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Preface

Preface

On behalf of the Danish Geotechnical Society, it is a pleasure to welcome both Nordic
geotechnical engineers and other participants to the 16th Nordic Geotechnical Meeting at the
Tivoli Congress Center in the centre of Copenhagen.

The aim of the conference is to strengthen relationships between practicing engineers, researchers
and scientists in the Nordic region within the fields of geotechnics and engineering geology. You
are cordially invited to share your experience and knowledge with your Nordic colleagues.

Almost 100 papers have been received, covering 9 topics, and approximately half of these will be
presented during the meeting. We have also invited two keynote speakers, Dr. Brian Simpson and
Professor Paul Mayne, to give presentations. All presentations are included in this publication and
are available in digital format on a USB stick. We are very grateful to the authors of the papers and
to the reviewers for their work.

The organising committee would like to thank all who have contributed to the meeting: authors,
reviewers, presenters, chairmen and the members of the Danish Geotechnical Society who have
helped arrange the social events.

Last, but not least, we would like to thank all participants for coming to Copenhagen. We hope
that the meeting will be a positive experience for all.

Copenhagen April 2012

Morten Anker Jargensen Anders T. S. Andersen
Chairman of NGM 2012 Chairman of Danish Geotechnical Society
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Geotechnical site exploration in the year 2012

Geotechnical site exploration in the year 2012

P. W. Mayne
Georgia Institute of Technology, Atlanta, GA USA, paul.mayne@gatech.edu

ABSTRACT

The best available program for geotechnical site exploration involves a blend of rotary drilling
and sampling operations, laboratory testing, in-situ field tests, and geophysical measurements, all
taken within the context of engineering geology. Yet, this is only viable when sufficient allocations
of time and funds are available, i.e., large or critical projects. Thus, for the routine site
investigations of soils, it is recommended that use of hybrid geotechnical-geophysical methods be
adopted, including the seismic piezocone test (SCPTU) and seismic dilatometer (SDMTa), in order
to provide multiple types of in-situ data for analysis and design. Both tests provide up to five
independent readings with depth, thereby optimizing information gathered on the subsurface
materials in an expeditious and economical manner.

Keywords: field testing, geophysics, geotechnical engineering, in-situ testing, site
investigation

1 INTRODUCTION gained by use of geophysical techniques
and/or deployment of downhole in-situ
Each and every geotechnical project probes to measure specific soil parameters. If
requires a site-specific investigation to collect needed, rotary drilling can be extended into
data regarding the subsurface conditions. rock using diamond coring, carbide tungsten
This is because the ground conditions bits, and/or alternative percussive methods.
beneath a particular project location are Within North America, the standard tools
unique, having been established under the and procedures for performing subsurface
hand of Mother Nature. As such, soil investigations are documented by Mayne et
explorations must be made to determine the al. (2002). Here, each field and lab test
presence and identification of underlying approximately adheres to the guidelines and
strata, groundwater conditions, types of test methods specified by the American
geomaterials, their depths and thicknesses, Society for Testing & Materials (ASTM).
and the associated engineering parameters For the Nordic countries of Denmark,
required for geotechnical design (Simons, et Sweden, Finland, and Norway, general
al. 2002). practices and illustrative examples of site
investigations are given in Table 1. Ld&froth
1.1 Exploratory methods and geology et al. (2010) provide a concise and general
Of course, engineering geology plays an overview of the geology in the Nordic region,
important part in governing which tests are including discussions on the predominance of
applicable for site investigations. The bedrock and hard glacial tills that may be
conventional approach to site exploration has overlain by soft clays, organic soils, sands,
been accomplished using well-developed and sensitive-to-quick fine-grained deposits,
rotary drilling methods to create boreholes in some of which may be explored using cone
order to obtain small split-spoon drive penetration tests (CPT). The recent develop-
samples. Borings are created using solid or ment of windmill farms in the North Sea,
hollow augers, rotary wash methods, and/or Norwegian Sea, and Danish Sea has relied
wireline drilling. Detailed information can be heavily on site investigation methods.
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Table 1. Selected references concerning site
investigations in Nordic countries.

Country General Specific
Denmark Bonde glacial till
(2009); (Steenfelt & Hansen
Denver 1995)
(1995); silts and clays
Luke (Thorsen &
(1996) Mortensen 1995)
Finland Halkola & soft clays
Tornqvist (llander et al. 1999)
(1995);
Gardemeister soft clays
& Tammirinne (Karstunen et al.
(1974) 2005)
Norway Lunne & soft sensitive clays
Sandven (Lunne et al. 2003a)
(1995); loose sand
Senneset (Lunne et al. 2003b)
(1974)
Sweden Lofroth et al. soft organic clays
(2010); and gyttja (Larsson
Moller etal. | and Ahnberg 2005)
(1995); silts
Belrgdahl et (Larsson 1997)
"’I‘Dé(hllgsg glacial clay ti
(1974) (Larsson 2001)

1.2 Traditional site investigation program

For a comprehensive site exploration,
Figure 1 shows a program of soil borings that
involve the dynamic technique known as
standard penetration testing (SPT) which
includes a drive sampling approach to
procure small 38-mm diameter disturbed soil
samples. The SPT is more-or-less suited for
use in loose to dense granular and sandy
soils, with extended applications to stiff to
hard fine-grained geomaterials (Stroud 1988).

When soft to firm clay or silty strata are
encountered, the borings can switch over to
vane shear testing (VST) in which the
undrained shear strength (s,) and sensitivity
(Sy) can be assessed (Larsson and Ahnberg
2005). Alternative or supplemental in-situ
data can be collected using pressuremeter
tests (PMT) for modulus determination (E' or
E.), as well as strength (either ¢' in sands or
sy in clays), initial horizontal stress state (Po =
Gho), and limit pressure (P.), as detailed by
Briaud (1992), Clarke (1995), and Gambin et
al. (2005). Time rate of consolidation can be
evaluated using PMT holding tests to assess
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cyn = coefficient of consolidation. In addition,
pumping tests (PMP) can be implemented for
measuring the coefficient of permeability (k).

Geophysical crosshole tests (CHT) may be
conducted in parallel cased boreholes to
evaluate the compression wave (Vp) and
shear wave (Vs) velocities (Ebelhar et al.
1994; Wightman et al. 2003). The shear wave
profile allows the direct assessment of the
small-strain shear modulus (Gayn = Gmax = Go
= pt V& where pt = total mass density).
Therefore, it is not only valuable for seismic
site amplification evaluations and dynamic
analyses, but serves fundamentally as the
initial monotonic stiffness of soils, thus the
beginning of all shear stress vs. shear strain
curves (Burland 1989; Leroueil and Hight
2003; Clayton 2011).

1.3 Sampling and Laboratory Testing

In addition to small drive samples, the
borings also produce "undisturbed" thin-
walled tube samples that are transported to
the geotechnical laboratory. These samples
usually have nominal diameters (75 mm < d
< 150 mm) and lengths of about 1 m and
obtained for laboratory testing of the intact
soil materials under carefully controlled
conditions using various devices, including:
consolidometer, triaxial shear, fixed and
flexible walled permeameter, direct shear,
simple shear, bender elements, and resonant
column apparatuses. Lab testing on soil
specimens can take days or weeks or even
months in order to obtain numerical results
and needed information about the inplace
geomaterial stress state, compressibility
characteristics, soil strength, stiffness, and
hydraulic conductivity.

Of additional difficulty is the realization
that laboratory soil samples are often fraught
with issues of sample disturbance which is
unavoidable (Tanaka 2000; Lunne et al.
2006). In soft soils, improved results can be
obtained by using special samplers (e.g.,
Laval, Sherbrooke, JPN), however at great
cost and extra field effort. Moreover, the
local drilling operations and field procedures
can affect the overall quality of results of lab
testing, as documented, for example, for
projects situated in the well-known very soft
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Figure 1 Traditional site investigation practices and testing for large projects or critical structures

Busan clay (e.g., Steenfelt et al. 2008).
Undisturbed sampling of granular soils is
now also possible by innovative freezing
technology (Hoeg, et al. 2000), yet also at
great cost [anecdote: a fellow geotech from
Exxon-Mobil indicated he paid $30k per
frozen sand sample in 2003].

While this kind of elaborate program can
produce the necessary information regarding
geostratification and relevant soil engineering
properties, it does so at great time and cost
(Clayton 2011). In fact, the full suite of field
testing, geophysics, and laboratory testing is
so expensive and of such long duration, a
program of this level can only be afforded on
relatively large scale projects with substantial
budgets and lengthy schedules.

On small- to medium-size geotechnical
projects, the economies of time and money
restrict the amount of exploration and testing
that can be performed, even though the
engineering analyses also demand a thorough
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knowledge regarding the site-specific
geomaterials lying beneath the property of
study. In those instances, many budgets for
investigations are too limited, such that
insufficient information is obtained. In the
USA, for example, a common occurrence is
the utilization of a single measurement (alias,
SPT-N value) as the only input number. The
consequence is that undue conservatism is
adopted to offset the poor quality and low
reliability, thereby producing foundation
solutions that are unnecessarily expensive for
the construction of new facilities.

1.4 Risks of inadequate site investigation

A poorly-conducted and inadequate
subsurface exploration program can have
important and significant outcomes on the
final constructed facilities, including possible
overconservative designs as well as unsafe
and unconservative solutions. Some of the
potential consequences may include:

NGM 2012 Proceedings



a. Excessively high construction costs and
expenses due to unnecessary use of piled
foundations or structural mats, whereas
spread footings may have actually worked
just fine.

b. Extra preparation time and payments
for ground modification techniques, when in
fact, none were needed.

c. Unexpected poor performance of
foundations, embankments, retaining walls,
and excavations, possibly including addition-
al costs due to damage and/or retrofit and
underpinning.

d. Failure or instability during or after
construction operations due to inadequate
characterization of the geomaterials or failure
to detect soft zone anomalies, buried features,
and/or weak layers and inclusions.

e. Legal involvements, litigation, loss of
professional reputation and/or license.

Regardless of budget and time, the
geotechnical site investigation must still
proceed and provide a reasonable amount of
high-quality and varied subsurface data for
analysis so that the design produces an
efficient, safe, and economical solution.

2 FIELD TEST METHODS

The major tools of the trade and methods
for subsurface exploration and testing for
geocharacterization have primarily developed
over the past century. A concise historical
summary of the various field devices and test
procedures is given by Broms & Flodin
(1988).

As new technologies were introduced, the
geotechnical profession placed a variable
reliance and acceptance on these different
methodologies, as depicted conceptually by
Figure 2 (Lacasse 1988). Starting circa 1902
with the SPT, limited borings and auger
cuttings with index testing provided the bulk
of investigative data, coupled with a strong
background in geology and engineering
"judgment”. Over the next century, the
advent of innovative in-situ tests, laboratory
devices, geophysical techniques, analytical
modeling, finite element and finite difference
software, and probabilistic risk and reliability
analyses have combined to assist the

NGM 2012 Proceedings

Keynotes

14

geotechnical engineer in an evaluation of the
subsurface conditions. While judgment is still
important, more reliance can be placed
directly on numbers and measurements.

~ — — — _Probabilistic
g Tt \Mc:iels
80 B— N
.é \t) "7 "N, Numerical
8 e .]\ " . “~Simulation
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Terzaght Year

Figure 2 Evolution of methods for geotechnical
site characterization (after Lacasse 1985)

2.1 Geotechnical Tests

Today, more than 150 different field
devices, in-situ probes, and instruments are
available for geotechnical site investigation
(Robertson 1986; Lunne et al. 1994; Mayne
2010). Figure 3 illustrates a selected number
of these field devices which include blades,
probes, vanes, penetrometers, tubes, bars,
plates, and/or rigid cells. These are advanced
in a variety of approaches, either statically-
pushed, dynamically-driven, drilled, torqued,
twisted, inflated, vibrated, and/or sonically-
installed. Mechanisms for insertion include
rotary motion, drop hammers, hydraulics,
pneumatics, electromechanics, and/or a
combination of the aforementioned. Popular
devices include the cone penetration test
(CPT), flat plate dilatometer test (DMT),
vane shear (VST), and pressuremeter (PMT).
Specialty tests include the lowa stepped
blade (ISB), cone pressuremeter (CPMT),
push-in spade cells or total stress cells (TSC),
and borehole shear test (BST).

A clear advantage of field testing is that
the results are obtained immediately, whereas
considerable time is required for the results
of laboratory tests to be forthcoming.
Another benefit is that near continuous or at
least frequent measurements are taken with
depth, whereas lab results correspond to only
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Figure 3 Selection of various in-situ test devices and field probes for geotechnical exploration

specific discrete positions where undisturbed
samples are procured.

The notion that in-situ tests avert
"disturbance" is incorrectly perceived, in that
many of the penetrating probes (SPT, CPT,
DMT, CPMT) are in fact actually recording
measurements that correspond to maximum
disturbance of soil during insertion of the
devices. The exceptions would include the
pressuremeter, specifically the self-boring
type (SBPMT) and self-boring load cell
(SBLC), as well as those devices that require
a waiting period or dissipation phase
following their installation (e.g., TSC, push-
in piezometers).

2.2 Geophysical Tests

In addition to geotechnical tests, our
friends in geology have also developed a
suite of geophysical technologies, all of
which are nondestructive and include both
invasive (borehole) and noninvasive methods
(surface arrays). Two main categories are
deployed: (a) mechanical wave methods; and
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(b) electromagnetic wave measurements
(Santamarina et al. 2001; Wightman et al.
2003; Sirles 2006).

2.3 Mechanical wave geophysics

The mechanical wave groupings include
measurements of four basic wave types:
compression  (P-wave), shear (S-wave),
Rayleigh (R-wave or Surface wave), and
Love waves. Figure 4 presents a summary
graphic illustrating the primary methods:
refraction, reflection, crosshole, downhole,
rotary crosshole, and suspension logging,
used for developing profiles of P-and S-wave
velocities with depth (Campanella 1994).
Seismic tomography can also be imple-
mented in crosshole arrays for site explora-
tion purposes (Larsson and Mattsson 2004).

In addition, a number of surface wave
techniques have arisen that are noninvasive:
spectral analysis of surface waves (SASW),
multi-channel analysis of surface waves
(MASW), continuous surface waves (CSW),
and passive surface wave readings, such as
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Figure 4 Various geophysical techniques that can be used in geotechnical exploration

ReMi (Tran and Hiltunen, 2011). The
geophysical techniques measure Rayleigh or
surface waves and can be deployed to
ascertain shear wave velocity profiles and the
small-strain elastic properties of the ground,
as well as very shallow, intermediate, and/or
deep stratigraphic features, layering, and
inclusions.

2.4 Electromagnetical geophysics

The electromagnetic wave approaches use
electrical measurements  of  resistivity,
dielectric, conductivity, and/or permittivity,
as well as magnetometer data. Popular
methods include: electrical resistivity surveys
(ERS), electromagnetic conductivity (EMC),
and ground penetrating radar (GPR). These
are normally done quickly to map the area of
site and show relative differences in electrical
readings across the property. Thus, can be
very useful to identify anomalous zones, hard
features, soft zones or voids, or just basic
differences in soil types related to site
variability and heterogeneity.
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Figure 5 presents a sampling of these 3
electromagnetic methods conducted at a site
in Aiken, South Carolina. The survey results
from the EMC and ERS are mapped over an
areal viewpoint (10 m by 10 m), while the
GPR is performed along a linear array to
show variants with depth (10 m long
extending 10 m deep).

The electrical readings can also be
interpreted to provide data on in-situ
moisture content and/or density, such as used
in time domain reflectometry.

(@)
Figure 5 Results of electromagnetic geophysical
methods conducted near Aiken, South Carolina:
(a) conductivity, (b) resistivity, (c) radar. Note:
all square sides are 10 m in length or depth.

(b) (C)
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Figure 6. Modern strategy for geotechnical site investigation on routine projects for optimal coverage and

collection of multiple data types

3 MODERN SITE EXPLORATION

A modern approach to site investigation
can be recommended that includes: (a) initial
areal mapping via noninvasive techniques;
(b) physical vertical probings by hybrid
geotechnical-geophysical soundings (Figure
6). These together offer benefits in terms of
improved coverage, insurance, reliability,
productivity, and economics, compared with
conventional methods.

For instance, in a traditional site
investigation, borings or soundings are
typically positioned on an established grid
pattern over the project building site, say 30
m on center, in an attempt to hopefully
capture any lateral variants in geostratigraphy
across the site. Of course, this is merely a
trial-and-error attempt since the gridded area
may or may not coincide with Mother
Nature's original coordinate system. For
instance, it would be completely plausible
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that a buried ravine, or old natural stream, or
other unknown anomaly might easily lie
between the chosen grid points for the
borings. If such features were discovered
during construction, the contractor could
demand a redesign of the geotechnical
solution (e.g., piles vs. shallow footings),
otherwise file for claim charges due to
differing site conditions. Of further concern,
another unfortunate outcome may include
legal action by the owner, architect, structural
engineer, and/or contractor against the
geotechnical firm.

3.1 Noninvasive geophysical mapping

In 2012, a rational solution to the above
situations is the utilization of electromagnetic
wave surveys (ERS, GPR, and/or EMC) for
mapping the site area for relative changes.
Not only are these geophysical surveys quick
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Figure 7 Representative seismic piezocone test (SCPTu) from New Orleans levees, Louisiana

and economical to perform, they offer a
chance to rationally direct the probes and
soundings of the site investigations towards
any variants on the property, thus focusing on
the mapping of relative differences in
electrical ground properties (electromagnetic
conductivity, resistivity, and/or dielectric)
across the project area. It is also possible to
utilize the aforementioned surface wave
methods (SASW, MASW, CSW) for such
purposes, albeit at higher cost and degree of
implementation.

3.2 Invasive hybrid probes

Hybrid exploratory devices that combine
direct-push electromechanical probes with
downhole geophysics offer an optimized
means to collect data, as information at
opposite ends of the stress-strain-strength
curve are obtained at one time in a single
sounding. Coupled with dissipatory phases,
these include the seismic piezocone test
(SCPTU) and seismic flat dilatometer test
(SDMT3a). Taken together with the non-
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invasive mapping methods above, Figure 6
presents a logical approach to modern site
exploration practices.

3.3 Seismic piezocone tests

The seismic cone (SCPT) and seismic
dilatometer (SDMT) are not new methods,
but were developed some three decades ago
(Campanella et al. 1986; Hepton 1988). They
offer continuous profiling of strata and soil
parameters with multiple readings taken at
each depth in a quick and reliable manner.
By adding dissipatory phases, the improved
SCPTU offers up to 5 separate readings with
depth, including: cone tip resistance (qy),
sleeve friction (fs), porewater pressure (up),
time rate of dissipation (tso), and shear wave
velocity (Vs), as detailed by Mayne and
Campanella (2005). Moreover, the data are
recorded continuously, digitally, and directly
into a computer data acquisition unit for
immediate post-processing, so that if
necessary, on-site decisions can be made
immediately by the geotechnical engineer,
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Figure 8. Seismic piezocone with dissipatory phases (SCPTU) in Atlanta, Georgia

else sent by wireless transmission to the chief
engineer at the office for review. If desired,
additional modules can be added to provide
downhole readings on resistivity, dielectric,
and electrical conductivity.

One representative standard SCPTu
sounding from New Orleans, Louisiana is
presented in Figure 7 showing four separate
measurements with depth. The sounding was
completed as part of the levee restoration
project of the area east of the city. The
readings clearly show alternating layers of
clay/sand strata in the upper 9 m followed by
a thick 11-m soft clay layer to 20 m depth,
underlain by a 10-m thick sand stratum
extending beyond the termination depth at 30
m. As a general guideline, clean sands are
distinguished by resistances where ¢; > 50
atm (5 MPa), whereas clays exhibit g; < 50
atm. Also, porewater pressures in sand layers
are nearly hydrostatic (u; = ug) while in clays
that are intact: u, > uo. The latter are quite
evident in the depth region from 10 to 20 m
in Figure 7. In fissured soils, u, < up and may
even be negative values.

In the SCPTu, the aforementioned
readings are supplemented with dissipations
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of porewater pressures at selected test depths
so that five recordings with depth are
obtained from a single sounding: q;, fs, Uy, tso,
and V. Figure 8 presents results from a
SCPTu taken at the Atlanta Hartsfield
International Airport. The soil profile is
comprised of residual fine sandy silts to silty
fine sands with mica derived from the inplace
weathering of the underlying bedrock, mostly
consisting of gneiss, schist, and granite. The
rate of consolidation in these geomaterials is
rather quick and therefore possible to
perform  complete  porewater  pressure
dissipations in only 1 to 4 minutes at each
depth. Another interesting characteristic here
is that the penetration porewater pressures at
the shoulder position (uz) go negative when
the groundwater table is encountered. This is
confirmed by the projection of the
equilibrium hydrostatic pore pressures (up)
following full decay to 100% dissipations.

3.4 Seismic dilatometer tests

In the SDMTa, as many as five or six
independent readings can be obtained with
depth, usually at 0.02m intervals, including:
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Figure 9 Seismic flat dilatometer test with dissipations (SDMT4) at Treporti test embankment

contact pressure (po), expansion pressure
(p1), deflation pressure (p), time rate decay
(trex), compression wave velocity (Vp), and
shear wave velocity (Vs), per details by
Marchetti et al. (2008). It is also possible to
measure blade thrust resistance (qp) between
success-ive push depths. An illustrative
example of a SDMTa sounding performed in
highly-stratified alluvial-marine sediments at
the Treporti test embankment site near
Venice, Italy is shown in Figure 9. Details on
the complementary laboratory and field tests
in these sediments are given by Simonini et
al. (2007).

4 GEOTECHNICAL PARAMETERS

The interpretation of in-situ tests to
ascertain soil engineering parameters is a
most challenging task. One reason for this is
the wide diversity in geomaterials that have a
multitude of particle constituents, grain size
distributions, geologic origins, stress and
strain histories, environments, and long ages
on the planet. Another aspect is due to the
fact that soils are complex entities that
exhibit variability, initial geostatic stress state
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anisotropy, nonlinearity in their stress-strain-
strength  response, strain rate effects,
prestressing, and drainage related behavior
due to their inherent permeability and hydro-
mechanical ~ conductivity  characteristics
(Mayne et al. 2009). Therefore, interpret-
ations must be generalized, at least until
substantial calibrations and validations are
documented. This has recently become
possible through established geotechnical test
sites.

4.1 Geotechnical experimentation sites

Recent symposia have documented
information and data from 66 international
geotechnical experimentation sites (IGES) on
the theme entitled: Characterization and
Engineering Properties of Natural Soils (Tan
et al. 2003; Phoon et al. 2007). In these
proceedings, technical papers summarize the
efforts of various prominent research groups,
institutions, universities, and commercial
testing firms in the detailed field and
laboratory testing programs.

The IGES include a diverse selection of
geomaterials, each within a particular
geology, topographic setting, and geodetic

DGF - Bulletin 27



Geotechnical site exploration in the year 2012

Standard Penetration Flat Dilatometer
SPT-Ng, (bpf)

0 5 10 15 20 26 30 0

Pressure (kPa)
500

1000 1500 0

Pressuremeter

Modulus, Epyr (MPa)

5

Type 1 Piezocone Crosshole Test

Porewater, u, (kPa) Shear Wave, V, (m/s)

10 15 20 05 1.0 15 20 0 100 200 300 400

| s S | +

0

1

2 3ed

i —o—Mean of 7|
st Borings |
61 i .
8

9

Depth (meters)

| -m-initial b

3| —Meanofd ||
Soundings

Loading

Figure 10 Summary of selected in-situ test results at Opelika national experimentation site, Alabama

environment. In all cases, the IGES research
programs have been underway for many
years, if not decades. Still, a comprehensive
understanding of these geomaterials is not
available.

One excellent IGES example is the loose
sand site at Holmen, Norway established and
studied by the Norwegian Geotechnical
Institute for over 5 decades (Lunne et al.
2003b). At Holmen, extensive types of
geotechnical lab sets, in-situ testing, pile
foundation research, building foundation
settlements, and geophysical measurements
have been collected in these sandy sediments,
all of which can be cross-referenced. Another
example includes the very soft sensitive clay
at Onsgy (Lunne et al. 2003a).

In nearby Sweden, 9 test sites situated
over soft clays have been subjected to
extensive laboratory, geotechnical, and
geophysical studies, as well as full-scale
embankment loadings (Larsson and Mulabdi¢
1991).

In some cases, a large civil engineering
project can serve as an IGES, such as the
Storebelt bridge/tunnel link connecting
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Denmark to Sweden, because of the large
volume and varied types of geotechnical
information that were collected for this effort
(Steenfelt and Hansen 1995). Here, a sizable
total 2227 soil borings and 2465 CPT
soundings were completed. A similar case
can be made for the smaller yet instrumented
Murro embankment in Finland where the site
conditions were investigated using 4 in-situ
test methods and laboratory testing program
(Karstunen et al. 2005).

Within the continental USA, six national
geotechnical experimentation sites (NGES)
have been established to provide a full set of
documents from laboratory, geotechnical,
geophysical, and full-scale performance
testing of structures such as footings, piling
foundations, retaining walls, and ground
modification (Benoit and Lutenegger, 2000).

For illustration, a summary of selected in-
situ test profiles measured in Piedmont
residual soils at the Opelika NGES in eastern
Alabama is presented in Figure 10. More
details on this site are presented in Mayne
and Brown (2003). In addition to a full array
of SPT, CPT, CPTU, SCPT, SDMT, PMT,
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CHT, SASW, DHT, and BST, the site soils
have been fully tested in the laboratory (e.g.,
PM, TX, RCT, CS, DSB) and full scale load
tests have included axial driven piles, drilled
shaft foundations, lateral pile load tests, and
displacement type piles.

The geotechnical experimentation sites are
of great importance because many different
types of measurements are taken on the same
geomaterials in the same vicinity. This
permits a benchmark for ground truthing,
where the laboratory tests can be compared
with in-situ results, as well as the full-scale
performance of prototype foundations, walls,
excavations, and slopes. Geotechnical
parameters acquired from analytical methods
and/or numerical simulations, as well as
various constitutive soil models, can be
calibrated and cross-validated.

4.2 In-situ test interpretation

General approaches to the evaluation of
soil parameters from in-situ test data are
given in Jamiolkowski et al. (1985), Kulhawy
& Mayne (1990), Lunne et al. (1994), Mayne
(2007), and Schnaid (2009). For the Nordic
countries, methods for field test interpretation
are documented in the literature (e.g.,
Larsson & Mulabdi¢ 1991; Luke 1996;
Lunne et al. 1997; Larsson & Ahnberg 2005;
Lofroth et al. 2010).

The author's basic methods for parameter
evaluation of stress state in soils for three in-
situ test methods (SPT, CPT, DMT) are
given in Table 2. Stress state includes the
apparent preconsolidation stress, or vyield
stress (op) and current effective vertical
overburden stress (oyo") Where oy’ = Gy - Uo.
The total overburden stress is obtained from
the accumulation of unit weights with depth:

@)

where y; = total soil unit weight. The
hydrostatic porewater pressure is calculated
from the groundwater table or obtained from
piezometer measurements. The yield stress
ratio (YSR) is a more precise representation
of the apparent overconsolidation ratio (OCR
= P¢/ov) and is determined from:

Ow = j.}/[-dZ
0

YSR = oplov @)
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An alternate means to express the stress
history is via the vyield stress difference
(YSD), analogous to the overconsolidation
difference (OCD = P¢' - 6vo):

YSD = o' - ovo' 3)
which appears advantageous for soil deposits
that have been mechanically loaded-unloaded
(Mayne 2007).

An interesting aspect of the relationships
in Table 2 is that they apply to a wide range
of varied soil types, including intact clays,
silts, mixed geomaterials, and quartz/silica
sands, primarily Holocene to Pleistocene.
They do not apply, however, to structured
and problematic soils, such as carbonate or
calcareous sands, quick clays, diatomaceous
geomaterials, or highly organic peats.

Of special note, the generalized approach
to evaluating the effective stress friction
angle (¢") of (all) soils by CPTu devised at
NTNH (Senneset et al. 1989) seems a
particularly attractive goal, as this serves as a
fundamental property in the behavior of
sands, silts, and clays, as well as a key
parameter in critical state soil mechanics
(Mayne, et al. 2009).

5 FUTURE DIRECTIONS

In the past decade, a number of new field
tests and testing procedures have become
available for site exploration.

5.1 New devices

Some of the new equipment include full-
flow devices, such as T-bar and ball penetro-
meters (Randolph 2004; DelJong et al. 2010),
free-fall harpoon piezocones (Stegmann et al.
2006; Moser et al. 2007), electromechanical
vanes (Randolph et al. 2005), multi-channel
dynamic piezo-cone penetrometers (Kianirad
et al. 2011), auto-seis sources for DHT and
SCPT (McGillivray 2008), and in-situ scour
probes (Caruso & Gabr 2011). In lieu of
rotary drilling, new methods of direct push
sampling have emerged which provide
continuous  collection of soil samples
(Geoprobe, PowerProbe) to depths of 30 to
45 m by a single operator. Sonic drilling
(Boart-Longyear) facilitates the collection of
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Table 2 Parameter interpretation for unit weight and stress state evaluations in soils

Soil
Engineering
Parameter

In-Situ
Test
Method

Interpretative
Relationship

Unit Weight, DHT

¥ (KN/m?)

1t =8.32log(Vs) - 1.61 log z
where Vg = shear wave velocity (m/s)
z = depth (m)

SPT

a. Estimate Vs = 97 (Ngo) * "
b. Use above expression for DHT
where Ngo (bpf) = energy-corrected SPT resistance

(see Note 1)

CPT

Y= 1.95 1y (fs/Gam+0.01)*% (Gyoloam+0.01)®  (see Fig. 11)
where y,, = unit weight water
Gam = atmospheric pressure (= 1 bar = 100 kPa)
fs = sleeve resistance
oy = effective vertical overburden stress

DMT

v = 1.12 vy (Ep/oam)’ (Ip) *%

where vy,, = unit weight of water
Ep = dilatometer modulus
Ip = material index

Yield Stress, DHT

o, (kPa)

Gp‘ = 0.101 Gmax 0.478 Gvol 0.420 CTalmO.lOZ

where Gyax = (yt/ga)(vs)2 = small-strain shear modulus
vt = soil total unit weight
0a = gravitation acceleration constant (= 9.8 m/sz)

SPT

oy = 0.47 (Neo)" Gam
where n* = empirical soil-dependent exponent: intact clays
(n*=1); silts (n*=0.8); sands (n* = 0.6)

CPT

o =0.33 (0; - 0w0)" (Carn/L00)™
where @, = total cone resistance
Gy = total overburden stress
and m = empirical soil-dependent exponent: intact clays
(m=1); sensitive clays (m=0.9); silts (m = 0.85); silty sands
(m=0.8); clean quartz/silica sands (m = 0.72)

(see Figure 12)

DMT

op = 0.51 (po - Ug)
where po = contact pressure (corrected A-reading)
Uo = hydrostatic porewater pressure

Note 1. after Imai and Tonouchi (1982)

both soil and rock samples continuously and
much faster than traditional rotary drilling or
augering.

5.2 New testing procedures

Using existing devices, several new
approaches to assess inplace soil parameters
include: (a) twitch testing to evaluate strain
rate and drainage conditions (Chung et al.
2006; Yafrate & DeJong 2007); (b) frequent-
interval shear wave measurements and
continuous SCPT (Mayne & McGillivray
2008); (c) evaluation of in-situ modulus
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reduction curves (Stokoe et al. 2008); and
cone load tests for axial pile response (Ali et
al. 2010).

6 CONCLUSIONS

The complexities of natural soil behavior are
now evident from decades-long studies
involving complementary suites of laboratory
studies, in-situ testing, geophysics, and full-
scale load test measurements at international
geotechnical test sites (IGES). The IGES are
situated in various geomaterials including
clays, silts, sands, and mixed soils. As such,
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Figure 12 Yield stress relationship with CPT
cone resistance in soils (after Mayne et al. 2009)

geotechnical site characterization is best-
handled by deployment of many different
types of in-situ probes, penetrometers, and
sounding, coupled with geophysical surveys,
sampling, and laboratory testing. This is only
feasible on large or critical projects because
of funding and time issues. Therefore, for
routine explorations, the geoengineering
profession should adopt a two-fold phased
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investigation involving: (a) areal geophysical
mapping by EMC or ERS followed by: (b)
either seismic piezocone test (SCPTu) and/or
seismic dilatometer test (SDMTa). Both tests
provide up to 5 independent readings with
depth in a single sounding. In this way, no
compromise is made in acquiring the
necessary and varied types of important data
and subsurface information about the ground
conditions.
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