ - 0y0) 9)
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AL B R AR L e BB project data are from oedometer tests performedquatity samples
§ Tl recovered from boreholes located close to the QR/Estigated
0.9\ — Ranga in (73 (Casagrande) | locations in order to obtain a high degree of dioeenparison
77777 €,=0.828 + (7, probable (Casagrande) .
2 osf ¥ 7 ) . 3.3.3 In-Situ Undrained Shear Strength
g 07k BEAUFORT SEA SILTY CLAY i The in-situ undrained shear strength is usuallgss=d from CPT
g EEngi;jﬁm below sea bed data by
e eef;}i:a N Su = (04— 6vo)/Nk (10)
0.5 L . ‘””150 Ll b d where g = tip resistance corrected for unequal tip area
VERTICAL EFFECTIVE 8TRESS, O, (kPa) o, = total vertical (overburden) pressure
180 T T T T T T
W | Ny = “cone factor”
< The reference strength selected was that of thiebsghg
MaE =™ pressuremeter (SBP) and field vane tests (Beckei. e2086a).
120 = 8 {7}, = 220kPa E Figure 8 demonstrates the importance qf iK the rational and
e 4 consistent interpretation of CPT data. The value©GR were
3T, A based on the results of oedometer tests. The valfieX, were
Tef o ™ o Esgg mpgﬂ 500 600 based on the results of SBP tests and §upplempyt&té regults of
: laboratory oedometer tests on vertically trimmedecépens,
80 - ] according to the procedures described by Becket. €1.887) and
40 | See detail above i 2006a). An appropriate selection of dhould take Kinto account.
(7!, = 220kPa Moreover, this figure illustrates that within a tmgical unit, for
20 7 which K, is reasonably constant, Mill also be practically constant.
0 N O S T TR T As an alternative approach, the reference undragtezhgth
O 200 -400 '600 800 1000'1200°1400'1600 1800 2000 was taken as,s= 0.22c,. It was found that the resulting values of
VERTICAL EFFECTIVE STRESS (kPa) N, are very similar to those presented in Figure 8.
Figure 6. Determination of yield point using Wdvlethod It is also noted that values of undrained sheangth can be
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Figure 7. CPT Interpretation of OCR

obtained from the interpreted OCR value from Figureusing
s, = 0.225,’ or rewritten as g= 0.22 6,,/OCR).

4. GEOTECHNICAL TESTING APPLICATIONS

Testing is a key integral component of site chardzation and is
also essential in:

« design improvement and efficiency of design;

¢« design performance verification for geo-structural
elements such as ground anchors, micro-piles, misteel
piles, bored cast-in-place piles, jet grouted calsnand
other ground improvement technologies and processes
and,

e Quality Assurance and Quality Control (QA/QC) for
earthworks, foundations, ground improvement, ratgin
walls, etc.

The commonly performed tests in practice includéotatory
tests; in-situ tests; field performance tests; masnodelling tests;
and tests as part of instrumentation and monitoribyie to page
limitations, this paper will discuss only threetbé above primary
test types.

4.1 In-Situ Testing

In-situ testing is a category of field testing esponding to the
cases where the ground is tested in place by msints that are

inserted in or penetrate the ground. In-situ tests normally
associated with tests for which a borehole eitbeminecessary or is
only an incidental part of the overall test proaeguequired only to
permit insertion of the testing tool or equipmerithe in-situ tests
that are most commonly used in practice are thendara
Penetration Test (SPT), field vane test (FVT), ¢ieane
penetration test (CPT), pressurementer (PMT) andtaileter
(DMT). Other common field tests include plate legrtests,
spumping tests and other tests to determine hydraanductivity,
and geophysical surveys. The applicability of éhésssts together
with their advantages and disadvantages are sumadaby Becker
(2001), CFEM (2006and Mayne et al. (2009).

The value of f reported in the technical literatva@ges from
0.28 to 0.33 (Kulhawy and Mayne 1990, Mesri 2001d ®emers
and Leroueil 2002). The correlation developed afiififor Beaufort
Sea clays appears to be consistent with other ghedi correlations
that consider only vertical stress. Neverthelésss opined that
CPT interpretation in terms of mean stress (i.esictmming K) is
more rational, especially for clays that may exhidgh K, values.
An approach to assess, ftom CPT porewater pressure results i
described by Dittrich et al. (2001).

Since the initial development of the relationshipown in
Figure 7, the author and his colleagues have fahatproject data
from many natural clays fit within the scatter bafdBeaufort Sea
clay data. Some of these data are also plotteBigure 7. These
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Table 2. Summary of Advant

Becker et al. 2006a)

ages and Disadvantaghs Situ

Testing

The role of specialized, in-situ testing for sitearacterization
and the research and development of in-situ teclesidpas received
considerable attention over the last 25 years or 3te use of
specialized in-situ testing in geotechnical engimee practice is
rapidly gaining increased popularity. Improvemeimsapparatus,
instrumentation, technique of deployment, data eitipn and
analysis procedure have been significant. Thedlraggrease in the
number, diversity and capability of in-situ testshmade it difficult
for practicing engineers to keep abreast of speeilin-situ testing
and to fully understand the benefits and limitatiofable 2
summarizes the primary advantages and disadvantagessitu
testing. The description and applicability of widange of
geotechnical in-situ tests for soils have been sarzed by
numerous researchers in technical symposia ance@ndes, and
reported in the technical literature.

4.2 Field Performance Tests

Field performance (full-scale) tests
construction efficiency include:

pile axial loading testing (e.g. Osterberg O-C@&8tatnamic and
Pile Driving Analyzer (PDA));

lateral load tests on piles;

tensile and compression axial testing on microspidend,
tensile axial load tests on ground anchors.

The use of the above tests during design allowsiésggner to
use higher geotechnical resistance factors asfigakai limit states
design based codes or lower global factors of gafetworking
(allowable) stress design because an increasealef@nfidence,
certainty and reliability is obtained through théssts. However, to
take full advantage and increase design efficietioy,tests should
be taken to failure so that the ultimate value ebtgchnical
resistance components such as skin (bond) resistand end-
bearing resistance are measured (e.g. an appspridésigned
Osterberg O-Cell test). If failure is not inducadtidg testing, the
test results essentially only confirm, albeit tchigher degree of
certainty (reliability), the design basis and aiptted performance
of the structure. These tests may be viewed asf pests. If the
failure load is not measured (reached during tret),te¢here is
reduced opportunity to refine the design to itsaggst potential by

to achieve igtesand

Advantages

Disadvantages

shortening the piles or making them a smaller S&&th or

« Tests are carried out in pla
without sampling disturbanc
which can cause detriment
effects and modifications t
stresses, strains, drainage, fah
and particle arrangement.

« Continuous profiles of
stratigraphy, engineerin
properties and characteristi
can be obtained.

e Detection of planes o
weakness and defects is mq
likely.

e« Samples are not general

e obtained; the soil teste

al cannot be positively

b identified.

rie Fundamental behaviour ¢
soils during testing is not we
understood.

g « Drainage conditions durin

Cs testing are not well known.

» Consistent, rationaf
f  interpretation is often
re difficult and uncertain.

e« The stress path impose

e Methods are usually fas
repeatable, and produce lar
amounts of information and ar
cost effective.

during testing may bear n

induced by the full scalé

engineering structure.

* Tests can be carried out
soils that are either impossib
or difficult to sample without
the use of expensive specializ
methods.

Most push-in devices are n
suitable for a wide range d
ground conditions.
Some disturbance is imparte
to the ground by the insertio

eck

* A larger volume of soil may

be tested than is normall
practicable  for  laboratory
testing. This may be mor

or installation of the|
% instrument.
e There is usually no direg

measurement of engineerin

diameter). The load test nevertheless has cordiriine design and
a higher geotechnical resistance factor can be unsddsign which
in itself significantly refines and increases aéfitcy of both design
and construction.

In many codes including the National Building CadeCanada

y
d

f

I 2000), the specified geotechnical resistance faftompile design

increases substantially with the use of static ditad tests
(e.g. increases from 0.4 to 0.6 — a 50 % increassyming that the
estimated failure load equals that of the meastaddre load).
However, this does not directly translate into a%0saving on
actual foundations because other factors of theatlvetructural
system need to be taken into account such as radapd pile
d spacing and other aspects.

O The reason for reduced design efficiency if a teshot taken to

J

resemblance to the stress pathfailure is explained by Figure 9 which shows a Hiietical axial

¢ load vs. Deformation relationship for load testsFigure 9a
corresponds to the case where the geotechnicalnesgihas
bt estimated an ultimate axial resistancg,(&timated), and no load
f test is performed. The initial portion of the plstin solid line to
represent the higher confidence in this portion tloé overall
d prediction. The design resistance is Q.4& per code. The
N remainder of the plot is represented by dasheds lite reflect
uncertainty (lower degree of confidence). Figute shows the
results of a load test taken to achieve failurde @esign resistance
t now becomes 0.6Rmeasured).

g

representative of the soil mass|

properties.
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(b) With load testing

v
Figure 9. Load-Deformation Response of a Pile
The hypothetical results shown on Figure 9 are comiim

practice in that the measured ultimate resistafaiuig) is often
higher than predicted. Significant design efficignis obtained

(e.g. Thomson et al. 2007, Skinner et al. 2008Lasv et al. 2008).
These case records and many others published intettteical

literature describe the tests and results obtaiaed, discuss key
design interactions.

4.3 Physical Modelling Tests

Physical modelling testing in geotechnical engimggris used
extensively despite of its high investment costs dgperimental
facilities and the current decline in computingtsaassociated with
high end capability numerical and analytical analyRandolph and
House 2001). Physical modelling includes testifigpad-response
relationships of reduced scale geotechnical elesranth as spread
footings and piles at |-g (gravity) conditions (ilew stresses).
Centrifuge modelling can simulate in excess of liétes gravity
conditions and produce more realistic (higher) sstrefields
associated with full-scale field conditions.

Physical modelling is used because sometimes theplex
nature of natural soils and rock can’t be captusafficiently by
analytical and numerical methods alone. Physicatetiing is
undertaken usually to assist in the investigatibthiiee-dimensional
effects, complex construction processes (e.g. s$nitture
interaction effects, performance of piles, anchoesaining walls,
pipelines, downdrag on piles, improved stabilityedto vertical
elements (e.g. piles, micropiles, etc.)), cyclia atynamic loading
effects (e.g. earthquakes, offshore foundation,),etreep, non-

because the failure load JRand the geotechnical resistance factotin€ar effects and other factors.

are higher, and thus the factored geotechnicalsteesie is
substantially higher than the no load test casews¥er, it should
be noted that sometimes the measured failure lsatkss than
estimated, but design still remains refined becaasehigher
geotechnical resistance factor can be used.

If the load test has not been carried out to failsay only to
twice the design resistance as is common in pectlee revised
design resistance would become Q.6@stimated), which is
significantly less then 0.6Rmeasured).

Without the benefit of a load test, the reliabildf the design
and foundation performance for the entire area tgioat) of
proposed development is a function of how close design

Testing at reduced, rather than full, scale is gdlyegoverned
by cost and budgetary constraints. It is importdnat, prior to
undertaking physical modelling, a clear understagdiof a
theoretical framework and what aspect of soil raspomay be
better captured through physical testing rathem tmumerical
analysis alone. Physical testing also assistslibrating numerical
and analytical models.

The Geotechnical Circle (or Burland’'s Geotechnicaaiigle)
is also applicable to physical modelling as disedssy Randolph
and House (2001). A key consideration of the viglidf reduced
scale physical testing is “scale effects” which éndpeen the source
of much discussion and debate in the geotechningineering

resistance (0.4R(estimated)) lies relative to the actual ultimatecommunity. However with caution and care, scafeat$ can be
geotechnical resistance (@neasured)). If the design resistance lie®roperly handled.

far away from R (measured), it is likely that the actual relidili
for performance would be higher than the relevattecspecified
target reliability, even considering ground varidpiand variability

Although physical modelling/testing is frequentlysed in
research, it is much less used in engineering ipeacexcept for
very high importance, significant projects, or thasf an applied

in ultimate geotechnical resistance.  However, hig tdesign research basis. Examples of the latter case iacladye scale
resistance happens to lie much closer to the meddailure load Prototype tests of pipes subject to frost heaveefstthat have been
(as would happen if Restimated) was significantly overestimated)and are currently being undertaken by Golder Asgesiin Calgary,
it is possible that actual reliability may be lésan the target value, Alberta, Canada for the pipeline industry (Liu et @004). Pipes
and some of the piles may not perform as well gisipated. with o_llameters as much as 400 mm are tested ira bbx that_
The above discussion is intended to provide insight contains 2 mof soil (0.9 m x 0.9 m x 2.4 m) and frame set-n@i
awareness that even with testing a degree of wiotrremains. It controlled low temperature (as low as -20°C) colémo The
is for these reasons and to truly refine desigitstgreatest potential results from these physical tests are used togetiternumerical

that load tests should be taken to failure as pérthe design Modelling to gain a better understanding of thiscpeal and
process. It is recognized that this is not alwiegsible and in these relevant soil-structure interaction process. Iditoh, recently the

cases proof tests should be carried out as pa@AIC during author and his.collea}gues have tested miniatua.t piles 'in simi]ar
construction. In the author's (and most likely anttpractitioners) €old rooms to investigate the effect of both statid cyclic loading
experience with the larger projects, the cost itnaésociated with ©On Pile axial performance with different soil-grepite interfaces.
load testing significantly offset the costs of iiegt which can be 1hiS work was carried out to assist in the desigrpetroleum
substantial for full scale testing. When presantine justification Production facilities in the Canadian Arctic. A heecal paper on
for such testing, it is useful to refer to the sem$ investments — not this work is under preparation. .
costs because clients and owners will then bettderstand why the Another example of physical testing undertaken doaace
tests should be performed. In practice the usalogcale load tests State-of-the-art and state-of-practice is the lasgale (1.4 m
is usually an economic decision and is normallyastaken when a diameter by 1.0 m high) cone (CPT) calibration chenthat was
large number of piles are to be constructed, otiserthere is developed and built by Golder Associates in Calgatyerta. This
usually no economic advantage in conducting this tes equipment, which provides radial, vertical and Ipaeksure stress
Full-scale pile load tests including Osterberg OCet control, and the use of a standard 60 degree mieae-
Statnamic testing programs have been implementeeheral large Penetrometer, was essential to the developmentat# parameter
projects undertaken by the author, including the federation for sands (Been and Jefferies 1985) and the intexe of state
Bridge (Becker et al. 1998) and other transportatjmojects parameter from CPT tip resistance (Been et al. 18861887a, and
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Jefferies and Been 2006). The cone calibration blearand results
of testing is described in Been et al. (1987b). teSgrameter is
widely used today in both research and practice igmiewed in the
geotechnical community as an important developmientthe
enhanced understanding of fundamental sand behaWoi 2008).

4.3.1 Centrifuge Modelling

Centrifuge modelling is also not carried out rougnen
geotechnical practice though its consideration @&l have received
increasing attention over the past 15 years ofT$e author and his
colleagues used centrifuge modelling and experitsesignificant
attributes and advantages during the analysis asiym of circular
and oval-shaped ring foundations for the approéfgat3 km long
Confederation Bridge that spans Northunberland Stoaitonnect
the provinces of Prince Edward Island and New Bruclswn
Atlantic Canada (Becker et al. 1998). The bridg¢hat time was
(and may still be) the longest, continuous, magpan bridge over
ice-covered water in the world. It was a desigileboperate and
transfer project. Pre-cast concrete 22 m diameter foundation
units were placed in water as deep as 35 m andbtiuge
superstructure is as high as 60 m above water.levidde high
eccentric loads and applied moments, imposed pitymay ice
loads, coupled with the complex and variable seftlimentary
bedrock posed significant engineering challeng@he integration
of test results from analytical/numerical methodsd gohysical
modelling (centrifuge) tests were used to investigpotential
mechanisms of foundation failure to examine how s¢he
mechanisms vary with changes in foundation and ithgad
conditions, and to refine the foundation designlysmis and design.
The centrifuge model tests were carried out by C-CORE
Memorial University of Newfoundland. Models wergilb at a
1/160 scale to simulate specific pier footings émandation rock
stratigraphy and were tested at 160g acceleratiDetails of the
centrifuge model preparation, test procedures, tastl results are
summarized by Kosar et al. (1996, 1997).

The centrifuge test results provided an improvedeustanding
of failure mechanisms in terms of failure surfagefife and its
depth, and on load inclination and eccentricityeet$. The results
showed that, under high eccentricities and asstiatduced
bearing area, the three-dimensional characteriatidsnfluence of a
loaded ring footing diminished to the extent thiat,some cases,
simple two-dimensional limit equilibrium analysi$ strip footings
was adequate to predict bearing resistance. litiaadfor failure
mechanisms associated with high eccentricities, wds not
appropriate to apply an inclination factor correntihat is based on
a failure mechanism associated with vertical logdamly. The
information gained from the centrifuge tests wasdu® refine the
design methodology for determining bearing resistaf ring
footings, as described by Becker et al. (1998).

5. CONCLUDING REMARKS

Testing is an inherent and integral part of thetggmical design
process; it should not be viewed as an entity olation from
analysis and design. The Geotechnical Circle caragplescribed
in this paper is a useful framework that providegdge between
the various components of geotechnical design amtuces its
iterative nature. Adequate planning and workinthimi a consistent
theoretical framework, such as critical state s@chanics and state
concepts, enhance the development of meaningflihgegrograms
and the assessment and interrogation of test sestilie design and
implementation of a successful testing program irega thorough
understanding and knowledge of the factors thattrobnor
significantly affect engineering properties. Tlmifations of each
test type must also be known.

The basis and
correlations that exist in the technical literatisleould also be
understood. Although three correlations can bey weseful and
insightful towards establishing consistency anébdlity of project
specific data, care must be taken as describedspaper to ensure
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limitations of the numerous empirical

that appropriate correlations are used and that ttapture the
essence of behaviour.

Correlations used or developed should be based ibabku
theoretical considerations and a physical applieciatand
understanding of expected behaviour and why thpegti@s can be
expected to be related. Correlations should bedbaseand capture
first order controlling effects as described in th@mples and case
records provided in this paper. In addition, thee wf formal
statistical methods and reliability theory to aselyinterrogate and
integrate test results is recommended.

Geotechnical testing is also a key integral pariadhieving
design improvement, design efficiencies and vergyperformance
of geotechnical structures and geo-structural corapts. It is
recommended that performance tests such as pietésts be taken
to failure (instead of proof tests) to maximize igesrefinements
and construction efficiencies. If the ultimate ggabinical resistance
is not measured there is reduced opportunity tmeedesign to its
greatest potential as described in this papemadny cases, the cost
benefits associated with full scale load testimgnificantly offset
the cost of testing. The tests should be desctibetients in terms
of an investment.

Physical modelling testing, such as reduced sa#ts tunder
normal gravity conditions and centrifuge tests,oalgrovides
insightful and beneficial results to projects ikithlimitations are
understood and the results used to complement tsedtdm
analytical and numerical modelling. The resultenfr physical
model tests when used together with numerical nliodeprovide
an improved understanding of soil-structure intéoamcand failure
mechanisms. They also assist in refining analstsdesign.
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