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ABSTRACT: Fifteen years have passed since CPT’95 in Linköping, Sweden, the first
International Symposium on Cone Penetration Testing dedicated only to CPT and
CPTU. Since then, the method has consolidated its position as the most widely used
geotechnical field investigation method world-wide. Besides the standard configuration with measurement of cone resistance, sleeve friction, pore pressure and tilt angle,
a variety of special sensors may be incorporated in the probe, making it useful also
for geophysical and environmental purposes.
However, the measurements may be influenced by many factors, partly related to
the equipment, partly to the use of it. This is well-known by manufacturers and researchers, but there still seems to be a great need of knowledge amongst practitioners,
as CPTU has become more wide-spread also in practical use. Even if available standards are followed, recorded data from CPTU can vary significantly according to
which equipment is used, see for example Lunne et al. (1997).
The objective of this keynote paper is primarily to present the state-of-the-art on
equipment and test procedures in light of the requirements of the forthcoming international standard on CPT and CPTU, EN-ISO 22476-1, as well as emphasizing important factors of influence on the obtained quality of measurements. Emphasis will be
put on measurements of the conventional recordings in electrical CPTUs, leaving less
space for geophysical or environmental measurements
1 INTRODUCTION
Since the first use of piezocones some 35 years ago, CPTU has now become a mature
method, and most CPTU probes are multi-purpose electronic equipment with a broad
range of applications, see Table 1. A new international standard is now forthcoming,
introducing new and stricter requirements to the performance and quality of the test.
The Application classes in the new standard are defined by specified accuracies of the
recordings, but the expected ground conditions at the site are also emphasized. One
possible consequence of the new standard is that more thorough considerations
should be made ahead of testing, both by field engineers and consultants. Hopefully,
this may contribute to reduce the gap between present state-of-the-art and the practic-
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al use of the method. The objective of this paper is accordingly to discuss some influence factors related to equipment configuration and test procedures on the quality of
obtained measurements, and how the influence may be reduced in view of the new
requirements.
Table 1. Types of CPT and their applications.
Type of CPT
Mechanical Test

Abbreviation
MCPT

Measurements
qc, fs (optional)

Electric Friction Test

ECPT

qc, fs

Piezocone Test

CPTU

qc, fs, u1-3

Seismic Piezocone Test

SCPTU

Resistivity Piezocone
Test

RCPTU

qc, fs, u1-3
Shear-wave velocity
qc, fs, u1-3
Electrical conductivity

Application
Profiling in natural sands
and stiff soils. Fill control.
Profiling in natural sands
and soils above the groundwater table.
All soil types without presence of stones and cobbles.
Shear-wave velocity for determination of Gmax.
Detection of leached clay,
environmental issues.

2 BASIC DESCRIPTION OF THE PIEZOCONE TEST (CPTU)
A CPT system includes the following components: (1) an instrumented penetrometer,
(2) the hydraulic penetration system with rods, (3) down-the-hole or surface data acquisition unit with data transmission device (4) a depth encoder, see Figures 1 and 2.
Modern electrical penetrometers include minimum four channels, enabling direct
or indirect measurements of cone resistance (qc), sleeve friction (fs), penetration pore
pressure (u) and probe inclination (i), all by depth. An internal load cell is used to
record the axial force at the front of the penetrometer (Qc), from which the cone resistance is deduced. The axial force along the friction sleeve (Fs) is measured with a
second load cell in a “tension/compression-type” probe design. For the so-called
“subtraction-type” probes, the load cell is located in the back and records the added
total tip force and the sleeve friction force (Qc+Fs). This force, minus the separately
measured point force provides the sleeve force. The measured axial force over the
sleeve (Fs) is divided by the sleeve area to obtain the sleeve friction (fs=Fs/As). Readings are usually taken at 20 mm or 50 mm intervals, depending on the required accuracy of the measurements.
2.1 Test probes
The penetrometer point is designed as an exchangeable conical tip with 60º apex angle. The probe is normally available in two standard sizes: (1) Ac=10 cm2 and sleeve
area, As=150 cm2 and (2) Ac = 15 cm2 and As = 200 to 300 cm2. The 15 cm2 version
offers more space for additional sensors, and is commonly used in offshore site investigations. Acceptable geometrical dimensions and tolerances for the probe are standardized.
The pore pressure is usually recorded at the shoulder position (u2) since this value
is required for correcting the measured cone resistance (qc) for pore pressure effects
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(Campanella et al. 1982). Other locations are however also available, such as at the
apex or mid-face of the cone (u1) or immediately behind the friction sleeve (u3). Most
penetrometers measure a single value, but dual-, triple-, and even quadruple-element
piezocones are also available.

Figure 1. Standard dimensions of piezocones (Mayne 2007).

2.2 Thrust machines and other accessories
A thrust machine shall be able to penetrate the probe at a standard rate of penetration
of 20 mm/s ± 5 mm/s by static pushing. The pushing system is usually hydraulic and
can be trucks, tracks or trailers, all-terrain vehicles, skid arrangements, caterpillar
belt-driven rigs or portable, light-weight units. Typically, a full-capacity hydraulic
system for CPT work may have a pushing capacity between 100 to 200 kN, but specialized rigs with up to 350 kN have been built (Mayne 2007). Lightweight CPT systems in the 18 to 50 kN range are also available, but these units often require use of
soil anchors to boost the capacity.
2.3 General test procedures
CPTU may be applied in all sorts of soils, ranging from coarse sand with occasional
gravel to soft, fine grained soils. The method is however not applicable if the gravel
content becomes too large, or if the soil contain cobbles and stones. Pre-drilling may
be used in coarse top layers or the dry crust, sometimes in combination with casings
to avoid collapse of the borehole. It may also be used in parts of the profile if the penetration stops in dense, coarse or stone-rich layers to advance past these layers. The
depth of pre-drilling is commonly defined by the location of the groundwater table,
and the probe can many places be lowered down to the groundwater table in the pre-
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drilled hole. However, in parts of the world where the distance to the ground water
table is large, this procedure would not be practical. For piezocones, the pore pressure
system should be fully saturated before penetration. Procedures and alternatives for
saturation are discussed in further details in Section 4.2.

Figure 2. Example of complete CPTU probe with data acquisition system (www.geotech.se).

3 THE NEW INTERNATIONAL STANDARD FOR CPTU
Several international guidelines have been developed for regular CPT (ISSMFE
1979, 1988), but neither of these documents included full requirements for equipment
and procedures for CPTU. In the technical report to CPT’95, Larsson (1995b) requested a new international standard for electrical piezocone testing following the
significant development of equipment and procedures over the last decade. According
to Larsson, a revision of the existing guidelines at the time was long overdue since
many countries had already developed national standards or guidelines, partly with
large discrepancies in requirements between them.
Presently, the most relevant guideline on CPTU is the International Reference Test
Procedure (IRTP) (ISSMGE TC16 1999). This procedure was the first international
guideline that included the CPTU, both with respect to detailed requirements on
equipment and test procedures. However, no approved international standard exists
for the CPTU, even if several national guidelines and standards have been developed.
Among the important existing standards/guidelines on CPTU are the ASTM standard
test method for “Performing Electronic Friction Cone and Piezocone Penetration
Testing of Soils” (ASTM D 5778 2000), the Dutch and the Swedish national guidelines. The use of these documents is however limited outside these nations.
Since 2002, work has been taking place in the European Committee for Standardization (CEN), developing new international standards for both mechanical and electrical CPT, the latter also including detailed requirements for the piezocone test
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(CPTU). The forthcoming CEN standard for CPTU is also approved by the International Standardization Organization (ISO), so the standard will be applicable worldwide as an EN-ISO standard when it is finally finished and approved. Formally, the
standard is ready for formal voting, and final approval may take place within short
time after that. Some countries have however already included the new requirements
in their national guidelines.
The requirements given in the forthcoming standard are in agreement with the new
Eurocodes EN 1997-1 and EN 1997-2 on geotechnical design. The standard is moreover based on the previously issued IRTP (ISSMGE TC 16 1999). Tests are separated
in two types according to the configuration of the equipment, see Table 2.
Table 2. Type of Cone Penetration Tests with measured parameters.
Type of test
TE1
TE2

Measured parameter
Cone resistance qc and sleeve friction fs
Cone resistance qc, sleeve friction fs and pore pressure u

Furthermore, four Application classes are introduced for performance of the test
and the associated accuracy requirements. The obtained quality depends to a large extent on the existing geological conditions and their influence on the choice of test
equipment, see Table 3.
Table 3. Application classes and general requirements in EN-ISO 22476-1.
Application
class

Test type

Soil conditions

Application

Only CPTU is performed. Interpretation of parameters
possible.
Interpretation in stiff soils
possible, indicative interpretation in soft soils.
Soil profiling. Interpretation in
very stiff soils possible, indicative interpretation in stiff soils.
Indicative profiling in all soils.
No parameter interpretation.

1

TE2: qc, u2, fs + i

2

TE1: qc, fs + i
TE2: qc, u2, fs + i

Soft soils. Stratified
deposits should be
avoided.
Layered deposits with
both soft and stiff soils.

3

TE1: qc, fs + I
TE2: qc, u2, fs + i

Layered deposits with
both soft and stiff soils.

4

TE1: qc, fs

Layered deposits with
both soft and stiff soils.

For example, Application class 1 is normally not obtainable for in-homogenous
profiles including both soft and dense layers, even if pre-drilling through the dense
layers can be carried out. If a high capacity probe is chosen to accommodate the stiffer layers, it may not have sufficient accuracy in the softer layers due to poor resolution of the load cell. Application classes 2 and 3 are more applicable for soil identification and profiling, and may be more than good enough for such use. Interpretation
of soil parameters may be carried out in stiff or very stiff soils, but is only indicative
in soft soils. Application class 4 is only intended for indicative profiling in material

5

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

identification in loose to dense soils. Interpretation of parameters is not recommended.
Table 4. CPTU Application classes with allowable minimum accuracy in EN-ISO 22476-1.
Application class

Test
type

Measured
Parameter

1

TE2

Cone resistance
Sleeve friction
Pore pressure
Inclination
Penetration length
Cone resistance
Sleeve friction
Pore pressure
Inclination
Penetration length
Cone resistance
Sleeve friction
Pore pressure
Inclination
Penetration length
Cone resistance
Sleeve friction
Penetration length

2

TE1
TE2

3

TE1
TE2

4

TE1

Allowable
minimum
accuracy
35 kPa or 5 %
5 kPa or 10%
10 kPa or 2 %
2o
0.1 m or 1%
100 kPa
15 kPa or 15%
25 kPa or 3%
2o
0.1 m or 1%
200 kPa or 5%
25 kPa or 5%
50 kPa or 5%
5o
0.2 m or 2%
500 kPa or 5%
50 kPa or 20%
0.2 m or 1%

Maximum
measurement
interval
20 mm

Use
Soil

Interpretation

A

G, H

20 mm

A
B
C
D

G, H*
G, H
G, H
G, H

50 mm

A
B
C
D

G
G, H*
G, H
G, H

50 mm

A
B
C
D

G*
G*
G*
G*

Soil classification:
A: Homogenously bedded soils with very soft to stiff clays and silts (qc < 3 MPa)
B: Mixed bedded soils with very soft to stiff clays (1.5 MPa < qc < 3 MPa) and medium dense sands
(5 MPa < qc < 10 MPa)
C: Mixed bedded soils with stiff clays (qc < 3 MPa) and very dense sands (qc > 10 MPa)
D: Very stiff to hard clays (qc < 3 MPa) and very dense coarse soils (qc > 20 MPa)
Use:
G: Profiling and material identification with low uncertainty level
G*: Indicative profiling and material identification with high uncertainty level
H: Interpretation in terms of design with low uncertainty level
H*: Indicative interpretation in terms of design with high uncertainty level

The allowable minimum accuracy of the measured parameter, when all possible
sources are added, is the larger value of the two listed in Table 4. The lower limit is
used for low recorded values, whereas the percentage of the measured value is introduced for higher values. The relative accuracy applies to the measured value and not
to the measured range. The inaccuracies may include contributions from internal friction, errors in the data acquisition system, eccentric loading due to inclination, ambient and transient temperature effects, zero shift errors and calibration errors.
For extremely soft soils, even better accuracies than those required in EN-ISO
22476-1 may be required locally. The existing Swedish guidelines, for example, re-
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quires a corresponding accuracy of 20 kPa for cone resistance, 2 kPa for sleeve friction and 1 kPa for pore pressure. This is probably the strictest requirement in the international geotechnical society, and is probably near the limit of what presently
available piezocones can provide.
4 FACTORS INFLUENCING TEST ACCURACY
As an introduction, it may be worthwhile to resume some features of the test procedure that are known to influence the data quality:


Choice of appropriate equipment for actual soil conditions: The CPTU probe
should have sufficient capacity to penetrate both stiffer and softer layers encountered in a soil deposit. If a high-capacity probe is chosen for penetration
of dense layers, this will reduce the resolution of the measurements in the softer layers. If a low-capacity, high-resolution probe is chosen, the transducers
may be overloaded or damaged in the stiffer soils, resulting in erroneous recordings of no value.
 Influence of probe geometry and tolerances: The geometry of the probe
should be inspected regularly for wear, controlling that the geometry and surface roughness do not exceed accepted tolerances. The tip and sleeve should
be replaced if damaged or excessively worn. Replacement intervals will depend on the soil test history of the probe, as sands are considerably more abrasive than clays. Typically, an annual production of 6,000 – 12,000 sounding
meters would normally require the components to be replaced once per year.
 Influence of temperature and possible zero shift: The zero values of all electronic transducers shall be read before and after the test. In both cases, the
probe shall be temperature stabile and unloaded when the zero readings are
recorded. Several factors may influence the zero recordings, such as temperature gradients due to change in test environment, proper cleaning and maintenance of the probe components, mounting effects and suction developing
during retraction of the probe from the ground. Permanent zero shifts may be
caused by deviation from assumed conditions during penetration, such as
stones or dense layers causing overload or damage of the transducers.
 Insufficient saturation of the pore pressure system: Measurements of correct
pore pressures require sufficient saturation of all components of the pore pressure system, independent of whether a porous filter or a slot filter system is
chosen. Lack of saturation may be caused by inadequate procedures when saturating the system before use, or from dilation effects causing temporary suction when passing through unsaturated zones or layers of dense soil or peat.
 Lack of maintenance: The CPTU probe should be properly cleaned after use,
and all seals and o-rings should be lubricated and inspected for wear and damages. If not, the interior of the probe may be destroyed by water leakages and
corrosion. Finally, all CPT accessories such as the data acquisition system,
CPTU rods, extension rods and other parts should be tested regularly for functionality and agreement with the standard requirements.
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Lack of user competence and wrong use of the method: CPTU requires skilled
and competent operators to achieve the highest quality. In many countries, no
formal education programs exist, and the level amongst CPTU operators may
be rather variable. The picture is further complicated by lack of competence
amongst engineers ordering the test, causing a lack of defined assumptions
and a lack of control of obtained results in the test.

These factors will be further examined in the following. Considerations are made
for the most common 10 cm2 reference piezocone with the porous filter at the reference level (u2), penetrated into the ground at the standard rate of 20 mm/s.
4.1 Choice of appropriate test equipment
For commercial use, it is rational to use CPTU equipment which is applicable in a
range of soil types, according to the local geological conditions. However, tests in
soft and sensitive soils may require high-accuracy measurements for interpretation of
soil parameters, at least in the two highest Application classes. These two ambitions
are somewhat in contradiction, which means that the choice of appropriate equipment
should reflect both the local soil conditions and the preferred use of CPTU data in the
project. Such a strategy requires adequate preparation and high-quality performance
of the tests, from desk study of the local geology supplemented by pilot soundings,
control and checks of probe functionality and calibration status.
The accuracy in measurements is amongst other features limited by the resolution
of the data acquisition system, relying on the number of digital units in transfer and
storage of the data. The resolution is defined by the maximum measuring range divided by the number of digital units, normally in the range of 212 for modern, cableless equipment. Considerably better resolution can be obtained for the back-up data
down-the-probe and for data transmitted by cable, typically improving the resolution
from 212 to 218 (i.e. 64 times) for some newer recording systems. Usually, measuring
accuracy better than ± 1 to 2 times the resolution cannot be achieved with modern
piezocones (Larsson 1995).
The choice of probe configuration is also an issue. In coarse soils, pore pressure
measurements are of less importance and corrections of cone resistance and sleeve
friction have only marginal effects. In fine-grained soils, the pore pressure measurements are of crucial importance and is often the most reliable measurement in soft
clays since the relative influence of errors is less than for the cone resistance. This requires that the measurements are carried out with adequate saturation of the pore
pressure measurement system. Correction of the tip resistance, and sometimes also
the sleeve friction, is mandatory and requires proper calibration of the net area ratios.
The required accuracy of CPTU measurements is usually being specified as the
greatest of a percentage of 1) Full Scale Output (FSO) and 2) Measured Value (MV).
The first approach is a good measure of the manufacturing quality and condition of
the equipment, but it is not well suited for choosing the appropriate equipment for the
given soil conditions. Using the FSO means that the accepted accuracy may become
unacceptably large if a high capacity cone is used in soft soils, where only a small
percentage of the measuring range is used. The disturbing effect of internal friction
from o-rings etc. may in such cases have large effects on the measured values in the
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low stress range. A modification of MV has been introduced in some national standards, using the percentage of the maximum MV in a layer. This approach is stricter
and ensures required accuracy in the critical zones, whereas the required accuracy
may be impossible to reach in very soft zones. The new EN-ISO standard varies the
requirements for the accuracy with the intended use of the results, and also takes into
account the existing ground conditions at the site.
To summarize, testing in soft, homogenous soils should be carried out with low capacity and high sensitivity probes with load capacities of 1 metric ton or less. For
such conditions it is also possible to increase the probe area to 15 cm2 to achieve better accuracy. One should note that high capacity probes may give as repeatable and
accurate results as lower capacity probes (Lunne et al. 1996), provided they are calibrated and amplified over the same load range. The results may however vary between different probes, and it is recommended to check this feature for the applied
probe.
4.2 Pore pressure measurements – choice of saturation procedures
The pore pressures are commonly measured using a porous, saturated filter, a saturated cavity and channels connecting to a pressure transducer mounted inside the
probe. The purpose of the filter is to distinguish the generated pore water pressure in
the water from the pressure existing between the soil particles. Entrapped air or gas
pockets within the system may result in sluggish pore pressure response, and penetration pore pressures may not reach their full magnitude, particularly at shallow depths
where the ambient pore pressure is small. At larger depths, typically corresponding to
about 8-10 m of water column, the ambient pore pressure may enable saturation of
insufficiently saturated probes due to the occurring pressure gradients.
Porous filters: Materials such as porous plastics, ceramics and sintered metals are
used to construct porous filters for CPTU probes. The various materials may have
their advantages and disadvantages with respect to saturation features, maintenance
and the effect of clogging, smearing and compression.
Plastic filters are increasing in popularity because they are cheap, disposable and
can be replaced with new ones after each sounding. Hence, they will not be subjected
to long-term wear. However, plastic filters are soft and may be compressed when
used on the face of the cone (u1). For face elements, ceramic filter materials are preferred because it offers better rigidity, and they are less prone to abrasion than plastic
filters. Filters made of sintered metals show good performance when mounted at the
reference level behind the tip (u2). They are however not recommended for locations
on the face of the cone due to the risk of smearing in granular soils. It is common to
replace the porous filter after each sounding, but filters made of re-usable materials
can be cleaned in an ultrasonic bath and stored in a sealed box submerged in the saturation fluid.
Saturation fluid: Various types of saturation fluids may be used, such as glycerin, paraffin, anti-freeze liquid and de-aired water. Water is usually sufficient when performing the test beneath the groundwater table. It is also possible to use water and
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glycerin in a 50/50 % mix, but such a mix of fluids requires more caution during cone
assembly. According to Larsson and Mulabdic (1991) there is no obvious influence
from the choice of liquid used in the filter and the cavities inside the cone, based on
tests in Swedish clays. Identical results were obtained using water, glycerin, paraffin
and syrup as the saturation media.
If a viscous fluid is used for saturation, it may be drained out from the pore pressure system when lowered down to the groundwater table, or during penetration of
unsaturated or dilative zones in the soil. In the latter case, typically occurring in stiff
clays and dense sands, the dilation may suck the saturation liquid out of the pore
pressure system or cause small air bubbles to come out of solution in the saturation
liquid, causing sluggish pore pressure response in the remaining profile. Fluids such
as glycerin or paraffin should be chosen under such circumstances. Due to the larger
molecules and higher surface tension, these fluids will show larger resistance towards
drainage from the pore pressure system than for example de-aired water.
Pre-saturated, vacuum-sealed filters, using a glycerin/gel mix are now available
from some manufacturers. They have not yet been fully tested out in various soil
conditions, but so far they show promising results. These filters may reduce necessary
preparation time and hence make the CPTU test procedures even more rational.

Figure 3. Saturation of the CPTU probe with a) Submerged mounting and b) Vacuum treatment.

Saturation methods: Before porous filters are used, it is recommended to pre-saturate
the elements submerged in the saturation liquid and exposed to vacuum overnight, or
at least 24 hours if glycerin or paraffin is used. The filters should be transported to the
test site in air-sealed transport boxes, submerged in the saturation fluid.
The saturation fluid may be injected into the channels and the pressure chamber by
a syringe. However, this method does not always give sufficient saturation since air
bubbles may be present in the cavities after injection. A better way would be to
mount the probe elements submerged in a sealed funnel filled with the saturation fluid, see Figure 3a. A superior technique is to mount the probe in a pressure cell con-
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nected to a vacuum pump in the field, see Figure 3b. Vacuum is applied on the assembled probe until no air bubbles escape from the pore pressure system.
It is common practice to place a rubber membrane containing saturation fluid over
the front end of the probe to maintain saturation as the probe is lowered down to the
groundwater table. This is particularly important if the probe is saturated by water,
but may also be used for added security when using other liquids. The rubber membrane will easily rupture on its first penetration of the soil.
Slot filter: Since the mid 1990s, probes equipped with a slot instead of a porous filter
have been used (Elmgren 1995, Larsson 1995a). The cone tip comprises two separate
parts, the cone and a steel ring, in addition to two rubber O-rings. Prior to saturation,
the cone and the ring are pressed together, defining the size of the slot filter to become only 0.3 mm wide, see Figure 4. The main purpose of the slot is to break the
structure of the soil particles, so that only individual grains floating in the liquid can
enter the slot. In this concept, the inner cavity is usually saturated with a liquid,
whereas the outer cavity is saturated by petroleum grease.

Figure 4. Cone tips with porous filter of sintered bronze (left) and slot filter (right)
(www.envi.se).

The slot filter system does not present the same problems with pre-saturation of the
porous filters, although care should be taken when pressing grease into the slot and
tip cavities. The grease should not contain air bubbles, and should be injected into the
slot in a controlled way, using a grease pump or similar.
The properties of the grease are also important. Elmgren (1995) presented results
from a laboratory study, using different combinations of grease and oil for saturation
of the pore pressure system. A significant change in behaviour was observed, depending on which quality of grease that was used. Elmgren (1995) concluded that for
normal use, a combination of grease and oil is acceptable. Experience from the field
has however indicated that grease saturation may cause some hysteresis in the pore
pressure measurement. For rapid changes of pore pressures, the hysteresis could become as much as ±25 kPa for saturation with water and grease, somewhat lower (± 23 kPa) with grease used in combination with hydraulic oil. Some types of grease are
also temperature sensitive and may become more rigid in cold temperatures. The pore
pressure system may then behave less dynamic when exposed to rapid pore pressure
changes in the ground. Friction heat generated by penetration of dense layers may
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moreover warm up the grease so that it becomes less viscous. The grease can then
more easily be sucked out of the slot when penetrating dilative soils.
Use of gelatin as a saturation medium was also included in the study. The cone tip
is then submerged in boiling gelatin and then cooled off before use. Gelatine in combination with a liquid (water, glycerine or oil) showed excellent pore pressure response, also with respect to dynamic changes of the pore pressure. The hysteresis was
less than 1 kPa, which corresponded to the highest accuracy of the test probe. When
ultimate accuracy is needed, the use of gelatine for saturation of the probe may hence
be recommended.
Probes with slot filter have become popular for practical reasons in recent years, as
the time needed for preparation of the probe prior to testing can be reduced. In addition, the slot filter better maintains the saturation when passing through unsaturated
or dilative soils, and may hence be the preferred option in many cases. Despite the
apparent simplicity of this system, the pore pressure response may sometimes become
more sluggish and less detailed for various reasons. The user should hence carefully
consider alternative saturation strategies, depending on the geological conditions, the
possibility of penetrating dilative soils and the required accuracy of the pore pressure
measurements.

Figure 5. a) Calibration arrangement for CPTU and b) Calibration features for electronic
transducers (after Lunne et al. 1997).

4.3 Calibration features
The calibration of a new cone shall give a nominal accuracy of the probe, providing
calibration factors for the various transducers, including features like repeatability, linearity, zero stability, cross-talk between transducers and influence of temperature
changes. Most CPT companies send their probes to their respective manufacturers or
accredited calibration centers for re-calibration at regular intervals, including checks
for geometrical tolerances and other maintenance. However, most companies have in-
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house facilities to do regular function checks of the equipment, but only a few can calibrate their probes against load cells and pressure sources, referring to high-precision
load cells and pressure gauges.
The probe should be calibrated and maintained regularly. The calibration intervals
depend on how frequently the equipment is used and how it is taken care of and
stored between soundings. The performance of each probe with respect to output
from measurements is specific and may vary during the lifetime of the equipment.
Small changes in function and geometry of the probe hence require regular recalibrations, normally according to the following recommendations (ISSMGE 1999,
EN-ISO 22476-1):









Regular time intervals: The probe should be re-calibrated every 6 months, if
it is in continuous use. For probe systems that allow scanning of the history
of zero load readings, longer calibration intervals may be accepted if the history shows only small acceptable deviations.
Number of sounding meters: If the probe is used irregularly, it is suggested to
re-calibrate the probe according to the number of sounding meters used. Recalibration of the probe is usually suggested when the amount of sounding
meters exceeds 3000 m.
After overloading or loading near to the probe capacity: A new calibration
should be carried out after soundings under difficult conditions, where the
probe has been overloaded or loaded close to its maximum capacity. Such
cases may result in a loss of calibration and/or a significant shift in zero values, even if the transducers can sustain a certain overload without getting seriously damaged.
Function control: Regular function control of the equipment should be carried out as a part of the daily routine in the field.
Calibration according to history of zero load readings: For probe systems
that allow scanning the history of zero load readings, a longer calibration interval than suggested above may be accepted, if the history shows only small
and acceptable deviations of the zero load readings.

Details concerning the calibration of probes are given by e.g. Mulabdic et al.
(1990) and Lunne et al. (1997). Specifically, the calibration of the probe is normally
carried out according to the following procedure:
Calibration of cone resistance and sleeve friction: The cone resistance and sleeve
friction is calibrated in a special rig using incremental, axial loading and unloading,
see Figure 5a. Usually, the calibration is carried out for various measuring ranges, including those commonly encountered in practical use. If a new probe is calibrated,
the sensors should be subjected to 15 to 20 repeated loading cycles up to the maximum load, before the actual calibration is carried out. If the calibration curve is nonlinear, the approximation used in the processing of data should be reported. This is
particularly important when testing soft soils where only a small percentage of the
load cell capacity may be utilized. Calibration of the friction sleeve requires a special-

13

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

ly adapted calibration unit to substitute the cone, transferring the axial forces to the
lower end area of the friction sleeve.
Calibration of pore pressure and net area ratio: The calibration of the pore pressure
and net area ratios requires a sealed pressure chamber, constructed so that the lower
part of the probe can be mounted in the chamber and be sealed above the friction
sleeve. In the calibration, the probe is subjected to an increasing chamber pressure,
and cone resistance, sleeve friction and pore pressure are recorded. In this way a calibration curve for the pore pressure transducer is obtained and the net area ratios  and
 can be determined from the response curves for cone resistance and sleeve friction.
As for the other transducers, the response of the pore pressure transducer to cyclic
pressure variations is also controlled.
Calibration of the inclinometer: The inclinometers in the probe shall be calibrated
over a range of at least + 20o and – 20o with the vertical in 2 orthogonal directions.
Calibration should be carried out for every 5o intervals. The required output accuracy
should be better than 2o or 5o respectively, depending on the Application class.
Special features: The calibration of a probe may also include special features such as
influence of internal friction and possible interference effects between transducers
and mechanical components. Most available cones today are designed to avoid the effect of axial load on the pore pressure readings, so-called cross-talk, but this was a
problem with older cones where the load caused deformations in both the pore pressure transducer and the porous filter. The sensors should be checked individually to
ensure that the applied load action does not influence them.
The effect of changes in the ambient temperature is also an important calibration
feature. The probe is installed in water baths at different temperatures, and the transducer signals are supervised to ensure that the values stabilize. From these results a
unit measure for changes in zero readings per oC is obtained, and an impression is obtained of the time needed for the probe to temperature stabilize when exposed to different ambient temperatures in the field. The calibration should be carried out using
the same data acquisition system as in the field test.
4.4 Accuracy of the transducers
The total obtained accuracy in a CPTU should take into account all possible sources
of errors, both related to the equipment and the procedures, and it is this accumulated
value that should be acceptable for the required Application class. As shown in Figure 5b, the measuring accuracy of any transducer involves different contributions
such as:




Resolution: Result of the digitalization process, function of the transducer capacity.
Non-linearity: Deviation in the calibration curve from a linear relationship between output and measured value (% of FSO).
Repeatability: Ability of the transducer to show the same reference value after
repeated cycles of loading-unloading (% of FSO).
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Hysteresis: Deviation between a reference value at loading and unloading (%
of FSO).
Zero load error: Absolute difference of the zero load readings at start and
completion of the test.
Calibration error: Deviation between the real value and the transducer output
(% of MV).




Unfortunately, the cone manufacturers have no standardized way of giving the
measurement precision of their products. Some use the term accuracy, which is understood to be the effect of all relevant contributions listed above, relating to the specific properties of the probe transducers and how they are calibrated. Others specify
the relative contributions of effects like non-linearity, temperature influence and resolution. The relative contributions between the influence factors to the total accuracy is
somewhat unclear, but in general, the resolution of the measuring system shall be better than one-third of the accuracy applicable to the required accuracy given in ENISO 22476-1.
The amount of electrical noise influencing a small voltage output may have considerable effect on the accuracy of the measurements, and the output should be large
enough to be unaffected by this noise. In addition, the obtained measurements are influenced by factors relating to the test procedure. A comprehensive summary of these
issues, with respect to soft soils, is given by Lunne & Andersen (2007).
It is a difficult task to fully verify the real, obtained accuracy in a CPTU, but the
following list of influence factors should be relevant to consider:








Appropriate transducers by choice:
o Transducer capacity
o Components with sufficient resolution and stability
o Transducers unaffected by noise and variation in zero readings
Calibration certificate in agreement with the use of the probe, including:
o Measuring range and gain factors for the tip load cell, pore pressure
transducer and friction load cell.
o Temperature influence for all transducers
o Net area factors for correction of measured cone resistance and
sleeve friction
o Resolution, non-linearity and hysteresis effects of all transducers in
the probe
Zero load values before and after testing, including:
o Description of procedures for temperature stabilization and reading
of zero load values in the field
o Numerical documentation of discrepancies in zero load values and
the influence on accuracy in engineering values
Description of test procedures, including:
o Saturation of the pore pressure element
 Saturation medium used
 Field saturation method used
 Procedures for control of pore pressure response
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o Control of penetration rate
o Control of probe inclination and procedures for correction of penetration depth
Final evaluation of test records

4.5 Specifications for commercially available probes
Cone resistance: Application class 1 of the forthcoming international standard requires that the “minimum allowable accuracy” should be the larger of: qt = 0.035
MPa or 5 % of the measured value. The relative accuracy applies to the measured
value and not the measured range. A review of presently available piezocones shows
that the accuracy of the load cell is claimed to be between 0.2 and 0.4 % of the FSO.
For a probe with 5 metric tons axial capacity, this corresponds to an imprecision in
the measured cone resistance of 100-200 kPa. The resolution contributes between
0.0025 and 0.08 %, corresponding to a contribution of 1-40 kPa of the total accuracy,
somewhat dependent on the resolution of the data transmission system. The inherent
effect of non-linearity, hysteresis and other factors contribute the rest.
Pore pressure: Application class 1 requires that the “minimum allowable accuracy”
should be the larger of: u2 = 0.01 MPa or 2 % of the measured value. One should
hence be able to measure the pore pressure with an accuracy of ±1 kPa, using a transducer with a measuring range of 10 bars (1000 kPa). This implies a measuring accuracy of about ± 0.10 %, involving all sources of error, using the full scale measuring
range as reference. According to the overview of available piezocones, the accuracy
is reported to vary between 0.2 and 0.5 % of the FSO, indicating a best obtainable accuracy for a 1000 kPa transducer to fall between 2 and 5 kPa, with the resolution
representing about 50 % of the total accuracy. The standard requirement may hence
be too strict for some of the available piezocones under normal conditions. However,
high precision transducers are available and should be mounted in the probe if the
ambition is to produce high quality pore pressure as required by the new standard.
The obtainable accuracy obviously relies on a fully saturated pore pressure element.
If not, the requirements given in the standards are easily violated, even if the transducer specifications are good enough.
Sleeve friction: The measured sleeve friction is considered by many as the most unreliable measurement made in a CPTU (Lunne et al. 1986, 1997). The recorded sleeve
friction is influenced by the pore pressures acting on both ends of the friction sleeve.
These areas are usually not of similar size and will cause an unbalanced friction force
that has to be corrected for. However, since pore pressures are usually not measured
at both places (u2 and u3), this correction is difficult to do accurately and is often
omitted. Other factors that contribute to the errors in friction measurements are the
distribution of the side friction and the degree of remoulding behind the tip, together
with the surface roughness between the soil and the sleeve. The measured friction
value is typically much less than the full range of the load cell.
The ASTM standard does not give any requirements to the total accuracy of the
measurements, but specifies calibration requirements both for newly manufactured
cones and for cones used for production, see Table 5.
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Table 5. Required accuracy in ASTM Standard Test Method for electric cone and piezocone
testing of soils (ASTM 2000).
Calibration parameter

Element

Requirement

Requirement

Newly manufactured cones

Cones under production

Zero load error

Cone

≤ ± 0.5% FSO

≤ ± 0.5% FSO

Zero load error

Sleeve

≤ ± 0.5% FSO

≤ ± 1.0% FSO

Zero load

Cone

≤ ± 1.0% FSO

-

thermal stability

Sleeve

Non-linearity

Cone

≤ ± 0.5% FSO

≤ ± 1.0% FSO

Non-linearity

Sleeve

≤ ± 1.0% FSO

≤ ± 2.0% FSO

Hysteresis

Cone

≤ ± 1.0% FSO

-

Sleeve
Calibration error

Cone

≤ ± 1.5% MO at 20% FSO

≤ ± 2.0% MO at 20% FSO

Calibration error

Sleeve

≤ ± 1.0% MO at 20% FSO

≤ ± 3.0% MO at 20% FSO

Apparent load transfer

Sleeve transfer

≤ ± 1.5% FSO of sleeve

≤ ± 2.0% FSO of sleeve

Apparent load transfer

Cone transfer

≤ ± 0.5% FSO of cone

≤ ± 1.5% FSO of cone

The specifications are based on past experience and may hence not fully reflect
what can be achieved nowadays. According to the standard, it is required to have
some form of periodic calibration checks.
The forthcoming EN-ISO standard requires that the “minimum allowable accuracy” should be the larger of: fs = 5 kPa or 10 % of the measured value in Application
class 1. Manufactured piezocones are reported to have an accuracy of the friction load
cell similar to that of the cone resistance, say between 0.2 and 0.8 % of the FSO.
However, the influence factors on the measurements outlined above are of such significance that the inherent accuracy of the transducer is less interesting. Besides, in
many soils, such as soft, sensitive clays, the measured friction values may be smaller
than the accuracy required in the standard.
4.6 Temperature influence
Most CPTU tests in practice are performed without temperature measurements during
preparation and sounding. This is a pity since no control exists of the temperature
level in the probe, or if transient temperature gradients occur during testing. It is a
relatively simple task for the manufacturers to install a temperature transducer routinely, as most modern data acquisition systems easily accommodate the extra recording channel.
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Modern piezocones are temperature compensated and less vulnerable to the ambient temperature than they used to be. They are however not compensated for the effect of temperature gradients, as only the permanent, temperature induced zero shifts
could be accounted for, not the transient errors. At low stresses this effect still needs
to be considered, and piezocones used for tests in soft soils should hence have high
temperature stability. Accordingly, the Swedish guidelines require the following temperature stability for all transducers mounted in the probe:
2.0 kPa/oC for cone resistance
0.1 kPa/oC for sleeve friction
0.05 - 0.1 kPa/oC for pore pressure (1000 – 2000 kPa measuring range)





This seems to be within reach for most available probes today. The relationship between temperature and load cell output, obtained under static conditions in the laboratory, may however be somewhat different from the field conditions, since a heat flux
may flow through the probe during penetration.
When the probe is lowered from the surface into the ground, small temperature
gradients will occur if the air temperature differs from the ground temperature (typically 5-7oC). The temperature gradients will influence the metal in the probe and the
readouts will be misleading for a period of time until the temperature again stabilizes.
The largest gradients in the probe will normally occur after 2 to 3 minutes, depending
on the difference in surface and ground temperatures, and the probe will usually be
completely stabilized after 10 to 15 minutes. It may be a difficult task to overcome
the temperature gradient problem technically, so the best way to eliminate these effects would be to adapt the in situ procedures, so that the influence of the temperature
gradients is minimized.
Lunne et al. (1986) suggests two approaches to account for the effects of temperature zero shifts:



Carry out zero load readings of the transducers before and after completion
of the test, with the probe having a temperature equal or close to that of the
ground.
Mount a temperature sensor in the probe and correct the measured results
based on the laboratory calibration curve for temperature influence.

During penetration of dense and coarse layers, the friction between the probe and
the soil particles may result in a heat flux and temperature increase in the probe. This
temperature effect may have little significance in the dense layer where the cone resistance is large, but may influence the readings in the underlying soil. If the soil profile consists of a dense sand layer over soft clay, the temperature effect may become
significant in the clay, since the temperature compensation may take some time to
suffice. One way to overcome this problem is to arrest the penetration immediately
after passing the sand layer, and wait for the temperature to stabilize shortly after entering the clay. This procedure may also contribute to a re-saturation of the pore pressure system if the saturation has been lost in the dense layer.
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The effect of temperature gradient on cone readings was studied recently by Boylan et al. (2008), using commercially available cones in a comprehensive test programme in peaty soils. Due to the soft highly compressible nature of the peat, qt and
fs values are very low and occasionally become negative. The measurements are thus
very sensitive to measuring errors, such as the effects from temperature gradients. Initially, the tests were carried out without temperature stabilization of the probe prior
to testing, resulting in very large temperature effects on the cone resistance and friction readings. Only the pore pressure readings appeared reliable. Later, the probe was
adapted to ground temperatures by immersing it in a container of water, and this resulted in much more dependable profiles. This confirms that the temperature effect on
recorded values may become significant and that the probe should be allowed to temperature stabilize before the test commences.
The data acquisition system may also be sensitive to temperature changes, which
may result in zero shifts in the recorded data. The temperature changes may be
caused by warm-up effects or by changes in the ambient temperature. The effect will
vary depending on the data acquisition system, and this should be tested before use.
With modern days data acquisition systems the influence from temperature changes is
certainly less of a problem than some years ago.
4.7 Shift in zero load readings
The zero load readings of cone resistance, sleeve friction, pore pressure and inclination of the probe shall be recorded before and after the penetration test, with the probe
withdrawn to the surface. The readings shall be taken with the probe unloaded and
temperature-stabilized, ideally at the ground temperature. The zero load readings
should be logged and presented as a part of the test results, being an important part of
the quality check of the CPTU records.
Shift in zero load readings can have a very significant influence on the results and
may be caused by one or more of the following reasons:





Mechanical damages to the probe caused by overloading or encounters with
objects in the ground.
Shortcomings and damages in the electronic systems causing a change in calibration values.
Hysteresis effects and zero shift in the transducers after repeated loadingunloading cycles in the test.
Shortcomings in test procedures, such as:
- Insufficient temperature stabilization, resulting in effects of temperature gradients on the transducer read-outs
- Loading of the probe or any of its components. During saturation and
mounting of the rubber membrane, the probe will for example be subjected to small stresses, so that the sensors can show values different
from zero. Mounting of the tip element may particularly influence the
pore pressure readings. Normally, 5 minutes relaxation time is recommended after mounting, before the zero load readings are taken.
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- Residual pore pressures (suction) after withdrawal of the probe to the
surface. It is recommended to loosen the cone tip after retraction to release the remaining suction. Alternatively, some 5 minutes waiting
time is recommended after withdrawal before repeated zero load readings are taken.
- Insufficient cleaning of the friction sleeve after withdrawal to the surface, causing stresses acting on the friction sleeve.
A special problem may occur when penetrating very soft soils, underlying stiff layers or a dry crust. The large forces developed in the stiff top layer may result in shifts
in zero load values and hysteresis in the load recordings in the softer layers. For such
ground conditions, it is hence recommended to carry out pre-drilling/punching
through the stiff top layer, which may eliminate overloading of the probe in the top
layer if a low-capacity, high-resolution probe is used.
Peuchen et al. (2005) investigated zero drift data for three CPT projects all with
Fugro offshore systems. They found that the mean zero drift for the cone resistance qc
in 5 cm2 cones was about 30 kPa, which alone may violate the required accuracy of
measured cone resistance in clays.
According to Lunne et al. (1997), no strict requirements exist on the deviations in
zero load readings, but one should check if the differences in zero values before and
after a test are acceptable. In soft clays this may correspond to ± 20 kPa for the cone
resistance readings, according to Lunne et al (1997). If the measuring range and the
resolution of the probe are known, it is possible transform the numerical discrepancies in zero readings to engineering units (kPa). By this, the contribution to the total
accuracy from differences in the zero readings can be found and related to the required accuracy in the corresponding Application class.
For some older CPTU systems, such as those relying on signal transfer through the
CPT rods, the zero load readings had to be taken at the surface with the sender unit in
the probe held close to the receiver unit on the thrust device. This is no longer the
case for newer systems, and it is now possible to take zero load readings at any stage
of the test, with the probe in arbitrary positions. Quality-wise, this may open for a
more controlled procedure of zero load readings, improving the documentation of the
test and also help assess rational calibration intervals of the equipment, see Figure 6.
This will reveal the status of the calibration and transducer functions, as any instability of the zero read-outs may indicate the need for a re-calibration or a function control of the probe.
A recommended procedure for zero load readings may hence be as follows:



The first zero load reading is taken with the probe unloaded and temperature
stabilized on the surface. Any mounting effects on the transducer readings
should be stabilized.
Control reading of the zero load readings taken after insertion of the probe into a pre-drilled hole in the ground. Temperature gradients should be allowed
to stabilize before the testing commences. The stabilization of the zero load
readings can be monitored in real time on modern data acquisition systems.
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Withdrawal of the probe to the top of the borehole, where it is allowed to relax to enable any suction effects to dissipate before the final reading of the zero load values is taken. The pore pressure may also be logged during withdrawal. The cone tip should be released somewhat to release the suction. The
seals above and below the friction sleeve should be cleaned to ensure that the
friction sleeve can easily be rotated.

Figure 6. History of zero load readings for a Geotech piezocone (www.geotech.se).

4.8 Inspections for wear
Penetration of coarser soils leads to an unavoidable effect of wear on the cone tip and
the friction sleeve of the probe. This was taken into account in the first CPT standards, where tolerances for changes in dimensions of the equipment were given and
rather large. The increasing demands on accuracy in many test applications have defined much more narrow limits, particularly for CPTUs and conventional CPTs with
high demands on accuracy. The cone tip and friction sleeve should hence be inspected regularly by a geometry guide and roughness indicator to control if the probe
geometry is within the tolerances. The actual dimensions of the cone tip and friction
sleeve can alternatively be measured and used in the evaluation instead of the nominal values.
4.9 Comparative studies
Several recent studies have addressed the accuracy of CPTU measurements, and the
variation of recorded data obtained by different manufactures. A series of CPTU’s
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involving six different probe manufacturers were carried out at NGI’s test site of soft
clay at Onsøy in Norway (Lunne & Andersen 2007). The main objective of the work
was to evaluate the influence of probe type, and to check if commercially available
equipment could meet the requirements of Application class 1 of the forthcoming
EN-ISO standard. The following conclusions were made:





The range of obtained qt and u2 values was better than the accuracy requirement of Application class 1, whereas the range of fs values was in the
same order of magnitude.
The scatter in u2 values was relatively small, provided that the pore pressure
measurement system was well saturated. The measured pore pressures
showed the smallest variations from one type of CPTU equipment to another.
Compared to the pore pressure records, the scatter in qt and fs values was
relatively large.

Numerous CPTUs have been carried out the Bothkennar site in the UK over the
years. The overall uniformity of the site has been confirmed by a large number of
tests, finding that tests in the same small area with different probes can produce variable results. Long et al. (2008) compared recent work carried out by University College Dublin in cooperation with Lankelma (UK), to earlier work at the site carried out
by e.g. Powell & Lunne (2005b). Their work made use of five different piezocones,
carefully calibrated to minimize any potential equipment errors. Similar to the results
found by Lunne et al. (1986) in the Onsøy tests, Powell & Lunne (2005b) found the
pore pressure to yield the smallest scatter in results. Somewhat higher scatter was
found for the cone resistance, but significantly less than that found for the sleeve friction. Long (2008) found their work at the same site with just one probe manufacture
to give higher cone resistances than those reported by Powell & Lunne (2005b), whereas sleeve friction and pore pressure recordings were very similar. Their results were
more in line with those obtained using Fugro McClelland piezocones (Jacobs &
Coutts 1992). These studies compared corrected cone resistance values (qt) but compared uncorrected sleeve friction values (fs).
Generally, these example studies show that there still exist some equipment specific features in the obtained quality of CPTU data, even if improvements in transducer
technology in recent years have brought this field forward. One conclusion from the
studies is that, in soft clays, cone resistance values show somewhat more variation
from one type of equipment to another, as compared with the measured pore pressure.
It is hence expected that derived soil parameters or soil classification based on pore
pressure readings are more reliable compared to classification and interpretation
based on cone resistance or sleeve friction measurements, at least in soft clays where
the measured pore pressures are high and cone resistance and sleeve friction values
are small. For high pore pressures, the relative influence of errors then become relatively small, whereas they contribute more to the small cone resistance values. In stiff
clays, the cone resistance and sleeve friction is higher and pore pressure smaller,
making cone resistance measurements the more reliable option.
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5 FUTURE TRENDS AND DEVELOPMENT
Cone penetration testing with modern, data-assisted equipment can provide sitespecific information of the soil properties in a rational and cost-effective way. CPTU
results may be used to evaluate stratification, depths and thicknesses of soil layers,
presence of lenses or thin layers of contrasting materials and relative penetration resistance of the encountered soils. Where the local soil conditions allow for it, CPTU
provides a lot more information than conventional CPT soundings. Provided that
high-quality data exist, interpretation of parameters is cheap and can be performed
very quickly compared to the traditional procedures for sampling and associated laboratory testing. However, the two approaches are complementary, with CPTU providing immediate profiling of the subsurface conditions with subsequent confirmation
obtained by selective sampling and laboratory testing.
At the time of CPT’95, the then present trends and developments could be summarized as follows:






Improved accuracy in manufacturing of electrical CPTU probes
Extensive national standardization of CPTU
Improved understanding of factors with influence on the quality of CPTU
measurements
Increased use of CPTU in many countries, providing improved experience
and extensions of local databases
Implementation of inventive sensors to broaden the CPTU measurement repertoire, particularly for environmental testing

The most modern electronic probes collect the data directly in digital format, with
a potential of recording of as many as ten different transducers in the probe. This may
include recordings of cone resistance, sleeve friction, several pore pressures, resistivity and a number of environmental parameters. CPTU data can be used together with
other sounding and sampling results to create cross sections and subsurface profiles
for sophisticated views of the general ground conditions. The digital CPTU data can
also be post-processed to provide soil parameters for geotechnical analyses or used in
direct CPTU methods for estimates of foundation capacity or settlement predictions.
Further development may include interpretation of properties in special soil types
and geologic materials, such as peats, residual soils, silts and collapsible soils. On this
background, there are many reasons to believe that the growth in use of CPTU in future site investigations will continue, with research and development in the field of
equipment and procedures along the following axes:
 Test equipment: As CPT now is used also for stiff and hard soils in many parts
of the world, high-capacity cones will become more extensively used. Development of heavy or super-heavy trucks and thrust equipment in such soils will
also increase. On the other hand, lightweight, miniature cones will be considered for shallow investigations, reducing the necessary gear and thrust capacity for such investigations.
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If already not so, CPTU will become the preferred penetration method in testing of saturated soils, more frequently with recording of pore pressures at several locations. Temperature sensors should become standard for all new
probes, allowing more control of temperature effects both during test preparations and performance. The manufacturers will continue to pay attention to
improve accuracy and sensitivity of new probes, as this is now rapidly becoming a competitive future after the advent of the new international standards.
 Data acquisition systems: Developments in microelectronics over the past
decade have produced significantly improved data acquisition and processing
systems. This development will continue in the future, but probably not with
the same speed. Cordless CPT systems will continue its growth, with implementation of new techniques for data transfer, like the radiowave technique
recently developed by Geotech in Sweden. Computer modem technology allows easy transmission of data, and test data can now be conveyed over telephone lines or wireless almost immediately after test completion.
Besides the efficiency and rationality this opens for, it is also a quality asset as
the engineer and field operator can have a quality evaluation of the data before
further testing takes place. This allows the operator to redo the test if necessary, with the machines being at the location and can result in a more flexible
performance of the site investigations. Real-time computer interpretation of
CPTU data has become common, including sophisticated presentation techniques allowing 3D visualization of the soil conditions.
 New international standards: The new international EN-ISO 22476-1 standard for CPTU will set stricter requirements to the application of CPTU for
different soil conditions, separating the performance of CPTU into four Application classes, each class with given requirements to measurement accuracy. This requires a higher level of quality control and preparation in all stages
of the test. Communication and interaction between engineer and field operators should improve, and education and accreditation of CPTU operators is
expected to be more common. The accreditation agency checks that the operating company has the required facilities and procedures for quality control,
that the procedures and relevant standards are followed, that the operator has
the required formal education and skill, and that the quality is verified. Despite the large advances in test equipment and procedures, there may still be
too large discrepancy between actual test performance and best practice in
many cases. This may also be extended to calibration and maintenance of the
equipment. Hopefully the new international standard will contribute to remedy this situation.
Several advances in research and development have not yet been fully developed for
practice, or have not been made known to the practicing engineers for implementation. This is expected to be less of a problem in the future, along with the improvement in technology and more comprehensive international standards. Still, CPTU has
been used for more than 30 years, enjoying wide-spread use in many different soil
types and for many types of applications. The development of the method is going on
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and new applications are coming into use. CPTU is hence expected to further enhance
its status as a profiling and in situ tool of major importance in the future.
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Interpretation of the CPT in engineering practice
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ABSTRACT: Many empirical and theoretical CPT interpretation methods are broadly
accepted and used in practice. These approaches tend to consider whether the cone
penetration is drained or undrained, and then will consider the soil as either “sand” or
“clay,” respectively. Most fundamental research into the CPT and its interpretation
considers penetration through sands or clays separately, and includes verification tests
in materials with close to ideal sand or clay behavior. However, in our engineering
practice over the past five years, we have encountered several instances where the
soils are not typical and the usual methodologies are inadequate or lead to inconsistent conclusions. This paper describes three of these case histories and our approach
to using the CPT in each case.
1 INTRODUCTION
Soil behavior is in general complex. In addition to physical interactions at the particulate or clay mineral scale, there is coupling of the pore fluid flow with the solid matrix deformation; however, only macro-behavior is generally observed in soils testing.
In triaxial testing, for example, we impose well-controlled and known boundary conditions on soil samples to measure the shear strength of the sample directly. Cone penetration into soils imposes a completely different and complex set of boundary conditions, and we take indirect measurements of the soils’ response to these imposed
boundary conditions (i.e. parameters such as tip resistance or sleeve friction) to determine the shear strength of the soil. As a result, interpreting the cone penetration
test (CPT) is largely empirical, with the best empirical approaches having a sound
theoretical basis. Relatively simple soil and interpretation models tend to gain the
widest acceptance, but also fail to capture some of the complexities of soil behavior
and the imposed CPT boundary conditions. Robertson (2009) implicitly captures this
dilemma and presents an overview of currently available models for CPT interpretation. Robertson (2009) suggests that the empirical models are suitable as a screening
tool for “low risk” projects. However, in our geotechnical practice, we seldom encounter “low risk” projects where these screening methods are sufficient.
In general, our projects are large, involve capital expenditures in the hundreds of
millions of dollars, and tend to be in remote areas of the developing world, rather
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than in developed urban areas of North America and Europe. Due to the scale and location, the cost of site investigation for our projects is high, but contracting agencies
still have a tendency to squeeze the budget and minimize spending on geotechnical
testing. However, the most important consequences for CPT interpretation stem from
the location of our projects. First, because of the remote locations, it is difficult to get
high-quality laboratory testing on undisturbed samples. Ideally testing would be carried out in field laboratories on site, but it is costly to exercise good quality control
and to provide geotechnical oversight of the testing on site. The preferred option is to
ship samples to permanent laboratories for advanced testing and to pay the (unknown) penalty of sample disturbance during transport. Another significant issue in
remote sites is a complete lack of local experience and prior knowledge of what methods and approaches are suitable for the soils in the region; for example, what typical values of Nkt, the coefficient relating tip resistance to undrained shear strength in
Equation 1, might be appropriate.
Our experience is therefore that site-specific relationships for the CPT interpretation are always needed to determine soil properties from the CPT. The CPT is a very
good tool to give an indication of soil behavior, continuous vertical profiles, variability between locations, and of course undrained shear strength of clays and density or
state of sandy soils. However, the CPT can only be used with confidence when supported by all of the other tests and information at our disposal from the site investigation. There have been several instances where the soils are not typical sands or clays,
and the usual methodologies are inadequate or lead to inconsistent conclusions. In
this paper, we will discuss three examples where traditional CPT methodologies were
not sufficient for the location of the project or the type of soils encountered. We will
present the data and discuss our methodologies for using the CPT results in conjunction with the other tests.
2 RESIDUAL SOIL SITE
The first example is a site where the soils of interest were residual soils derived from
weathered basalt. The soil column is typically 15 m thick overlying the weathered basalt bedrock profile. Near the ground surface, these soils lack texture or traces of the
parent rock and consist of brown to red and yellow, high plasticity silts. At a slightly
greater depth, the residual soils transition to weathered basalt and are typically dark
brown, black and dusky red, high plasticity silts. The liquid limit of all these soils is
generally greater than 50, and the plasticity index is such that they plot below the Aline on the Casagrande plasticity chart. According to the Unified Soil Classification
System (USCS) in ASTM D2487, these soils have the abbreviated descriptor MH,
and are called elastic silts (or high plasticity silts outside the USA).
2.1 Index Tests
Figure 1 shows the index properties of the upper 15 m of the soil profile, including
the SPT N value and the undrained shear strength. Undrained shear strength was generally measured with unconsolidated undrained (UU) triaxial compression tests in a
field laboratory, but Figure 1 also presents results from several pressuremeter tests,
which are shown as hollow squares. The moisture content ranges between 19% and
79% and increases slightly with depth. The liquid limit (LL) ranges from 59 to 119,
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and the plasticity index (PI) ranges from 9 to 47. The average undrained shear
strength (cu) measured in UU tests is approximately 120 kPa, with relatively wide
scatter and a standard deviation of 88 kPa. The high standard deviation is an indication of a large variability within this residual soil, which may be attributed to sampling disturbance, failure along micro discontinuities, natural variability, and maybe
other factors. It is also noted that stiffer soils in the profile are difficult to sample, and
therefore UU tests are considered to be representative of the weaker parts of the soil
column. The groundwater table at this site was at a depth of about 8 m at the time of
drilling and CPT testing.
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Figure 1. Soil properties at the residual soil site in West Africa (in undrained shear strength plot circles
indicate UU test results and squares indicate pressuremeter test results).

2.2 CPT Data
Several CPTs were carried out at the site, but Figure 2 shows only one CPT. This
CPT was situated close to the soil borings sampled to provide the index properties
and undrained shear strengths on Figure 1. Figure 2, shows the tip resistance (qt, corrected for end area effects) as well as the common normalized parameters; friction ratio (F), pore pressure parameter (Bq), normalized tip resistance (Q) and soil behavior
index (Ic). Both the Robertson and Wride (1998) and the Jefferies and Davies (1993)
versions of Ic are shown, illustrating that in this case there is very little difference between the two (because the main difference between the two equations for Ic is that
Jefferies and Davies include the pore pressure parameter Bq which is generally less
than about 0.1 for these soils). In the upper 5 m, the behavior type is between “clayey
silt to silty clay” and “clay”, and below 5 m the behavior type is solidly in the “clay”
zone, according to the Robertson and Wride (1998) classification. (The Robertson

29

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

and Wride classification is preferred in this instance because of the potential for desaturation of the pore pressure stone during penetration above the ground water level). Figure 3 shows the CPT measurements on a soil behavior chart, which further illustrates the soil classification.
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Figure 2. CPT profile at residual soil site (soil behavior type Ic shown for both Jefferies and Davies,
1993, and Robertson and Wride, 1998, equations)
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The soil behavior type indicated by the CPT for this residual soil seems to be appropriate despite being different from the soils used to develop the CPT charts. While
the material is classified as an elastic or high plasticity silt based on its Atterberg limits, the mechanical response of the soil is similar to that of a clay, i.e. the engineering
parameter used for characterization of its strength during static loading is undrained
shear strength.
2.3 Engineering Interpretation of the CPT
This particular location was for a large (850,000 barrel) settlement-sensitive tank, and
the key foundation considerations were bearing capacity and settlement. Therefore,
the primary engineering parameters of interest from the CPT were undrained shear
strength and compressibility. While overconsolidation is a meaningless concept in a
residual soil, oedometer tests were carried out on the material to determine the compressibility. These showed that the yield stress in compression (analogous to preconsolidation pressure) was greater than double the design tank loading. Settlement was
therefore characterized by elastic parameters for the soil.
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Figure 4. Interpretation of CPT in residual soils; b) shows Gmax from Vs, 0.2 × Gmax, Gur from pressuremeter tests, and G from CPT tip resistance.

As illustrated in Figure 4a, a relatively simple technique was used to estimate Nkt,
the empirical parameter required to calculate undrained shear strength (cu) in triaxial
compression from CPT. Nkt is defined in Equation 1, where qt is the cone tip resistance and σv is the total geostatic vertical stress. We varied Nkt until the CPT graph of
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undrained shear strength with depth on Figure 4a provided the best visual match to
the UU tests on samples from nearby borings. A value of Nkt = 16 provided the best
match. It is apparent that the small number of pressuremeter measured undrained
shear strengths (abbreviated as PMT in Figure 4a) are higher than UU test results, and
this approach of using UU tests as a reference might be somewhat conservative in this
soil, i.e. Nkt could be less than 16.

cu 

qt  v
Nkt

(1)

Given that the bearing capacity exceeded the design load even using conservative
values, settlement of the tank, and hence modulus of the residual soils, became the
focus of the interpretation. In situ test information on modulus was available from
shear wave velocity (Vs), pressuremeter tests, and CPT-based empirical relationships,
in addition to laboratory tests. As a first step, we noted that laboratory tests suggested
moduli that were significantly lower than those suggested from in situ tests. When we
identified this distinct difference between the results, we did not consider the laboratory values further when selecting design parameters, as they were likely affected by
sampling bias (i.e. selective sampling and sub-sampling of laboratory specimens) and
sample disturbance. Figure 4b shows the range of shear modulus estimates from:
• Gmax determined from downhole shear wave velocity measurements, Gmax =
ρVs2, where ρ is the mass density of the residual soil determined from tube samples.
• G from shear wave velocity with a degradation factor of G/Gmax = 0.2 to approximate 1% shear strain.
• Gur determined from the slope of an unload/reload cycle during a pressuremeter
test.
• G from the CPT considering the constrained modulus, M, from Equations 2 and
3 with αM = Q when Q ≤ 14 and αM = 14 when Q > 14. (Robertson, 2009)

G

M (1  2 )
21  

(2)

M   M qt   v 

(3)

The final CPT-based method results in much lower modulus than the degraded
shear wave velocity method and the pressuremeter, while the pressuremeter and shear
wave velocity methods give similar results.
The above derivation of G from the CPT passes through the intermediate step of
constrained modulus M. However, there are direct correlations between Gmax and tip
resistance for cohesionless soils, for example Equation 4 (Robertson 2009)

Gmax   G qt   v   0.0188  10 0.55 I c 1.68  qt   v 

(4)

While Equation 4 would not strictly be applicable for undrained, cohesive soils, Figure 5 shows a comparison between Gmax from Equation 4 and Gmax derived from the
shear wave velocity. As before, the CPT gives significantly lower values than from
shear wave velocity measurements, but not as low as when using Equations 2 and 3
for cohesive soils. Schnaid (2005) has suggested that such differences might be the
result of aging or cementation in cohesionless soils, which is also plausible for residual soils but caution is needed in its implementation. There may be factors related
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to pore pressures and drainage that affect the interpretation in cohesive versus cohesionless soils.
We decided to use the pressuremeter and shear wave-based values, since they result from direct measurement of shear modulus. In contrast, the CPT measures a
complex mix of shear strength and stiffness response to the cone penetration and the
CPT-based method is indirect. This choice to use the pressuremeter and shear wave
values was justified during subsequent monitoring of tank settlements during hydrotesting and operation of the facility, as settlement predictions compared favorably
with measurements.
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Figure 5. Comparison of Gmax from for residual soils from a) shear wave velocity and b) CPT correlation for cohesionless soils (Equation 4)

2.4 Summary
The residual soil case history is interesting in that CPT correlations are typically developed for sedimentary soils, not for residual soils. The soil behavior index, Ic, is
appropriate in this case; undrained clay-like behavior was observed in laboratory tests
and was correctly identified by the CPT, but the CPT was incapable of showing that
the material was a highly plastic silt, rather than a clay. The estimated Nkt value of 16
or less to determine undrained shear strength is well within the band of expectation
for CPTs in stiff clays and presents no surprise. However, the problem of using the
CPT to estimate modulus in an atypical soil is also highlighted. The CPT primarily
results in shearing of the soil, and its use to estimate modulus is limited, to some degree, to how well modulus and undrained shear strength are related. Even for sedimentary materials, there is a wide range of modulus to undrained shear strength ratios, and there is no reason to believe that a residual soil should fall within the same
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range. We do not recommend estimating soil stiffness using empirical correlations
from the CPT in a new area or in a soil for which there is no prior experience, even at
a screening level. However, in this case deploying a seismic CPT (SCPT) to obtain
measurements of the shear wave velocity would have been helpful to identify the
high stiffness relative to the measured tip resistance (e.g. Schnaid, 2005).
3 ESTUARINE CLAY
In this section, we present an example of a nearshore organic clay layer that was investigated for a large gas processing site. The engineering considerations for this
project included undrained shear strength for slope stability and compressibility.
CPTs and soil borings were advanced through the organic clay layer and samples recovered for testing. Index tests were carried out on most samples, however, it was
impossible to acquire sufficient undisturbed samples for laboratory compressibility
and strength testing to characterize the material fully. Given the paucity of data, we
relied on calculations of preconsolidation pressure and shear strength using CPT tip
resistance and empirical relationships, but verified that the choice of Nkt, k, and
SHANSEP parameters were compatible.
The clay was deposited in what was likely a mangrove area of a bay within the
estuary of a large river. Based on the condition of the soil, it is unlikely that the clay
was subjected to mechanical preconsolidation in this quiescent depositional environment. The clay was lightly overconsolidated due to aging and creep, but not due to
prior overburden stresses.
3.1 Index Tests
The clay was characterized by carrying out moisture content, Atterberg limits, and
particle size distribution tests. The “organic clay” (OH) designation was based on
visual observations of the presence of organic matter, measured organic content in laboratory tests, slight odor, and the comparison of the liquid limit value of the material
at its natural state with the liquid limit measured after oven-drying the specimen. The
moisture content of the material was highly variable (Figure 6), and the liquid limit
was typically greater than 50, reaching values as large as 160. The plasticity index
typically ranged between 60 and 101, and the material plotted slightly above or below
the A-line on the Casagrande plasticity chart (Figure 7). The liquidity index (LI)
ranged between 0.3 and 2.4 (Figure 6). In this instance the groundwater was above
the surface and the average unit weight of the clay was approximately 14 kN/m3, giving a relatively low submerged unit weight of 4.2 kN/m3 for CPT interpretation.
3.2 CPT Data
The plots on Figure 8 present typical values of the tip resistance qt, friction ratio F,
Bq, and Ic for the organic clay layer (which occurs in the upper 11.5 m of the profile).
The material exhibited increasing penetration resistance with depth (at an average
rate of about 50 kPa/m) as expected in this geological environment. The friction ratio
is between 2% and 3% and positive excess pore water pressure occurred during testing such that typically 0.2 < Bq < 0.6. The soil behavior index varies between 2.8 < Ic
< 3); therefore, the material classifies as “silty clay” and “clay” according to both the
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Jefferies and Davis (1993) and the Robertson and Wride (1998) systems. Figure 9
shows the organic clay on the Robertson (1990) soil behavior type chart, indicating
an accurate behavior type classification. (The material is not a peat and the organic
content is relatively small.)
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Figure 6. Plot of moisture content, unit weight and liquidity index with depth, estuarine organic clay.
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3.3 Engineering Interpretation of the CPT
The strength and compressibility of the organic clay were sought for engineering
evaluation. Given the dearth of laboratory test data, a value for Nkt (Equation 1) between 12 and 16 was initially selected, with a preferred value of 14. A value of k =
0.2 was then selected to estimate the preconsolidation pressure (σ´p) using Equation
5.

 ' p  k  qt  v 

(5)

However, in clays, cu and σ´p, or the overconsolidation ratio (OCR = σ´p/σ´v), are
generally also related. Ladd and Foote (1974) empirically developed the relationship
in Equation 6, where (cu/σ´v )OCR =1 may also be designated as S. The values of the
SHANSEP parameters S and m should be calculated through curve-fitting laboratory
test data using the procedure recommended by Ladd and Foote (1974); however, in
this case, these parameters also had to be estimated given the shortage of strength test
data for the material.
cu  cu 
 ' p 




 ' v   ' v  OCR 1   ' v 

m

(6)
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Figure 9. Organic clay CPT results on the Robertson (1990) classification of soil behavior types.

The term S varies slightly as a function of the failure mode (testing method, strain
rate), but may be considered to be constant in this case. Ladd and De Groot (2003)
recommend S = 0.25 with a standard deviation of 0.05 (for simple shear loading) and
m = 0.8 for sedimentary deposits of silts and organic soils (Atterberg limits plot below the A-line), excluding peats and clays with shells. S may take a value of approximately 0.30 to 0.35 for triaxial compression loading (e.g. Ladd and DeGroot, 2003).
Only certain combinations of the empirical parameters Nkt (tip resistance to cu), k
(tip resistance to OCR), and S and m are compatible with all of Equations 1, 4, and 5.
Substituting Equation 1 and 5 in Equation 6 to determine the appropriate combination
of parameters gives:
1 m

 qt  v 
Nkt  S  k  

  'v 

(7)

m

The left hand side of Equation 7 is a constant for a given soil layer, therefore, the
magnitude of this constant may be calculated by first selecting an appropriate value
for m and then by plotting the right hand side of the equation, as shown on Figure 10
for eight CPT soundings, where m = 0.85 was chosen. Significant variability in the
data is noticeable on Figure 10 due to variability of the tip resistance around the
project site. The median value of the right hand side of Equation 7 is 1.45, estimated
from the measured data which are plotted on Figure 10 and shown as a bold vertical
line. Therefore, the constants Nkt, S, and k on the left hand side of Equation 7 should
be chosen accordingly.
Since there is no single solution to Equation 7, different scenarios or combinations
of parameters were considered for engineering analyses. Table 1 shows combinations
of compatible parameters, where m = 0.85 in all cases, that were used to calculate cu
and σ´p for subsequent stability and settlement analyses. Nkt and S were selected and
the value of k calculated corresponding to the median of the data, Figure 10. Scenario
A has a typical value of S for strength in simple shear, but although k has a reasona-
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ble value, the magnitude of Nkt appears to be too large for a soft, lightly overconsolidated clay. The combination of Scenario B in Table 1 has a reasonable value of Nkt
and S for triaxial compression, but k appears to be high. Scenario C has high Nkt, reasonable S for triaxial compression, but low k. Scenario D has reasonable Nkt and k,
but S appears to be too high. Consideration of these four scenarios provided bounds
on the settlement and stability calculations that would have been much broader if this
approach had not been adopted.
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Figure 10. Plot of CPT tip resistance term on the right hand side of Equation 7, with the median value
shown as a bold vertical line.

Table 1. Combinations of compatible empirical parameters for CPT interpretation.
Parameter
Nkt
S
m
k (median)

Scenario A
20
0.25
0.85
0.246

Scenario B
14
0.30
0.85
0.302

Scenario C
20
0.30
0.85
0.198

Scenario D
14
0.36
0.85
0.244

3.4 Summary
The standard of practice to develop empirical factors to correlate undrained shear
strength and preconsolidation pressure to CPT tip resistance is to use site-specific laboratory test data. However, with only a handful of unconsolidated undrained triaxial
tests and consolidation tests available, there was an insufficient amount of data.
Therefore, we found ourselves in the undesirable situation to have to rely heavily on
index test data, experience, and judgment to select appropriate values for Nkt, k, and
SHANSEP parameters. Obviously, interpreting the CPT without laboratory test data
is a process that introduces significant uncertainty in the choice of engineering parameters.
A procedure was developed to verify the compatibility of the choice for Nkt, k, and
SHANSEP parameters through the manipulation of Equations 1, 5, and 6. We rec-
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ommend the application of this verification process to analyze CPT data, as it is useful even when a good quantity and quality laboratory test data are available.
The value of the parameter Nkt typically depends on the value of OCR and clay
plasticity (e.g. Karlsrud et al., 2005). Given that the SHANSEP parameters depend
mostly on the index properties of the clay layer (and it is reasonable to assume that
they do not vary within a clay layer), then the value of k should also vary with OCR
within the layer, a somewhat circular proposition. Thus, it appears that neither k nor
Nkt should be constant in a clay with varying OCR (the changes in k and Nkt could,
however, be inversely proportional). The normalized tip resistance, Q, could be used
as a clue to changes in Nkt and k, but we have not explored this in any detail.
A comprehensive laboratory test program should always be completed to determine the values of Nkt, k, S, and m. A comprehensive laboratory program should include a sufficient number of oedometer tests to determine the overconsolidation profile as well as undrained shear strength tests to determine the SHANSEP parameters
S and m for each clay soil. In addition, undrained shear strength measurements at in
situ conditions or on undisturbed samples consolidated to the estimated in situ
stresses are required to provide another (direct) check on Nkt and as a check on the
SHANSEP tests and procedures. Despite the experience on this particular project, the
CPT should not be used as the sole measurement.
4 OFFSHORE SILT
This example considers a thick offshore silt deposit in about 140 m of water where
we had information to a depth of about 100 m below the seabed. The full depth penetrated consisted of recent marine sediments, which typically presented as grayish
green silt interbedded with fine sand and shell fragments. The soil properties and CPT
results are presented in Figure 11 and Figure 12. The CPT was a downhole wireline
device with a 1.5-m stroke, and the small stroke unfortunately results in some spikes
and some discontinuities in the profile. Looking at both the CPT and soil classification tests, there are essentially three substrata, all silts; an upper silt, a high plasticity
silt and a lower silt.
4.1 Index Tests
From seabed to a depth of about 64 m, low plasticity silt is the prevalent material.
The liquid limit is less than 38 with a plasticity index less than 9 and this material is
therefore classified as ML, according to the USCS. The natural moisture content is
typically from 35% to 40% and is in general close to or above the liquid limit as indicated by the liquidity index on Figure 11. Sand layers are present as inferred primarily from the CPT records, but each of these layers is relatively thin and interbedded
with the silt. The sand layers are more prevalent and seemingly denser between
depths of 28 m and 38 m below seabed. Clay layers were not observed in the samples.
The second stratum between 64 m and 80 m is mostly high plasticity silt (MH in
USCS) with a natural moisture content range from 37% to 61%, and the respective
liquid limits between 43 and 84, leading to liquidity indices from a low of -0.4 to a
high of 1.42. The upper part of this subunit is more plastic and is uniform on the CPT
trace, which also shows the likely presence of sandy or silty interbeds in the lower
part the stratum.
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Figure 11. Soil index properties at marine silt site.

Below 80 m, the plasticity drops again to that of low plasticity (ML) silt. The liquidity index is very close to 1, with a liquid limit between 30 and 38, and natural
moisture content between 29% and 38%. The plasticity index is between 27 and 29.
The CPT records show the presence of abundant sand lenses.
4.2 CPT Data
In the CPT on Figure 12, a highly stratified deposit ranging between clays and sands
is apparent from the tip resistance, friction ratio, pore pressure parameter, and material behavior index. However, some caution is needed in the interpretation, as the measurements in one layer may be heavily influenced by the layers above and below. The
same variability was not apparent in the index tests on the soil samples, which were
predominantly silts with very little sand or clay present in any of the samples. Visual
examination of the samples (good quality, thin walled push samples) also did not indicate the stratification noted in the CPT. Plotting the CPT data on a soil behavior
chart shows a confusing picture of material types ranging from clays through silts to
clean sands, that looks like a shotgun blast on Figure 13. The pore pressure parameter
Bq (Figure 12) shows both drained penetration (Bq ~ 0) and undrained or partially
drained penetration, with Bq values as high as 0.4. In addition, the liquidity indices
are generally greater than one (Figure 11).
The initial interpretation of this rather confusing picture was that there might be
something fundamentally different about the silt. Diatomaceous materials are found
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in deeper offshore waters, and may have been transported to these shallower depths
by deep seabed currents. However, microscopic examination of the silt grains indicated nothing unusual; this was a textbook siliceous silty material. Assuming then
that both the CPT tests and the laboratory testing and soil descriptions were accurate,
we concluded that these offshore silts were indeed strongly bedded, but that the primary difference between each layer was its strength and stiffness, rather than its visual appearance or soil classification. This variability in strength and stiffness was readily apparent in the CPT, although it may be muted by the influence of layering on
CPT parameters. The denser or stiff silt layers exhibit drained “sand-like” behavior,
while the less dense, less stiff silts exhibits “clay-like” behavior.
4.3 Engineering Interpretation of the CPT
A first step in the interpretation was to separate sand-like behavior from clay-like behavior, and the obvious way to do this with the CPT (assuming it includes pore pressure measurement) is based on the material behavior index. In this case, the Jefferies
and Davies (1993) index was used, and the data were separated at an Ic value of 2.4,
corresponding approximately to the boundary between zones 4 and 5 on the soil behavior type chart. On the sandy side of the divide (soil types 5, 6, and 7), the state parameter ψ was determined, while on the clayey side (soil types 3, and 4) undrained
shear strength was calculated, as shown on Figure 13.
The CPT tip resistance is highly variable. Undrained shear strength (cu) from triaxial compression test results also show a wide range from about 100 kPa to 900 kPa.
Both tip resistance and undrained shear strength seem high and inconsistent with a liquidity index greater than 1. The highs and lows in undrained strength may reflect
differences in the proportions of sand and clay within the silt, as high undrained
strength values would be typically associated with the more granular (sand-like) silts,
while low values would be typically associated with a more cohesive (clay-like) silt.
The variability in undrained strength reduces between depths of 40 m to 80 m, which
coincides with an increase in plasticity. Here triaxial compression undrained shear
strength values have a range from about 150 kPa to 350 kPa.
From the above description of soils at the site, it is reasonable to consider that the
low points in the CPT tip resistance are most representative of the undrained shear
strength of the silts. In many cases, “lows” in the tip resistance might not be representative of the undrained shear strength in a thin layer and will tend to overpredict
the shear strength, so it is appropriate to consider something close to the lower bound
of the tip resistance profile. On Figure 14, the laboratory undrained shear strength
measurements and the CPT undrained shear strength for Ic values greater than 2.4 are
shown, using a value of Nkt = 14, on the same axis. There is a large variability in both
the CPT and the laboratory shear strengths, as expected, but considering the variability, the laboratory data line up reasonably well with the low points of the CPT data.
This alignment confirms that the selected value of Nkt = 14 is applicable. There is also an indication in the higher plasticity material between 60 m and 70 m that a
slightly lower Nkt can be used, since the CPT plots below the two laboratory strength
measurements in this depth interval. A rational design undrained strength profile in
the depth intervals that are predominantly clay-like is indicated as a dashed line on
Figure 14.
The state parameter values on Figure 14 for material with Ic values less than 2.4
have been calculated using the approach in Jefferies and Been (2006). The Ic value
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was used to determine values for the constants m and k, and then the state parameter
was calculated directly from Q. Figure 14 shows that the silt has a state parameter
generally smaller than ψ = -0.1 in the upper 40 m of the profile, and at greater depths,
the state parameter lies between about 0 and -0.1. Under static loading, the silt is expected to be dilatant at these states, but under the high seismic loading possible at this
site, it is predicted that high cyclic pore pressures could be generated. A design profile for state parameter in the depth intervals that are predominantly sand-like is
shown on Figure 14, noting that a less negative state parameter indicates looser material and that the line is therefore at about a 10 percentile exceedance level.
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Figure 14. Plots of undrained shear strength and state parameter for marine silt (Nkt = 14 for undrained
shear strength when Ic(J&D) >2.4)

4.4 Summary
This case study presents an interesting quandary for pile design. It is possible either
to treat the whole soil profile as a nearly uniform silt (based on the soil properties)
and select design parameters accordingly, or to try to determine what percentage of
the profile is clay-like and what is sand-like, and then select appropriate sand or clay
parameters for each soil type as was done above. It may not be important which ap-
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proach the designer chooses, but it is certainly important to use a combination of the
information from the examination of the samples, laboratory testing, and the CPT to
present a wider picture of the soil composition.
5 CONCLUSIONS
The experiences described in this paper confirm the much repeated advice that the
CPT cannot be used in isolation and requires an appropriate program of sampling and
laboratory or related testing to confirm the selected soil parameters.
The residual soil example yielded an Nkt = 16 for undrained shear strength, which
is well within the expected range for soils of the same plasticity. However, the modulus would not have been predicted well from the CPT and the example highlights
that the CPT should not in general be used to determine parameters through indirect
correlations. Application of a seismic CPT can be helpful in this context.
Classical soil behavior could be expected for the lightly overconsolidated estuarine
clay site, and thus OCR and undrained shear strength are related through the relationships suggested by Ladd and Foote (1974). As a result, only certain combinations of
parameters Nkt and k are compatible and were used in the absence of extensive laboratory strength testing during the early stages of this project.
The marine silt case provides a particular challenge for interpretation, both because of the layering and because it is a silt (i.e. not a clearly identified sand or clay).
The material behavior type index does, however, provide a rational basis to separate
sand-like from clay-like behavior in the CPT profile, and undrained shear strength
and state parameter profiles were then developed corresponding to clay-like and
sand-like behaviors.
It is also apparent from these conclusions that there are many soils that do not easily fit the idealized “sand” or “clay” behavior, on which much of soil mechanics depends. Therefore, the geotechnical engineer needs to have a flexible approach. In addition, without laboratory testing, visual examination of the samples and
consideration of the geological history of the soil, the CPT can easily mislead in
terms of soil type, strength and particularly modulus.
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Some issues related to applications of the CPT
N. Ramsey
Sinclair Knight Merz, Melbourne, Australia
ABSTRACT: This paper reviews some issues related to the use of Cone Penetration
Testing for geotechnical applications. Some of the areas that are considered include:
a) The advantages and disadvantages of Cone Penetration Testing (CPT)
b) The advantages of integrating CPT with laboratory testing.
c) Identification of similar geological units using statistics.
d) A review of published classification/behaviour charts, using a diverse and
highly dependable database.
e) The importance of using correct cone calibration and cone zero values in
normally consolidated fine-grained soils.
1 INTRODUCTION
The Burland Triangle (Burland, 1987), shown in Figure 1, provides a useful
framework for the majority of geotechnical problems. The Cone Penetration Test
(CPT) can provide valuable input to this framework, by providing cost-effective and
useful information for the “Ground profile” and “Soil behaviour” aspects of the
triangle.

Figure 1: The Burland Triangle (Burland, 1987)
The main purposes of this paper are to review the contribution of the CPT, in terms
of ground profiling and the assessment of soil behaviour. The paper concentrates
primarily on sites containing normally consolidated (NC) fine grained soils, as these
soils tend to be relatively difficult to analyse, and because published correlations can
be less reliable in these soils. Practical examples are presented from several widely
distributed sites, brief details of which are presented in Table 1.
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Site

Location

Idealised soil
description

Water
Content (%)

Liquid Limit
(%)

Plasticity
Index (%)

Fines Content
(%)

X

Offshore
Europe

loose to medium
dense silty sand

-

-

-

<35

Y

Offshore
North Africa

NC clay

80 - 90

90 - 100

50-60

100

Z

Offshore
West Africa

NC clay

70 - 80

70 - 80

40-50

100

V

Onshore
Australia

NC clay over
OC clay

75 – 85
25 – 45

70 – 90
40 - 80

50 – 60
20 – 50

90 – 100
80 - 100

S

Onshore
Australia

FILL overlying
NC clay

55-60

55-60

30-40

25-35

Note: NC denotes “normally consolidated” and OC denotes “overconsolidated”

Table 1: Approximate details of example sites
2 CPT FOR ASSESSING SOIL LAYERING AND VARIABILITY
The capability of the CPT (and CPTu) for assessing soil layering and variability is
well documented (e.g. Lunne et al., 1997). As a practical example, Figure 2 presents
CPT data from Site V, indicating sand, overlying normally consolidated clay,
overlying overconsolidated clay. As well as highlighting the strength of the CPT for
differentiating soil layers and transition zones, Figure 2 also illustrates the CPT’s
ability to identify variations in soil macro-fabric.

Figure 2: Site V - Differentiation of soil layers and identification of macro-fabric
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The value of the CPT for identifying variability within similar soil units is
illustrated in Figure 3, using data from Site Z. Although the eight CPTs at this site
were separated laterally by approximately 25km, the cone resistance profiles at seven
of the eight locations are similar – indicating a relatively uniform depositional
environment over the area of interest. The anomalous cone resistance profile at the
eighth site was later attributed to the presence of a nearby salt intrusion (diapir),
which had increased the lateral effective stresses in the vicinity of the test.

Figure 3: Site Z - Identification of anomalies
Figure 4 illustrates the ability of the CPT to differentiate even relatively subtle
differences is geological units. Site Y is located offshore North Africa in an area
containing a large variety of geohazards, including mud volcanoes and areas that
have previously experienced major mass movements. As a consequence, the
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depositional environment is extremely variable. To provide a reference framework, a
statistical approach was used to assess individual soil units and grouping of similar
soils. Although the four locations shown in Figure 4 are spread over an area of
approximately 4km by 8km. the results clearly suggest that the depositional
environment, at all four locations, is similar.

Figure 4: Site Y - Variation of net cone resistance
At the site, the quantity of site investigation was sufficient to enable statistical
characterization of the CPT results to identify statistical signatures for each soil unit.
The statistical signature was based on:
•

The average normalised cone resistance, Qt.

•

The coefficient of variation of Qt.

•

The calculated “best fit” slope of the net cone resistance, qnet, values with
respect to depth.

•

The regression coefficient, “r”, representing the closeness of the depth and
qnet data to a straight line.
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This approach enabled:
•

A quantitative objective method of recognising individual units and unit
boundaries to be established.

•

A quantitative objective method for assessing soils that may have been
subjected to mass-movement to be established.

•

A calibrated estimate of soil parameter values from cone penetration tests, at
locations where no geophysical or laboratory data were available - including
the undrained shear strength, remoulded shear strength, overconsolidation
ratio, carbonate content, constrained modulus and small strain shear modulus
(Gmax).

The ability of CPTs to assess variations in soil fabric has already been mentioned.
Published information normally suggests that the order of precedence for maximising
resolution and reliability is typically; pore-pressure ratio, Bq, followed by friction
ratio, Rf, followed by cone resistance, qc. To illustrate, the capability of these
sensors, Figures 5 to 7 present a sample of composite results between 2m and 6m
below mudline at Site Z. It may be seen, by inspection, that the Bq profile can be
used to detect thin layers of relatively permeable soil that cannot be discerned using
the other the other sensors. These results confirm that the Bq parameter is the
premier parameter for assessing variations in soil macro-fabric, at least for offshore
sites, where sensor saturation is more reliable.

Figure 5: Site Z, qc profiles

Figure 6: Site Z, Rf profiles
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Figure 7: Site Z, Bq profiles
One of the limitations of performing CPTs in fine-grained soils containing granular
inclusions, such as coarse-gravel and cobbles, is that these inclusions can distort the
soil interpretation by causing sharp reductions in pore-water pressure (pwp) that
temporarily impair the performance of the cone sensor, when the cone sensor is
located on the cone shoulder. These rapid reductions in pwp are caused by the
inclusion being pushed aside by the cone, thus creating local suctions adjacent to the
pwp sensor. The time taken for the sensor to return to normal performance depends
on the stiffness and permeability of the soil being tested, and on the magnitude of the
reduction in pwp. Typically, the pwp sensor recovers within 0.5m to 1m penetration,
but in severe cases, the pwp sensor may take metres of penetration to recover, or may
not recover for the whole test – this behaviour is often referred to as “cavitation”.
When this behaviour is caused by coarse gravel or cobbles, it is common to observe
complementary “spikes” in the friction sleeve readings, which are caused by local
increases in lateral stress, as the inclusion is pushed to one side. If the inclusion is
dilatant sand, spikes in the friction sleeve readings are seldom observed. Figure 8
presents cavitation data obtained from a variety of sites, with water depths ranging
from less than 20m to almost 250m. It may been that, in general, the pwp sensor
appears to cavitate when the pwp reduces to the ambient pressure at the cone
shoulder, regardless of whether glycerine or silican oil has been used to saturate the
cone sensor.
Another disadvantage of performing CPTs is the limited thrust that can be applied
to the cone, either due to the limitation on the magnitude of reactive force, or due to
the risk of damage to the cone. As a consequence, CPTs tend not to be the tool of
choice for accurately assessing the depth to rock-head (i.e. bedrock), or deep soil
profiling in coarse-grained soils, or heavily overconsolidated fine grained soils. In
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volcanic soils, such as the basaltic clays found around Melbourne, Australia, the
problem is exacerbated by the presence of isolated boulders (floaters) of relatively
unweathered material in a soil matrix. It would be wrong to suggest, however, that
boreholes always produce better results. This is illustrated in Figure 9, where a
series of boreholes performed over a site failed to identify a zone of relatively
unweathered basalt beneath a critical part of a proposed structure. In this case,
geophysics would have been the most reliable approach for assessing this boundary.

Figure 8: Measured whole-test cavitation pressure versus depth of water for pwp
sensor on cone shoulder

Figure 9: Photo showing unweathered Basalt rock near the surface at a site in
Victoria, Australia
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3 PREDICTING SOIL PARAMETER VALUES
Published correlations provide a useful means of predicting soil property values from
CPTs, and there are many excellent papers on this subject, most recently Robertson
(2009). Robertson (2009) correctly points out that for all but low-risk projects CPT
should be supplemented with other types of in-situ testing and/or more advanced
project-specific laboratory testing. Two examples are provided in Figure 10 and
Figure 11 to illustrate why this approach is recommended. Figure 10 presents
remoulded shear strength profiles from Site Y – including a profile generated from
the design undrained shear strength profile using sensitivity calculated using the
approach recommended by Robertson (2009), where sensitivity is calculated using
Equation 1.
St = 7.1/Rf

(1)

It may be seen that there is good agreement between the measured remoulded
strengths and the generated profile. It is also interesting to note that the author’s
typical approach, of assuming that the remoulded strength is two-thirds of measured
sleeve friction, also produces good agreement.

Figure 10: Site Y – Remoulded shear strength compared to CPT sleeve friction
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In contrast, at the same site, the estimation of Gmax/qnet directly from CPTs, using
the approach suggested by Robertson (2009) and shown in Equation 2, is not in good
agreement with values inferred from laboratory tests (Figure 11). Note that the
laboratory tests were performed on test specimens inferred to be of good quality, so
sample disturbance is not considered to be the cause of the discrepancy between the
measured and inferred values. It is also worthy of note that Robertson (2009) points
out that the formula presented in Equation 2 is less reliable in NC fine-grained soils.
Gmax = [10(0.55 Ic + 1.68)] (qnet – σv)

(2)

where:
Ic = [3.47 – log Qt)2 + (log Rf + 1.22)2]0.5

(Robertson, 2009)

(3)

Figure 11: Site Y - Comparison between estimated Gmax/qnet based on Robertson
(2009) and measured values on laboratory samples
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4 INTEGRATING IN-SITU AND LABORATORY TESTING
The advantages and disadvantages of CPTs and laboratory testing are summarised in
Table 2. It may be seen that the pros and cons of the two techniques are, in most
cases, complementary. As a consequence, the reliability of each is significantly
increased when performed in combination with the other.
CPT
Pros

Lab Testing

• Provide precise boundary elevations
oftern missed by drilling techniques.
• Provide
accurate
profiling
information, including the proportion
of soil inclusions and the proportion
of intermittent layers of higher
permeability.
• Provide information on natural soil
variability within geological units.
• Provide
information
on
the
characteristics of the soil matrix.

• Enable the effects of increasing
strain levels to be assessed on soil
behavior – particularly changes in
effective stress, strength and
stiffness.
• Soil samples can be reconsolidated to
take account of the increases in
effective stresses caused by the
foundation loading.
• Tests are performed in a controlled
environment of strain-rate, drainage
and temperature.
• Soil behavior under cyclic loading
conditions can be assessed.

Cons

• Do not provide information on the
effect of the foundation on soil
behavior.
• Do not provide information on the
effect of different rates of loading on
soil behavior..
• Do not provide information on soil
behavior under cyclic loading
conditions.

• A much smaller amount of soil is
being tested so macro effects may
not be representative of macrobehaviour
• Sensitive to the quality of the test
specimen and the method of
specimen preparation (particularly
sand soils).

•

Table 2: Advantages and disadvantages of CPT and laboratory testing

The improved reliability associated with combining CPTs and laboratory testing is
illustrated in Figure 12 Both conventional CPTs and seismic CPTs (SCPT) were
used to estimate and measure Gmax in a loose to medium dense silty sand layer,
beneath a proposed large Concrete Gravity Structure (CGS) at Site X in the North
Sea. The seismic cone results were considered to provide a reliable measure of the
in-situ Gmax prior to the CGS installation. However, due to the critical nature of Gmax
for foundation design, it was considered appropriate to use laboratory testing to
assess Gmax after the CGS had been installed. As a consequence, bender element and
resonant column laboratory tests were performed on soil specimens reconstituted to
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relative densities inferred from the CPT data and then consolidated to take account of
the additional effective stresses induced by the structure loading. The results from
these tests indicated an increase in Gmax, which was used in design. In addition, the
laboratory test results were in good agreement with a modified Gmax profile,
calculated using the procedure recommended by Lunne et al (1997) to account for
the effect of increased foundation stresses. The good agreement between the two
approaches was considered to increase the reliability of the chosen Gmax design
profile.

Figure 12: Site X – Gmax, profiles
5 SOIL CLASSIFICATION METHODS
A crucial component for successful foundation design is accurate interpretation of
soil type to enable the practising design engineer make reliable assessments of soil
behaviour. To assist in this assessment a comparison of several published
approaches is presented in Figures 15 to 22.The assessment has been made using the
author’s database which comprises 439 data points, with tests depths ranging from
less than 0.3m to greater than 100m below ground level, at 101 testing and sampling
locations, spread over a wide geographical area. The database is taken only from
offshore piezocone data, to ensure that all tests were performed in saturated soils.
The Ramsey (2002) database was divided into nine soil categories, separated
according to the criteria presented in Table 3:
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Category

General Description

su /
po’
(-)

Fines
Content
(%)

Clay
Content
(%)

Relative to
A’ Line

(-)

OC
(% by
weight)

>35

>12

Above

-

-

St

1

Extra sensitive clay soils, i.e. soils
with a sensitivity greater than 8.

>8

-

-

2

Organic soils and peat, i.e. soils
with an organic content greater
than 5% by weight.

-

>5

-

3

Clay soils with a ratio of su / po’ ≤
1 (approximately corresponding
to normally consolidated to
slightly overconsolidated clay)

-

-

≤1

>35

>12

Above

4

Clay soils with a ratio of su / po’ >
1 (approximately corresponding
to significantly overconsolidated
clay)

-

-

>1

>35

>12

Above

5

clayey SAND

-

-

-

≤35%

≥5 - 12%

Below

6

sandy very clayey SILT

-

-

-

>35% 65%

≥5 - 12%

Below

7

sandy SILT

-

-

-

>35 – 65%

<5%

-

8

silty SAND

-

-

-

>12 – 35%

<5%

-

9

“clean” to slightly silty
SAND/GRAVEL

-

-

-

≤12%

<5%

-

Notes:
(1)
(2)
(3)
(4)

Zones 1 and 2 are based directly on the Robertson (1990) classification model.
St = Sensitivity
OC = Organic Content (by weight).
‘A’ line indicates the plotting position of Atterberg Limits results relative to the ‘A’ line

Table 3: Soil Zone Categorisation (Ramsey, 2002)
The Ramsey (2002) Model (Figure 13 and 14) evolved during the 1990s, when the
author was working at Fugro Limited in the UK. The database, presented in this
paper, was not used to develop the model; it was merely used to corroborate its
effectiveness in a quantitative way. This was achieved by asking a person with no
previous experience with CPT to look through Fugro’s archives to find situations
where CPT data were available adjacent to laboratory test results, then compare the
predicted soil category with the measured soil category. As a consequence, the
database is considered to be highly reliable. Full details of the methodology used to
verify the database, and the results of the assessment, are presented in Ramsey
(2002).
The database is presented on the following figures:
•
•
•

Figure 15: Schmertmann (1969)
Figure 16: Douglas and Olsen (1981)
Figure 17: Jefferies and Davies (1991)
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•
•
•
•
•

Figure 18: Schneider (2008)
Figure 19: Robertson Rf plot (1990)
Figure 20: Robertson Bq plot (1990)
Figure 21: Ramsey Rf plot (2002)
Figure 22: Ramsey Bq plot (2002)

Figure 13: Ramsey (2002) Rf classification plot

Figure 14: Ramsey (2002) Bq classification plot
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It is not the purpose of this paper to make detailed evaluations of the relative merits
of each model, and it is acknowledged that each of the models has strengths,
weaknesses and limits of application. Instead, it is left to the readers to assess the
information, and make their own decisions. However, some general comments are:
a) Methods that use appropriately corrected and normalized cone parameters,
tend to have a greater range of application than methods that apply no
correction or normalization..
b) Most of the models are relatively good at differentiating between clean sand
and normally consolidated to slightly overconsolidated clay (su/po’ < 1).
c) Intermediate soils tend to be much more difficult to differentiate.
d) None of the published friction ratio soil classification models, presented in
this paper apply for tests performed using cones with non-standard projected
areas of 2cm2 or 1cm2, as friction ratios measured using these cones tend to
differ considerably from values obtained using standard 10cm2 cones.
e) None of the models presented in this paper give reliable soil classification in
calcareous soils, due to the variations in grain compressibility, carbonate
content and degree of cementation, that often occur in these soils over very
short distances.
f) None of the models reliably predict peat or highly organic materials.

One area in which the Ramsey (2002) model differs from the other models is that
the soil classification zones were purposely chosen so that, if there is a discrepancy
between soil classifications according to the two models, the decision-making process
to assess the matrix soil classification is based on a single criterion. This criterion is
simply that whenever the models predict different zones then the zone with the lower
numerical value should be chosen. This is because it is generally more conservative
to interpret a soil with a higher fines content. So, for example, if the Qt/Rf model
indicates Zone 4 and the Qt/Bq model indicates Zone 5 (or any zone higher than 5), then
the matrix soil classification should be classified as Zone 4. It should be noted,
however, that in keeping with previous discussions, the Bq parameter, and hence the
Qt/Bq model, is much better at detecting thin secondary layers or inclusions within a
primary soil matrix, provided the pwp sensor remains saturated. Therefore, if it is
deemed important to define the extent and thickness of thin layers of coarser
material, within a fine grained soil layer, then the Qt/Bq model data should be
reassessed and, if appropriate, used to over-ride the Qt/Rf model.
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Key to symbols

Figure 15: Schmertmann (1969) Soil Classification Plot

Key to symbols

Figure 16: Douglas and Olsen (1981) Soil Classification Plot
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Key to symbols

Figure 17: Jefferies and Davies (1991) Soil Classification Plot

Key to symbols

Figure 18: Schneider (2008) Soil Classification Plot
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Key to symbols

Figure 19: Robertson (1990) Soil Classification Rf plot

Key to symbols

Figure 20: Robertson (1990) Soil Classification Bq plot
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Figure 21: Ramsey (2002) Soil Classification Rf plot

Figure 22: Ramsey (2002) Soil Classification Bq plot
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6 CPT IN SOFT SOILS
Figure 23 presents a CPT performed at Site S, in South Australia, in predominantly
normally consolidated clay soils. It may be seen that, at this site, calculating the net
cone resistance, using vertical total stress based on measured soil unit weights,
results in negative cone resistance between 12m and 17m depth. It is the author’s
experience that there are other similar cases in very soft normally consolidated soils.
In these instances, the author’s standard practice has been to recalculate the net cone
resistance using half the total stress, rather than the total stress. It is the author’s
experience that this approach generally results in much better correlations with other
in-situ and laboratory test results. This approach is in keeping with Wroth (1988)
who pointed out that the correct equation for net cone resistance should be as shown
in Equation 4. It is the author’s suggestion that it would be better to adopt Ko = 0.5,
as standard practice, as the only soils likely to be significantly affected by this
change would be those soils with Qt values less than 5, i.e. those soils where the Ko
value would tend to be closer to 0.5, rather than the standard value of 1.0 that is
currently used.
qnet = qt – Ko.σv

(4)

The discussion above is explicitly based on the assumption that the measured cone
sensor readings are accurate. In the author’s experience, if the measured cone
resistance is zero, or lower, it is almost always due to one of the following:
a) Incorrect calibration.
b) Insufficient sensor resolution.
c) Incorrect zero load reading at the start of the test.
The only other obvious alternatives are that the soil layer is still consolidating after
the recent addition of overburden (i.e. under consolidated), or there are artesian
conditions.
In stiffer soils (Qt > 20), small errors in the assessment of zero load readings often
have a negligible influence on the inferred soil parameters, but in the case of soft
soils a small error can cause major errors. As an example of the implications of
incorrect calibration or incorrect zero load reading, Figure 24 presents two CPTs
performed within a distance of less than 2m, by two different CPT operators at
Site S. The cone resistance values measured by Operator E resulted in an
anomalously low net cone profile. In contrast, undrained shear strength profiles,
interpreted from a CPT and a T-bar test performed by Operator B, indicated
remarkably similar results. On the basis of the discrepancies between the operators’
data, the calibration and zero readings were rechecked, and Operator E confirmed
that it had inadvertently used an incorrect procedure to record the zero load reading.
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Figure 23: Site S – Net cone resistance, soil type and shear strength (based on Ko =
1.0 and 0.5) and associated undrained shear strength profiles

Figure 24: Site S - Comparison of results from two different CPT operators
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7 CONCLUSIONS
This paper presents and discusses a few selected issues related to the application of
CPTs. Emphasis has been placed on CPT profiles in predominantly normally
consolidated fine-grained soils. On the basis of the data and discussions presented,
the following observations and conclusions are considered appropriate.
1) The CPT is an excellent tool for assessing soil layers and soil variability.
2) The pore-pressure sensor, in particular, provides valuable information on thin
layers of more, or less, permeable material, within a soil matrix.
3) The CPT has limitations, in terms of guaranteeing target penetration in very
dense granular soils or in fine-grained soils containing coarse gravel-sized, or
larger, inclusions.
4) Granular inclusions, within a generally fine-grained soil matrix, can cause
temporarily impaired pore-pressure sensor readings.
5) Laboratory testing significantly enhances the benefits of CPT.
6) In some cases, statistical assessments can be used to identify similar
geotechnical units over wide geographical areas and, in these cases, soil
parameter values interpreted from CPTs, can be used with a good degree of
reliability.
7) The choice of soil classification model has a significant bearing on the
interpreted soils, if no complementary soil sampling and testing have been
performed.
8) In soft soils, in particular, it is extremely important to ensure that the cones have
sufficient resolution and have been correctly calibrated and zeroed prior to
testing.
9) There are some grounds for defining the net cone resistance as the total cone
resistance minus one half of the total overburden pressure, rather than the current
standard practice of subtracting the total overburden pressure.
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8 KEY TO SYMBOLS AND TERMS


Bq is the excess pore-water pressure ratio, defined as the ratio of the measured
excess pore-water pressure to the net cone resistance.



Clay content is defined as the % of particles with a diameter less than 2 microns.



Coefficient of Variation (COV) of Qt (expressed as %) is obtained by dividing
the standard deviation of the Qt values by the average Qt value. It therefore
indicates the uniformity of the Qt values about the average.



Fines content is defined as the % of soil grains passing a 63 micron sieve.



fs is the measured sleeve friction



po’ is the effective overburden pressure, also referred to as σv’.



po is the total overburden pressure, also referred to as σv.



qc is the measured cone resistance



qt is the total cone resistance, i.e. the measured cone resistance, corrected for the
effects of cone shape and pore-water pressure distribution around the cone tip.



qnet is normally defined as the total cone resistance minus the total overburden
pressure relative to ground level.



Qt is the normalized cone resistance, defined as the ratio of net cone resistance to
effective overburden pressure.



“r” coefficient - The “r” value is the regression coefficient representing the
closeness of the depth and qnet data to a straight line. In general, an “r” value
greater than +/-0.8 represents an excellent fit, greater than +/-0.6 represents a
good fit, and a value greater than +/-0.4 represents a moderate fit.



Rf is the friction ratio, defined as the ratio of the measured sleeve friction to the
net cone resistance.



St is the sensitivity, defined as the ratio of the undisturbed undrained shear
strength to the remoulded undrained shear strength.



su is the undrained shear strength, as measured by unconsolidated undrained
triaxial compression tests.



σv’ is the effective overburden pressure, also referred to as po’.



σv is the total overburden pressure, also referred to as po.
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The CPT in offshore soil investigations - a historic
perspective
T. Lunne
Norwegian Geotechnical Institute, Oslo, Norway

ABSTRACT: For the last 40 years, the CPT has played a key role in offshore soil investigations, mainly in connection with oil and gas development, but also for other
purposes. The offshore application of CPT has been an important factor with regards
to development of equipment, data processing and interpretation. Each of the following aspects are discussed in terms of historic development, present status and future
challenges:
- Deployment method and equipment
- Penetrometer design and construction
- Data acquisition, processing and quality control
- Standards and guidelines
- Interpretation of results and application in foundation design
It is shown that these developments have greatly enhanced the reliability and applicability of the use of the CPT in soil investigations and design. However, there are still
important challenges to be faced in the future.
1 INTRODUCTION
Cone penetration testing (CPT) has been an essential part of offshore soil investigations for 4 decades, and significant developments have taken place in this period. In
most parts of the world it is hardly possible to consider an offshore soil investigation
without the use of the CPT, and the results are essential input in establishing the soil
profile and soil parameters for foundation design. Most of the developments have
been in response to requirements in the oil and gas industry, where the main challenges have been to cover deeper water and harsher and more remote areas. As an example, Figure 1.1 shows how the water depth capabilities in offshore exploration
drilling have evolved over the last 50 years.
These changes have meant that oil and gas projects have evolved from piled jacket
structures or jack up platforms in the first years to new types of structures such as
gravity base platforms, floating structures and seabed structures anchored by suction
piles.
Geohazard assessment has also become more important with increasing water
depth, requiring a range of parameters that can fully or partly be determined from in
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situ tests. The difficulty of taking high quality samples in deep water has also been a
factor for increased use of in situ tests.
The focus of this paper is on soil investigations in water depths greater than 10 to
15 m where the testing is typically done from some floating barge or small jack-up.
Further, the emphasis is on the CPT with add on sensors. Other in situ tests, such as
vane, pressuremeter and dilatometer are not discussed.
2 DEPLOYMENT OF PENETROMETERS
2.1 Introduction
It is outside the scope of this paper to go into specific details of vessels or working
platforms. However, there has been a significant development from the old Explorer,
which was a rebuilt whaling ship with the drill rig cantilevering from the aft deck and
4-point mooring, to the specialized drill ships used to-day with a moonpool and dynamic positioning (DP).
There are basically two ways of pushing a cone penetrometer into the sea bottom
(e.g. Zuidberg et al. 1986 & Lunne 2001):
- By pushing from the sea floor until refusal, or a predetermined penetration;
this has traditionally been called seabed mode
- By drilling a borehole and pushing the penetrometer into the soil at bottom of
the borehole; this is usually called down-hole mode or drilling mode
With the arrival of seabed-based drilling machines, it has been necessary to modify
the terminology used. A new ISO standard under preparation (see section 5) addresses this change. However, since the new terminology is not currently finalized (as
of March 2010), the traditional terminology, as defined above, will be used here.
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2.2 Penetration from seabed
In many cases, seabed-mode testing will be the most cost effective solution and give
the highest quality results (e.g. Peuchen 2000). In favorable conditions, 40 – 50 m penetration below seabed can be achieved.
The Dutch company Fugro early identified the need to develop a seabed rig, and in
1966 they started the design which resulted in the Seabull rig (Zuidberg 1972). This
rig, as shown in Figure 2.1, was found cumbersome to operate and it was mainly used
in estuaries and very shallow waters. Subsequently, in 1972 Fugro used the experience from the Seabull to develop a more simple and robust rig; this was called the
Seacalf (Zuidberg 1972, 1974). With the Seacalf, shown in Figure 2.2, a practical
working tool had been developed. By mid 1974, Zuidberg (1975) reported that about
500 tests had been performed in the Northern North Sea.

Figure 2.1 Fugro’s Seabull rig (courtesy of Fugro)

It is interesting to note that at about the same time as the first Seacalf tests were
carried out, Norwegian Geotechnical Institute in cooperation with the USA company,
McClelland, carried out seabed CPTs in connection with investigations for the first
gravity base structure in the North Sea, the Ekofisk tank. The set up used by NGI and
McClelland was a much more simple operation carried out from a jack up platform
(Eide 1974), with the principle shown in Figure 2.3. In the dense Ekofisk sand the
maximum penetration reached was 4 m.
In the mid 1970’s McClelland entered the market with their Stingray rig which
used a somewhat different approach with the hydraulic ram pushing on the drill
string, as shown in Figure 2.4 (McClelland 1975), instead of directly on the CPT rod.
Figure 2.4 also illustrates that the Stingray could be used in connection with drilling,
which will be discussed in a later section.

73

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

Figure 2.2 Fugro’s Seacalf rig (from Zuidberg 1974)

Figure 2.3 NGI/McClelland’s CPT operation at Ekofisk (from Eide 1974)

Both the Seacalf and Stingray had a stroke length of about 1 m, and due to the
small stop between each stroke the test could be classified as discontinuous.
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In the 1970’s, comprehensive soil investigations were carried out in Holland in
connection with the Eastern Scheldt Barrier. Delft Soil Mechanics Laboratories (now
Deltares) developed a diving bell which could be used as a platform for CPTs and soil
borings. It was designed for a maximum 200 m water depth and had a very large reaction force of 600 kN, see Figure 2.5. Penetrations of more than 60 m below sea floor
were reached (Vermeiden 1977) in connection with the Eastern Scheldt Barrier soil
investigations (in water depth up to 60 m). The diving bell was also used in the Strait
of Belles Isle, Newfoundland, Canada.

Figure 2.4 McClelland’s Stringray rig (from McClelland 1975)

Intensive development at the beginning of the 1980’s, resulted in a new generation
of CPT seabed rigs that could carry out continuous pushing, giving both increased efficiency and quality. The Dutch manufacturer APvandenBerg was the first to construct a rig using roller wheels to drive the cone rods into the seabottom. This principle had been developed for onshore use many years earlier at the Swedish
Geotechnical Institute (Kalstenius 1961). APvandenBerg’s rig was called the ROSON.
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In 1983, the first CPT’s using the ROSON system, were carried out by the company D’Appolonia at the Oseberg field in the North Sea. An electric motor mounted on
the rig drives the wheels and the friction between the wheels and the rods provides
the penetration force. Penetration to 17 m in dense sand was achieved. Figure 2.6
shows a schematic diagram and a picture of the ROSON rig.
In 1984, Fugro started using their wheel drive Seacalf which utilized more or less
the same principle as the ROSON.

Figure 2.5 Diving bell operated by Delft Soil Mechanics Laboratoy (from Vermeiden 1977)

In 1984, McClelland adopted the Swedish BORROS land 20 ton rig for offshore
use, with a continuous push using four hydraulic cylinders operating in two pairs
connected to a single automatic rod clamp under each pair. This machine was first
operated successfully in an important soil investigation at the Troll field (about 350 m
water depth) in the North Sea (Amundsen et al. 1985) where 43 m penetration was
achieved.
However, after the merger of Fugro and McClelland in 1987, the new company
FugroMcClelland concentrated on the wheel drive Seacalf.
Due to the long push rod, a tower or constant-tension winch is needed which can
create operational difficulties. In order to allow more efficient operations, and possibly use less costly vessels, the use of a coiled rod was a natural progression. Coiled
rods had been first used onshore in the USA for some years before the method found
its way to offshore testing.
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a)

Heavy weight version

b) Principle of ROSON

Figure 2.6 APvdBerg’s ROSON rig (courtesy APvdBerg)

Mobil Oil in the USA initiated a study of a full size rig through a contract with
McClelland Engineers, Houston. The design and construction was carried out through
a Norwegian company, Rapp, in Bodø who worked together with FugroMCclelland.
This rig, called the TSP, had several interesting features, as described by Power &
Geise (1994); see Figure 2.7:
- Maximum water depth 3000 – 3500 m
- Deployment and control on single lift line umbilical
- 70 m of 38 mm diameter steel test rod
- Penetration force provided by a unique “belt drive” mechanism
Unfortunately, the TSP rig was only used for a few seabed trials, and never came
into commercial operation.
IFREMER in France (Meunier 2000 and Meunier et al. 2004) designed, built and
operates the Penfeld, a full-size seabed coiled rod CPT rig. This rig is rated to a water
depth of 6000 m, and can penetrate to a maximum of 30 m below seabed with a thrust
of 40 kN. Power is provided by a battery on the rig and control signals use a two-way
acoustic link. The push rod is 36 mm in diameter and 8 mm thick. According to
Meunier et al. (2004) the rods can be used more than 100 times before they need to be
replaced. The straightening and bending modules include four wheels in the same
plane. The diameter of the drum with the bent rods is 2.15 m, a length of 30 m corresponds to less than 5 turns. Figure 2.8 shows the rig being deployed over the side of
the vessel.

77

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

Figure 2.7 Fugro/McClelland’s TSP rig (from Power & Geise 1994)

The principle of coiled rods is also used on a number of “mini-CPT rigs” using
push rods of smaller diameters, as discussed below.
The Portable Remotely Operated Drill (PROD) has been operated by Benthic Geotech, Australia, since 2001 (e.g. Kelleher et al. 2008). PROD is landed on the seabed,
thereafter in situ testing (and sampling tools) are deployed down hole via robotic assembly of the drill string. Borehole depths in excess of 100 m have been achieved using this equipment. The standard CPTU probe with 1 m of 36 mm diameter push rod
is attached to a drill string sub and is deployed down-hole in 2.75 m increments until
refusal or the target depth has been achieved. The first push from the seabed, before
any drilling has taken place, is similar to seabed testing. PROD will be mentioned
again in Section 2.3 on down-hole testing.
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Figure 2.8 IFREMER’s Penfield rig (copyright IFREMER)

a)

PROD on deck

b) Cone penetrometer with pushrod

Figure 2.9 Benthic’s PROD rig (courtesy of Benthic Geotech)
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An interesting development has also been to combine CPT with sampling on the
same rig during one deployment. Fugro introduced the Searobin in 1997 (Hawkins &
Markus 1998) specifically for shallow investigations. The combitool allows a 2 m
CPT push and a recovery of a 1 m push sample. Geo in Denmark introduced their
Geoceptor in 2001, where a 10 m CPT can be combined with up to 6 m vibrocore or
push-sampling (Fig. 2.10) (Brinch-Clausen 2010).
The use of mini CPT rigs has allowed the use of smaller less expensive ships, and
also to have a rig that is easier to transport. Power & Geise (1994) described Fugro’s
Seascout which uses a coiled rod, which has been used for many years. Another rig is
developed and marketed by the UK company DATEM, called the Neptun. The development of the Neptun 3000 started in 1999, and the first offshore use of the rig was in
2000 (Steggar 2009). Several versions of Neptun are now used by a range of companies. The Neptun 5000 is rated to a maximum penetration depth of 20 m with a thrust
capacity of 35 kN. The push rod diameter is 19 mm and 5 and 10 cm2 cone penetrometers can be used. Figure 2.11 shows the Neptun 3000.
Gregg Drilling & Testing in the USA operates mini CPT systems with coiled push
rods that have been used in 2,000 m of water, pushes a 2 cm2 cone with a thrust capacity of 15 kN. Gregg also has a new DeepCPT that can push full size cones (10
and 15 cm2) in up to 3,000 m of water with a thrust capacity of 200 kN. The
DeepCPT system uses a suction anchor to minimize the submerged weight of the unit
(Boggess & Robertson 2010).
Small CPT rigs mounted on Remote Operated Vehicles (ROV) have also been
used for many years. Geise & Kolk (1983) described the use of Fugro’s Mini Wison
on a ROV. Due to the fact that the ROV is floating, the penetration capability is limited, but the maneuverability allows testing at close proximity to a seabed structure
or investigating backfill in a pipeline trench. Other soil investigation companies like
Geo and Gardline also operate ROV based CPT rigs.

Figure 2.10 Geo’s Geoceptor rig (courtesy of Geo)
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Figure 2.11 DATEM’s Neptun 3000 rig (courtesy of DATEM)

Table 1.1 summarizes the developments described above.
Seabed rigs developed/planned but not used in practice
Over the years a large number of seabed type rigs have been designed and in some
cases a prototype has been built. Some very interesting ideas have been presented, but
have unfortunately not found practical applications for some reason or other. Nevertheless, the author believes it is interesting to quickly review a small selection of
these documented ideas.
Zuidberg (1972) reported that Shell in Holland designed and built a rig in the beginning of the 1970’s. This rig incorporated several interesting features:
1. Reaction force was provided by a suction anchor in addition to the dead
weight.
2. To avoid the rig being too high, the rods were telescopic; when the first
standard rod had been fully penetrated, it was further advanced by pushing
down together with the first supporting pipe and so on.
3. To eliminate friction along the tubes of increasing diameter, water was injected under pressure at the bottom of each tube to create and maintain a
hole around the sounding rods. Shell had aims of being able to reach 50 –
60 m penetration with this rig.
Unfortunately this rig was not used much in practice, but it is interesting that the
ideas behind it have come into use in other designs in later years.
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Table 1.1 Summary of the main developments for seabed rigs
Penetration mechanism/main advance development

Date

Equipment

Company

Note

Reference

Discontinuous push
Hydraulic cylinder

March
1972

Dead weight
operated from
platform
Seacalf

NGI/McClelland

Max 4 m penetration
reached in desnse sand

Eide (1974)

Fugro

Zuidberg
(1972)

1974

Stingray

McClelland

25 m penetration
reached in 130 m water
depth
Push on drill pipe, not
on cone rod

1976

Diving bell

Delft Soil Mechanics
Laboratory (Deltares)

Vermeiden
(1977)

1991

SCOPE

Geo, Denmark

600 kN reaction force,
60 m penetration
achieved
Self leveling

1983

ROSON

1984

2010

Modified
BORROS rig
Wheeldrive
Seacalf
DeepCPT

APvandenBerg/
D’Appolonia
McClelland

Coiled rod
(on full size rods)

2000

Penfeld

IFREMER

Seabed founded drilling, testing and sampling rigs
Combined rig

2001

PROD

Benthic

Rods stored in carousel
on sea bottom

Kelleher et
al. (2008)

1997

Searobin

Fugro

2001

Geoceptor

Geo, Denmark

1992

Seascout

Fugro

Hawkins &
Marcus
(1998)
BrinchClausen
(2010)
Power &
Geise
(1994)

2000

Neptun

DATEM

Can take sample to 1 m
and do 10 cm2 CPT to 2
m in one deployment
Can take sample to 6 m
and do 10 cm2 CPT to
10 m in one deployment
Coiled rod, wt < 1 ton,
1 cm2 cone penetrometer
Coiled rod 5 and 10 cm2
cones; up to 20 m penetration
Coiled rod; 2 cm2 cones
up to 12 m penetration
1 m stroke, 5 cm2 cone
penetrometer

March
1972

Continuous push

1984

Minirigs

ROV mounted

1999

MiniCPT

1983

Mini Wison

Fugro
Gregg Drilling & Testing

Gregg Drilling &
Testing
Fugro

McClelland
(1975)

Denver &
Riis (1992)

Roller wheels

Berg (1984)

Synopticated hydraulic
cylinders
Roller wheels

Amundsen
et al. (1985)
Zuidberg et
al. (1986)
Boggess &
Robertson
(2010)
Meunier
2000

Suction anchor; 200kN
thrust capacity, 10 and
15 cm2 cones
Selfpowered by lead
batteries. Can penetrate
to 30 m

Steggar
(2009)

Geise &
Kolk (1983)

The idea of hydrostatic pressure to drive samplers or cone penetrometers into the
sea bottom has been around for some time. Two relatively recent patents were obtained by MGS (Marine Geosystems) in France for their Starfish (Bienvenu & Bessonart 2001) and the Norwegian TubeCore (Aardal 2004). Both were planned to work
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on the principle of having a chamber at atmospheric or low pressure; when lowering
the device to the sea bottom the hydrostatic difference between the chamber and the
ambient surrounding water becomes very large. By opening a valve when the rig is at
the sea bottom the pressure difference can drive the CPT rods into the sea bottom.
Both devices also planned to use the pressure difference to penetrate a suction anchor
and to recover the tool afterwards. The main advantage of this type of rig is that a
simple mechanical cable can be used and no large batteries are required. The TubeCore was also designed to take a sample in parallel with the CPT to 30 m. However,
none of the rigs have yet found any practical application.
The Norwegian engineer and inventor Bjarte Langeland has developed an alternative to coiled rods. The so-called Stinger technology is planned to use a CPT rod split
longitudinally in two parts: a rigid pipe comprised of hinged and semi-cylindrical
pipe sections that are sequentially joined together to form a rigid pipe. The two
halves of the rod can therefore be contained on two drums. The system was planned
to be used in conjunction with an ROV using a suction anchor to increase the reaction
force capability.
Gregg in the USA is building a remotely controlled seabed drill rig that will operate in up to 3,000 m of water and can obtain soil or rock samples using wire-line rotary and push sampling as well as wireline CPT. The new seabed is expected to be operational in late 2010 (Boggess & Robertson 2010).
2.3 Penetration in bottom of borehole
The advantage with down-hole CPT in a drilled borehole is that much deeper penetrations can be reached and hard layers can be drilled through. When drilling from the
water surface, it is important to have good control on the movement of the drill bit by
having an efficient heave compensation system to minimize disturbance in the soil,
such as the hard-tie system developed by Fugro (Zuidberg et al. 1986).
In parallel with the development of the Seacalf, Fugro also designed a wireline
CPT tool that could be used in connection with drilling. The system was called the
WISON, with the prototype available in 1970 as presented by Zuidberg (1972); the
principle is shown in Figure 2.12. In the beginning, the stroke was limited to 1.5 m,
which was later extended to 3 m. An umbilical provides mechanical connection,
electrical cables for data acquisition in real time and hydraulic power for penetration.
The device is locked into the drill string, the weight of which provides reaction force.
APvandenBerg developed a similar device that is called WISON-APB that became
operational in 1973/4 as described by Berg (1984).
McClelland followed in 1974 with their Stingray system which used a different
approach to push the cone penetrometer (McClelland 1975). The WISON has the
driving force inside the drill string in terms of a hydraulic cylinder. For the Stringray,
the drill bit was hoisted above seabed as shown in Figure 2.4 then the cone penetrometer was lowered inside and locked. The pushing was then done by a hydraulic ram
cylinder gripping on the outside of the drill string. The total penetration for each cone
deployment could be 4.5 m (15 ft) by repeated strokes of 0.3 to 1 m (1-3 ft). Later
McClelland developed a system called the Swordfish which used a similar system as
the WISON with a hydraulic cylinder inside the drill string (Meyer et al. 1982). The
Swordfish had a penetration capacity of 3 m (10 ft) below the drill bit and was mainly
used in the Gulf of Mexico.
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Figure 2.12 Fugro’s Wison (after Zuidberg 1972)

Due to the need for an umbilical with hydraulic oil, the depth limitation of the systems described above is about 600 - 700 m (water depth plus depth below seafloor).
To allow deeper testing, McClelland developed the Dolphin system in 1984 (Peterson
& Johnson 1985) which is a remote tool without umbilical. The sampling or in situ
tools were allowed to free fall within the drill string and retrieved on a wireline using
an overshot. The tools latch in a bottom-hole-assembly located immediately above an
open centre drill bit. The drill string is closed at the top and mud pressure is used to
push the in situ tools into the soil below the drill bit. A control system ensures a constant rate of penetration of about 2 cm/s. Each stroke could be 3 m. Upon retrieval the
data stored in a memory unit is downloaded to a computer and the results can be
processed. Figure 2.13 shows the principles of the Dolphin system. Maximum thrust
is about 110 kN.
In the early 1990’s, Fugro developed a similar system called the WISON-XP; this
has a stroke of 1.5m (Power & Geise 1994). A limitation with the Dolphin and XP
systems is that results are not available in real time. Peuchen & Raap (2007) report on
Fugro’s WISON-EP system which uses mud pressure combined with real time data
presentation. The initial version had a down-hole stroke of 4.5 m; the current version
has a 3 m stroke.
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Figure 2.13 McClelland’s Dolphin system (Peterson & Johnson 1985)

At the time of preparation of this paper (March 2010) there is only one remotelyoperated seabed drill rig that has been used on several occasions for commercial soil
investigation projects: the PROD operated by Benthic, Australia (Pennington & Kelleher 2007). As described in the previous section, this rig can be used for seabed penetration to refusal, or to a pre-determined depth. It can also be used for deeper penetration by penetrating below the drill bit in a drilled borehole. Since the cone
penetrometer is pushed in with the drill rods, it is possible to push much deeper than
the WISON type tools described above. In favourable soil conditions it is possible to
do the first penetration from seabed to for example 20 - 30 m, then drill out to the
depth of the previous stroke and then push for example another 15 - 20 m before drilling again. In deep water the PROD, and other seabed drilling machines, are considerably more efficient than ship based drilling systems due to less handling of drill string
for the seabed based systems. Another advantage of seabed drilling systems is that
the zeroing of the cone sensors can be done accurately at a fixed depth (e.g. 0.7 m for
PROD) just above the seafloor. This gives less uncertainty compared to the Wison
type methods, which have to take zero readings on deck level or at the bottom of the
borehole.
The Italian company SPG and the Swedish company ENVI have together developed an alternative method for performing CPTs in a borehole, as illustrated in Figure
2.14, the CPTWD. A cone penetrometer protrudes in front of the drill bit during drilling in the same way as a core barrel. CPT data are stored in a memory unit (Memocone). At the same time as CPT data are logged, drilling parameters (drill bit load,
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torque, rate of penetration and fluid pressure) are recorded in real time. If a hard layer
is encountered, the CPT unit will be pushed into the drill bit and protected; the CPTU
unit can also be retrieved using a wireline allowing cores to be taken. Another potential is that combination of both CPT and drilling parameters will be a powerful basis
for interpretation of the data. The advantage of this system compared to the downhole type CPT described above is that much longer strokes than the normal 3 m can
be made. Information from the drilling parameters will be very useful, especially in
hard formations where the CPT cannot be performed. So far the CPTWD has only
been used in shallow water from a fixed platform. Further studies are needed before
this new method can be used in deeper waters, but it is very promising (Sachetto
2010).

CPTwd- GENERAL VIEW- DISASSEMBLED-

Drive rod

Pre-assembled
memocone-internal
part of CPTwd barrel
Containing the safety
device

Recovering device
Rotating part (in
red) of CPTwd barrel
with special bit

No coring assembly

External part of CPTwdbarrel

Manual pump to
pressurise the safety
device by emulsioned
water

a)
b)
Figure 2.14 CPT while drilling, CPTWD (after Sachetto 2004) a) principle b) Picture

Table 2.2 below summarizes the development of down-hole systems described
above.
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Table 2.2 Summary of the main developments of down-hole type CPTs
Pushing mechanism

Year

Equipment

Company

Note

Reference

Hydraulic cylinder

1970

WISON

Fugro

First 1.5 m stroke,
extended to 3 m

Zuidberg (1972)

1973/
4

WISON APvandenBerg

APvandenBerg

1974
1982

Stingray
Swordfish

McClelland
McClelland

1984

Dolphin

McClelland

1994

WISON - XP

Fugro

2007

WISON - EP

Fugro

2001

PROD

Benthic

2001

CPTWD

SPG and
ENVI

Mud pressure

Seabed founded drilling, testing and sampling rigs
Advanced by driling

Berg (1984)
Push on drill pipe
Functions like
WISON
Data stored in
memory unit
Data stored in
memory unit
Data stored in
memory unit and
real time
Cones pushed by
drill rods

McClelland (1975)
Meyer et al. (1982)

Data stored in
memory unit

Sachetto et al.
(2004), Sachetto
(2010)

Peterson & Johnson (1985)
Power & Geise
(1994)
Peuchen & Raap
(2007)
Pennington & Kelleher (2007)

3 CONE PENETROMETERS
3.1 Introduction
This section will cover the basic CPT tool in some detail. Modifications to the CPT
and add on devices that measure additional parameters to the CPT data will also be
discussed. In most cases, the evolution of cone penetrometers has resulted from onshore projects. But as will be clear from the following there are also cases where offshore requirements have triggered significant probe developments.
3.2 Basic CPT
With reference to Tables 2.1 and 2.2 the first cone penetrometer to be used offshore
was the 10 cm2 Fugro friction cone (de Ruiter 1971). This measured cone resistance,
qc, and sleeve friction, fs. The tests done by NGI and McClelland at Ekofisk in 1972
were carried out with a vibrating wire 10 cm2 cone penetrometer developed at NGI,
but this was not used further offshore after these tests. Following research with pore
pressure measurements in Norway (Janbu & Senneset 1974), USA (Schmertmann
1974 and Wissa et al. 1975) and Sweden (Torstensson 1975), the piezocone (or
CPTU) with measurements of qc, fs and pore pressure, u, was gradually developed by
Fugro and other organizations. In 1981, Fugro first used a CPTU offshore (de Ruiter
1982). Up to 1985 most CPTU’s were carried out with the filter on the face of the
cone (u1); see Figure 3.1 (from Zuidberg et al. 1982). From 1985 most tests have been
carried out with the filter in the present u2 (shoulder) position.
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Figure 3.1 Fugro’s 15 cm2 piezocone with pore pressure on cone face (after Zuidberg et al. 1982)

Fugro’s initial piezocone had the standard 10 cm2 area and was used both in the
seabed and down-hole mode. But they soon started a practice that has been continued
with a 10 cm2 cone for down-hole tests and a 15 cm2 cone for seabed mode testing.
The 15 cm2 cone has an area ratio, a = 0.59, while the 10 cm2 cone has a = 0.75. This
means that if two tests with the 15 cm2 and the 10 cm2 cones are carried out beside
each other in soft clay the measured cone resistances will be significantly different. It
is therefore essential to correct cone resistance for pore pressure effects (e.g. Campanella et al. 1982). Most other cone types used offshore have an area ratio around 0.75,
and it is a requirement to always correct cone resistance for pore pressure effects. For
deep seabed CPTs, measurements of inclination have been included since the 1970’s.
In connection with CPTs from mini seabed rigs, smaller cones are also used, such
as 1 cm2, 2 cm2 and 5 cm2. However, Fugro has also used a larger cone with an area
of 33 cm2. The planned European standard EN ISO 22476-1: (E) (to be ISO standard) allows cones to have diameters in the range 25 mm (area = 4.9 cm2) to 50 mm
(area = 19.6 cm2). For tests using cone diameters outside this range, the report should
mention that the test does not adhere to the standard.
In deep water a problem with the CPT is the fact that the sensors start with a large
force at the seabed due to the hydrostatic pressure. For instance in 2000 m of water
the pore pressure sensor will measure 20 MPa and the measured cone resistance will
be 15 MPa (with an area ratio, a = 0.75). For very soft clay, the cone resistance at 10
m depth with reference to the seabed will be, about 350 kPa, and it is desirable to
have a measurement accuracy of ±35 kPa; i.e. a very small value compared to the
starting value. For many years it has been recognized that measuring differential pressures or resistances should significantly increase the accuracy of the measurements.
Over the years there have been many attempts to develop cone penetrometers that can
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measure differential cone resistance and pore pressure, but apparently none of them
were successful. However, IFREMER now operates a cone penetrometer that can
measure differential cone resistance and pore pressure (Meunier et al. 2004 and Sultan et al. 2007). Also, a new cone design has been developed and patented by Gregg
Drilling & Testing Inc. USA, that is based on a hydrostatically compensated cone using specially designed load cells. The load cell records the load that is independent of
hydrostatic pressure by filling the inside of the cone with oil and connecting the inner
oil with the seawater outside the cone. The specially designed load cell (Boggess and
Robertson 2010) acts as a shear load cell that is not influenced by hydrostatic confining pressure; see schematic in Figure 3.2. The load cell is tubular with offset slots
(250) to measure the axial load in shear (280) using strain gauges (310) (numbers in
Fig. 3.2 relate to the full patent description).

Figure 3.2 Compensated shear load cell design (from Bogess & Robertson 2010)

The Dutch manufacturer APvandenBerg is also developing a compensated cone
that is expected to be marketed in 2010 (Storteboom 2010). The use of hydrostatically compensated cones should lead to more accurate results and the author hopes such
cones will find extensive use offshore in the future.
The offshore soil investigation industry generally uses a rather limited number of
different cone types, and all adhere to the EN-ISO Standard as regards to geometry
and size. In order to find out if cones used by different organizations give similar results, a series of tests were performed at NGI’s soft clay test site in Onsøy, about
100 km south of Oslo, with a number of cone penetrometers, including at least four
that are typically used offshore. The Onsøy site is very uniform both with depth and
laterally, and is ideal for such studies (Lunne et al. 2003). The tests showed that there
are no significant differences in the corrected cone resistance (qt) and the pore pressure (u2) as long as the cones are properly saturated. However, the measured sleeve
friction varied significantly as shown in Figure 3.3, where typical results of CPTs carried out using cones operated in offshore soil investigations are included.
The problems of variations in fs experienced in offshore projects can also be seen
from the two examples included in Figure 3.4.
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Figure 3.3 Results of CPTUs from four organizations at Onsøy

As shown by Lunne et al. (1986) and Boggess & Robertson (2010), an important
factor in the differences in fs values, can be explained by the fact that some cones
have different end areas where pore pressure can act at the top and bottom of the
sleeve, as shown in Figure 3.5.
Lunne et al. (1986) and Boggess & Robertson (2010) argued that one way to reduce the differences in fs readings, at least in soft clays, is to use friction sleeve with
equal end areas, and indeed the ASTM (D 5778-2007) standard has this as a requirement. But there must also be some other effects since tests in sand have also shown
large differences in fs values (e.g. Lunne et al. 1986, Tiggelmann & Beukema 2008).
The author believes that for offshore applications, with the present large variations in
fs values, it is not possible to utilize this measurement to its full potential in terms of
interpretation of results, as for instance advocated by Robertson (2009). It is therefore
a significant challenge for the future to try and better understand the reasons for the
large variations in the fs readings, and to develop specifications that lead to more uniform practice. It is important that companies manufacturing cone penetrometers as
well as research organizations and soil investigation contractors co-operate on this issue.
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Figure 3.4 Examples of parallel CPTU by different companies a) Norwegian Sea b) Offshore Africa
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Figure 3.5 Unequal end area effects on friction sleeve

3.3 Triple element CPT
In connection with the pioneering Gullfaks C gravity base platform in the North Sea,
Statoil commissioned McClelland in 1986 to develop three special cone penetrometers (Bayne & Tjelta 1987):
- A 15 cm2 triple element CPT with filters on the face of the cone, just behind the
cone and above the friction sleeve (see Fig. 3.6). The main purpose of this cone
was to be able to correct the sleeve for pore pressure effects.
- A 15cm2 cone penetrometer with a sleeve module with total pressure and pore
pressure that could be moved at various distances behind the cone tip.
- A 40 cm2 cone penetrometer with pore pressure sensor and the possibility to apply
positive pore pressure through the tip in order to counteract negative pore pressures and to study effects on penetration resistance in various soils. A secondary
purpose was to study scale effects.
These cone penetrometers were successfully used at the Gullfaks C location, with
an example result included in Figure 3.7.
The triple element cone was continued to be used for many soil investigations, the
other cone penetrometers were to the author’s knowledge only used for the Gullfaks
C investigation. Fugro also developed a triple element cone penetrometer in 1986/7
(Zuidberg 1988). Both Fugro’s and McClelland’s triple element cones were used for
some years in the Norwegian sector of the North Sea, but very seldom in the last 10
years.
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Figure 3.6 McClelland’s triple element piezocone and special cones (after Bayne & Tjelta 1987)

Figure 3.7 Results of triple element piezocone from Gullfaks C (after Bayne & Tjelta 1987)

3.4 Other sensors included in cone penetrometers
With improved data acquisition systems and intensive research by several organizations in the 1980’s, a number of developments were made with adding sensors to the
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main CPT tool. Table 3.1 summarizes a number of devices that were used. The lateral
stress cone was an attempt to measure the in situ lateral stress by instrumenting the
friction sleeve, and was used in the Beaufort Sea (Jefferies et al. 1987). However, research at several universities in Europe and North America did not conclude that lateral stress could be reliably interpreted from the results and this device was only used
a few times. The cone pressuremeter was also developed to measure in situ lateral
stress and deformation moduli. Considerable research has been performed relating to
this device, both in the UK and the Netherlands, and several authors claim excellent
potential for this device, both in sand and clay (e.g. Withers et al. 1986). However,
the cone pressuremeter has so far found very limited application offshore.
The electrical resistivity probe was introduced in the Netherlands with the aim of
measuring in situ density (Kroezen 1981). The electrical resistivity of the soil volume
was measured in addition to the standard CPT parameters. The resistivity of the pore
water must also be measured using a separate probe or by measuring on obtained
samples. The field measurements may then be correlated to density based on laboratory calibration to specimens reconstituted to different representative porosities or
densities. The device has also been used for assessment of contamination in situ on
some offshore projects.
Delft Soil Mechanics Laboratories (DSML)(now Deltares), Netherlands, developed a nuclear density probe that was used on a project in the North Sea (Tjelta et al.
1985). This device had a radioactive source and detector built into a 15 cm2 cone. The
bulk density was determined by measuring the energy levels of the photons emitted
from the source and of the photons entering the detector after radiation of the soil
mass. The equipment was calibrated by lowering the probe into fluids with known
densities between 10 and 22 kN/m3. Figure 3.8 shows the results of a test carried out
at the Gullfaks C field in the North Sea. As mentioned by Lunne et al. (1997) other
probes have been developed using this principle including work at Kyoto University
(Mimura et al. 1995). As will be discussed in more detail in Section 6, the author believes that for intermediate soils like sandy silt and/or sands with high compressibility, this device has a great potential for more application than currently shown.
The modern version of the seismic cone was developed at the University of British
Columbia (UBC) and its use offshore was reported by Campanella et al. (1986). Figure 3.9 shows a typical set up for seabed testing as described by Peuchen et al.
(2002). The seismic cone (SCPT) can be used in both down-hole and seabed mode
testing. In favorable soil conditions, penetrations up to 90 - 100 m below seabed can
be achieved; one example is shown in Figure 3.10. Normally travel times are recorded at different depth intervals so that the average shear wave velocities (Vs) can be
computed over each depth interval. The small strain shear modulus can be computed
in these intervals using elastic theory: Gmax = Vs2 ρ where ρ is the soil mass density.
When coupled with the CPT, the seismic cone is a very powerful tool. The test was
used quite a lot for a 10 – 15 year period, but far less during the last 10 years or so.
The author agrees with Mayne (2000, 2006) and others that the SCPT is under-used
and that it is a future challenge to include SCPT more frequently in important soil investigations. This will be elaborated in Section 6.
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Figure 3.8 Combined results of piezocone test and nuclear density test at Gullfaks C in the North Sea
(from Tjelta et al. 1985)

Figure 3.9 Schematic layout for seabed seismic cone testing (from Peuchen et al. 2002)
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Figure 3.10 Results of Gmax measurement (from Lange et al. 1990)

More recently than the devices mentioned above are the so-called full flow epentrometers: the T-bar and the Ball probe. A significant amount of research has been
carried out on these devices, mainly in Australia (e.g. Randolph et al. 1998, 2007).
There are two main advantages of these tests:
1. The cross-sectional area for the ”standard” version of both tools is 100 cm2, ie
10 times larger than the 10 cm2 cone. The ball thus has a diameter of 113 mm
and the T-bar has a diameter of 25 mm and a length of 40 mm.
2. Since the soil can flow around the tool it is not necessary to subtract the full
overburden stress when deriving the undrained shear strength.
Frequently the ball or T-bar resistance is measured by the same load cell as the
cone by unscrewing the tip of the cone and screwing on the T-bar or ball instead, as
shown in Figure 3.11. Thus it is relatively easy to accommodate T-bar or ball tests in
seabed mode. Due to the size of the API drill string used in down-hole mode, the
tools cannot be used in their full sizes. In practice, only balls with a reduced diameter
(60 to 78 mm) are used in down-hole mode (e.g. Kelleher & Randolph 2005, Peuchen
et al. 2005). By cycling the ball or T-bar up and down several times, it is possible to
investigate the remoulded shear strength in situ. Some comments on interpretation of
the full flow tests are given in Section 6.
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Figure 3.11 CPT penetrometer, T-bar and ball
Table 3.1 Some CPTU add on devices that have been used offshore
Additional sensor/tool
Electrical resistivity ECPTU
Nuclear density
NDP
Seismic cone
SCPT

Main purpose

Key offshore related
reference
Kroezen (1981)

In situ density; assessment
of contamination
In situ density of cohesionless soils
Shear wave velocity in addition to CPT parameters

Cone pressuremeter
Lateral stress cone

Stress strain properties
in situ horizontal stress
In situ horizontal stress

Withers et al. (1986)

T-bar / ball

Intact and remoulded shear
strength of very soft clays

Randolph et al. (1998)

Tjelta et al. (1985)
Campanella et al.
(1986)

Jefferies et al. (1987)

Comments on use
Used on some projects
Used on only few
projects
Frequently used 1985 –
1995, now used occasionally
Very seldom used
Used only on a few
projects
Used on several deep
water projects with
very soft clays

Other penetration devices that are not incorporated directly with the CPT tool but can
be pushed together with the CPT include, but are not limited to: piezoprobe, heat flow
probe, and dilatometer. These are not discussed here, but an overview is given by
Lunne (2001).
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4 DATA ACQUISITION AND PROCESSING
It is outside the scope of this paper to go extensively into the technical details regarding data acquisition and the tremendous developments that have taken place. For the
first offshore geotechnical surveys in the beginning of the 1970’s measurement data
was transmitted through an electrical cable and recorded on a chart recorder. Onboard
plotting of CPT profiles and soil boring profiles was done by hand; thus the client had
to wait for some hours before the results could be presented. Reporting to the onshore
base was done by telex communication or by voice conversations over radio. Final
checking of data and plotting of results in engineering units was done in the office after demobilization.
Nowadays several options are available for data acquisition onboard:
- Electrical signal transfer through a cable
- Acoustic transmission through the water column
- Storing data in memory unit in the CPTU tool and unloading and processing
data when the tool is recovered on deck
One interesting example of modern technology is used by the sea bottom based
drill rig PROD. In this case the CPT data (qc, fs, u) are transmitted acoustically up the
drill string to a microphone installed on the PROD, using the Swedish Geotech system. Data is then transmitted to the vessel through a fibre optic cable.
The data are now available immediately after the test, but they should be subjected
to a quality control before given in preliminary form to the client on board. The results can be further processed so that both measured and derived parameters can be
plotted and sent to onshore based offices within minutes. Soil boring profiles integrating both results of CPT and field laboratory tests can be produced on a continuous basis.
5 STANDARDS AND GUIDELINES
Currently, the only standard specifically prepared for offshore in situ testing is the
NORSOK G-001 (2004) Standard that was initially prepared for projects offshore
Norway; but has completely or partly also been used in other parts of the world. The
NORSOK was gradually developed since 1983 when the offshore soil investigation
industry in the North Sea joined to have yearly meetings in the so-called Offshore
Soil Investigation Forum (OSIF). In the mid 1980’s, an OSIF-appointed committee
prepared the first specifications for in situ testing, sampling and laboratory testing
used by the operators in the North Sea. These specifications gradually developed into
the first version of the NORSOK standard in 1996; this was later updated in 2004.
The NORSOK standard was consistent with the International Reference Test Procedure (IRTP) for the CPT that was issued by the International Society of Soil Mechanics and Geotechnical Engineering in 1977, 1989 and 1999, and the EN ISO 224761:(E) (2007).
In parallel with the NORSOK Standard, the major international oil companies
have had their own specifications, frequently using the NORSOK Standard as their
basis. The use of NORSOK and other related documents has been very important for
ensuring consistent requirements for equipment, procedures and reporting.
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In May 2007, an initiative was taken to form a committee with the aim of developing an ISO Standard for Marine Soil Investigation, using the NORSOK standard as
one of the main references. The committee consists of 33 members from 13 countries,
and as per January 2010 a complete Draft was prepared. The final document is
planned to be published in 2012.
There are many important aspects of the new ISO standard regarding the CPT.
This paper only discusses the issues of recording and reporting reference readings before and after a test. NGI receives results of CPTs performed in many parts of the
world, by many different operators. In the last few years, the problem of incorrect
reference readings in down-hole testing has frequently been observed. Figure 5.1a illustrates one such case where the contractor took zero readings in the bottom of the
borehole without checking with the deck readings.
When NGI requested readings at deck level, and at the bottom of the borehole, it
was evident that the cone had touched a soil plug inside the drill string and hence an
excessive offset value was subtracted from the initial reading in the bottom of the borehole. The use of reference readings at deck level would have avoided this problem.
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s
c
s

a) Results of down-hole CPT

d) Measured and theoretical
offsets in bottom of borehole

b) Principle of down-hole

e) Measured and corrected
cone resistance

Figure. 5.1 Example of down-hole CPTU with faulty zero readings
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Reading units

Using the reference readings at deck, the correct zero load at the bottom of the borehole could be calculated and the results corrected to give a more representative profile
as presented in Figure 5.1b. The new ISO standard will require that reference readings at deck level shall be standard practice for down-hole testing with vessel based
drilling. This example also illustrates the importance of quality control of the data,
since such mistakes should not be difficult to detect by a qualified operator.
One way to have better control of the data from deployment deck level and until
recovery back on deck is to record and present a continuous record of the measured
parameters. The new ISO standard also recommends that this is done. Figure 5.2 is
taken from the new ISO standard and shows in principle how the deck to deck readings should be presented for a seabed CPT. Note that all readings are plotted as a
function of time. A similar recommendation is given for down-hole testing. The ISO
standard includes recommended actions if the reference values after a test deviate
from those before the test.
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Figure 5.2 Recommended scheme for reporting deck to deck readings for seabed CPTUs in new ISO
standard

As mentioned earlier in this paper, the problem of reference readings relative to
seabed for down-hole tests are largely reduced for seabottom based drill rigs since the
reference readings can be taken at a fixed distance (e.g. 0.7 m for the PROD rig)
above seabed.
A challenge for the future is that all offshore operators follow the new ISO standard and carry out the required quality control of the data, including calibration, etc.
Of course, the contractor performing the test has the main responsibility for data qual-
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ity. But due to tough competition and lack of time, short cuts are sometimes taken. It
is very important that the client therefore fully integrates the ISO requirements into
the tender documents and that they follow up during all phases of the work. When the
new ISO standard is completed, the committee plans to make a significant effort to
make all parties involved in offshore soil investigations aware of the requirements
and recommendations given in the document, and to have contractors implement
quality control schemes to avoid mistakes as shown in Figure 5.1.
6 INTERPRETATION
6.1 Profiling and soil design parameters
A large number of R&D studies have been carried out in many parts of the world
with the aim of improving the interpretation of CPT data in terms of soil parameters
for offshore applications. Numerous papers have been published based on these studies covering a wide range of soil parameters and applications, and most of them are
valid for onshore as well as offshore practice. It is not possible to review all these parameters and applications herein, and only a few examples are included in the following.
6.1.1 Profiling and soil identification
It is generally accepted that the CPT is the best tool for defining soil layering across a
site. In some cases the cone resistance and sleeve friction may be sufficient for this
purpose, but the addition of penetration pore pressure is also very useful. All three
measured parameters should be used in addition to derived parameters. The most
common derived parameters are the friction ratio, Rf = qt/fs 100 %, and the pore pressure ratio, Bq = (u2 – uo)/(qt – σvo).
Figure 6.1 shows an example from a windfarm site just off the UK coast. In this
case, both the measured parameters qt and u2, as well as the derived parameters Rf and
Bq clearly show the various layers. In this case, the soil types are also quite well defined from the Soil Behaviour Type chart (Robertson 1990).
There are many cases where the soil types are not as well defined as the case in
Figure 6.1, and the use of additional measurements can be very beneficial. As an example Figure 3.8 showed the in situ soil density as evaluated with the nuclear density
probe together with the usual CPT parameters.
Several authors have recommended using the seismic cone for enhanced soil type
definition; for instance Schnaid (2009) for differentiating cemented sands from
uncemented sands.
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Figure 6.1 Example CPTU profile for wind farm project

6.1.2 Undrained shear strength of soft clay
When the CPT first started to be used in the North Sea, there was little experience
with interpretation of the results in terms of the undrained shear strength of clays.
During a meeting, NGI’s Chief Engineer Ove Eide and Fugro’s Director Jaap de Ruiter, agreed to improve this situation and in 1973 the author was sent with two Fugro
operators in a truck to perform a series of CPTs at well documented sites in Norway
and Denmark as shown in Figure 6.2. The test sites were supplemented with the Skå
Edeby site during the first ESOPT conference in Sweden in 1974.

Figure 6.2 Clay sites investigated by NGI and Fugro (Lunne et al. 1976)

102

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

The reference undrained shear strength for these sites was the vane strength, su,vane,
and the results of the study were published in 1976, with a key plot included here as
Figure 6.3. The data reveal an approximate correlation of the cone factor Nk = (qc –
σvo)/su,vane with plasticity index, Ip. Variation in Nk was from 8 to 24. For typical
North Sea clays with plasticity in the range 20 – 30%, Nk was in the range 15 – 20. At
that time pore pressure was not measured so qt could not be used. It was also known
that the vane shear strength should be corrected for anisotropy and rate effects before
being applied for stability calculations (e.g. Bjerrum 1973). This meant there were
several uncertainties with the factors shown in Figure 6.3, but the range 15-20 was
frequently used to obtain an average undrained shear strength.

Figure 6.3 Cone factors based on vane shear strength (Lunne et al. 1976)

Many studies have subsequently been carried out (e.g. summary in Lunne et al.
1997 and Karlsrud et al. 2005) with higher quality CPTU data and based on a reference undrained shear strength from triaxial tests sheared in compression. The triaxial
tests were carried out on high quality samples which were consolidated to the best estimate of in situ stresses, i.e. CAUC tests. With increasing quality of results, the Nkt
factor has gradually decreased, frequently to the range 10 – 13, with su from CAUC
triaxial tests as the reference strength. A recent joint study carried out by NGI and
COFS (Centre for Offshore Foundation Systems, Australia) established a high quality
data-base including results from CPTU, T-bar and ball tests, as well as CAUC tests
on high quality samples (suc). The data base included field and laboratory data from
11 offshore and 3 onshore soft clay sites (Low et al. 2010). This study revealed a tendency for the cone factor (Nkt =(qt - vo)/ suc) and especially pore pressure factor (NΔu
= (u2 – u0)/su, where u0 = in situ static pore pressure) to vary with rigidity index (Ir =
G/su); however this was not the case for the T-bar and the ball. Nevertheless the total
variation of NT-bar was not less than the variation in Nkt. NΔu showed a larger variation.
Table 6.1 summarizes the results in terms of recommended N-factors based on suc.
For the ranges given in Table 6.1, the lower values should be used to compute suc
when it is conservative to use a high strength and the higher value should be used
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when it is conservative to use a low shear strength. These N-factors should only be
used for clays with sensitivity less than 8 and should be updated with local correlations whenever possible. Table 6.1 shows the largest variation for NΔu and it is not
advised to use this N-value at new sites with no previous experience. However, when
NΔu can be determined locally, such as in Norway (e.g. Karlsrud et al. 2005), NGI has
found it beneficial to compute su using both Nkt and NΔu. It is useful to recall that NΔu
= Nkt  Bq. Figure 6.4 includes one offshore example. For completeness it should be
mentioned that the NGI/COFS study also recommended NT-bar-values for remoulded
shear strength, noting that the values vary according to how the reference remoulded
shear strength is measured as is the case for intact su. More details of this study can be
found in Low et al. (2010).
For very soft clay sites in deep water, it can be very useful to obtain T-bar or ball
probe test data in addition to CPTU. However, the introduction of potentially more
reliable compensated cones should improve confidence in CPT-based interpretation at
such sites.
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Figure 6.4 Deepwater example with undrained shear strength interpreted from CPTU and CAUC triaxial tests
Table 6.1 Recommended N-factors (adopted from Low et al. 2010)
Definition
Recommended N-factor
N factor/
Nrem factor
Mean
Nkt,suc
qnet/suc
12.0
Nu
(u2 – u0)/suc
6.0
NT-bar,suc
qT-bar/suc
10.5
NT-bar,rem,UU
qT-bar,rem/sur,UU
20.0
NT-bar,rem,fc
qT-bar,rem/sur,fc
14.5
NT-bar,rem,vane
qT-bar,rem/sur,vane
14.0
Notes: sur,UU, sur,fc, sur,vane (remoulded UU, fall cone and laboratory vane)
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Range
10.0-14.0
4.0-9.0
8.5-12.5
13.0-27.0
12.5-16.5
12.0-16.0
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6.1.3 In situ density of sandy soils
Even though Sanglerat (1972) published a lot of information on the use of CPT for
pile bearing capacity in sands in his comprehensive book on the CPT, little guidance
was available for interpretation in terms of in situ density. When McClelland and NGI
became involved with the Ekofisk tank, which was founded on very dense sands, it
was convenient that Prof. John Schmertmann at University of Florida started a comprehensive research program with CPTs in sands using a large (1.2 m high, 1.2 m diameter) calibration chamber. Based on his first calibration chamber (CC) tests and
good quality field tests, Prof. Schmertmann, in a letter to McClelland dated 7 October
1971, included the first chart for estimating relative density, Dr, from measured cone
resistance, qc, and in situ vertical effective stress, σvo’ (see Fig. 6.5).

Figure 6.5 Schmertmann’s original qc, σvo’, Dr chart (from Schmertmann 1971)

In his letter Prof. Schmertmann stated: “Direct use of the chart requires that the
sand consists primarily of quartz, it has no significant impurities such as mica or
shells, that it falls within the size range between silty fine sand to uniform sand, and
that the sand is normally consolidated. Only use cone bearing values below 2 ft. from
the surface. The chart represents conditions for sands that are known to be not cemented (as in the lab chamber tests)”.
The chart in Figure 6.5 and Prof. Schmertmann’s work formed the basis for subsequent research in large calibration chambers, such as at NGI in the period 1975 –
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1978 (e.g. Parkin and Lunne 1982). But the most significant effort was the work in Italy under the direction of Prof. Jamiolkowski. Over a period of about 20 years, a large
number of high quality CC tests on Norwegian Hokksund and Italian Ticino sands
were carried out. This work resulted in charts for deriving Dr for both normally consolidated and overconsolidated sands (e.g. Baldi et al. 1986). To go back to the work
related to the Ekofisk tank in the North Sea, the approach adopted by NGI was to use
the measured cone resistance and assess the relative density, Dr, from the diagram
shown in Figure 6.5. The samples were then reconstituted in the laboratory to the
density estimated from the CPT, consolidated to estimated in-situ stresses, and subjected to static and cyclic loading in triaxial and DSS tests. This approach is still used
today. Correlations directly between CPT parameters and strength and deformation
parameters are also used (e.g. Lunne et al. 1997, Robertson 2009) as an alternative or
complement to laboratory testing.
The limitations given in Schmertmann’s quote above relating to the chart in Figure
6.5 are however still valid. There seems to be an increasing trend in offshore projects
for sandy soils to deviate the sand types used in the CC tests, for instance sands may
have higher silt contents or different mineralogies. At present there is no consistent
methodology for interpreting relative density for these different types of soils. Attempts have been made to use corrections for sand with high silt content and for sands
with high compressibility, such as carbonate soils, but in the author’s opinion they are
associated with high uncertainties. It is also highly questionable whether the relative
density concept is in fact valid for sands with higher silt content, say 20 – 35 %. Fig.
6.6 shows a case with a silty sand/sandy silt below a pure sand from the soil profile
shown in Figure 6.1. The solid line shows the relative density interpreted using the
Baldi et al. (1986) correlation based on qc and vo’, indicating very low values (Dr
= 20 – 50%) in the silty sand/sandy silt layer. The dotted line shows an updated relative density profile based on a correction for silt content which was originally intended for liquefaction analyses, as shown in Figure 6.7. In Figure 6.7 qc1 = (qc/pa)(pavo')0.5. This correction includes some uncertainty and is not generally recommended,
but it is used here to illustrate that the correlations for sands with high silt content
based on qc and vo’ can significantly underpredict the in situ density. Direct measurements on samples seem to confirm the corrected Dr values, but these measurements are also uncertain since it is not known how much the sampling process affects
the density of the silty sand/sandy silt.
There are similarly large uncertainties related to very compressible sands, e.g.
Mayne (2006).
There is a pressing need to improve the interpretation of CPT data in highly silty
and/or compressible sands. Suggested improvements that should be evaluated more
closely include, but are not necessarily limited to:
1. Measure shear wave velocity in the field using seismic cone; carry out laboratory tests reconstituted to different densities and consolidation stresses and establish correlations between Vs, consolidation stress and density.
2. Use the nuclear density probe and measure in situ density directly (e.g. like in
Fig. 3.8).
3. Use the more fundamental state parameter approach as originally suggested by
Been & Jefferies (1985), which has now been put into greater perspective by
Jefferies & Been (2006). Robertson (2010) also suggest that the state parameter
approach should be preferred to the use of Dr.
4. Carry out more calibration chamber tests on a wider range of sands.
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6.2 Use of results for direct design application
From the beginning, offshore CPT data have been applied directly to pile bearing capacity analyses. Several methods were summarized by Sanglerat (1972), especially
for sandy soils. A large number of refinements for offshore applications have been
published over the years; e.g. de Ruiter & Beeringen (1979). The latest version of the
API (2007) code now recognizes CPT based methods are more reliable for sands than
the traditional API approach, where the latter assumes that both unit side friction, f,
and unit tip resistance, qb, vary in proportion to the free field vertical effective stress
(vo’) but the imposed limiting values of f and qb generally control the capacity of
long piles. API recommends four recent CPT-based methods:
 Simplified ICP-05
 Offshore UWA
 Fugro-05
 NGI-05
These methods are described and evaluated against a sand database by
Schneider et al. (2008) confirming that they give better predictions than the
original API method.
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Figure 6.6 Assessment of relative density in sandy layers from Fig. 6.1

107

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

Figure 6.7 Correction of fine content for liquefaction analyses (adapted from Seed and de Alba 1986
and Stark and Olson 1995)

The use of large gravity based-structures following the Ekofisk tank (installed in
1973) included skirts below the foundation base in order to transfer horizontal forces
to stronger layers, to act as compartments for underbase grouting and, if necessary to
allow use of suction to increase penetration force. The penetration of such skirts has
been an important aspect of foundation design, and the CPT is of course an ideal test
for this. Since the platforms were instrumented, it was possible to compare the observed penetration resistance with the cone resistance and to develop empirical factors for short skirts (e.g. Lunne and St. John 1979). Skirt penetration is also an important issue for suction anchors used for floating structures, and empirical CPT-based
prediction methods have been developed, although there is a fairly wide range in the
empirical factors (Andersen et al. 2008 and Aas & Saue 2009).
7 SUMMARY AND CONCLUSIONS
The CPT has been an essential part of offshore soil investigations since the beginning
about 40 years ago. The CPT is the best tool to determine stratigraphy across a site
and the test also provides significant input to the determination of soil parameters for
foundation design and for the evaluation of geohazards.
Impressive developments have taken place in terms of CPT deployment systems
and there are now many different ways to execute the tests in a range of water depths,
from nearshore to more than 3000 m. The cone penetrometers themselves are now
largely standardized and the CPT is used worldwide as a reference in-situ test. Add
on sensors are available that can greatly enhance the interpretation of soil parameters.
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Data acquisition has become very efficient, with results processed immediately after the test offshore and then transmitted to onshore locations for quality assurance
and even design within minutes.
Different equations and empirical correlations are available for reliable interpretation of test results for a large range of soil parameters in pure sands and clays.
API recognizes that CPT based methods give more reliable predictions of pile
bearing capacities in sands compared to the ‘traditional’ API approach.
However, there are still many future challenges with the test and its application.
The author hopes that development in the site investigation industry over the next
decade will include, but not be limited to, the following:
a) More widespread use of seabed-based drilling for deep water investigations
b) General improvements in standardisation of penetrometer design to give more
uniform quality in sleeve friction readings
c) Application of hydrostatically compensated cones for deep water investigations
d) Extensive use of the seismic cone for important projects
e) Use of nuclear density measurements in sites with silty and/or sandy soils
f) Rational methods for interpreting CPT data in ‘non-textbook’ soils and especially silt and/or compressible sands
g) Extensive use of the new ISO standard for marine soil investigations by all parties involved and general awareness of need for high quality data and quality
control
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Regional report for Northern Europe
M. Long
University College Dublin (UCD), Ireland

ABSTRACT: Use of the CPT has matured in Northern Europe, the original “birthplace” of the technique, some 80 years ago. The technique is now clearly well advanced in terms of equipment, software and interpretation procedures. However surveys done for this report produced some surprising results, for example, because of
the maturity of the market there is little use in some areas of the CPTU and that geoenvironmental applications and SCPT work is of limited extent. Many engineers feel
that it is most important to encourage appropriate, robust, reliable and accurate use of
standard CPT techniques. There is also only modest CPT based research in the region. Education, good reference material and good published case histories are essential for future development of CPT in Northern Europe.
1 INTRODUCTION
The purpose of this paper is to summarise the state of CPT testing in Northern Europe. In this context Northern Europe is deemed to include the eight countries Austria, Belgium, France, Germany, Ireland, the Netherlands, Switzerland and UK (Figure 1). This Northern European region is of course the original “birthplace” of the
CPT. The first Dutch cone penetrometer tests were made in 1932 by P. Barentsen an
engineer at Rijkwaterstaat (Department of Public Works) in the Netherlands (Barentsen, 1936). A gas pipe of 36 mm external diameter and 19 mm internal diameter was
used. Inside this pipe a 15 mm steel rod, to which a 60° cone was attached, could
move freely up and down. Belgium was the second country in the world to utilize
mechanical cone testing in 1938 in work by the Belgian Geotechnical State Institute.
Other countries in the region followed rapidly, e.g. the first French penetrometer was
built in 1949. Also the first electrical penetrometers are likely to have been constructed in Germany in the early 1940’s.
Perhaps the first “general report” on CPT testing in this area was by Begemann
(1974). An updated general report was presented at ESOPT-II by De Ruiter (1982).
Individual National Reports were presented at both ESOPT-1 in Stockholm and
CPT’95 in Lingköping as summarised on Table 1.

117

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

UK
Netherlands
Ireland
Germany
Belgium
France

Austria
Switzerland

Figure 1. Northern Europe (www.EnchantedLearning.com). Countries under consideration are noted.

A brief summary of the geography, climate, population and land area of each
country is given on Table 2. It can be seen that the geography of the area is very diverse varying between the low lands of the Netherlands to the high mountains of the
Alps. However throughout the area the weather is generally mild and temperate with
relatively hot summers and cool winters.
The land area and population is dominated by the larger countries, i.e. France,
Germany and UK. Although the land area is small, Belgium and the Netherlands have
a relatively high density of population.
2 GEOLOGY OF REGION
It is beyond the scope of this paper to describe in detail the geology of this diverse
region. However an attempt is made on Table 3 to summarise briefly the conditions
in each country and to identify those areas which are particularly suitable for CPT
work and those which are not. Table 3 is based on much more detailed accounts given
in the various papers listed on Table 1.
Table 1. Summary of previous National Reports on CPT
ESOPT-1 - Stockholm
Country
Austria
Belgium
Lousberg and Calembert (1974)
France
Sanglerat (1974)
Habertha (1974)
Germany
Ireland
Netherlands
Heijnen (1974)
Crettaz and Zeindler (1974)
Switzerland
UK
Rodin et al. (1974)
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CPT’95 - Lingköping
Schwab and Reitner (1995)
Nuyens et al. (1995)
Frank and Magnan (1995)
Faust (1995)
Long (1995)
Peuchen et al. (1995)
Heil (1995)
Powell et al. (1995)
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Table 2. Summary of topography, weather, land area and population
Country
Austria

Belgium

France

Germany

Ireland

Netherlands

Switzerland

UK

Topography1
In the west and south
mostly mountains
(Alps); along the
eastern and northern
margins mostly flat
or gently sloping
Flat coastal plains in
northwest, central
rolling hills, rugged
mountains of Ardennes Forest in
southeast
Mostly flat plains or
gently rolling hills in
north and west; remainder is mountainous, especially Pyrenees in south, Alps in
east
Lowlands in north,
uplands in center,
Bavarian Alps in
south

Mostly level to rolling interior plain surrounded by rugged
hills and low mountains; sea cliffs on
west coast
Mostly coastal lowland and reclaimed
land (polders); some
hills in southeast
Mostly mountains
(Alps in south, Jura
in northwest) with a
central plateau of
rolling hills, plains,
and large lakes
Very varied, ranging
from the Grampian
Mountains of Scotland to the lowland
fens of England
which are at or below
sea level in places.

Weather1
Generally moderate and
mild but varies from the Alpine region to the eastern
plain. Summer can be hot
and long. Average winter
temperatures are around 0°.
Temperate; mild winters,
cool summers; rainy, humid,
cloudy

Land area (km2)
82,444

Population2
8,205,533

30,278

10,403,951

Generally cool winters and
mild summers, but mild winters and hot summers along
the Mediterranean; occasional strong, cold, dry,
north-to-northwesterly wind
known as mistral
Temperate and marine in the
west (cool, cloudy, wet winters and summers). Occasional warm mountain
(foehn) wind in the Alpine
areas. More continental type
climate in the east (cold winters, hot summers).
Temperate maritime; modified by North Atlantic current; mild winters, cool
summers; consistently humid; overcast about half the
time
Temperate; marine; cool
summers and mild winters

545,630

62,664,000

349,223

82,369,552

68,890

4,156,119

33,883

16,645,313

41,285

7,581,520

241,590

60,943,912

Temperate, but varies with
altitude; cold, cloudy,
rainy/snowy winters; cool to
warm, cloudy, humid summers with occasional showers
Varies greatly according to
season and location, but on
the whole can be described
as mild with few extremes

Notes:
1. From www.look4aproperty.com/overseas-guides.asp
2. July 2008 estimate from https://www.cia.gov/library/publications/the-world-factbook
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Table 3. Summary of prevailing geology and topography and implications for CPT
Summary of geological conditions
Implications for CPT
Country
Austria
Dominated by the mountainous character of the
Eastern Alps and Bohemian
Eastern Alps located towards the south of the
Massif – CPT not relevant excountry. Maximum elevations in the west of up to cept for valleys. Tertiary basins
3000 m. The northern and north-western parts of
and Quaternary deposits may be
the country are occupied by part of the Bohemian suitable for CPT. Generally
Massif, a well wooded, moderate mountainous
these soils are non homogenous
landscape with elevations up to 1400 m. In becomprising mixture of gravels,
tween are the wide lowlands of the Molasse Basand, clay, silt and peat. Overall
sin.
assessment less than 25% of the
total area of Austria is suitable
for CPT
Belgium
The country is rather flat with a continuous transi- In the north (like the Nethertion from a plain at the North Sea and the Dutch
lands) serious foundation probborder to a high point of 640 m in the highlands
lems, requiring piling or ground
of the Ardennes. A south-east to north-west axis,
improvement frequently occur.
which follows the valleys of the rivers Haine,
Here the soil conditions generalSambre, Meuse and Vesdre, divides Belgium into ly allow for the execution of
roughly two equal parts. In the north part, the beCPT. Outcrops of Cretaceous
drock is covered by Tertiary clay, sand and gravel chalks occur and it is necessary
sediments, with thicknesses up to hundreds of me- to bore or drive to penetrate
ters. The Quaternary Pleistocene formations have these layers. In the south the
been influenced by the glacial periods, giving rise relatively thin superficial depoto the formation of marine, coastal, river, lake or
sits often contain gravel making
wind deposits of sand, clay, peat and silt. In the
penetration difficult. In the river
south of the axis, the bedrock is often found at ra- valleys the deposits are very
ther shallow depths, overlain by colluvium layers
suitable for CPT though gravel
consisting of weathered rock and river sediments. layers may occur at depth.
France
The geology of this large country is extremely
Age of geological sediments
varied and complex. However a study of the geomay not be an accurate guide to
logic map of France at 1/1,000,000 scale by Sanassess suitability of CPT. For
glerat (1974) shows that the approximate distribu- example in many cases the
tion of surface exposures are as follows:
rocks are covered by residual
Precambrian = 20%
soils due to weathering and can
Paleozoic = 10%
be some 10’s of metres in thickTriassic =5%
ness. Sanglerat (1974) summaJurassic =20%
rised a survey of 60 engineers
Cretaceous = 20%
scattered geographically over
Tertiary = 15%
France and Corsica and conQuaternary =10%
cluded that an average of 71%
of the area was suitable for penetrometer testing.
Germany
In the north the Holocene subsoil consists of maSubsoil conditions in northern
rine and fluvial sediments with organic material,
Germany’s lowlands are particoften of low density and consistency. The thickularly suitable for CPT. Overall
ness of these sediments is general about 4 m, but
soils and weathered rock suitacan be up to 15 m. Of importance is the boundary ble for CPT testing cover apsurface of the Pleistocene layers which can have
proximately 30% of the area of
been preloaded by ice and have higher compactGermany.
ness, consistency and undrained shear strength
between 5 and 25 kPa. In the southern region
some fluvial and liminal sediments are problem
sub-soils with long term settlement behaviour can
be found. The middle regions consist of Paleozoic
and Mesozoic rocks which often are weathered to
a depth of about 10 m or more. Locally they are
they are covered by aeolian sand or loess.
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Ireland

Netherlands

Switzerland

UK

Broadly speaking the coastline of Ireland is
formed of strong older igneous and metaphorphic
rocks such as sandstones, granites and quartzite.
The central basin of Ireland is formed of Carboniferous limestone. However the engineering geology of Ireland is dominated by the mantle of
10,000 to 15,000 year old glacial tills and glacial
sands and gravels which cover much of the country. These deposits generally have a high gravel,
cobble and boulder content and are usually medium dense to dense or stiff to very stiff in consistency. Later alluvial activity has covered the glacial deposits with soft clays, silts and peats in
some low lying areas and along river flood plains
In general the Netherlands can be divided in two
regions. In the western and northern region a sand
stratum of Pliocene origin is covered by alluvial
deposits consisting of soft clay and peat layers.
The thickness of this deposit varies from a few
metres to 15 m and more. In the eastern and
southern region the sand stratum reaches to the
soil surface.

CPT difficult in glacial tills due
to cobbles and boulders. However extensive peat deposits in
the Midlands of Ireland together
with alluvial and estuarine deposits for example in the major
cities of Dublin, Cork, Galway
and limerick) are particularly
suitable for CPT testing

Switzerland can be subdivided geologically into
three main parts: the Jura, the Central Basin lying
somewhat lower and the Alps with a northerly hill
range. Of interest here are the surface formations
of the Quaternary comprising sands, silts, clays
often with boulders, weathered clays, argillaceous
silts, peat beds, lacustrine clay formations and
slope wash, gravels and sands and these can be
found all over Switzerland.
The UK can be divided approximately into two
areas. To the north and west the dominant character is upland dissected by plains and valleys of
limited extent. This area is underlain by rocks
which are mainly older than the Carboniferous
Coal Measures. The land to the south and east is
undulating lowland underlain by rocks younger
than the Carboniferous Coal Measures. Most of
the UK has been affected by glaciations which
has resulted in extensive drift deposits of till
(boulder clay), laminated clay; sand other glacia1
materials as far south as London. Peat and other
organic soils are found throughout

These deposits can be very variable and may or may not be
suitable for CPT. Encountering
hard layers is thus often a problem and these may require predrilling

It is obvious that these geological conditions are very suitable
for the application of CPT. With
normal sounding equipment sufficient penetration can be obtained in order to get adequate
information for the design of
deep foundations.

Again these deposits, particularly in the north, can be very variable and may or may not be
suitable for CPT. Encountering
hard layers is thus often a problem. The soils of the south-east
for example the London, Oxford
and Weald clays are suitable for
CPT but as the materials become stiff to hard with depth
penetration may be more difficult. Flints van cause problems
in chalk.

3 GEOTECHNICAL CHALLENGES
It is difficult to summarise all the geotechnical challenges in such a diverse region
but an attempt has been made to collate the four major issues of soft ground, deep
foundation design, deep excavations and slope stability and show how they relate to
each country on Table 4.
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Table 4. Summary of geotechnical challenges in Northern Europe
3. Deep excava1. Soft ground
2. Deep foundaCountry
tions
tion design
Austria
Pile design in soft Pit support in soft
soil and lacustrine soil and lacustrine
clay
clay
Belgium
Soft clay and peat Hard cemented
Swelling and
with impact on
layers which can
swelling pressure
settlements due to be continuous and due to excavation
groundwater loform an obstacle
in overconsoliwering
for pile foundadated clay
tions, diaphragm
walls etc.
France
Especially for
Particularly for
highway and high wind turbines
speed train
(National project
projects
SOLCYP).

Germany

Ireland

Netherlands

Switzerland

UK

Particularly in
coastal regions
and for the design
of offshore wind
turbine foundations
Pressure to develop “marginal”
lands such as peat
bogs in the midlands and estuarine areas near the
major cities.
Western part of
country, called
Holland, has extensive areas with
up to 20 m of Holocene clay and
peat susceptible to
settlement
Increasing population density in
valley areas
means poorer
ground must be
used for construction of buildings
and infrastructure
Recent interest in
design of geothermal piles

Geothermal applications.

Especially in a
congested urban
environment, for
example in Dublin and Cork

4. Slope stability
In various soil
types
Especially in very
plastic Tertiary
clay layers.

Especially with
respect to climate
change, e.g. stability of dikes to
liquefaction. Improved design of
rigid inclusions
(National project
ASIRI)
For example resulting from mine
waste

Particularly in
peat for example
in wind farm development on
upland areas

Design of deep
piled foundation
in Holocene soils

Design of deep
foundations in
soft soils and lacustrine clays or
organic deposits
using CPTU.

Support systems
and design for
bottom heave.

Effect of climate
change on stability of older railway cuts
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A significant geotechnical challenge in the entire region arises from the effects of
climate change on infrastructure, environment and national heritage, e.g. higher intensity rainfall (landslides), flooding and drying.
Other issues arise which are more specific to particular countries, for example:
• In Belgium “weel” zones can occur. These are areas up to 20 m thick of deeply disturbed non - homogeneous soil conditions due to major ancient dike
failures.
• In the UK the implementation of the European Standards (see Section 4.1) and
in particular the prohibition of the percussively driven U100 sample for quality laboratory testing is of concern. Presently many engineers are unaware that
sampling can be combined with CPT testing (e.g. MOSTAP or Begemann
sampling)
4 CPT EQUIPMENT AND PROCEDURES
4.1 Standards
All of the countries in this region, except Switzerland, are members of the European Union. Switzerland has signed bilateral agreements with the EU and has signed
the CEN agreement. Thus all countries by law are required to adopt CEN standards.
The CEN standard for mechanical cone testing ENISO 22476-12 (2009) has been accepted in Europe. That for electrical cone penetration tests with electrical recording
and pore pressure measurement (ENISO 22476-1, 2007) is due to be voted in Europe
soon. This document is an updated version of the IRTP (International Reference Test
Procedure) published by the International Society for Soil Mechanics and Geotechnical Engineering in 1999 (ISSMGE, 1999).
Although these will be superseded by the European standards, national standards
(and related standards) are still used in some countries in the region for example:
•
•
•
•
•

Austria: DIN 4094-1
France: NF P94-113 CPT and NF P94-119 CPTu
Germany: DIN 4094-1
Netherlands: NEN 5140
UK: BS1377, BS5930

In addition to these specific standards the Eurocodes (EN 1997-1 and EN 1997-2)
make reference to CPT testing and give some specific information and guidance, for
example on the derivation of effective friction angle (φ') or the constrained modulus
(M) from CPT results and on direct application of CPT data for shallow and deep
foundation design, see Section 5.
4.2 Equipment
4.2.1 Pushing equipment
Where possible purpose built heavy duty trucks, that are ballasted to a total dead
weight of around 20 tonnes (200 kN) are used. Systems of up to 25 tonnes (250 kN)
are available. These can be mounted on wheels or tracks or a combination of both.
However lightweight units between 1 ton and 5 tonnes (10 kN to 50 kN) are also in
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common use for soft soils. In these circumstances helical anchors or a counter weight
are often provided to anchor the equipment.
Recently specialist equipment has been developed: for example for investigation
of railways (Figure 2a), for testing on slopes (Figures 2b&c), for inclined CPT testing
(e.g. testing at between 25° and 45° for a research project on ground anchors in Belgium) and for testing in difficult access conditions / environments (Figures 2d to f).
(a)

(b)

(c)

(d)

(e)

(f)

Figure 2. (a) Specialist equipment for the investigation of railways in the UK, (b) penetrometer attached to an excavator boom for testing on slopes (these two photographs courtesy Andy Barwise,
Lankelma), (c) inclined testing below tank foundation (d) and (e) unusual / difficult access conditions
(these three photographs courtesy Joek Peuchen, Fugro) (f) piezoball testing in intertidal zone (This
photograph courtesy Darren Ward, In Situ Site Investigations)
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4.2.2 Cones
In most circumstances commercially available electrical systems, such as those manufactured by A.P. v.d. Berg, Geopoint, GeoMil, Gouda or Fugro of the Netherlands,
Pagani of Italy, Geotech or Envi of Sweden or Hogentogler / Vertek of the US are
used. There seems to be very little use made of individually produced cones, certainly
for commercial work.
Standard 10 cm2 and 15 cm2 cones are used. Over the last 15 years or so use of 15
cm2 cones in preference to the smaller cones is becoming more common in some
countries, for example Germany. Occasionally 5 cm2 cones are used for specialist application (e.g. deepwater offshore or identification of thinly layered soils). Pore pressure measurements are nearly always made in the u2 position (Lunne et al., 1997)
Mechanical cones (MCPT) are far less popular though they are used occasionally
in Belgium, France, Germany and the Netherlands because of their low cost, simplicity and robustness. In Belgium, for example, use is mostly made of the M1 mantle
mechanical cone and less frequently the M2 mantle and friction sleeve cone and the
M4 simple cone with closing nut (see e.g. Van Alboom and Whenham, 2003 or
Whenham et al., 2004). Several companies in France make use of MCPT for stone
column construction control.
4.2.3 Data acquisition systems
Again use is nearly always made of commercially available proprietary systems. Systems in common use are UNICANTM, GONSITETM (van den Berg), CPTestTM (GeoMil), TGSW01TM (Pagani), CPT-LogTM (Geotech), PC-monTM (Envi) etc.
Although systems which transmit data acoustically through the CPT rods (see e.g.
systems by Geotech and Envi) or by light signals (van den Berg) or in which the data
is stored in a memory mounted on the cone (Envi) are available, they have as yet not
been used on a large scale in commercial operations.
4.3 CPT systems in use
The number of CPT systems in use in the area is mostly a function of the geology as
discussed above and also the history of use of the equipment. An estimate of the
number of systems is shown on Figure 3a. As can be seen the number of CPT units
operating in the Netherlands and Belgium is very high, probably reflecting the history
of use of the equipment in those countries and also the suitable geology. The number
of units operating in Austria, Ireland and Switzerland is very small again probably
consistent with the ground conditions in these countries, which are in general not
suitable for CPT. The number of units in the France, Germany and in UK fall in the
middle suggesting that despite the geological diversity of these countries the relatively large economy can support a significant number of CPT systems.
An approximate percentage of site investigations (SI) conducted which make use
of CPT is shown in Figure 3b. The data fall into three groups. Not surprisingly more
or less all investigations in Belgium and the Netherlands make use of CPT. Although
it is difficult to obtain an exact number it is estimated that 10% to 20% of all investigations in Germany (where there is significant variation across the regions) and
France make use of CPT. In the remaining countries a relatively small number of investigations use CPT. This possibly reflects the geology of these countries but probably also a lack of awareness of the usefulness of the technique. Hence it would seem
education of engineers on the benefits of CPT is very important.
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Country

Figure 3. (a) Number of CPT systems in use in each country; (b) percentage of SI’s which make use of
CPT

Austria

Ireland

Switzerland

An approximate percentage of the total CPT which are CPTU in each country is
shown in Figure 4. The data fall into three groups. The most surprising result here is
that only a relatively small percentage of the total number of tests in Belgium and the
Netherlands (1% and <5% respectively) are CPTU. In Austria, France, Ireland and
Switzerland all (or at least many) of the tests carried out are CPTU tests. Again for
Germany and the UK the situation varies across these diverse countries but a rough
approximation of 30% - 50% seems reasonable.
In the mature markets of the Netherlands and Belgium it is clear that the main
driver in the choice of test is one of cost. Even the additional small cost of a CPTU
over CPT is important. In some circumstances MCPT or even CPT without a friction
sleeve is chosen for cost reasons. In these countries CPTU is only used when unusual
ground conditions are likely or where the development is sensitive or of significant
importance.
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Figure 4. Percentage of CPT that are CPTU
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Up until now very little seismic CPT (SCPT) testing has been carried out in the
area. Perhaps this is for economic reasons as SCPT can be five to ten times more expensive than standard CPT. In several of the countries these tests have only been used
by research organisations or universities. Due to the need to provide design parameters for onshore (and offshore) wind turbines and with the introduction of Eurocode 8
for seismic design it is likely use of the test will increase to some degree. Although
Northern Europe is relatively seismically inactive EC8 requires that a seismic hazard
map is produced and that shear wave velocity (Vs and hence small strain stiffness
Gmax) is measured to a depth of 30 m for critical developments such as large dams
and nuclear power plants. Nevertheless it is likely that SCPT will only form a small
part of the overall CPT market. Currently for commercial projects it is estimated that
about 2% and 0.1% respectively of all testing in France and the Netherlands is SCPT.
4.4 Challenges with equipment and procedures
The main challenges with equipment and procedures in the area fall into two groups:
• dealing with very soft ground and
• dealing with hard layers.
4.4.1 Soft ground
In Belgium, Ireland, and the Netherlands problems have been encountered with measuring accuracy in very soft ground, especially peat. Some commercial CPTU tests
for a wind farm development in peat in Western Ireland are shown on Figure 5 in order to illustrate some of the issues involved.
These data provide very valuable information and suggest that the site is underlain
by approximately 1.75 m of peat overlying a silty clay. The peat appears to become
more decomposed with depth. However the measured values, especially of corrected
cone resistance (qt) and sleeve friction (fs) are very small and are close to the accuracy of the measuring instruments. In one case (CPT07) some qt values are recorded as
being negative.
qt (MPa)
0

0.4

0.8

1.2

fs (MPa)
1.6

0

0

u2 (MPa)

0.02 0.04 0.06 0.08 0.1
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0.5

1

1

1.5

1.5

1.5

2

2

2

2.5

2.5

2.5

3

3

3

0.5
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Figure 5. CPTU test results for a wind farm site in Western Ireland on peat
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Figure 6. Results of field trial of three cones at A2 research site, Vinkeveen, the Netherlands (Boylan
et la., 2008a)

The fs (and hence Rf) values are very variable, reflecting not only the heterogeneous nature of the peat but also the accuracy of the transducer involved as the recorded
values are generally of the order of 5 kPa or less.
Boylan et al. (2008a) have studied the incidence of negative qt values in Dutch and
Irish peats. Laboratory studies on a number of cones showed that the measured parameters can be greatly influenced by differences in the temperature at which the zero
load readings are taken and the temperature in the ground itself, even if the cone is
temperature compensated. This effect could result in significant positive or negative
shifts in the measurements. The problem was shown to be overcome by equilibrating
the cone to the ground temperature prior to the test commencing.
Boylan et al. (2008a) also compared the results of tests on three different cones
from tests carried out very close to one another at the A2 research site in Vinkeveen,
the Netherlands. The objective of these tests was to assess the relative accuracy of
CPTU in peat compared to accuracy requirements of the European standard (EN ISO
22476-1, 2007). Two tests were carried out with the GeoMil cone, while one test was
carried out by both GeoDelft and Fugro. Figure 6 shows the results of all tests in
terms of qt, fs and u2. Also indicated on this figure are the accuracy ranges required
for an Application Class (AC) 1 test by the European Standard (EN ISO 22476-1
2007). Although AC cannot be defined by repeat testing it provides a useful guide.
AC1 is the intended accuracy class for soft to very soft soil deposits.
Examining the range of qt measurements for the various cones, the agreement
between the various cones is generally good. However, the range of values falls
outside the accuracy range for an Application Class 1 test if all the tests are
considered together, although the variability of the peat may also play a role. If the
Fugro and GeoDelft tests are considered in isolation, the ranges of all measurements
from these cones would generally lie within the accuracy ranges of an Application
Class 1 test, except for some minor localised variations. Similarly, the range of
friction sleeve resistances (fs) would fall outside the accuracy range of an Application
Class 1 test if all the tests are considered together. It should be noted that the cones
used had different sleeve end areas, which may also play a role in the variability of
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the measured fs. The tip resistance was corrected to qt but fs was not. During testing
all cones recorded pore pressures close to the hydrostatic pore pressure and the range
of measured values is generally within the required accuracy range.
The pore pressure (u2) appears to be more reliable than the corrected resistance (qt)
or friction sleeve resistance (fs). Long (2008) reported similar findings from a number
of comparative cone trials in clay at Bothkennar in Scotland and at the Almere
research site in the Netherlands (after Tiggelman and Beukema, 2008).
The scatter in qt measurements from the different cones and the large corrections
required for pore pressure effects would be problematic for interpreting strength
parameters from these tests in soft peat. Larger full flow penetrometers which
generally provide less scattered resistance profiles with a high degree of repeatability,
and are less influenced by pore pressure effects, may be more appropriate for
determining strength parameters for this material.
4.4.2 Hard layers
In Austria and Switzerland, for example, there are often some metres of coarse
grained, medium dense material overlying lacustrine sediments. Perhaps this is a reason why CPT testing is relatively rare in these countries. In Belgium dense sand or
stiff clay layers can be encountered within soft clay and peat strata. Therefore predrilling or pre-soundings have to be performed. In Belgium CPT equipment can be
adapted for pneumatic hammering used to penetrate hard layers with limited thickness. One contractor in Switzerland is developing a combination of a small drilling
rig with a CPTU unit to overcome these difficulties.
In France in alluvial valleys refusal is often met in coarse gravel and in these cases
specific MCPT units called “stato – dynamic”, which combines static pushing and
dynamic penetration, are used (see e.g. Sanglerat, 1974 or Frank and Magnan, 1995).
In the UK problems can be encountered with natural hard zones such as large
flints in chalk rock. Man made ground is of course a problem in many areas particularly UK and Germany.
It is incorrect to assume all hard layers cannot be penetrated by CPT. In the UK it
is relatively common practice to push a “dummy” cone through hard layers before
progressing with the normal test through the penetrable layers.
5 CPT INTERPRETATION
It is extremely difficult to summarise briefly the methods and techniques used for
CPT interpretation in the region. However it seems that, in Northern Europe, CPT is
firstly used for identification layering and then soil type in order to supplement slower more expensive borings and then to derive various design parameters such as (in
order of importance) strength, stress history and stiffness. An attempt has been made
to summarise practice in the region on Table 5.
It should be notes that EC7 requires the availability of the results of sampling (according to EN ISO 22475-1, 2006) including identification and classification of the
ground from at least one borehole, trial pit or heading for evaluation / interpretation
of CPT results.
Although engineers frequently make use of spreadsheets using locally derived correlations, proprietary software is frequently used as summarized on Table 6.
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Table 5. CPT interpretation in Northern Europe
C. Stress hisA. Soil type
B. Strength
Country
tory (i.e. pc'
and layering
(su and φ')
and OCR)
Austria
9
9
9
Belgium

9

su = (qcσv0)/15

France

Robertson
(1990) or
Fascicule 62,
Titre V
(MELT,
1993)
DIN 4094-1,
Appendix C
or Robertson
(1990) but
not allowed
alone, see
above.
Robertson
(1990)

-

Germany

Ireland
8

Netherlands
Switzerland

9

UK

9
9
Robertson
(1990)

9

D. Stiffness

E.Others

9

ch

1

3

C=αqc/σv'
E=αqc

2

2

cv / ch
Modulus of
subgrade reaction

E=αqc

φ' from ID=
e1 + e2 logqc
or φ' directly from 4qc
su = (qtσv0)/Nkt5

9

Eoed from v. For
sand and clay
6
v = f1+f2 logqc
v = f1+f2 qc
or 2Eoed=αqc

ch

su = (qt-σv0)/
5
Nkt

Lunne et al.
(1997)

Gmax from SCPT

7

9
10
su = (qcσv0)/Nk
Nkt

9
9

9
9
Gmax from SCPT

ch

ch from Houlsby
& Teh (1988)

Notes:
1. C = Compression stiffness index, α is dependant on soil type. Values proposed by Sanglerat
(1972) are commonly used in Belgium
2. E = Young’s modulus. In Belgium, for clays α values proposed by Sanglerat (1972) are used
and for sands the relationships proposed by Lunne and Christophersen (1983) are used. See
also EN 1997-2, Annex D1 or DIN 4094-1, Appendix D.
3. Coefficient of consolidation (ch) obtained from dissipation tests are only used for preliminary
calculations later confirmed / improved on the basis of oedometer testing.
4. ID = relative density, see DIN 4094-1, Appendix D or Melzer and Bergmann (2002) Tables 10
to 12 or Table D1, Annex D of EN 1997-2
5. DIN 4094-1, Appendix D suggest Nkt = 10 to 20. Otherwise Nkt derived from local correlations or else taken from Lunne et al. (1997)
6. v = stiffness coefficient, see DIN4094-1, Appendix D or Melzer and Bergmann (2002) Tables
8, 10, 11 & 13 or EN 1997-2, Annex D.
7. There is a lack of confidence on CPTU derived ch values as it generally gives much higher cv
values than derived from oedometer (anisotropy?).
8. In the Netherlands methods of interpretation for soil parameters are detailed in the National
Annex to Eurocode 7. Where necessary this is supplemented by recommendations given by
Lunne et al. (1997).
9. In Switzerland general recommendation is that CPT should only be used in conjunction with
other in situ tests e.g. DMT and laboratory testing, to calibrate su and pc'.
10. Nk derived from local calibrations with su measured by DMT. Steiner (2009) gives two examples where Nk = 20 for overconsolidated clay and Nk = 11 for normally consolidated clay
yielded su values which fitted well with other data.
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Table 6. CPT interpretation software used in Northern Europe
Used
Software
Developer
GO! / GOview® A.B. van den Berg Netherlands, Germany
GeoMill
Austria, Switzerland
CPTask /
PlotCPTTM
Netherlands, UK, Germany,
UNIPLOTTM
Belgium, France
Netherlands, UK, Germany,
GeODin®
Belgium, France
Geologismiki
Switzerland, Netherlands,
CPeT-ITTM
UK, Germany, Belgium,
France
CPT-ProTM
GeoSoft
UK with bespoke modifications
Netherlands, Ireland,UK
Geo-ExplorerTM Gouda-Geo
Pagani
Germany
TGSW03TM

Web address
www.abvdberg.com
www.geomil.com

www.geologismiki.gr
www.geosoft.com
www.gouda-geo.com
www.paganigeotechnical.com

Mollé (2005) carried out a very useful review of the reliability of the CPT / CPTU
based soil behaviour charts (also summarized by Long, 2008). He used world-wide
data from the literature to compare the chart predictions to the actual soil type as determined from laboratory classification tests. A significant conclusion was that the
Robertson et al. (1986) and Robertson (1990) charts yield reasonable to very good results and that there appears to be no advantage to using the normalized version of
these charts (1990) over the non normalized ones (1986). In addition, he also carried
out a detailed assessment of the accuracy of CPT based soil classification system using a large data set from the 10 km long section Sliedrecht- Gorinchem of the Betuwe
Route railroad track in the Netherlands. In this research area, the shallow subsurface
consists of Holocene deposits that overly Pleistocene sand. It was clear from Mollé’s
work that CPT alone is not adequate to classify organic soils and peat. The success
rate for determining the main constituent was less than 50%. Correlation between
sampling and in situ testing is necessary in these soils.
6 CPT APPLICATIONS
Without doubt the determination of the ground profile and providing design parameters, as described in Section 5 are the most common applications of CPT in Northern
Europe. However CPT data is frequently used directly in pile design, shallow foundation analysis and for geo-environmental applications as follows.
6.1 Deep foundation design
In countries with a long history of the CPT design of piles using direct input from
the test is very common. For example in the Netherlands and in Belgium the National
Annex to EC 7 details CPT based ultimate limit state design for axial pile capacity.
Recently a large research program was undertaken in Belgium to provide information
for the CPT based design of screw piles in sands and in clays (see e.g. Maertens and
Huybrechts, 2003). Pile design in Belgium based on CPT only uses cone resistance
values for both ultimate unit base resistance, which is derived directly from cone resistance (cone is considered to be a small scale pile) and ultimate unit shaft resistance. The use of local side friction fs is not allowed, as it is known to be highly sensitive to surface roughness, and thus wear of the cone. (Similarly in the Netherlands
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unit side friction is also indirectly derived from cone resistance, as stated in Dutch
standard NEN 6743 -1, and not from local side friction).
For example at the dense sand site at Limelette, mean values from 12 reference CPT tests were compared to results for 11 additional tests carried out by commercial organisations and are summarized on Table 7 (Van Alboom and Whenham,
2003). These results confirmed the greater uncertainty on local friction measurements
as compared to end resistance.
Table 7. Results for commercial and reference tests Limelette site (Van Alboom & Whenham, 2003)
fs – commercial / fs-ref
Depth (m)
qc – commercial / qc-ref
2.2 – 6.2 (silty clay)
0.95
0.95
6.2 – 8.2 (clay)
1.04
1.00
0.93
0.74
8.2 – 17 (clayey sand)

This work also confirmed conversion factors between electrical and different mechanical cones (M1, M2 and M4). Significantly higher (by up to 30%) cone resistances for M1 and M2 cones in stiff overconsolidated clays were confirmed. This is
due to the friction on the mantle of these cones. For sands no consistent deviation for
cone resistances could be observed.
In Belgium use of geostatistical techniques to interpolate the results of cone penetration tests (e.g. ordinary kriging) has been investigated for the purposes of determining characteristic values of pile bearing capacity (Govaerts, 2009,2010). Kriging
is a collection of linear regression techniques which take into account the spatial dependence of the data.
In France LCPC have developed a CPT based design method from a large data
base of pile loading tests (Fascicule, 62, Titre V, MELT, 1993).
In Germany results from a large number of pile load tests were also correlated
with CPT results (Melzer and Bergmann, 2002). These comprehensive investigations
are reflected in the German standardisation codes (DIN 1054, DIN EN 1536), which
contain required minimum values of cone penetration resistances in the ground in the
case of the bearing resistance of driven displacement piles. For bored piles, values for
pile base resistance and skin friction are given as a function of the cone penetration
resistance from CPT within a range of 10 MPa ≤ qc ≤ 25 MPa.
EN 1997-2, Annex D gives an example of a common method that stems from the
early use of deriving pile bearing resistance from CPT. Also good summary of techniques used worldwide is given by Eslami and Fellenius (1997a & b).
6.2 Shallow foundation design
Similar to pile foundations direct method for shallow foundation design using CPT
data as explicit input have been used for many years especially in Belgium, France
and the Netherlands. The technique used in France, for example, is described by
Frank (1999) and Reiffsteck (2006). EN 1997-2, Annex D3 details a technique for determining the settlement of spread foundation using CPT data. In Germany, the
evaluation of numerous large-scale load tests showed that cone penetration resistance
and the bearing resistance of shallow foundations are directly proportional to each
other (e.g. Muhs, 1978). This method for direct application in the design of spread
foundations is reflected in the standardisation (see DIN 1054).
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6.3 Geo-environmental applications
Although the potential use of the CPT for geo-environmental applications is strong
there seems to be relatively little use of the available techniques in practice, perhaps
for economic rather than technical reasons. Not surprisingly perhaps an exception is
the Netherlands though the economic competition for more traditional techniques
such as hand augering is strong. CPT is used for searching for and charting polluted
areas (for example close to old launderettes) and to measure concentration of the pollutants. In UK and France use is made use of low and high energy laser induced fluorescence detectors (LIF) and the membrane interface probe (MIP) for the purposes of
detecting hydrocarbons. Magcones or magnetometers (e.g. three component tunable
flux gate gradiometer – TGF-CPT) are used in UK and Germany for detecting unexploded ordnance (UXO). Here two three component TGF’s are mounted behind a
regular CPT. Therefore UXO surveillance and regular CPT testing can be combined.
If UXO is encountered then sampling using ordnance specialists is carried out. This
form of testing can be very cost effective in helping minimize zones where specialist
drilling and sampling is required.
BAT® water samplers are used in conjunction with CPT equipment in several
countries for the purposes of determining water samples for environmental testing.
6.4 Other applications
CPT is often frequently used for quality control of compaction fill or for assessing the
success or otherwise of ground improvement schemes, for example stone or soil cement columns. In France 50% of the activity of some companies relates to this work.
Some (rare?) use is being made of the cone pressuremeter, the video cone and Soil
Moisture Probe in the Netherlands, UK and Germany
7 RESEARCH AND FUTURE TRENDS
Given the obvious technical and economic potential of the CPT, the current research
effort in Northern Europe seems relatively modest. This is perhaps partly due to it being a mature industry. The trend over the past few years, in universities and research
institutions, has been away from applied research towards numerical modelling and
similar work. This possibly reflects the cost of carrying out research on in situ testing
techniques and also the general policies of funding agencies such as the EU who have
not favoured civil engineering based research.
However there remains some ongoing work and some examples of research
projects undertaken approximately in the past five years are given on Table 8.
Some likely future research issues are as follows:
• Addressing need for sustainable development. Many large clients and developers, for example the Department of Public Works in the Netherlands, require that new works demonstrate a strong level of sustainability in all investigation, design and construction activities.
• Direct use of CPT data in design. Although such techniques exist especially
for shallow and deep foundations, it is expected that further efforts will be
made in this area in the coming years, given the problems of sampling disturbance and the costs of sampling and laboratory testing.
• Reliability of friction sleeve measurements, the role of sleeve roughness etc.
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Table 8. Research on CPT in Northern Europe
Topic
Country
Austria
Pavement design and earthworks
Belgium

France

Germany

Ireland

1. CPT based design of screw piles / performance of MCPT and CPT-E / reliability of fs
measurements.
2. Geostatistical analysis of CPT data
1. Cyclic CPT for offshore wind farms
2. Cone loading test for soil modulus and
pile settlement
3. Hydraulic profiling tool including CPT
measurements
1. Better understanding of field measurements by means of data mining
2. Ammunition detection

3.Membrane Interface Probe (MIP) / CPT
profiling for combined soils/ contaminants
characterisation
1. Characterisation of peat and organic soils
using CPT and full flow probes
2. Full flow probe testing of soft clays

Netherlands

3. Characterisation of soft clays using the
soil moisture probe
1. Characterisation of peat and organic soils
using CPT and full flow probes
2. Installation effects / soil density measurements
3. General CPTU development / research
work by Fugro

Switzerland
UK

4. Cone resistance at shallow penetration in
sand
Comparison of CPTU and other tests (dynamic penetration / DMT)
CPT’s in Antarctic Ice
Modelling of CPT in layered clay

Institute / References
Bautechnische Versuchs- und
Forschungsanstalt (BVFS),
Salzburg
Maertens & Huybrechts (2003)
Van Alboom & Whenham
(2003)
Whenham et al. (2004)
Mengé (2007)
Govaerts (2009, 2010)
LCPC & Fugro, France
Reiffsteck et al. (2009), Ali et al
(2010) (2 papers)
Reiffsteck et al. (2010)
BAW, Karlsruhe, e.g. Prokharova and Ziegler (2003)
Geotechnik Guendling,
Darmstadt, GeotechnikHeiligenstadt; WandlitzStolzenhagen
TU Dresden
Long & Gudjonsson (2004),
Boylan et al. (2006, 2008a),
Bihs et al. (2010)
Long & Gudjonsson (2004),
Boylan et al. (2007)
Gardiner (2005), Boylan et al.
(2008b)
Oung et al. (2004), Mollé
(2005), Boylan et al. (2006,
2008a), Mathijssen et al.
(2008a&b)
Dijkstra (2009), Dijkstra &
Broere (2010)
Peuchen et al. (2010), Van Der
Wal et al. (2010), Mayne et al.
(2010)
Foray et al. (2002), Emerson et
al. (2008)
Togliani & Beatrizotti (2004)
Scott Polar Research Institute /
University of Cambridge
Prof Hui-Sui Yu & James
Walker Nottingham University
(ongoing)

• Further development of geo-environmental applications, e.g. ammunition detection.
• Use of wireless systems.
• Development of more reliable models for CPT involving large strain formulations etc.
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8 SUMMARY
CPT has been used for almost 80 years in Northern Europe. The techniques have
reached maturity both in the areas of equipment and software development and also
in data processing and design routines. However in order to ensure future use and
even further growth of use of the techniques, the following should be considered
• Engineers need to be educated and the advantages of these in situ tests have to
be presented. It is expected that this education will be in the form of intensive
post academic intensive courses on specialised topics. Use can be made of elearning tools.
• Importance of good reference material, e.g. textbook of Lunne et al. (1997).
• Case histories should be published to improve confidence.
• Although it is most important that geotechnical engineers promote the use of
appropriate, robust, reliable and accurate standard methods, more use of
CPTU and “advanced” methods such as SCPT should be encouraged.
• Introduction of EC7 and EC8 should result in use of more in situ testing (e.g.
for acquiring stiffness parameters) and encourage use of CPT for obtaining
geotechnical design parameters for low to medium risk geotechnical projects.
• Generally develop more CPT based research
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Regional Report for Southern Europe
A. Viana da Fonseca
University of Porto, Faculty of Engineering (FEUP), Portugal

ABSTRACT: The use of the CPT test is now a reality in the Southern European
countries of Portugal, Spain, Italy, Slovenia and Greece. Although there is considerable geological variability in each country and between the different sub-regions, the
cone penetration test (either CPT, CPTu or/and SCPTu) is being increasingly used in
soft sediments in deltas, coastal plains, river estuaries and lagoons, as well as residual
soils where deep weathering profiles dominate. These tests are often used as a complement to the more traditional site investigation method by borehole and SPT, especially for public works and/or large private sector projects Off-shore and near-shore
use of the CPT is also increasing rapidly. CPT/CPTu/SCPT research is still far from
being a main topic of the universities, although some innovations and developments
are present. However, few large investments in such innovations were identified in
the private sector.
1 INTRODUCTION
The purpose of this document is to present an overview of the practice of CPT in the
countries identified as most active in the Southern part of Europe: Portugal, Spain, Italy, Slovenia and Greece.
The two Iberian countries, for their proximity and some geological and geomorphological similarities, were combined, whereas Slovenia, Italy and Greece are described separately.
Unfortunately, limited information was available from Greece and only a singular
contribution from Italy, which cannot be considered representative of the whole country, but was still included in this report for its interesting view of the practice in a
very important area of the north Italy, dominated by the Po Valley. In addition, brief
references are included to some important research topics and/or outstanding projects
that included CPT, considered relevant to illustrate their impact in Italian geotechnical engineering.
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2 THE IBERIAN PENINSULA
2.1 Introduction and geologic aspects
The topography of the Iberian Peninsula is very high - the second highest in Europe
after Switzerland - which is evidence of the intensity and scattered nature of recent
tectonic deformation (Tertiary period). The Iberian relief is the result of the forces
transmitted towards the interior from the edge, active during the Oligocene-Lower
Miocene period: the Pyrenees. These deformations were highly regular, giving rise to
a series of structural highs (chains) and lows (basins) which can be seen as lithospheric-scale folds. Figure 1a shows a geologic map of the Iberian Peninsula, including
Portugal and Spain and Figure 1b represents the Neogene (Miocene + Pleiocene) basins.

Figure 1: Map of the Iberian Peninsula: a) the geology; b) the Neogene basins

The Iberian Geology is very varied and there are not many extensive soft soil
areas. Soft soils are a minor part of the basins shown in Figure 1b. The geological
evolution during the Quaternary period has determined that these types of formations
are clearly defined in space and time. Briefly, soft sediments are restricted to deltas,
coastal plains, river estuaries and lagoons, mainly along the present shoreline and
lower part of rivers that flow into the Mediterranean Sea and Atlantic basin. Nevertheless, in these particular areas major infrastructures that already exist are being enlarged and new ones are under construction at present. A representative example in
Spain is the Llobregat delta in the Barcelona area. The developments in this district
include doubling the operative surface of the Barcelona harbour, extending its airport,
building a new sewage treatment plant (EDAR Riu Llobregat), deviating the Llobregat River lowermost course, setting up high speed railway connections, tunneling for
a new subway line and restructuring one of the main industrial zones in Spain (Devincenzi et al. 2004). Other representative examples are the coastal plains near Málaga or the estuarine areas south of Seville.
Portugal is located in the southwestern part of the Iberian Peninsula, being the
westernmost country of mainland Europe and is bordered by the Atlantic Ocean to
the west and south and by Spain to the north and east. The climate, as in Spain, can
be classified as Mediterranean type csa in the southern areas and csb in the north. The
northern landscape is mountainous in the interior areas, with plateaus indented by
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river valleys, where the Douro river is the most important, starting in the north-center
of Spain and flowing across the Portuguese territory into the Ocean in the second
most populated city, Porto (Oporto, Figure 2). The south, between the Tagus and the
Algarve (the Alentejo), features mostly rolling plains and a climate somewhat warmer
and drier than in the cooler and rainier north. Algarve, in the extreme South, has a
climate much like southern coastal Spain. In the center the Mondego river, passing by
the city of Coimbra (known by one of the oldest universities in the world), is the
longest river located exclusively in Portuguese territory and is dominated by slow
flow and deep sediments, largely organics. The Tagus river (Tejo) divides the country
into two main regions (the North is mountainous, 90% of the land is over 400m, and
the southern part of the country is mainly flat, 60% is below 400m), entering in the
Atlantic at Lisbon (Lisboa), the capital and most populated city (Figure 3).

Figure 2. Douro River: upper mountains and downstream in Porto (3 of the 6 bridges)

Figure 3. Tagus River basin and the capital Lisbon

There are two main basins in Portugal that should be suitable for the CPT. The
Duero Basin is the largest Tertiary basin in Iberia. It is in northwest of Spain. The
Oligocene and Miocene continental deposits are up to 2.5 km thick. It is bounded by
the central system to the south, the Iberian range to the east, and the Cantabrian
Mountains to the northeast. The Cantabrian Mountains are the main source of the sediments in this basin. The Duero River started to drain the basin by connecting it the
Atlantic Ocean. Gold was mined in Roman times in the basin.
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Two Eocene basins in Portugal are the Mondego and Lower Tagus basins which
are elongated in the southwest direction. Simultaneous with the formation of these
grabens the Algarve basin was uplifted. In the Miocene period the Lusitanean Basin
was compressed, and the Portuguese Central Range and Western Mountains was
formed.
The presence of these basins explains why the use of CPT and CPTu has become a
recognized technology for soil characterization during the last ten to fifteen years in
these particular areas. Besides these circumstances, many site investigation campaigns with CPT and CPTu are carried out for the characterization of hydraulic fills,
reclaimed land, mine tailings and for evaluating soil improvement.
2.2 Geotechnical challenges in Portugal
Due to the presence of significant sedimentary deposits in the different river basins –
some very deep, such as the one of Tagus river – as well deep profiles of highly weathered rock in the North and Center of Portugal, and the fact that most cities are situated in coastal areas (maritime or fluvial), has made the CPT a preferable site investigation tool for geotechnical characterization. Foundation engineering design and
quality control (such as settlement prediction and ultimate load evaluation, both for
shallow and deep foundations), as well as retaining structures and underground
projects (such as tunnels of shafts) projects (namely, for supporting systems design –
anchorages, etc.) have been relying increasingly on direct methods or indirect approaches (through semi empirical correlations) based on parameters. The SPT is still
the dominant site investigation test, but gradually, the CPT has been gaining acceptance in the geotechnical engineering community.
A special emphasis has to be made to the importance of Geotechnical Earthquake
Engineering. The seismicity in the South of Iberia is a key factor in geotechnical engineering (http://earthquake.usgs.gov/regional/world/portugal/seismicity.php) and a
major challenge for site investigation practice. As summarized by Senas & Carrilho,
2003), “…the interaction between them the main responsible for a significant seismic
activity in the area, with the occurrence of several catastrophic earthquakes originated on continental and submarine tectonic structures. The recent seismicity is located mainly South of the territory, being possible to highlight several zones of epicentral concentration. Generically, the quality of the inland hipocentral locations is
much superior to the ones at submerse areas. Even though some constrains, the information of the recent instrumental seismicity could be used in several studies that
will contribute to the evaluation of the seismic hazard for the region”.
Liquefaction risk evaluation and dynamic characterization of mechanical properties of deposits are systematic studies to be made in geotechnical design of special
structures, and of all class of structures (even the most simple house or retaining
walls) in the Center to South region of the territory, due to its high seismicity. National codes, now in accordance to the European Standards EC7 (CEN 2004a, CEN
2006) and EC8 (CEN2004b), are very clear and supporting of the necessity of evaluating movements and accelerations caused by earthquakes and other vibratory actions, as well as liquefaction of soils. For these analyses empirical methods are proposed and based on results of in situ tests, where CPT is included.
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2.3 CPT History & Current Practice in Portugal
In Portugal, the CPT was only generalized as a complementary device for geotechnical classification and characterization of soil masses since the early 1990’s. Before
that mechanical cones, namely Begemann/dutch cones, were used for specific and limited studies, such as in soft soils in fluvial and sea Ports (Construções Técnicas,
1985, Marques, 1988) or in residual soils (Viana da Fonseca, 1988). Such works and
analysis – which included classification, settlements predictions (as well, as related
consolation time) and embankment and slope stability - were only considered, by the
community, to be used in special projects.
With the construction of the major projects of two bridges across the Tagus River,
a very deep Holocene basin, on a deep fault line (Figure 4a) that caused numerous
earthquakes (the major ones being those of 1309, 1531 and 1755), the Vasco da Gama Bridge, in Lisbon (Figure 4b) with an extension of 12.3Km (project – “TejoProjecto – 1993” described in Oliveira, 1997; Sêco e Pinto & Oliveira, 1998), and Salgueiro Maia Bridge, in Santarém (Matos Fernandes, 1996), the Laboratory of
Geotechnics of Faculty of Engineering of the University of Porto (LabGeo-FEUP www.fe.up.pt/labgeo/), decided to invest in the first CPTu system (Figure 4c) aiming
to equip the national community with an equipment prospectively useful in the future.

(
a)

b)

(

c)

Figure 4. Tagus River: (a) Holocenic basin; (b) Vasco da Gama Bridge; (c) CPTu pushing
equipment

For the first project the main work in the river was contracted with Fugro, but the
work on both margins was made by the University of Porto (LabGeo-FEUP) under
the main contractor (Teixeira Duarte, SA). This project involved 114 boreholes, with
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more than 2,000 SPT’s, which may be considered normal for such a geometry, 19 series of self-boring pressuremeter tests, 18 sets of vane tests, 11 series of cross-hole
seismic tests and 112 CPTU’s, being these quantities considered at that time revolutionary (although being later considered fundamental for the design options, AGISCO, 1995; Sêco Pinto & Oliveira, 1998).
The second project was totally executed with the system of LabGeo-FEUP, under
the main contractor for the site investigation and geotechnical characterization (Tecnasol-FGE, SA). This also turned out to be decisive in the design, both in the prediction of pile behavior (also calibrated by two pile tests, under the supervision of
AGISCO-LCPC team, led by Dr. Michel Bustamante), as well as in the evaluation of
liquefaction risk under seismic actions, which is very important in the Portuguese territory (Jorge & Coelho, 1998; Viana da Fonseca, 2001). As expressed clearly in the
Project, CPTU results turned out to be much more reliable than SPT results, in such
difficult conditions (Matos Fernandes, 1996).
After these campaigns, several companies, universities and certified control laboratories have also purchased CPT equipment. The geotechnical laboratory of the University of Porto (LabGeo-FEUP) has been involved in other specialized projects, such
as consolidation studies, settlements prediction or stability studies of embankments
on soft to very soft soils, in the years of 1995 to 1998 (Aguiar, 2009), mostly in the
deep deposits of the Mondego river, in the center of the territory. New works for classification and stratigraphic distribution evaluation for multipurpose objectives, such
as liquefaction risk analysis, followed by tunneling and underground stations projects
for the Metro of Lisbon along the Tagus River, in the years of 1998 to 2000, in a
highly seismic zone (Matos Fernandes et al., 2006 and 2007). The equipment that was
used in these campaigns was a Pagani-Geotechnical® system (in these later campaigns, a new model of the cones and the acquisition system was used), based on a
drilling rig with hydraulic Menhir from Sunda, Srl, (Italy), with inclinometer orientation and overall design under the specifications of ISSMFE (1985), proving to be reliable for such demanding conditions.
In 1996, a doctorate program was concluded in general geomechanical characterization of residual (saprolitic) soils from granite of the Porto region, with specific purpose of shallow foundation modeling (Viana da Fonseca, 1996). CPT’s were used as
part of a very extensive in situ campaign for cross-correlation of in situ and laboratory data. Semi-empirical methodologies based on linear and non linear models of behaviour for settlement prediction purposes of shallow foundations were considered (a
thorough description can be find in Viana da Fonseca, 2001). Emphasis was given to
semi-empirical methodologies based on results of SPT, CPT, PLT and triaxial tests
on high quality samples with the results from local instrumentation. An overview paper on the characterization for deriving engineering properties of a saprolitic soil
from granite, in Porto, with emphasis on in situ techniques, namely CPT, is described
in Viana da Fonseca (2003). Some of the well established methods relying on the results of CPT tests (Schmertmann et al., 1978, Robertson, 1990) were tested and some
parametrical and methodological adaptations were suggested that better fit the observed behavior. Following this pioneering work, other research programs have been
focusing in the use of CPT, among other in situ tests, to the characterization of resi-
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dual soils (Vieira de Sousa, 2002; Rodrigues, 2003; Viana da Fonseca et al., 2004,
2006).
In the period that mediate the campaigns of the two bridges over Tagus, a very
important project was developed in the city of Lisbon, which involved a variety of
structures (from high buildings and towers, big auditoriums, railway stations, fluvial
docs, etc) for the 1998 Lisbon World Exposition (Expo’98). A few CPT tests (not
even CPTu test were involved) were carried out in area, with no significant impact
for the all set of projects and risk analysis (and, in fact, there were relevant problems
due to slope stabilization on the redefinition of geometries on the deep soft soils that
dominate the left margin of the Tagus basin).
After this transition period, from the very early years of this century, there was an
exponential increase in the use of CPTu and subsequently the seismic cone (SCPTu),
in a significant amount of projects. In the 7th Portuguese Congress in Geotechnics,
Porto, 2000, Gomes Correia & Correia (2000) describe “the characterisation of soft
soils by comparing some results of CPTu and dissipation tests in the area of undrained shear strength, compressibility and consolidation, with oedometer tests and
vane shear tests, to achieve more reliable relationship between field and laboratory
tests. The charts for soil classification are used in order to explain some level of the
subconsolidation stage of the soils investigated, confirming also the reliable use as a
tool to define stratigraphy, mainly when using pore water pressure data”. Being a
consequence of an MSc thesis, developed in joint work with the industry, the work
was developed with a Hyson 200 ® equipment form A. P. van den Berg.
This work coincided with a new era in the geotechnical practice in Portugal. From
2000up to the present, the use of the CPT methodology is now consensus, as it may
be seen from the synthesis of activity received from the private sector of site investigation and geotechnical characterization of one of leading contractors in Portugal,
Mota-Engil, SA, and included in Figure 5.
Matos Fernandes et al. (2007) presented the construction of Terreiro do Paco subway station in Lisbon downtown. As described, the site is adjacent to one of the main
squares of the city, limited by the Tagus river and by historical public buildings in a
reclaimed area (the two pictures in Figure 2 illustrate the area). The construction occurred between 2002 and 2004. Being the alluvial soils in contact with the Miocene
clays just close to the tunnel base, 25m below the water table, fine to medium clean
sands, CPTu tests were decisive for the evaluation of the sensitivity of the these materials to movements induced by the tunneling works and the execution, and for the definition of design parameters for the retaining structures and grouting amelioration of
the involving area. Another important subject dealt with the precious help of the information attained from the CPTu and SCPTu, was the liquefaction risk by cyclic
mobilization (charts based on qc1 and Vs1 were used for that purpose, and dynamic
analysis was also possible from the well detailed stratigraphy and the thorough definition of in depth variation of G0).
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Figure 5. Synthesis of site investigation and geotechnical characterization from a leading
company in Portugal (Mota-Engil, SA)

Contemporarily, several important projects were developed in the Tagus basin,
namely the new crossing of the river for a new highway in the north of Lisbon (A10),
at Carregado. This consisted of a 1.7km Bridge, over the Tagus River, and 12k m of
viaducts, where the alluvial soils can have more than 40 m of thickness, overlaying
the Miocene substratum. In this very complex geological scenario, the Lezíria Bridge
piled foundations were one of the main issues of project. The assessment of liquefaction potential was a very important issue, and, Correia (2004), was based mostly in
the use of CPT instead of the classical SPT along with boring as a result of a better
reliability, but specially by the allowance of a continuous profile of resistance and
possibility of indirect knowledge of some characteristics of major importance for
evaluation of liquefaction risk, like fines content and their nature.
2.4 Standards & Procedures in Portugal
After a transition period where CPT was performed under the specifications of
ISSMFE - TC16 (1988) lately upgraded (corrected in 1999 and 2001), procedures in
Portugal follow presently the terms of the European standard SIST EN 1997-2:2007.
The test procedure and presentation of the results are generally defined by the following adopted European pre–standards:
 prEN ISO 22476-1:2005, Geotechnical investigation and testing - Field testing Part 1: Electrical cone and piezocone penetration tests (ISO/DIS 22476-1:2005).
 SIST prEN ISO 22476-12:2006, Geotechnical investigation and testing - Field
testing - Part 12: Mech. cone penetration test (CPT) (ISO/DIS 22476-12:2006).
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Procedures are well in line with those described in the Standards & Procedures
adapted to the specificities of the equipment, following detailed sequences in the manuals of the manufacturers.
Equipment
Available equipment enables pushing the probe at constant penetration rate of 20
mm/s, electronic cone of 10 cm2, 600 with built in amplifier, inclination sensor and
pore pressure filter in position u2, with cable transmission to data acquisition system.
To the knowledge of the reporter, there are 9 CPT systems working in Portugal: 4
are from universities and polytechnic schools/laboratories that use them both for research purposes as for specialized services to the community, 4 are property of control quality laboratories of industrial associations and 3 from private companies, one
specifically operating in site investigation and geotechnical characterization and the
others are part of the geotechnical departments of two national civil engineering contractors. A brief description of some CPT equipments, based on the elements that
were received from the owners is included in Table 1.
Table 1. Summary of the CPT equipment in Portugal (organized by time)
INSTITUTION
/COMPANY

PUSHING EQUIPMENT

Univ. of Porto
www.labgeo.fe.up.pt

Sunda, SRL, Italy
Menhir - 100 kN
(trailer mounted)

Tecnasol – Fund. &
Geot, SA
www.labgeo.fe.up.pt
Geocontrole, SA
www.labgeo.fe.up.pt
Polytech. Inst. Guarda
www.ipg.pt
LEMO, EIM
www.labgeo.fe.up.pt
CICCOPN, LGMC
www.ciccopn.pt

Pagani TG 73-200
200 kN
(crawler mounted)
Ap vd Berg
Hyson 200kN
(trailer mounted)
Pagani TG 73-200
200 kN
(crawler mounted)
Pagani TG 73-200
200 kN
(crawler mounted)
ISSA-GM Cibeles C60
200 kN
(truck mounted)

MOTA-ENGIL, SA Mobile Drill B-47 HD
http://geotecnia.mota600 kN
engil.eu/
(truck mounted)

Geotest, Lda
www.geotest.pt

Ap vd Berg
Hyson 100kN LW
(trailer mounted)

CONE

DATA ACQISITION
SYSTEM

AnaDigit I-91 Punta
Elect. and Piezocono
Pagani TGA_S06 +
computer
Pagani TGAS06 interPagani piezocone (ME08)
face + computer storage
qc=50; fs=0.5; u=2.5MPa
soft. TGSW03
Ap vd Berg
Ap vd Berg SCPTU
touchscreen with
qc=100; fs=1.5; u=2.0MPa
Gorilla software
Pagani TGAS06 interPagani SCPTU
face + computer storage
qc=50; fs=0.45; u=2.0 MPa
soft. TGSW03
Pagani TGAS06 interPagani CPTU (ME08)
face + computer storage
qc=50; fs=0.5; u=2.5MPa
soft. TGSW03
Sunda S300/CB100, 1991
2 Pagani ME08 SCPTU
qc=50; fs=0.5; u=2.5MPa

GEOTECH CPTU
qc=50; fs=0.5; u=2.5MPa

GEOTECH CPT-Log
MS-Windows® + PC
storage and software

GEOTECH SCPTU
qc=50; fs=0.5; u=2.5MPa

GEOTECH Datalogger
Geologg + PC software

Ap vd Berg Icone (mod:
ELCI-CFXYP20-10-AR
qc=100; fs=1.5;u=2.0MPa

Ap vd Berg
touchscreen with
Gorilla software
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All these cone systems are cable connected to encoders and data acquisition systems on surface, but differ in the type transmission, some are analogue (with AC or
DC transmission) others are digital transmitted. There are no wireless CPT systems in
use, as far as the reporter could evaluate.
Usually, there were no information of commercial software (a sole institutions
identified the use of “CPT-Pro” by Geosoft, Geotech in Poland) that is used for
treatment of data or classification, apart from the one that is included with the system,
but companies and institutions rely on their own software for this purpose. This is also consequence of the fact that in Portugal traditionally consultancy and design companies are usually independent (separate) from those companies that effectively execute ground investigation, which limit themselves to report data, with minor
interpretation developments.
2.5 CPT Equipment & Procedures in Spain
Currently, the regulation active in Spain is the UNE 103-804-93 which is a translation
of “Annex A - International Reference Test procedure for cone penetration test
(CPT)”, of the Report of the ISSMFE Technical Committee on Penetration of Soils
Testing- TC – 16, with reference test procedures for CPT-SPT-DP-WST (Swedish
Geotechnical Institute). However in practice the standard used mostly is the ASTM D
5778-07. There is also a draft European standard, pending publication. There is no
national CPT Standard. There are no special equipment and/or procedures used in
Spain. Nevertheless, it is a frequent practice to carry out combined CPT/drilling owing to the common presence of gravel (or hardpan) layers which must be drilled
through (paper presented in Conference, TOTEM system, Devincenzi et al., 2004).
The most common forms of CPT equipment used in Spain, as in Portugal, are the
following.
Pushing equipments are usually hydraulic jacking and reaction systems. 10 and 15
cm2 cones are normally used. The u2 filter position is the most frequent configuration
(the u1 location is not commonly used).
Data acquisition systems: for conducting electrical Cone Penetration Tests (CPT)
and Piezocone Tests (CPTu) as well as for mechanical CPT with electrical load sensing a data acquisition system is used.
The most advanced systems combine all features required for testing: powers the
cone and measuring devices, logs the various measuring channels, digitizes and then
synchronizes all signals with the independent depth reading. All data strings are then
transferred in real-time to the commercial data acquisition software.
The first commercial CPTu rig began operation in 1990. Previously, three mechanical devices had been in use by Universities and Government institutions. The total
number of CPT systems in use in Spain, is about a total of 13 private owned systems.
Another three pieces of equipment belong to Universities or public research organizations.
With regards to manufacturers, most of the CPT equipment came from Geomil
(the Netherlands) and Geotech (Sweden). Two anchored rigs and CPT systems by
Pagani are also present. The private owned rigs are detailed in the following table, including the number of units and type of cones. Around 5 to 10% of site investigations
conducted make use of the CPT (estimate), while 70% of the CPT work is CPTu. At
present, only one SCPTu system is available in Spain, having been used both on
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shore and off shore. The use of this equipment is still marginal, with less than 5% of
the tests including seismic measurements.
Table 2. Summary of the CPT units in Spain
TYPE OF RIG

Nº of units

Type of cones

Typical 200 kN CPTu truck, hydraulic jackets

2

10 or 15 cm2

Combined CPT/drilling rig mounted on heavy duty trucks
(with independent hydraulic rams). Reaction 180kN Figure 6.

4

10 or 15 cm2

200 kN CPTu crawled rig

1

10 or 15 cm2

Light crawled rigs with screw anchors

3

10 or 15 cm2

In house development penetrometers for near shore investigation from jack up barge.
Example in Figures 7a and 7b.

2

10 or 15 cm2

Sea bed rig, Figure 8

1

5 cm2

Figure 6: Drill & CPT rig with independent rams. Reaction 180 kN

Figure 7: a) CPTu penetrometer for near shore investigations from jack up platform; b)
Igeotest TOTEM® system for combined CPTu/drilling investigation from jack up platform
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Figure 8: Coiled seabed CPTu unit

The main challenge in Spain is the recurrent presence of hardpan / gravel layers
interbedded with soft sediments, which imply the use of a combined technique of
drilling/casing/CPT. Special (mixed) pieces of equipment have been developed for
that particular purpose (see picture above).
2.6 CPT Interpretation methods in Portugal
Soil type & stratigraphy
Some companies have identified the software that they use for the treatment of data.
For instance the Polytechnical Institute of Guarda:
 CPTu software TGSW03 (sold by Pagani) for data treatment, allowing the development of profiles, as well as dissipation tests.
 Seismic Wave analysis software SC1 DAC/1.5 “Seismic Cone Data Acquisition” (sold by Pagani), developed and registered by Baziw Consulting Engineers.
Geotechnical parameters
From those companies/institutions that have identified the software used for the
treatment of data, the following methods were identified. For the geomechanical
properties, the following references were mostly referenced:
 Meigh, A.C. (1987). “Cone penetration testing: methods and interpretation”.
CIRIA, Butterworths, London.
 Lunne, T.; Robertson, P.; Powell, J. (1997). “Cone Penetration Testing in Geotechnical Practice”. Spon Press, London
 Mayne, P. (2007). NCHRP Synthesis 368 on Cone Penetration Testing, 2007.
For the geophysical properties, the reference mostly cited is the general report from
ISSMGE, Technical Committee TC10 (Butcher et al., 2005).
The usual methods for evaluation of shear wave velocities are the Cross-correlation
Technique and the Reverse Polarity Technique). Occasionally, the Forward Modeling
Downhill Simplex Method (FMDSM, developed by Baziw) is used.
2.7 CPT Interpretation methods in Spain
The most common interpretation of CPT results obtained are mainly used for stratigraphic profiling and geotechnical properties, particularly undrained shear resistance and consolidation coefficient in fine-grained soils Other properties that are
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sought after less frequently include overconsolidation ratio and deformation modulus.
Pile resistance in soft soils is also frequently evaluated with the CPT. Undrained
strength in fine-grained soils is usually obtained by means of cone factors obtained by
local correlations with other tests (e.g. vane, laboratory). Consolidation coefficients
are obtained following Teh & Houlsby (1991) or Baligh & Levadoux, 1986). Overconsolidation ratio is estimated following Robertson & Campanella (1988) or Lunne
et al (1997). Deformation modulus estimates are based in local correlations with other
tests (e.g. DMT) or, for granular soils, follow Schmertmann (1978). CPT-based pile
design broadly follows the French method (Bustamante & Gianeselli, 1982). Engineers/users carry out CPT interpretation using both self-made spreadsheet software or
using commercial CPT interpretation software
2.8 CPT Applications
CPT results are mainly used for geotechnical applications, soil stratigraphy, foundation design, pile design, seismic, slope stability, ground improvement, etc.
The main applications for CPT in Iberia (e.g. soil profile, pile design, seismic
analysis etc.) are:
1. Soil type and stratigraphy
2. Geotechnical parameters
a. undrained shear strength
b. consolidation parameters
c. G0 estimation (SCPTU)
3. Soil improvement control tool
4. Pile design
There were no references to geoenvironmental applications.
2.9 Other – research and development
In Spain, currently there is one team at the Department of Geotechnical Engineering
at the Technical University of Catalonia (UPC) in Barcelona doing research on the
use of discrete element models of cone penetration. They have sent one paper to this
conference (Butlanska et al., 2009).
Another team at the Department of Geology at the University of Barcelona is using CPTu systematically, both on-shore and off-shore, to trace the recent geological
history of Mediterranean basins. On the equipment side, private companies are developing special rigs, especially for near shore investigations (Figures 6, 7 and 8). A
Cone Pressuremeter (CPM Ménard type) was also developed in recent years by
Igeotest.
In Portugal, several academic works (thesis in master and doctor level) have been
including CPT tests for correlational studies between different techniques - SPT,
CPT, DMT, PMT, as well as for specific programs with international impact. One
had a very strong impact: the International Prediction Event on the Behaviour of
CFA, Driven and Bored Piles in Residual Soil, launched for the occasion of the 2nd
International Conference on Site Characterization (www.fe.up.pt/isc-2), held in Sept.
2004 at the Faculty of Engineering of the University of Porto (FEUP), Portugal. This
involved an experimental site, located, within the campus of the Faculty of Engineering of the University of Porto (FEUP). The site is geologically formed by an upper
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layer of heterogeneous residual (saprolitic) granite soil of varying thickness, overlaying weathered granite contacting with high grade metamorphic rocks. According to
the identification tests results the main composition of this saprolitic soil is fine to
medium grained and low plasticity material, classified as silty sand.
The data compiled during the extensive in-situ and laboratorial investigation and
characterization of CEFEUP/ISC'2 experimental site, comprising several surface and
borehole geotechnical and geophysical techniques, namely SPT, CPT, DMT, PMT,
surface and borehole seismic, and laboratory tests, which constituted a valuable opportunity to compare different methodologies and assess their relative advantages and
limitations. An overview of the location of some of these tests and the piles is represented in the layout map of Figure 9, together with a profile of some CPT. Three different kinds of piles were installed in December 2003, a total of 33 persons from 17
countries submitted predictions. Static loading tests were then performed. A complete
analysis of the predictions and the static loading tests has been published by Viana da
Fonseca and Santos (2008). The static pile load tests (SPLT) were performed following the recommendations of ERTC3-ISSMGE (De Cock et al., 2003) and ASTM Dl
143-81. Load stages were maintained until the displacement rate became less than
0.3mm/hour (minimum 0.5h and maximum 2h).
1

C1 and C2 – driven piles
E0 to E8 – bored piles
T1 and T2 – CFA piles
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Figure 9. Layout of the site characterization and location of the piles; CPT profile.

Predictions based on analytical methods gave a large dispersion, since there is a
great risk in using them with no judgment on the input data. Since in situ test data is
usually available from site investigation, it is preferable to use their results for prediction of ultimate resistance of piles. Semi-empirical methods that were adopted by
the “predictors” in the “Event”, performed fairly well. The SPT based predictions
were in good agreement with SPLT results in piles E9 and C1, while over predicting
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the ultimate load in pile T1. CPT based predictions converge fairly well with SPLT
results in piles E9 and T1, while for the driven pile C1, the predicted ultimate load
values are very small when compared with SPLT results. Figure 10 presents the predictions based on CPT results for the bored pile (drilled shaft), E9. As it can be seen,
these analyses are far in the greatest number of all the predictions, due to the popularity of such methods.
Twelve of the predictions from the global of 35 are in the range 0.8 to 1.2 times
the “reference ultimate” load obtained in the Static Pile Load Test (SPLT), for a settlement of 10% of the pile diameter and 23 are out of this range (8 in the lower
boundary and 15 in the upper side). The predictions of ultimate resistance of CFA
pile T1 using methods based on CPT data are presented in Figure 11. Eight of the
predictions are in the range 0.8 to 1.2 times the load obtained in the Static Pile Load
Test (SPLT) when the settlement reaches 10% of the pile diameter. Ten are out of this
range (5 in the lower side and 5 in the upper side).

Figure 10. Predictions from CPT to ultimate resistance of bored pile (shaft with recovered
casing)
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Figure 11. Predictions from CPT results to derive ultimate resistance of CFA pile
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Figure 12. Predictions from CPT to ultimate resistance of pre-cast driven pile

The predictions for ultimate resistance of pile C1 using methods based on CPT
data are expressed in Figure 12, showing that only 11 predictions turn to be within in
the range taken as base of reference. The other 43 predictions are out of that range,
being 2 above, while 41 are below lower limit (80% QSPLT, s/b = 10%). Most (the majority of these predictions are far less) result in predicted values well below this limit
of 80% of the reference ultimate resistance obtained in the SPLT, when s/b=10%.
A thorough analysis and tentatively general interpretation has been made in different publications (e.g. Viana da Fonseca and Santos, 2008, and Viana da Fonseca and
Santos, 2009), but an overall resume can be expressed as follows: “semi-empirical
methods that were adopted by the “predictors” in the “Event”, performed fairly well,
SPT based predictions were in good agreement with SPLT results in piles E9 and C1,
while over predicting the ultimate load in pile T1. CPT based predictions converge
fairly well with SPLT results in piles E9 and T1, while for the driven pile C1, the
predicted ultimate load values are very small when compared with SPLT results.
PMT based predictions do not agree very well with the QSPLT(s/b=10%) but are better
than the previous ones, especially for pile E9 and pile C1. For pile T1, the predictions are quite good. It may be stated, preliminary and tentatively, that methods based
on SPT data used for prediction of ultimate resistance in non displacement piles, or
those based on CPT data in displacement piles did not performed well.”
3 SLOVENIA
3.1 Introduction and geologic aspects
In Slovenia the CPT has been used as a soil investigation tool for about 25 years,
more extensively during the last 20 years when it is considered indispensible for
foundation design of buildings, embankments and road structures. For in-situ investigation the CPT is becoming more popular, some comparisons with other investigation
methods (vane shear tests VST, standard penetration tests SPT, dilatometer tests
DMT and related laboratory tests) have been made.
The Republic of Slovenia (2 million inhabitants, 20.926 km2) is situated in Central
Europe. Its geographical position is presented in Fig. 13a. Its topography is various,
since it is spread out from Southern and Eastern Alps to the Pannonian basin and Di-
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narides, with rather high mountains (up to 2864 m), deep valleys and riverbeds, vineyard hills, tectonic depressions, Karst country-side and hinterland of Adriatic coast.
The climate is mild continental with considerable Mediterranean influence. Geographic/geotectonic units and main regions of CPT investigations in Slovenia are presented in Fig. 13.

Fig.13: a) The region of Slovenia; b) Geographic units in Slovenia and the main regions of
CPT investigations

3.2 Geology of the region
Fig. 14 presents the main geological formations in Slovenia. The oldest geological
formation (the metamorphic complex of Eastern Alps) belongs to the Lower Paleozoic. The main part of Slovenia is built by Mesozoic rock mass which is situated
mainly in the central part of the state. Some tertiary rocks appear in the south-western
and north-eastern part of the country while the CPT investigation is performed in basins, filled up by Pliocene and Quaternary sediments. The most significant and vast
areas of this kind are the Ljubljana Marshlands, the hinterland of the Adriatic coast
and the Pannonian basin in the NE part of Slovenia. Due to the very complex geology
of the region geotechnical conditions are often very demanding.

Fig.14: A simplified geological map of Slovenia (Geological Survey of Slovenia, GeoZS)
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3.3 Geotechnical challenges
In Slovenia traditional site investigation had been used, such as boreholes, standard
penetration test, dynamic penetration test and vane shear test. 25 years ago the CPT
was introduced and more recently the pressuremeter test and the dilatometer test. The
major geotechnical challenges are:
 stability problems which means different smaller or larger landslides all over the
country due to heavy rainfall as well as some very large landslides with difficult
remediation measures
 construction of infrastructure development, i.e. motorways with demanding retaining structures, bridge and viaduct foundations, tunneling in soft rock formations
which are densely foliated and folded, Port of Koper and other maritime infrastructure, often connected with low bearing capacity and railways
 construction and operation of power plants (hydroelectric, thermal and nuclear)
which comprises hydrotechnical tunnels, accumulation, different methods of mining, mill tailings, waste rock piles
 embankments on soft soils and embankments along steep slopes, embankments including problematic fill materials
 deep foundations
 environmental protection related to coal combustion products and their effective
use, proper dumping of industrial wastes, construction of municipal waste landfills
and especially construction of covers and ground water protection.
An extensive overview of Slovenian geotechnical challenges and achievements
was presented at the XIII Danube-European Conference on Geotechnical Engineering
(Majes, 2006). Regarding the use of the CPT investigation the major geotechnical issues are: (i) Stability problems, (ii) Bearing capacity of weak soils; (iii) Settlements;
(iv) Deep foundations; (v) Environmental protection.
3.4 CPT Equipment & Procedures
Standards & Procedures
CPT is performed according to SIST EN 1997-2:2007. Test procedure and presentation of the results are generally defined by the following adopted European pre–
standards: (i) SIST prEN ISO 22476-1:2005, Geotechnical investigation and testing Field testing - Part 1: Electrical cone and piezocone penetration tests (ISO/DIS
22476-1:2005); (ii) SIST prEN ISO 22476-12:2006, Geotechnical investigation and
testing - Field testing - Part 12: Mechanical cone penetration test (CPT) (ISO/DIS
22476-12:2006). There are no special procedures regarding details of the execution of
the CPT except for the instructions from the manufacturers of the equipment.
Equipment
Mostly used equipment comprises pushing device which enables pushing the probe at
constant penetration velocity 20 mm/s, electronic cone of 10 cm2, 600 with built in
amplifier, inclination sensor and pore pressure filter in position u2. The signal is
usually cable transmitted to the data acquisition system.
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There are 5 CPT systems working in Slovenia. A Summary of the CPT equipment
in Slovenia is shown in the Table 3.
During the last years, the use of CPT in site investigation activities compared to
other tests has increased to about 20%, CPT/CPTu for 80% of other tests, while the
percentage of simple CPT compared to CPTu is about 20% CPT for 80% of CPTu.
There are common limitations such as accessibility to the site, limitation in hard
ground and interpretation of geotechnical parameters in soft soils. Slovenia is a small
country with very complex geological situation. Yet the market is rather small and the
geotechnical companies choose rather wide purpose equipment. To meet economical
requirements often site investigation do not reach the desired and feasible perfection
by using cones with different sensitivity at certain location. When very soft cohesive
layers are combined with much stiffer cohesive or coarse granular layers, the choice
of suitable cone becomes problematic and leads to certain inaccuracy of soil profile
and its properties. In a case of hard ground a combined procedure CPTWD (Cone Penetration Test While Drilling), realized by Italian company SPG s.r.l., has proved to
be efficient.
Table 3. Summary of the CPT equipment in Slovenia
COMPANY

IRGO
GRADIS
GEOINŽENIRING
GEOKOP
INI

PUSHING EQUIPMENT

CONE

Pagani TG 63-100 kN
(crawler mounted)
ISMES - 200 kN
(truck mounted)

DATA ACQISITION
SYSTEM

Pagani piezocone

Pagani TGAS06 +
computer

ISMES piezocone

ISMES + computer

GMF-Gouda -100 kN
Geo-point piezocone
(trailer mounted)
Commachio GEO205
Envi piezocone
25kN (drilling rig) (cordless memocone)
Pagani friction
Pagani TG 63-100
jacket cone
100 kN (off-road ve(Begemann type)
hicle mounted)

GMF-Gouda +
external A/D
converter + computer
Envi C Moon
/

3.5 CPT Interpretation
Since the beginning of CPT practice, self-made software has been developed and
used for the presentation and interpretation of CPT results. Recently, commercial
software have been adopted more commonly, such as CPeT-IT ver.1.6 (GeoLogismiki-Greece & Gregg Drilling Inc. - USA) or, in some cases, CPT-Pro (GEOSOFT Sp.
z o.o. - Poland) or even some standard tool for elaboration of numerical data, like Excel. Main interpretation methods for soil type and stratigraphy and for geotechnical
parameters used in Slovenia are presented in the Table 4.
3.6 CPT Applications
Main applications of CPT results are:
 Soil stratigraphy, which generally leads to the reduction in number of classical boreholes in every day site investigation; it enables a reliable presentation of soil heterogeneity and drainage conditions.
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 Bearing capacity of the weak soils, including the studies of their improvement.
 Settlement prediction usually in combination with laboratory tests or DMT results;
in cases of less sensitive and less important deformation issues only CPT approach
is acceptable. Regarding the consolidation process CPTu and dissipation tests give
valuable information as well.
 Different stability problems of naturally slopes or stability problems due to several
civil engineering constructions.
 Deep foundations, design of friction piles, determination of foundation depth.
 Environmental protection regarding the investigation of soil stratigraphy and base
permeability for waste disposals and actually a study of nuclear waste disposal location.
Table 4. Main interpretation methods/correlations
SOIL PARAMETER

RELATIONSHIP

REFERENCE

Soil Behavior Type (nonnormalized)

Robertson et al (1986)

Soil Behavior Type (normalized)

Robertson (1990)

Undrained shear strength Su

Friction angle '

Cohesive soil:
Su=(qt-vo)/Nc=qnet/Nc
Nc=16,3 (normally consolidated)
Cohesionless soil:
'=28+2.5· (qt)

0.5

qt in MPa

'=17.6 + 11 log (Qt)

Constrained modulus M

M=M  (qt -vo)
M varies with Qt
Cohesive soil: M=qt; /1-8/
Clean sands : M=2.5(qt+3.2)
qt in MPa
Clayey sands: M=17(qt+1.6)
MPa/

Sensitivity St

Cohesive soil: St=Su/fs

Relative density Dr

Overconsolidated ratio
OCR

Meigh (1987)
Mayerhoff (1976)
Kulhavy & Mayne
(1990)
Robertson (2009)
Sanglerat (1972)
Mitchell (1975)
Gielly (1969)
Webb et al. (1982)

Cohesionless soil:
Dr=0.98+66log(qt/('vo)0.5))
qt and 'vo in t/m2
Dr2 = Qtn / CDr
CDr =350 for most sands

Jamiolkowsky et al.
(1985)
Kulhavy & Mayne
(1990)

OCR = k (qt -vo)/vo’
(average value k=0,33; 0,2<k<0.5)

Mayne (1991)

Parez & Fauriel, 1988;
Robertson, 1992
Note: qt is the corrected value of qc due to the effect of pore pressure; Qt is the normalized cone resistance
Permeability

ch, kh, based on t50
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3.7 Final considerations on Slovenia state-of-the-art on CPT practice
It is confirmed the wide acceptance of CPT/CPTu test results in Slovenia. CPT technology takes an important role in the domain of soil investigation (about 20% of total
soil investigation). The results are usually examined and compared to the experiences
traditionally gained in similar conditions. Until now it has proved to be an economical and rapid method, where repeatability and presentation of complete variations of
ground properties in every profile is especially important and welcome.
Research work:
In Slovenia some research work has been carried out, mainly in the sense of the reliability of the obtained ground properties, treating the following issues:
 Pile bearing capacity for driven piles which in connection with dynamic tests gave
promising results, described in Strniša and Ajdič (1991)
 Correlations with in situ vane shear tests (Ajdič, 1993), comparison and correlation with undrained shear strength, presented in National report CPT’95 (Ajdič
and Gaberc, 1995)
 An experimental study of compression moduli obtained by CPT in soft soils, given
by Gaberc et al, 1995-a
 Vertical and horizontal permeability of marshland subsoils, presented by Gaberc et
al, 1995b (this research was also reported in previous National report (Ajdič and
Gaberc, 1995).
 Evaluation of drainage and consolidation properties of soil from dissipation tests,
presented by Ajdič, I. (1996).
More recently comparisons with DMT results are discussed. In research work Logar et al, (2006) some experiences in obtaining oedometer moduli and the undrained
shear strength are presented. In Fig. 16a an example, showing comparison of oedometer moduli obtained by laboratory tests, CPT and DMT are given, while Fig. 16b
presents a comparison of the undrained shear strength cu for the same location.
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Fig. 16. Comparison of: a) oedometer moduli obtained by CPT, DMT and by oedometer tests; b) undrained shear strength obtained by CPT and DMT
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A good agreement of measured values of the undrained shear strength, obtained by
VST, DMT and CPT is also reported by Logar et al, 2007. Fig. 17 presents pile shaft
capacity in marine clays, obtained from different in situ investigation methods, compared to the measured shaft capacity of test pile.

Fig. 17: Measured and calculated pile shaft capacity of test pile in marine clays
Future trends in CPT equipment, interpretation and application in the region:
Further development will certainly provide even more reliable assessment of ground
properties. For that reason there is a will to improve:
 equipment, among which environmental problems demand the enviro-cone
 interpretation methods on the base of empirical modifications, taking into account
comparisons with other in-situ and laboratory tests as well as the observations of
executed geotechnical works.
In every day practice, there is a general feeling that better education of field personnel, as well as the design engineers, is required. Due to price competitive market
competent check-up is indispensable.
4 ITALY: THE PO VALLEY AND SOME RELEVANT PROJECTS
4.1 Introduction and geologic aspects
From the geological point of view the Po Valley is made up of deposits of Po River
and sediments of the sea, the thickness of “soft” and fine-graded soils is increasing
from West to East, getting around 1800 m depth in Adria, the city which named the
Adriatic sea in the past.
In theory CPT could be possible down to that depth. However, the deepest CPT
test reported in North East Po Valley is 120 m deep, while in Adria zone there are
some exceptions, like the Euganei Hills (vulcanic hills appearing south of Padova)
and some “hidden” volcanic hills (always connected to Euganei’ hills bedrock) near
Ferrara (the top of the hill is at 220 m).
Going west gravels occur, in lenses or thick layers (like in Milan), heading South
towards the foot of the Appennines mountains. Going North towards the Alps, dominated by rock massifs (limestones, sandstone, dolomites, etc), where CPT are used by
the sides of the Lakes, rivers, etc. Figure 18 defines well the areas of the Po Valley.
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Fig.18: The Po River Valley in the North of Italy and the region where CPT activity occur
4.2 Notes on the present situation
The investigation practice in North-East Italy was described as follow.
CPT testing is still predominately mechanical, being increasingly introduced electrical systems for CPTu and few SCPTu (sometimes complemented by Marchetti flat
dilatometers DMT/SDMT). Frequently, when the project is simple, only a few CPT
mechanical tests are executed. The usual depth of CPT ranges from 10 to 30 m. In
some zones, unfortunately, dynamic penetration testing (PDL or DPSH standard) is
still preferred, even when soils would allow static CPT. The ratio of CPT tests versus
boreholes drilling is commonly 1:5 or 1:4, with the average depth of CPTs and boreholes of 15 to 30 m. In Italy there are many companies dealing with drilling and testing but very few dealing only with geotechnical drilling and testing; most deal with
special foundations, water exploration, geothermal drilling.
There are a variety of producers of drilling equipment of excellent quality, but few
produce specifically geotechnical drilling and testing equipment. There are some
manufacturers of geotechnical instrumentation, but most deal with monitoring instrumentation (piezometers, crackmeters, inclinometers, etc). There are few producers
of static/dynamic penetrometers and penetrometer equipment, with most of them
“mechanical” cones. No one in Italy is producing “special” cones like memory-cones
or other special or non-standard applications. Seismic CPTu is used sometimes but
not yet broadly implemented. The demand of “quality” CPT tests is very low, and
whenever calibration is requested there is no specific real time checking, in terms of
graphs, tables, elaboration. Companies are still referring to manufacturers’ calibration
certificates.
4.3 CPT equipments and procedures
Most Italian penetrometers are mounted on small tractors often on crawlers and with
thrust ranging from 100 to 200 kN (Figure 19a). The reaction is almost always given
by 2 or 4 self-screwing-augers. Some of trucks have been assembled with a small rig
for combining CPTs with shallow boreholes and sampling (Figure 19b). There are
very few penetrometers (estimated in 3 to 4) going to 250 kN and to 300 kN thrust.
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Figure 18. Italian CPT: a) penetrometers mounted on small tractors; b) trucks assembled with small rig for combining CPTs with shallow boreholes and sampling
The percentage of CPT in the Italian market is generally as follows (not including
special tests that are not significant in number): 80% mechanical cone; 15% CPTu;
5% CPTE and SCPTu (CPTE is an electrical CPT in Italian practice). These distribution did not include DMT and SDMT - which maybe be considered relevant – and not
including special tests: e.g. CPTWD (Sacchetto et al., 2004), BAT, etc.
4.3 CPT interpretation
CPT analysis is usually made by the consultants, although the site investigation company may be asked to do some interpretation. Self-made spreadsheets are the most
used, since the very early use for stratigraphy interpretation according to Begemann/Schmertmann theories. Other available software, like CPT-PRO (Poland) or
CPeT-IT (Greece) for CPTU, is also used.
4.4 CPT applications
Mechanical CPT results are being used for settlement calculation, liquefaction assessment, calculation of piles, evaluation of permeability, in many common projects.
Recently similar approaches are made, but based mostly in CPTu and seismic cones
SCPTu. CPT has not been used for environmental purposes, even when it could be
useful, like permeability assessment with CPTu. Nevertheless in large environmental
projects and for advanced consultants CPTu is requested, for dissipation tests, equilibrium pore pressure detection and also special equipment (like the CPT2U, below).
4.5 New developments in CPT
In Italy the new developments in CPT specific field are:
- seismic cone (SCPTu), developed 20 years ago, only in the last 4-5 years has become regularly used by companies; in Italy there are 2 or 3 users of such equipment,
but it is not commonly used; the more commonly used seismic module tends to be the
Marchetti’ (seismo) dilatometer (SDMT);
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- downhole CPT: in the past the cone was pushed inside a casing; the only “downhole without rods” system available in Italy is the CPTWD (cone penetration tests
while drilling – Sacchetto et al., 2004); it is used commonly, being recently applied in
the Po River Delta down to 120 m;
- special cones: environmental, resistivity, fluorescence, visual cones, etc, are
available in research and academic centers, but they are seldom used; the demand for
such equipment is low;
- sampling with penetrometers is available; the most used are still the “old” dutch
systems, like Delft samplers or Begemann-like-samplers
- most kinds of pushing equipment is available in Italy: from ballasted heavy-duty
large rigs (2 in total) to small penetrometers mounted on light devices (see Figure
19a) or penetrometers mounted on small jack-up rigs (such as the one pulled by hovercraft illustrated in Figure 19b).
- special devices for sampling water and making permeability tests with penetrometer are seldom used (e.g. BAT/GEON systems), but are still considered too complex (Figure 20a);
- special cones, such as CPT2U (with u1 + u2 at the same time) in bentonite slurry
walls surrounding a waste disposal, together with BAT and permeability tests and
sampling, are used for monitoring permeability (Figure 20b).

Figure 19. Italian CPT equipment: a) small penetrometers mounted on light devices; b) penetrometers mounted on small jack-up rigs

Figure 20. Special devices: a) BAT/GEON system; b) CPT2U (with u1 + u2)
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4.6 Research and advanced studies in Italy involving CPT
There has been a significant amount of research studies and high standard geotechnical analysis based on in situ test results, namely CPT, CPTu, SCPTu, etc, done in
Italy by well recognized experts. However, two very important projects should be
mentioned, which resulted in excellent publications: these are the two most emblematic projects – with world impact, due to the nature of such heritages -, both involving large teams leaded by Prof. Michele Jamiolkowski, from Technical University of
Torino: “The Restoration of the Leaning Tower of Pisa” and “Safeguarding Venice
Lagoon Against High Tides”.
For the first project, the huge amount of information accumulated in the last century on the Pisa Tower deposits and a careful comment on these data, with special
emphasis on sample quality and test procedures – including CPT – is described in Lo
Presti et al. (2003). The thorough and excellent work developed for the geotechnical
characterisation of the subsoil of Pisa Tower, Lo Presti et al. (2003)., providing the
geologic conditions of the area under consideration and the soil profile (stratigraphy,
K0, OCR) and ground water conditions at the location of the leaning Tower of Pisa.
Lo Presti et al. (2003) make an assessment of sample quality, soil compressibility and
soil deformability with special emphasis on secondary settlement and time effects. Information on strength parameters and undrained shear strength is also provided. Many
papers and reports have been published on the geotechnical characterisation of the
soils underlying the leaning Tower of Pisa, namely, Lancellotta & Pepe (1990a,
1990b, 1993, 1994), Berardi et al. (1991), Jamiolkowski et al. (1993), Lancellotta et
al. (1994), Costanzo et al. (1994), Callisto & Calabresi (1998), Rampello & Callisto
(1998), Jamiolkowski (1999, 2001). Information was collected in 1986 by the Project
Team led by Finzi and Sanpaolesi (Lancellotta et al., 1994) and in particular CPT,
CPTu and boreholes with mechanical piston sampling were performed. Investigations
have been undertaken by the International Committee, chaired by Jamiolkowski, involving, among the others, boreholes with piston, Laval and Begemann sampling,
Seismic Cone Penetration Tests (SCPTu), Cross-Hole Tests (CH), Seismic Analysis
of Surface Waves (SASW) tests, additional CPT and CPTu tests. The shear wave velocity was determined during SCPTu, according to a Down-hole (DH) scheme (Figure 21).

Figure 21. Cone resistance North-South section of the subsoil of Pisa Tower (Lo Presti et
al., 2003)
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The second project, for the protection of the city of Venice against recurrent flooding, consisted on the design and construction of movable gates located at the three lagoon inlets for controlling tidal flow. Simonini & Cola (2000), Ricceri, et al. (2002),
Simonini (2004) and Simonini et al. (2007) described how demanding was the geotechnical characterization of the Venice lagoon soils, composed of a predominantly
silt fraction combined with clay and/or sand forming an erratic inter-bedding of various sediments, whose basic mineralogical characteristics vary narrowly. An accurate
study with the purpose of having mechanical parameters for the foundations’ design
of the gates, involved the selection of two representative test sites in the lagoon – the
Malamocco Test Site and the Treporti Test Site. In these sites the most widely geotechnical investigation tools were used, including CPT, CPTu, SCPT - SCPTu – tests,
including dissipation tests and mechanical CPT (Mayne & McGillivray, 2004, Gottardi & Tonni, 2004).

Figure 22. Comparison of the profiles from SCPTu and SDMT tests at the Treporti test
site (adapted from Simonini et al. 2007)

Simonini (2007) emphasizes that the information obtained from the investigation
carried out at the Malamocco Test Site and at the Treporti Test Site, whose results,
based on in-situ measurement of the stress-strain-time soil properties, appear to
represent a unique and valuable tool for a suitable calibration of CPTu and DMT and
for the formulation of a reliable geotechnical model aimed at an appropriate design of
the mobile gate foundations.
Janmiolkowski et al. (2009) give a complete description of the remedial actions
undertaken to safeguard the city and its inhabitants against any damage to their regular activities and to the tourism. The geotechnical issues related to the safeguard
measures were well discussed. The authors emphasize that “the complex depositional
environment, responsible for the pronounced spatial variability of the lagoon deposits, rendered the site characterization a challenging task. In the circumstances, the
in situ tests, especially the geophysical one, geotechnically-oriented, have played
quite a relevant role.” SCPTu were determinant for that purpose.
Most of the cited Italian works have focus on clayey and other fine materials.
However, sands have been also studied using the CPT. Mayne (2006) report an inter-
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esting study in sandy soils in the Gioia Tauro site. This is a port located in the South
of Italy near “the toe”. Undisturbed frozen sand specimens were obtained in the shallow depth range of 1 to 4 m to procure the natural gravelly coarse sand. Here, the results of both isotropically- and anisotropically-consolidated cyclic triaxial tests
(CTX) were used to evaluate the liquefaction potential of these geomaterials. In-situ
SPT and SCPTu data from the Italian port site are reported in Porcino & Ghionna
(2004). This sand was analyzed in terms of the material index (Ic) from the CPT soil
behavioral type (SBT), as discussed by Robertson & Wride (1988). The sand was
identified correctly as zone 7 (“gravelly sand”). For the very low excess porewater
pressures, Ic is a function of only Q and F. Additionally, Mayne (2006) presented an
evaluation of relative density from CPT measurements for diverse undisturbed sands.
The Italian sands’ results, although consistent with the mean trend ± two standard
deviations presented in the relationships by Jamiolkowski et al. (2001), and suggest
that they may be of low compressibility since they fall on the lower bounds of the
lines (Figure 23a). Mayne (2006) presents also the evaluation of peak friction angle
of sands from CPT, based on bearing capacity considerations, as proposed by Robertson & Campanella (1983) - Figure 23b.

Figure 23. a) Relative Density from CPT Measurements for undisturbed sands, as suggested by Jamiolkowski, et al. (2001); b) comparison of measured triaxial friction angles with
CPT relationship proposed by Robertson & Campanella (1983) –adapted from Mayne (2006)

A new framework using an analytical approach, based on spherical cavity expansion theory - with the incorporation of an operational rigidity index - and considering
an appropriate angle of plastification in a limit state formulation, is presented by
Mayne (2006). Values of several sandy soils from different countries, including Italian sands, were well correlated to the normalized small-strain stiffness. The research
presented seem to indicate that measurements with seismic cone tests of both the initial shear modulus and shear strength, offer the opportunity to derive the entire stressstrain-strength response of sands at all depths.
5 GREECE
The geology of Greece is also complex with mostly hard ground and near surface
rock. However, similar to other countries, there are regions of soft soils along the
coast and in river valleys where the CPT has found application.
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There are approximately 7 CPT pushing units in Greece, of which 5 are truck
mounted and 2 are smaller anchored systems. The most common cones are mechanical cones that represent about 80 to 90% of all CPT work in Greece. There are about
4 electric cone systems in Greece, mostly CPTu. The seismic CPT (SCPTu) is occasionally used (<5% of all CPT’s). It is estimated that CPT’s are used on less than
15% of all site investigation projects in Greece.
The most common applications for CPT results are for evaluation of liquefaction
potential and for quality control of ground improvement.
6 SUMMARY
There is an increasing trend towards combination of in situ test in soil investigations
(mainly DMT/Vane/CPTu). The use of seismic SCPTu seems likely to increase.
There is now a clear perception in Portugal, Spain, Slovenia, Greece and Italy that
CPT/CPTu test are well positioned as technique to integrate in geotechnical projects
developed in zones dominated by sedimentary deposits, but also in residual soils’
profiles, mostly when these are deep and not excessively dominated with irregular
dissemination of boulders or other erratic weathering patterns, that may jeopardize its
penetrability. This is still a test that will be complementing the basic site investigation, conducted with a regular mesh of boreholes, nowadays recurring to hydraulic
rigs with rotational penetration, where SPT tests are performed in soils’ horizons and
rock classification is due in the stiff masses.
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Regional Report for East European Countries
Z. Młynarek
Poznan University of Life Sciences, Poland

ABSTRACT: The paper presents information concerning CPT use and application in
the assessment of geotechnical parameters, stratigraphy of subsoil and equipment
used in countries of Eastern Europe, i.e. Belarus, Bulgaria, The Czech Republic, Estonia, Lithuania, Latvia, Poland, Russia, Romania, Slovakia, Ukraine and Hungary.
The application of CPTU to determine mechanical parameters of industrial wastes
used in the construction of man-made reservoirs is also discussed. The use of statistical methods to isolate homogenous subsoil layers based on CPTU parameters is also
presented in this paper.
1 INTRODUCTION
The last CPT-95 Conference organized in 1995 by the Swedish Geotechnics Society
in Linköping may constitute as a point of reference for the evaluation of the
development of static penetration in the analyses of subsoil in East European countries. The status of knowledge and the scope of application of this method were presented during that conference in the “national reports”. These reports were prepared
by Poland, Hungary, Romania, Lithuania and Russia. The present regional report has
been extended to include Bulgaria, Latvia and Estonia (Table 1). No data were received from Ukraine and Belarus and thus these countries were not included in this
report. The development of in-situ testing with the application of static penetration in
the period since the last CPT-95 conference in East European countries up to the
present has been affected by several significant factors:
• These countries are characterized by huge research potential, due to the number
of academic centers, research institutes, private and state companies working in the
field of geotechnics,
• These countries have huge human resources potential and highly varied economic potential (Table 2). The economic potential has resulted in the development of their
own designs of static penetrometers in several of these countries, e.g. Russia, Hungary and Poland. Penetrometers of this type successfully supplemented, particularly
in the initial period, the pool of equipment composed of penetrometers of leading European CPT manufacturing companies such as, A.P. van den Berg, Geomil, Pagani.
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Table 1. Number of published papers at international conferences.
Conferences
Country
Belarus

A

B

C

D

E

F

G

H

-

-

-

-

-

-

-

-

Bulgaria

-

-

-

-

-

-

-

-

Czech Rep.

-

-

-

-

-

-

1

-

Estonia

-

-

-

-

-

-

-

1

Hungary

-

3

-

2

-

3

3

2 (Imre & Kralik)

Latvia

-

-

-

-

-

-

-

-

Lithuania

-

-

-

-

1

-

-

1 (Furmonavicius & Dagys)

Poland

1

3

1

1

5

3

-

Romania

-

-

-

-

-

-

-

4 (Młynarek,
Tschuschke &
Wierzbicki)
1 (Marcu & Culita)

Russia

-

1

1

-

-

-

-

Slovakia

-

-

-

-

-

-

1

Ukraine

-

-

-

-

-

-

-

6 (Trofimienkov, Kulachkin,
Mariupolsky &
Ryzhkov)
-

Note:
A – XIII European Conference on Soil Mechanics and Geotechnical Engineering, Prague 2004.
B - XIV European Conference on Soil Mechanics and Geotechnical Engineering, Madrid 2007.
C – XVI International Conference on Soil Mechanics and Geotechnical Engineering, Osaka 2005.
D – XIII Danube-European Conference on Geotechnial Engineering, Ljubljana 2006.
E – XI Baltic Sea Geotechnical Conference, Gdańsk 2008.
F – II International Conference on Site Characterization, Porto 2004.
G – III International Conference on Site Characterization, Tajwan 2008.
H – International Symposium on Cone Penetration Testing CPT’95, Linkoping 1995 (Including authors of the National Reports).

• Changes in the political situation after the year 1990 had a decisive influence on
the possibility to purchase new generation penetrometers. These changes contributed
to the development of free market economy and made it possible to purchase modern
equipment. This situation is documented very well by the data presented in Table 5,
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• Geographical location of East European countries has resulted in highly diversified geological, hydrogeological, hypsometric and climatic conditions. Even in relatively small countries, e.g. the Czech Republic, the structure of subsoil does not make
it possible to conduct static penetration, since subsoil is mostly composed of solid
rock. An excellent example of a country in which all geological formations are found
is Russia. In that country there is also a deep zone of permafrost. In relation to the
other countries, e.g. Poland, the maximum ground freezing depth is 2.2 m.
Table 2. Summary of topography, weather, land area and population
Country
Bulgaria

Czech

Estonia

Hungary

Latvia

Topography

Weather/Climate

Area [thousands of
km2]
110.9

Population
[million]

The relief is varied.
There are extensive lowlands and plains (e.g.
Danubian Plain), hills,
low and high mountains
(over 2,5 km of height),
many valleys and deep
gorges. Almost 1/3 of
the territory is located
over 600 m a.s.l. Over
350 km of rocky and
sandy coastline.
Mountain ranges surround the country on
almost all sides. Most of
the territory is highlands
with few river valleys
and many artificial
lakes.
Uplands and plateaulike areas alternate
with lowlands, depressions and valleys,
alongside with the
coastal cliffs in northern and western.
Fifty percent of territory
consists of flatlands. The
highlands stretch diagonally across Hungary. In
the central part the Central Europe's warmest
lake, (Balaton) is located.
The topography consists
mainly of a lowland
plain with a few areas of
uplands consisting of
moderate-sized hills.

The climate in Northern
Bulgaria is moderate continental, while the climate in
Southern Bulgaria is intermediate continental tending
to Mediterranean.

Mild but variable locally
among the various regions,
depending on the height
above sea level. Cold winter, spring, followed by a
warm summer and chilly autumn.
Mild because of proximity
of North Atlantic Ocean and
Baltic Sea. January and February with temperatures below 0°C. Summers tend to
be short and cool with cloud
cover.
Temperate climate, similar
to the rest of the continental
zone. January is the coldest
month (-1 C average) and
August the warmest (21,3 C
average).

78.9

10.5

45.2

1.3

93.0

10.2

Climate is influenced by
proximity of Baltic Sea.
January and February with
temperatures below 0°C.
Precipitation is common
throughout the year with the
heaviest rainfall in August.

64.6

2.2
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Lithuania

Poland

Romania

Russia

Over 90 km of sandy
coast line. The highest
areas are the moraines in
the western uplands and
eastern highlands, (up to
300 metres above sea
level) The terrain features numerous lakes,
and wetlands.
Over 500km costal line
in north with deltas,
cliffs and sandy beaches
. All north and middle
part are lowlands. Uplands and mountains (also the Alpine type - Tatry
mountains)
are
located in south part.
Natural landscape is almost evenly divided
among mountains (31 %
- Carpathian Mountains,
which reach elevations
of more than 2,4 km),
hills (33 %), and plains
(36 % - Danube Delta,
which is just a few meters above sea level).
The topography of Russia features a broad plain
with low hills west of
the Ural Mountains with
vast coniferous forests
and tundra in Siberia.
There are uplands and
mountains along the
southern border region.
Despite its size, only a
small percentage of Russia's land is arable, with
much of it too far north
for cultivation.
Mountains in the central
and northern part of the
country (the Carpathian
Range with the high Tatry), and lowlands in the
south (plains, with the
Danube River valley).

Climate ranges between maritime and continental and is
relatively mild. The near
cost winters are slightly
warmer (about 0°C) than in
the interior (to -6°C).

65.2

3.6

Transitional climate between the maritime and continental. Winters are sometimes mild and sometimes
cold (-20°C), similarly the
summers are cool and rainy
or hot and dry (30°C).

312.7

38.1

Transitional climate between temperate and continental. Climatic conditions
are somewhat modified by
the country's varied relief.
In the extreme southeast,
Mediterranean
influences
offer a milder, maritime
climate.

238.4

21.5

Most of the country has a
17075.2
142.0
continental climate, with
long, cold winters and brief
summers. There is a wide
range of summer and winter
temperatures and relatively
low precipitation. January
temperatures are in the
range of 6° C (45 ° F ) on
the southeastern shore of the
Black Sea and -71° C (-96 °
F ), recorded in 1974 at the
northeast Siberian village of
Oymyakon.
Slovakia
Climate relatively continen48.8
5.4
tal with almost no extremes
below minimal -20°C or
above maximal +37°C.
Winters are more severe in
mountains, where the snow
lasts the whole winter until
March or even April.
On the basis of information from the national websites and www.nationsencyclopedia.com.
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Fig. 1. East European countries under consideration in the report.

2 GEOLOGY OF EAST EUROPEAN REGION
Dominant areas of geotechnical exploration include zones of subsoil composed of
postglacial deposits from the last glaciations. These zones are filled with fluvial and
lacustrine accumulation deposits. Testing areas are also found in coastal zones of the
Baltic and Black Seas, including marine exploration (e.g. the construction of oil rigs
on the Baltic Sea). Some countries are located within the zones of seismic activity,
e.g. Bulgaria, Romania and Russia. Countries of Eastern Europe occupy an extensive
area, which geological structure was formed by numerous geological processes (Table 3). It needs to be stressed that in many countries digital geological-engineering,
magnetic, chemical (subsoil contamination potential) or seismic maps are being prepared. These maps are available to the general public e.g. in Poland at the State Institute of Geology in Warszawa and in Bulgaria in the Geoarchive DB system. In several countries, such as Bulgaria, the Czech Republic, Slovakia and Poland, these maps
cover 100% their area. Examples of such maps are given in Figs. 2, 3 and 4.
Table 3. Summary of prevailing geology and topography and implications for CPT.
Country
Bulgaria

Summary of geological conditions
The Balkan mountain divides into halves the territory
from West to East. The slopes are covered by diluvium.
The North part of Bulgaria is covered by loess and loam
with high thickness. In the south part the large Tracia
lowland is created by alluvium sands, sandy clays etc. The
South border of Bulgaria is dominated of the Rodopy
Mountain made of gneiss and bentonite tuff. The East part
of Bulgaria is on the Black Sea Coast made of limestone,
volcanic rocks and very many lagoons, lakes and sand
beaches.
Between the - Balkan and the Rodopy mountains there is
a large kettle, fulfilled by Quaternary and Pleiocene
deposits at around 400m of the depth. Bulgarian territory
has a high seismity.
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Implications for CPT
Suitability for CPT limited
to lowlands. CPT used for
investigation of loess and
loam, the slight soil near the
Black See, the high
thickness of silt clay in
Sofia, evaluation of soil
liquefaction risk in Plovdiv
City, near Maritza River.
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Czech

Hungary

Estonia
Latvia
Lithuania

Poland

The whole area is covered by highlands, structured by
several big rivers. Those highlands are the remains of
old mountain ridges, the rocks are folded and altered by
a long orogenetic history. The sedimentary rocks are not
in their original state of horizontal layering, but torn into pieces, folded and slanted. All the limestone karst
areas of the Czech Republic are small and have a complex structure. The whole country is dotted with caves,
all of them located in small, not to say tiny, karst areas.
Hungary's surface area can be divided into four major
units:
 The Mesozoic Hungarian Central Mountains are
trending SW-NE.
 The Little Plain has a basement of Palaeozoic
sediments on the west and Mesozoic rocks on the
east. The surface is covered by Holocene and
Pleistocene fluviatile sediments: gravel and coarse
sand are exposed over vast areas.
 The Transdanubian Tableland, composed of Late
Tertiary deposits. It is covered by thin sheets of
Quaternary (mainly) loess deposits.
 The Great Hungarian Plain, the largest Neogene
Depression of the Carpathian Basin filled up with
Quaternary deposits.
The former regions are characterized by sandy-silty hills
and fluviatile, lacustrine (mainly) plastic deposits and
partly by infusion loess up to the depth of interest.
The uppermost part of the Earth crust in Estonia, Latvia
and Lithuania has been formed during the youngest
geological period – Quaternary. The biggest part of
thickness of Quaternary deposits has been formed by
Scandinavian glaciers which covered territory of these
countries a few times during the Pleistocene. The typical sediments of this period are loams, boulder clays
and coarse non-cohesive moraine deposits. The warmer
period spans, named as interglacial, existed between
glaciations, when sedimentation generally took part in
the lakes, rivers and bogs. The thickness of Quaternary
deposits is very irregular, but in the largest part of country predominate thickness of Quaternary is about 80120 meters.
The territory of Poland lies at the contact of the main
tectonic units of Europe. Therefore, the following three
major tectonic units can be identified: East European
Precambrian Platform, Palaeozoic foldbelt, Alpine foldbelt of southern Poland. Independent of deep rock
basement, most of the area of Poland is covered by nonlithified Quaternary and Neogen deposits to the depth of
at least 50m. The young deposits dominate the North
and Central part of country, formed by Pleistocene glaciations and interglacial processes. In this part loams,
outwash plain sands and moraine deposits dominating.
Valleys are fulfilled by fluvial and aeolian deposits with
significant share of organic soils. Southern part of Poland is covered mainly by weathered rocks, loess and
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Usage of CPT is restricted
due to large area of shallow
rock
basement.
Young, non-lithified deposits are also difficult for
testing due to high amount
of gravel in fluvial sediments.
The quaternary deposits are
found on the major part of
Hungary's surface area can
generally be tested in situ
by CPT.

Some problems with deep
CPTs due to gravel and
boulders in glacial tills. In
opposition to this the CPT
can be a useful tool for
evaluation of geotechnical
parameters of near shore
and offshore areas and organic fills within the interior.

Most of area can be tested
by CPT, even to the depth
of 30 m. Some problems
can occur in Pleistocene
overconsolidated glacial
tills and sands and Neogene clays which can lie
also at the depth of a few
meters.

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

Romania

Russia

Slovakia

fluvial deposits.
The geology of Romania is strongly dominated by the
alpine Carpathian Folded Belt. The Carpathian Mountains consist of ancient crystalline rocks, Paleozoic and
Mesozoic sediments and recent volcanic material, and
are a very complex area of irregular depressions and
stranded massifs with meadow platforms or suspended
plains. There was erosion but no glaciation in the Quaternary, producing peri-glacial forms. The fluvial Quaternary deposits are located mostly along the Danube
River and its delta. The loess and loess-like deposits
cover large areas (17% of the country) in Eastern and
Southern parts of Romania, around the Carpathian Belt.
Soil conditions of the Russian Federation (RF) are diverse and include practically all soil types. They are
similar to soils of the Western Europe and North America.
Quaternary (alluvial, lacustrine, etc.) deposits, often
reaching 10…15 m depths: these are mainly clay soils,
less frequently sands and gravel. Most occurring are quaternary soils of low plasticity and stiff alluvial clays
and clay loams, less frequently deluvial and moraine
ones.
The north-west area of RF European part features prevailing glacial soils: morainic clay loams (dense, with
inclusions of boulders) or deluvial clay and sand loams
(similar to alluvial). RF southern parts are characterized
by loess and loess like clay loams occurred. Hard or
stiff and mostly collapsible. In the northern and partly
in the middle latitudes of RF there are many waterlogged areas, featuring peats and sapropels. In mountainous areas, in the Urals especially, there occur many
eluvial deposits (“weathering crust”) clayey, less frequently sandy, which are highly heterogeneous with inclusions of maternal rock fragments.
The freezing depth varies from 0.6 m (northern Caucausus) to 2.5 m (north of the European part, Eastern Siberia, where seasonally frozen soil connects with permafrost). Primary deposits “older” than paleogene are
represented by rock or by intercalated rock and hard
clay soils. The rock top usually occurs at 10…30 m
depth, but at the north-east of the European part of Russia and in many mountainous areas they could occur
right below the surface.
On almost half of the territory the Mesozoic and Paleozoic rocks occur at the surface. Their built the Carpatian
Range, an alpine orogenesis age mountains and divide
the Slovakia into two major parts. North-eastern is covered mainly by slope and eluvial - deluvial deposits
with some fluvial sediments. South-western is built of
fluvial and aeolian deposits: sands and silts (almost
10% of Slovakia territory is covered by loess). Only
about 1% consists of glacial and glacifluvial sediments.
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The CPT can be very suitable on the large areas of
loess-like deposits. It can
be use for deep penetration
of fluvial deposits, especially within the area of
Danube River delta.

Wide range of the CPT
use; from organic and soft
soils to multistage permafrost soils. Some interesting possibilities of the CPT
use related to seismicity
and liquefaction potential.

The use of CPT is possible
mainly in South-western
part of Slovakia, with large
areas of loess and fluvial
deposits.
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Fig. 2. Comparison of GDP value per capita and the population density of analysed countries.

Fig. 3. Thickness of Quaternary deposits on Poland area with indicated the main glaciations
range.

Fig. 4. Magnetic Map of Bulgaria.

180

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

Fig. 5. The major geographical units of Hungary’s surface area.

3 GEOTECHNICAL CHALLENGES
At present three factors have an effect on the challenges faced by geotechnics and the
application of CPT:
a) Investment programs, which are highly varied throughout the region, in the last
10 years exhibit huge dynamics. The primary investment directions in individual
countries, based on collected materials and websites are given in Table 4. In individual groups of investments, apart from standard tests, e.g. drillings, a wide testing program, e.g. CPTU, SCPTU, CCPTU, is applied,
b) The complex structure of subsoil, in which there are soils, in which a routine interpretation of penetration characteristics is impossible, e.g. loess soils, non textbook
soils, soils in the cyclical freezing zone (Table 4),
c) Identification and forecasting of random incidents influencing the design or operation of an object, e.g. seismic activity zones, regularly flooded areas (Table 4).
Factors of groups (b) and (c) require regular research and the use of statistical methods in finding local correlations.
Summing up the challenges faced by individual countries, connected with the application of CPT, we may stress two elements. One is the occurrence of deposits of
specific properties, genesis and macrostructure in individual countries. For these deposits it is necessary to determine local correlations between CPT parameters and parameters describing strength, compressibility and other properties, e.g. liquefaction
potential. The other problem is connected with the design of new equipment which
could supplement testing under complicated soil conditions, where subsoil is interbedded with soils of very high cone resistance values. A good example in this respect
may be the design of a probe, which is a compilation of a dynamic probe with a static
probe e.g. by Adina – Sanglerat (1995) or an AMAP – SOLS static-dynamic probe as
well as a CPTU probe with a Rotap drill rig by A.P. van den Berg (Fig. 6). A supplementary, but at the same time important element is also the implementation of the Eurocodes, which in many countries have completely eliminated existing standards.
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Table 4. Main investment targets in East European Countries.
Country

Bulgaria

Czech
and Slovak Republic
Hungary

Estonia
Latvia
Lithuania

Poland

Road construction and investments in
urban areas
Liquefaction
potential evaluation of soils
in seismic
areas, construction of
housing estates
and road network, Sofia,
Plovdiv
Construction
of highways
and tunnels
network
Construction
of highways
and shopping
centers on
areas with difficult soil conditions (soft
clays loess)
Construction
of housing estates and
bridges

Construction
of very high
buildings in
Warsaw,
Poznań,
Gdańsk,
Wrocław
Development
of highways
and high speed
train project,
EURO 2012
football stadiums

Environmental
Investments

Construction of
reservoir for
tailings.
Identification of
polluted areas
Governmental
program of environmental reservoirs

Deep
foundation

Deep
excavations

Harbour
and sea
investments

Pile foundation
design on soft
soils near
Black Sea

Program of
slope protection
in the areas of
loess and silty
clays

Constructions
of hotels on
coastal and
lagoon areas.

Landslide protection

New technologies used in
piles foundation
design for
bridges and
high objects
Tunnels on urban area

Geothermal
projects,
program for
wind farm construction,
identification of
polluted areas
for chemical
maps preparation, new construction and
development of
existing tailings
reservoirs
(Żelazny Most

Piles foundation
of bridges in
construction
program of
highways
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Open pit mines
of brown coal
(Konin,
Bełchatów,
Turów), construction of
subway
lines, Warsaw

Reconstruction of harbor
area,
construction
of terminals,
oil and gas
platforms in
Baltic Sea,
open sea
wind farms
Construction
of gas terminal
(Szczecin),
drilling platforms for oil
and gas on
Baltic Sea
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Romania

Russia

Site investigations of loess
soils and seismic activity
areas.
Intensive program of building of housing
estates, hotels
and offices in
main cities

and Trzebinia)
Power wind
turbines project
(over 500 testing points)
Construction of
gas piping on
Baltic Sea

Piles on alluvial
deposits.

Swellingshrinkage
processes in unsaturated soils.

Pile foundation
with most advanced method
on areas consisting swelling
soils, soft clay,
deep organic
layers

Open pits of
different minerals, deep excavations in urban
areas for many
high objects

Renovation
of constructions in harbor in Baltic,
Black, North
Seas

Fig. 6. A.P. v.d. Berg Static-Dynamic penetrometer.

4 CPT EQUIPMENT AND PROCEDURES
4.1. Equipment
4.1.1 Pushing equipment
Equipment used in East European countries is technologically highly diverse. Due to
economic conditions in many countries, locally designed CPT pushing units are used
(e.g. Russia, Poland). CPT pushing units made by leading European companies, e.g.
A.P. van den Berg or Geomil, are purchased increasingly more often. Generally 4
groups of CPT pushing units equipped with original drive are used. The first group
comprises units of a total dead weight of 200 kN or 250 kN mounted on a truck (Russia, Poland, Hungary) or on truck–track (Poland) or track systems. The second group
consists of units of 100 kN, which are designed for anchor systems (A.P. van den
Berg, Geotech, Envi, Pagani). The third group comprises light units of less than 100
kN using anchor systems. These are units mounted on a trailer or a crawler (e.g. A.P.
van den Berg, Geotech, Pagani). Russia has its own classification system of CPT
units. These are 3 groups, depending on cone resistance and sleeve friction. A light
penetrometer of thrust force of up to 50 kN may perform tests if:
0.5 < qc < 10 MPa, 2 <fs < 100 kPa,
Medium penetrometer of 50 - 100kN
1 < qc < 30MPa, 5 < fs < 200kPa
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Heavy penetrometer >100kN
1 < qc < 50 MPa, 10 < fs < 500 kPa
Technologically advanced penetrometers are equipped with inclinometers. Special
purpose designs include penetrometers for the exploration of the sea bed with original
drive designs. Penetrometers of this type by A.P. van den Berg are used in Poland
(Fig. 7). The last group of CPT pushing units is composed of light portable equipment with no anchorage, which are used for the on-going control of compaction in
embankment layers (e.g. a penetrometer by A.P. van den Berg used at the construction of the Żelazny Most waste dump in Poland).

Fig. 7. The Wison by A.P. vd. Berg.

In all the above CPT pushing units the cone is pushed by manual addition of a rod,
most commonly of 1.0 m in length. In the analyzed countries the fully automated
cone thrust system, e.g. Robot by A.P. van den Berg, is not used. Information on the
application of the miniature cone technology is not available. The average scope of
subsoil exploration in individual countries is varied, but it may be assessed to be a
depth of 20 – 25 m. In special cases, where appropriate technology with casing tubes
was used, CPT penetration has been performed to a depth of 60 m (Młynarek and
Tschuschke, 2001).
4.1.2 Cones, measuring systems and data acquisition system
The high variation of CPT equipment available has resulted in situations when, in individual countries, cones produced by leading companies, such as A.P. van den Berg,
Geomil, Geotech, Pagani, Envi or Borros, and original, domestic designs are used. In
the classical division, both mechanical (Begmann) and electrical cones are in use. In
the transmission of measured CPT values, cable, wireless or acoustic systems are applied. There is no documented information on the use of the optocone system (A.P.
van den Berg). The most commonly applied cones are the standard cone of 10 cm2
apex angle of 60º with the u2 type filter location. Very interesting, original probe designs are used in several countries, which significantly enrich measurement values, or
cones of leading manufacturers are in use, equipped with additional sensors. In Poland, HEBO Poznań, use cones with two filters u2 and u3, CPTU and RCPTU cones
(Młynarek et al. 1995), a dilatocone (Młynarek et al. 1995), and a SCPTU seismic
cone (Młynarek, 2007). Cones of this type are manufactured by A.P. van den Berg.
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Testing with the use of a conductivity cone is performed in Poland also by the Warsaw University of Life Sciences (Bajda and Markowska, 2003). Cones used in Hungary also need to be considered original designs developed in that country (Imre and
Kralik, 1995). They are EGS (Engineering Geophysical Sounding) cones (Fig. 8) as
well as a hydrosounding cone (Fig. 9). The ESG cone makes it possible to measure
natural gamma intensity (Irj), gamma intensity (Ij), neutron intensity (In) and pore
pressure u2. A hydrocone makes it possible not only to measure cone resistance, but
also collect a sample of water.

Fig. 8. The EGS cone. (after Imre and Kralik, 1995).

Fig. 9. The hydrosounding cone. (after Imre and Kralik, 1995).

The following types of cones and data acquisition systems are in use in individual
countries:
 Bulgaria – Begmann mechanical cones of 10 cm2, and an electrical cone by Pagani,
data acquisition system GMESOOIP 65 – Geomil,
 Estonia – electrical cones, Geotech CPT-Log, Geo Mash (Finland), mechanical
cones, also acoustic systems by Pagani, Geotech,
 Latvia and Lithuania – electrical cones, Geotech, Pagani with the TGSWO1 acquisition system, mechanical cones with their own design of data logging system
(PIKA-9 penetrometer),
 The Czech Republic and Slovakia – electrical cones by A.P. van den Berg and Pagani, mechanical cones by Maihak Borros, Gouda, data acquisition system: A.P.
van den Berg Geolog, Pagani TGSWO1,
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 Hungary - electrical cones, Pagani, Geomil, Geotech, Envi - memocone, acquisition systems D-MONE, Cordless Geotech,
 Poland – electrical cones: A.P. van den Berg - Golog touch screen, Geotech AB wireless, memocone, Geotech - acquisition system CPT, Geotech classic, Pagani,
Boftware TGA505, mechanical cones – Begmann, Geomil C10CFIIP, Envi, CMON registration system,
 Romania – GEOMIL and LANKELMA CPTU equipment and one own construction mounted on truck,
 Russia – touch screen acquisition system by A.P. van den Berg, electrical and mechanical cones, their own design of electrical cones.
In conclusion, we may formulate an opinion that in recent years a massive shift has
been observed in the use of CPT cone to the advantage of those manufactured by
leading companies. In such countries as Russia or the Baltic states cones of their own
original designs are still produced. It needs to be considered a very advantageous
element in the interpretation of penetration results, since for these cones and measurement systems correlations have been developed, which are included in locally existing standards.
4.2 CPT equipment and system in use
Historical, economic and geological conditions have contributed to the fact that in
East European countries the CPT equipment used varies considerably. Estimated
numbers of CPT equipment are given in Table 5.
Table 5. Type and number of CPT equipment used in geotechnical practice
Producer
Type
A.P. vd
Berg

Geomil
(Gouda)
Geotech
Borros
Pagani
Geomash
Own constructions

Roson
Wison
Truck-Track
Track, Trailer
200kN
Hand
Track
100kN Trailer
Trailer
Truck
Trailer

Country
BG

EST

CZ/
SK

HU

LV

LT

1
2

3(?)

+
2

2(?)

2
2
2(?)

1*

2**

3

RO

1
1
1
7

1

1
2

PL

2
4

RUS

2

1
+

6
1
1

1
3
5

5070
****
Note: BL(Belarus), BG(Bulgaria), EST(Estonia), CZ/SK(Czech and Slovakia), HU(Hungary),
LV(Latvia), LT(Lithuania), PL(Poland), RO(Romania), RUS(Russia), UA(Ukraine); - no information
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received; + unknown number of devices; (?) estimated data; *mini cone; **(Pika-9); ***(Geomor
Szczecin 150 kN; Geoteko 50kN); ****(S-832 115 kN; S-979; USZ 100 kN; SP-59 tractor)

Similarly as in case of CPT pushing units, there are two groups of CPT equipment,
i.e. penetrometers of original design and penetrometers manufactured by leading
companies. In such countries as Russia and the Baltic states penetrometers produced
on the basis of original designs developed in those countries predominate. Russia has
a long-time tradition of penetrometer construction (Trofimenkow et al, 1964). There
are penetrometers mounted on trucks and other self-propelled vehicles or on trailers
(Fig. 10). In Poland and in Hungary penetrometers made by Gouda and Borros, produced in the 1950's, are still in use. In view of such an extensive diversity of equipment it is difficult to assess what number of penetrometers may qualify to the categories given in the International Reference Test Procedure for the Cone Penetration Test
(CPT) and the Cone Penetration Test with pore pressure (CPTU) (ISSMGE. TC 16,
1999). Penetrometer structures have many advantages, since they are prepared to operate under difficult field conditions, e.g. in Russia. Collected data concerning the
number of penetrometers are only rough estimates, as e.g. in Russia it is assessed that
at present from 50 to 70 penetrometers are in use (Table. 6). An interesting indicator
may be the index informing on the number of members of the International Society
for Soil Mechanics and Geotechnical Engineering (ISSMGE) per 1 penetrometer in a
given country (m/p; Table 6). This index, to a certain degree, informs on the application of CPT by geotechnicians in their professional practice. This index has most favorable values in the Baltic states and in Russia.
Table 6 Number of ISSMGE Members vs. number of CPT penetrometers.

The proportion of CPT and CPTU in relation to the other in-situ tests varies considerably. Exploratory drilling predominates in the group of other tests, followed by
Dynamic Probing Heavy (DPH) and shear vane tests (SVT). At present a significant
role in Poland is played by flat dilatometeter testing (DMT, SDMT), which in some
countries is not used at all. The proportion of CPT and CPTU in comparison to the
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other tests may be analyzed in two groups. The first group comprises data from companies, while the other - those from research institutions. In Poland the proportion of
CPT in in-situ testing in companies ranges from 20 to 90%, while in Russia it is from
30 to 70%. Mean percentages of CPT as a proportion of in-situ tests are presented in
Fig. 11. A similar analysis was conducted concerning the proportion of CPTU and
SCPTU in relation to CPT. Only in Poland the share of technologically advanced
tests exceeded 60% (Fig. 11 & 12). This index is very low in Russia and the Baltic
countries. It results from obtained analyses that only in Poland and Romania testing is
conducted using a seismic cone (SCPTU), conductivity or envirocone (CPTU). However, the proportion of these tests does not exceed 20%.

Fig. 10. Truck mounted Russian CPT penetrometer S-832.

Fig. 11. Percentage of CPT in field investiga- Fig.12. Percentage of either SCPTU or
tions.
CPTU in static penetration tests.
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4.3. Challenges with equipment
Expectations connected with the development of CPT penetrometers, similarly as it is
throughout Europe, may be grouped as follows:
 Adaptation of penetrometers to testing in soft subsoil, which comprises organic and
alluvial or glacialacustrine soils,
 Testing of subsoil composed of layers of gravels, sand-gravels and stones,
 Evaluation of quality of individual penetrometers used under different geotechnical
conditions.
These three groups of factors are closely connected with the interpretation of results. In the first group an important element is the movement of the CPT pushing
unit over soft organic subsoil. This problem has been partly solved by mounting a penetrometer on a light crawler. This type of solution is preferred by many companies,
e.g. A.P. van den Berg, Geotech and Pagani. The second important issue is the accuracy of recording of cone resistance and sleeve friction, as numerical values of these
parameters are much lower in soft organic soils than in mineral soils.
Very good prospects for the application of CPT in subsoil, in which very hard layers composed of gravel stones and cemented sands are found, are offered by CPT
units equipped with boring heads, e.g. designs by A.P. van den Berg with the Rotap
drilling system or the AMAP-SOLS penetrometer. It does not result from received
questionnaires that the so-called “dummy” cone testing technique was applied.
Quality of results obtained with the use of different penetrometers has not been
thoroughly investigated. This problem seems to be very important, since in countries
of East Europe penetrometers of all manufacturers are in use together with original,
local designs. Studies on that subject have been conducted only by the Norwegian
Geotechnics Institute (NGI) and the Department of Geotechnics, Poznań University
of Life Sciences, Poznań, Poland. Figure 13 presents regression lines for qc, fr, u2,
while Fig. 14 penetrometers are grouped using the Ward method (Hartingan, 1975).
Analyses were conducted on 8 penetrometers by leading European manufacturers.
The main conclusions from these analyses were as follows:
 the values of cone resistance and sleeve friction registered by each penetrometr differ statically significantly at the significance level α = 0.05, where α - significance level (Winter et al, 1991).
 in the predominating number of observations no statistically significant differences
were found in the mean values of pore pressure measured by each penetrometer,
 no general regularity was found which would answer the question whether the significance of differences between mean parameters changes with depth. The significance of these differences is rather of random character.

Fig. 13. Regression lines for qc, fs and uc for different penetrometers.
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Fig. 14. Grouping of penetrometers registering most similar values of qc after Ward method
(Kaufman and Rousseeuw, 1990).

5 CPT INTERPRETATION
5.1 CPT Standards
Three groups of standards are applied in standardization of equipment and interpretation (Table 7).
Table 7. National or International Standards used for CPT interpretation.
Country
Bulgaria

Czech / Slovakia
Estonia/Latvia/
Lithuania

Hungary

Poland

Romania

Russia

Description
Bulgarian Standards: “Soils. Specification for Static Penetrometer. Technical Requirements.”; “Instruction for Determination of Strength Characteristic of Soils with CPT and Dynamic Penetrometer.”
International Standards: DIN 4094-90.
Domestic Standards: STN 721033 / CSN 721033 (Cone Penetration Test).
ISSMGE Technical Committee TC-16 Report: Test Procedures for Cone
Penetration (CPT) and Cone Penetration with Pore Pressure (CPTU).
Domestic Standards: LBN 207-01 (Geotechnique. Foundations); LVS 437
(Construction Normative); LBN 005-99 (Civil Engineering Investigations).
Eurocodes: LVS EN 1997-1: 2005 (General Rules); LVS EN 1997-1 2007
(Ground Investigations and Testing).
Domestic Standards: MI 15005/2 – 1989 “Design of foundations. Calculation methods of mechanic design of pile foundations”.
Eurocode 7 (Geotechnical design. Part 2).
International Standards: DIN 4014 – for piles.
Polish Standards: PN-B-04452-2002 „Geotechnics. Field test”; PN-83-B02482 “Piles foundations”; PN-81/B03020 “Shallow foundations”.
Eurocode: PN-EN 1997-2:2009. Eurocode 7. Geotechnical Design. Part 2.
ISSMGE Technical Committee TC-16 Report: Test Procedures for Cone
Penetration (CPT) and Cone Penetration with Pore Pressure (CPTU).
Romanian Standards: NP 074-2007 for geotechnical categories, sands and
cohesion soils of low and high consistency.
Eurocodes – SREN ISO 22476-2:2006; SREN ISO 22476-3:2006
Russian Standards: GOST 19912-2001 “Soils. Field static and dinamic penetration tests”; Code SP 11-105-97 “Site survey for buildings construction. Part 1”; SNiP 2.02.03-85 “Engineering of pile footings”; SP 50-1022003 “Engineering of pile footings”.
Eurocode 7 EN 1997-3: 2000 (Geotechnical design. Part 3).
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The first group comprises national standards, while the second standards originating
from other countries, e.g. the German DIN 4094-90, which is used in Bulgaria. These
standards are supplemented by the International Reference Test Procedure developed
by the TC 16 (ISSMGE). The third group of standards comprises Eurocodes. A characteristic feature of national standards is the fact that they focus on guidelines concerning applied equipment, while interpretations are limited to the determination of
density index and liquidity index based on cone resistance. An exception in this respect is found for standards used in Russia and the Baltic countries, which give dependencies for the determination of parameters of shear strength and constrained
modulus.
5.2 Interpretation
5.2.1 Subsoil stratigraphy of mineral and organic subsoil
Classification systems for CPT are used in Poland and Hungary. They are either original or modified systems formulated by Robertson (1990). In Poland the classification
system is considered to be the first step in an algorithm for the determination of stratigraphy and drainage conditions in subsoil.
Studies conducted in Poland over a period of many years showed that for the identification of organic subsoil only the Robertson (1995) system is suitable (Młynarek et
al., 2008), which applies modulus G0 (Fig. 15).

Fig. 15. An example good agreement of non-cohesive soils with the both Robertson classification charts (1990 & 1995) and necessity of use the G0/qt chart for the proper classification
of organic soils by CPTU.

5.2.2 Classification chart for CPT in tailings and non-text book soils
Earthen structures (e.g. embankments of reservoirs) composed of tailings are characterized by interbedded deposits of highly varied grain size distribution. It is anisotropic material, thus the classification system is a very useful tool in the identification of
embankment structure and drainage conditions. Figure 16 presents an original CPT
classification system for post-floatation tailings of copper ores, which are interbedded
in the embankments of the Żelazny Most dump in Poland (Młynarek et al., 1993).
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Fig. 16. Recommended and auxiliary classification system for postflotation tailings sediments
from CPTU.

5.2.3 Statistical treatment of CPT data for subsoil profiling.
Geotechnical profiles, documenting stratigraphy and lithology of subsoil, in East European countries are the primary element in the preparation of an engineering design
of a building. Profiles are constructed mainly on the basis of drilling results and are
supplemented with data from other in-situ tests.

Fig. 17. The rigidity model of test site in Poland obtained on the basis of CPTU.

In Poland for several years now the basic data used to isolate the so-called geotechnically homogenous subsoil layers are CPTU data, i.e. qc, Rf and u2. The task of constructing a geotechnical profile starts from the 1-D model, which corresponds to the
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profile at the site of a single CPTU (Młynarek, 2007). Three methods are applied to
isolate these layers, i.e. according to Harder and Bloh (1998), Mayne (2002) and
Tschuschke et al,(1993). The next step is to construct the 2-D model, for which cluster theory methods are applied (Młynarek et al, 1993). The last stage comprises the
construction of a 3-D model, in which modified Euclidean distance is used (Młynarek
et al., 2005). An example of a geotechnical profile and a subsoil rigidity model based
on the oedometric constrained modulus from CPTU is given in Fig. 17.
5.2.4 Shear strength parameters, deformation modulus
 In the estimation of values of shear strength parameters, effective friction angle Φ’
(sands), undrained shear strength Su (clay) and “Coulomb parameters” in effective stresses Φ’, c’ three methods are used:
 Based on correlation (local) dependencies Dr = f(qc), LI = f(qc) relative density index, Dr or liquidity index, LI are established, and next using standards, Φ’
(sands) and c’ (clay) are determined. This type of procedure is in use in Bulgaria,
Estonia, Lithuania, Latvia, Russia, Hungary, Romania, Slovakia and partly in
Poland. For this purpose original programs are applied (Slovakia, Romania, partly Poland) or professional software (Bulgaria – Geostar Software s.a.s., Hungary
- Fugro Software, Poland – Geosoft, HEBO CPTU Interpretation pro),
 Based on cone resistance – qc from tables, depending on the type of soil, values of
Φ’ (sands), Φ’& c’ (clay) are read. Tables are found in local standards (Estonia,
Lithuania, Latvia, Russia – Instruction standards 50-11-105.37, Hungary),
 parameters Φ’ (sands), Φ’& c’, Su (clay) are determined using advanced methods,
taking into consideration subsoil overconsolidation ratio (OCR), geostatic stress
σ’vo, σvo, σho and the mineral type of grain (e.g. Jamiołkowski et al, 2001, Lunne
et al. 1997, Senneset et al, 1982). The first step in interpretation is to determine
dependencies Dr = f(qc,t, σvo, OCR) or LI = f(qc,t), which take the general form,
e.g. Geoteko Ltd. Warszawa, Poland:
LI = A – 0.5 • log (qc – σ’vo)

(1)

A - empirical coefficient depended on the type of soil, recommended value 0.3.

Or take into consideration soil genesis (Młynarek 2007):
- solifluction tills
LI = 0.271 – 0.147 ln(qn)

where qn = qt – σvo

(2)

- last glaciation tills
LI = 0.310 – 0.216 ln(qn)

(3)

- earlier glaciation tills
LI = 0.375 – 0.254 ln(qn)

(4)

Dr = 0.42 • ln(qc) (248 • σ’vo)0.55 (Baldi et al, 1986)

(5)

Dr = f(qc, OCR, σvo, σ‘vo)

(6)
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Relationship (6) takes into consideration the mineral type of soil. Such a method, for
which HEBO Poznań Ltd. applies CPTU Interpretation Pro software, is used in Poland.
 Deformation characteristics
Two groups of methods are used to determine deformation characteristics, which
generally take the form of a soil modulus. Soil modulus is a function of stress history,
stress and strain levels, drainage conditions, stress path direction and the type of soil.
 The first group is an extremely simple estimate of the 1-D constrained
modulus M, as measured in the oedometer test. In this method based on
cone resistance and a specific type of soil (e.g. from drillings or laboratory testing) M is established from a table. Such a method is used in Estonia, Lithuania, Latvia and Russia.
 The other method of determination of the 1-D constrained M (defined in
several countries by Es) from a direct dependence (Lunne et al. 1997)
M = α m • qc

(7)

Examples of relationships applied in individual countries are as follows:
Bulgaria Es = 1.6 Ckd – 8

(8)

Ckd – corresponds to mean value of cone resistance in the layer
Hungary Es = 144 qc + 3 [MPa]

(9)

M = 8.25 • (qt – σvo) (Kulhawy and Mayne, 1990)

(10)

A dependence given by Biuro – FundamentProjekt (Imre and Králik, 1995)
Es = 5qc + 12 (clays)

(11)

Es = 3.3qc + 12 (sands)

(12)

Poland formulas by Sanglerat (1972) adopted for clays and organic soils (Młynarek et
al. or after Kulhawy and Mayne, 1990)
M = 8.25 (qt – σvo)

(13)

or Senneset et al. (1989).
Romania
Es = 3.4qc + 13 (sands)

(14)

Es = 3.8qc – 0.55n +26 (clays)
n - porosity

(15)
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En = 1295qc + 1.33
En – modulus from the plate test

(16)

5.2.5 Other parameters
Application of SCPTU, CPTU (RCPTU) makes it possible to determine additional
parameters describing subsoil properties. This type of testing is conducted mainly in
Poland. The first group of parameters comprises porosity – n or density, while the
second group – modulus G0. Examples of dependencies are as follows:
for Warsaw clays (Lech and Garbulewski, 2009)
n = 0.39(dSAT/f)-0.27

(17)

dSAT - soil resistivity
f - resistivity of liquid = 8.3 Ω m
Młynarek et al. (1995) defined a dependence between friction factor Rf and formation
factor F for preconsolidated clays and sands. Testing conducted using a conductivity
cone made it possible to propose a procedure for the determination of formation factor on the basis of qc and evaluation of subsoil density. Bajda et al. (2007) established
relationships for varved clays from SCPTU
M = 154 + 1000 σ’vo – 1.2 Vs

(18)

Vs – shear wave velocity [m/s]
5.3 Interrelationships between CPT and other tests
The most frequently demanded correlation is the relationship between cone resistance
qc and dynamic resistance from testing with the use of dynamic probes (DP). Relationships are constructed by the application of simple linear regression models or on
the basis of the principle of work. These dependencies are dependent on the type of
probe (light, heavy) and measured penetration (N10, N20). Most commonly this relationship is described by regression lines in the following form
Hungary: qc = 1.095 + 0.476 N20

(19)

Romania: qc = 0.2 N10

(20)

Poland:
qc = 0.897 qd (Giżycki, 2000)
qd – dynamic resistance

(21)

The second group of dependencies comprises relationships between parameters obtained from CPT and DMT. These type of relationships are used in testing conducted
in Poland, e.g. Młynarek et al. (2003) for overconsolidated clays:
MCPT = 0.976 MDMT

MCPT after equation (7)
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5.4 Tailings
Waste dumps where CPT is used to assess geotechnical parameters and to identify a
filtration curve in embankments are located e.g. in Poland and the Czech Republic.
Intensive tests with CPTU, SCPTU, SDMT and DMT have been conducted for several decades at the Żelazny Most tailings pond in Poland. Post-floatation tailings of
copper ores are deposited at this tailings pond. CPTU, SCPTU and SDMT turned out
to be highly efficient methods to evaluate parameters which identify the state of tailings, shear strength parameters and constrained modulus. Several relationships used
when designing embankments of the Żelazny Most dump are presented below
(Młynarek et al. 1994, 1998, Tschuschke 2008).
Dr = a3 σvo b3 ln(qt) – c3 ln (σvo) – d3

(23)

a,b,c,d, - coefficients dependent on the type of deposits according to the system given
in Fig. 16
LIn = a2 + b2 ln (qn min) – normalized liquidity index

(24)

where LIn = A (Wn/Ic) – B
A, B- empirical coefficients (Tschuschke, 2008),
Ic – consistency index, Wn – water content after polish standards (PN-88/B-04481)
Φ’ = ρd + 9.8 log(qc1)

(25)

Su/’vo = a5 + b5 LIn

(26)

M = 2 qt, qt < 2.5

(27)

M = 4 qt – 5, 2.5 < qt < 5

(28)

MSDMT = 24.37 MSCPTU

(29)

6 CPT APPLICATIONS
The application of CPT results is connected mainly with the calculations of load bearing capacity of piles and dimensioning of shallow foundations. Identification of subsoil contamination using CPTU and RCPTU cones, and an environcone has been documented in printed publications only in Poland. CPT is extensively used to control
fills and embankments. Relationships or procedures given in point 5.2.4 are used to
evaluate Dr in these structures.
6.1 Shallow foundation
Two procedures are used in dimensioning of shallow foundations and calculation of
settlement:
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CPTU is used in the determination of Φ’, c’, Su and M, followed by calculations
of bearing capacity of subsoil according to formulas given in standards (Table 7).
This type of procedures is used in Russia, Estonia, Lithuania, Latvia, Poland,
Hungary and Romania,
Bearing capacity of subsoil is calculated directly on the basis of qc values. Such a
procedure is applied in Poland (Młynarek and Waliński 2004). Formulas by
Meyerhof, Tand or Schmertmann are used in this procedure (1978).

6.2 Deep foundation design
The application of CPT for deep foundation design is limited in all countries to dimensioning of piles. Identical procedures are used in this respect as those for shallow
foundations. Depending on the pile type, empirical coefficients are used and shear
strength parameters or Dr, LI are determined from CPT. In the other method bearing
capacity of piles (mainly bored) from CPT is determined from formulas in which qc is
included (e.g. Karlik 1984, Imre 1989)
PCPT = qc · F + u Σ fs · li

(30)

where
F – cross section of pile, u – periphery of pile, li – length of pile, A method of this
type is also used in Poland (Gwizdała and Stęczniewski 1998) and Romania (Marcu
and Culita 1995).
7 RESEARCH AND FUTURE TRENDS
Contribution of research centers and other institutions from East European countries
in the development of CPT may be considered significant. Research achievements
originating from this part of Europe have been repeatedly stressed, since geotechnicians working in this field have served functions of panelists, general reporters, or delivered key-note lectures at international congresses. International workshops concerning CPT and DMT have been organized in that region as well (e.g. in Poland in
2003, 2005 and 2007). Papers presented by researchers from East European countries
have been published at each of the important international conferences held worldwide (Table 1). Doctoral dissertations, post-doctoral degree dissertations (Poland,
Slovakia and Czech Republic, Hungary) and M.Sc. theses have also been prepared on
the CPT. An estimated number of these dissertations is given in Table 9. The tradition
of studies on CPT dates back to the times after Second World War. Up to 1990 systematic studies on CPT, financed by the state budget, were conducted in some countries (e.g. Russia, Poland). A good example of considerable achievements resulting
from these studies is Russia, where several textbooks were published on CPT, and
where original penetrometers were used and standards were prepared. However, the
year 1990, which was politically significant for East European countries, marked the
beginning of an ambiguous situation. On the one hand, the number of modern penetrometers used in practice has increased considerably (e.g. in Poland), while on the
other hand financing of such studies from the state budget was drastically reduced
(e.g. in Russia). In some countries research shifted from research centers to specialist
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companies. The subject matter of these studies as well as centers involved in studies
on that field are presented in Table 8. Table 8 shows that mainly investigations concerning important local problems are conducted, e.g. interpretation of CPT in soils of
anisotropic structure (varved clay, loess), soils subjected to cyclical freezing
processes or industrial wastes. These are problems having a considerable effect on
further development of CPT.
Table 8. Research on CPT in East Europe.
Country
Czech /
Slovakia
Estonia/
Latvia/ Lithuania

Hungary

Poland

Topic
Geo-environmental applications. Local correlations for
evaluation strength and deformations characteristics.
Geo-environmental applications. Onshore tests (Baltic
Sea investigations)

Piles, local correlations.
Interrelationships between
CPT, DMT, DPH tests.
Development related to dissipation tests.
Soil profiling from rheological CPT

 Local interelations between laboratory and in-situ
tests.
 Interrelationship between
CPT, DMT, SDMT results
for mineral and organic
soils, tailings. Classification
systems for organic soils.
Interpretation of CPT in
strongly laminated soils
(varved clays). Interpretation in post flotation sediments. Applications of statistical methods in site
characterization (1D, 2D &

Institution

Hab.

PhD

MSc

Zilina University, Civil
Engineering Faulty,
Department of Geotechnics

1

1

2

Unicone Riga

x

x

x

-

5

>10

x

x

x

3

4

>10

 Szent Istvan University, Miklos Civil Engineering Faculty, Budapest.
 Budapest University,
Geotechnical Department.
 Szechenyi Istvan
University, Gyor.
 University of Pecs
Pollack Mihaly Faculty of Engineering Department of Materials
and Geotechnology.
 Elgoscar-2000 Ecotechnology and water
management Ltd.
 Geovil Kft Ady Endre Street H-2000
Szentendre.
 Geo-Engineering
Kft, Budapest.
 Geoteko-Warszawa
 Hebo-Poznań &
University of Life
Sciences in Poznań,
Department of Geotechnics.

198

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

3D models).
 Local interrelations between CPT and laboratory
tests.
 Interrelationships between CPT, SCPTU,
RCPTU and laboratory
tests. Local correlations.
 CPT applications for
evaluation of bearing capacity of piles.
 Calibration chamber tests
and local correlations.

 Local correlations.

Romania

CPT – Dynamic Penetration
Test correlations

Investigations in difficult
soil conditions (permafrost,
collapsible etc.)
Application for 2D & 3D
models of soil massive.
Russia
Deep penetration tests (>40
m).
Development of new probe
with non-bearing sensors for
determination extra soil parameters.
Note: x – no information received

 ITB (Building Research Institute),Warszawa.
 Warsaw University
of Life Sciences, Department of Geoengineering
 Technical University
Gliwice
 Gdańsk University
of Technology, Department of Geotechnics, Geology & Maritime Engineering
 Koszalin University
of Technology, Department of Civil and
Environmental Engineering
Gheorghe Asachi Technical University of Iasi,
Faculty of Civil Engineering, Road and
Foundations Dep.
 Geotechnical Engineering Gersevanov
Foundation Research
Institute, Moscow
 Building Construction Research Institute,
Ufa

x

x

x

-

3

x

-

-

-

1

2

x

-

1

x

x

x

x

x

x

x

8 SUMARRY
Evaluation of the status of CPT application to forecast geotechnical parameters and
stratigraphy of subsoil makes it possible to formulate several generalizations.
• Countries of East Europe have a considerable research, professional and equipment
potential for the application of CPT in geotechnical design.
• Geological conditions on the one hand facilitate extensive application of CPT in insitu testing, while on the other hand there are numerous and serious limitations for the
CPT type penetration due to subsoil structure. Considerable potential is found for the
method combining CPT with the dynamic tests or drilling.
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• Deposits of specific macrostructure (e.g. loess, alluvial deposits) and specific genesis found in many countries result in the necessity to develop and apply local correlations in the interpretation of CPT characteristics. Such correlations have already been
developed or studies are being conducted on that subject in some countries.
• Considerable prospects in several countries are found for the application of more
advanced methods, i.e. SCPTU and RCPTU. The implementation of Eurocodes,
which in many cases eliminate existing national standards, also constitutes a serious
challenge.
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ABSTRACT: In 1995 the first international symposium on cone penetration testing
was held in Linköping, Sweden. In the Nordic countries at that time, focus was on
improved accuracy of the CPT probes, national standardization and increased use of
CPT due to improved experience and increased local databases. Since then, additional
sensors have been added to the probes, the interpretation methods have been extended
and refined and the interest for combinations with other measurements, such as resistivity or seismic, have increased.
1 INTRODUCTION
This Regional report comprises experiences of the cone penetration test (CPT) in the
Nordic countries. The Nordic countries in this context include the four countries
Norway, Sweden, Denmark and Finland (Figure 1). The basis for this report are the
National reports from the Nordic countries to the International Symposium on Cone
Penetration Testing in 1995 (CPT’95) and a questionnaire sent out by the CPT’10 organizing committee. At CPT’95 the National report for Denmark was presented by
Denver (1995), for Finland by Halkola & Törnqvist (1995), for Norway by Lunne &
Sandven (1995) and for Sweden by Möller et al. (1995).
The area in Northern Europe comprising the countries Denmark, Finland, Iceland,
Norway and Sweden including the self-governing areas; the Åland Islands, the Faroe
Islands and Greenland are normally referred to as the Nordic countries. The region is
the most northern situated area in the world that at the same time comprises relatively
densely populated areas. The closeness of the northern parts of the Nordic countries
to the North Pole results in a cold climate, but as a consequence of the Gulf stream
the climate is considerably warmer than the temperatures found at the same latitudes
around the world. The geography is varied with a very long and folded coastline. The
Nordic geology has been marked by recurrent ice ages, which in Sweden and Finland
has resulted in many lakes and moraine deposits, as well as rather substantial postglacial land uplift. Big areas are covered by forests, and extensive farming is mainly
carried out in the flat southern parts of the area. Areas to be noted are the fjords in
Norway, the mountain chain along the central Scandinavian peninsula, the flat low-
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lands in Denmark and in the southern part of Sweden and Norway, as well as the archipelagos of Norway, Sweden and Finland. About 25 million people live in the Nordic countries. The dominating languages are the Nordic languages and Finnish. The
Nordic languages are Swedish, Danish, Norwegian, Faroese and Icelandic, which all
have a common origin in the Old Norse.

Norway
Sweden
Sweden
Finland
Finland

Denmark

Figure 1: Map of the Nordic countries included in this report (www.luventicus.org).

2 GEOLOGY OF THE REGION
2.1 General geology of the Nordic countries
The geology of the Nordic countries is marked by the last 2 million years of geological history, the Quaternary period, during which the whole or parts of Scandinavia
were covered by glaciers at least three times. These very cold glacial periods (iceages) have alternated with warmer interglacial periods, causing the ice-cap to retreat
temporarily. The last ice-age, which is the origin of the main part of our present soil
types, started about 75 000 years ago. Climate changes have, thereafter, to a varying
degree contributed to different phases and distributions of the ice-cap. Its final withdrawal from northern Germany and Denmark took place about 18 000 years ago and
its withdrawal from the south coast of Sweden about 14 000 years ago. The mountain
chain was more or less ice-free about 8 000 to 9 000 years ago (Lundqvist, 1988), but
remaining glaciers are still present in the mountainous areas of Norway.
The ice-cap, with a thickness of probably more than 2 000 m in the central part,
pressed down the land masses, and the ice floated out from the central part to the peripheral parts. The ice-cap moved on the underlying rock or earlier deposited soil, and
transported eroded material in front of, beneath and incorporated in the ice. During
transportation to the periphery, the material was crushed to a varying degree. The ma-

204

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

terial that later formed the moraine was transported in the bottom, in the ice and to
some extent on the surface of the ice. When the climate became warmer, the ice-cap
started to melt and the ice front retreated. During the permanent retreat of the ice-cap,
warmer and colder periods occurred. When the ice-cap retreated, the heavy load diminished and the area of the Nordic countries was slowly uplifted, a process which is
still in progress, but with declining intensity. During this period, many areas that are
found as dry land today were in different phases covered by respectively the sea and
ice-lakes to considerable depths. The highest shore line is the highest level above the
present sea level to which ice-lakes or ice-sea has reached during deglaciation. This
level can be as high as 200-220 m above sea level in the north and central parts of
Norway and Sweden.
During the retreat of the ice-cap, melt water streamed on the surface; inside and
under the ice and glacially transported materials were deposited into the ice-lakes or
into the sea. The largest particles were deposited close to the mouth of the melt water
stream, whereas material with decreasing grain size were deposited successively further away. The finest particles were often transported far away from the mouth by the
melt water stream. Gradually they sank to the bottom in the ice-lakes or in the sea,
forming glacial or marine silt and clay (Bygg, 1984).

Figure 2: The largest distribution of the ice-cap, about 20 000 years ago (www.sgu.se).

A brief description of the geology of each country, based on descriptions in the National reports to the CPT’95 is made in Table 1.
Table 1. Geology of the Nordic countries.
Denmark

A remarkable scenic boundary can be traced along Denmark in the direction
north-west to south-east. This boundary represents the extreme limit of the ice-cap
during the most recent deglaciation. The ice front is marked in the contrast between
the flat west Jutland region composed of sands and gravels from melt water pouring
west from the melting ice-cap, and the fertile loam plains and hills of eastern Denmark which become markedly sandier toward the ice front. A typical soil profile
from Denmark exclusive of Bornholm consists of a top soil of different thickness
and soil types underlain by clay till and lime stone. On the island of Bornholm solid
rock cover large areas.
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Finland

Norway

Sweden

The superficial deposits originate mainly from the most recent deglaciation or the
time thereafter. The material either derives from the bedrock (mineral soils such as
till, gravel, sand and clay) and plant remains (organic deposits such as peat), or is
made up of precipitates of compounds dissolved in water (lime gyttja). Moraine and
till deposits cover over 50% of the total superficial deposits, 15% are peat deposits,
13% rocky terrain and 10% clay and fluvial deposits. Because the densely populated
areas are situated mostly in the low-lying coastal areas in south and south-west, the
marine and lacustrine deposits, silt and clay have great importance from a geotechnical point of view.
The major part of the land area in Norway is dominated by bedrock or a thin cover of moraine. Only about 25% is covered by soil deposits. Areas covered by deep
soil deposits are concentrated to the lowlands, to the bottom of the valleys and to a
narrow strip along the coast line.
The geology below the highest shore line is dominated by clay and silt. At some
locations glacialfluvial deltas have been formed, mainly containing gravel and sand,
but also finer material. Glacial tills usually cover the bedrock.
Above the highest shore line the thickness of the soil deposits is generally less
than in the lowlands. The geology is dominated by glacial tills, glacialfluvial sediments or dead-ice deposits from a stagnating glacier. Lacustrine clays or silts are
scarce.
The soils in Sweden are either glacial or post glacial. The glacial soils are either
tills or glacial sediments. Till material, as uppermost layer, covers about 75 % of the
land area and normally underlies other soils. The composition of the tills is highly
varied, ranging from fine grained boulder clay to coarse grained gravel till. The glacial sediments consist of coarse grained sediments (sand, gravel and cobbles) in eskers and deltas and of fine grained sediments (clay and silt) deposited outside the
edge of the ice.
The postglacial soils can be divided into re-worked and re-deposited soils and organic soils. Post-glacial silts and clays are normally found as a relatively thin top
cover on glacial clay. Of special geotechnical interest is that wave washed and
eroded gravels and sands in many places cover clay and silt in the lower parts of
slopes and valley floors.

3 GEOTECHNICAL CHALLENGES
The geotechnical challenges in the Nordic countries vary depending on the geological
and geotechnical conditions within each country. Geotechnical challenges typical for
each country are listed in Table 2.
Table 2. Summary of geotechnical challenges in the Nordic countries
Denmark









Foundation of roads, railways, buildings and other infrastructures on flat tertiary, clay with a high plasticity in the western part of Denmark, and on late glacial and glacial sand, clay and tills with various content of silt. Various numbers and sizes of boulders in the till.
In general, a very high groundwater level in the eastern part of Denmark with a
groundwater table 1-3 meters below terrain level. Anchoring of deep constructions against uplift.
Deep excavations with temporary groundwater lowering and reinfiltration next
to very old buildings with wood foundations close to or below the groundwater
level.
Offshore foundation of monopiles for wind turbines up to 30 meters below sea
bed level at water depths of 10 – 30 meters.
Offshore foundation of caissons for wind turbines on late glacial and glacial
deposits at water depths of 5 – 15 meters.
Deep excavation with cut-off walls (secant piles) in limestone with flint layers.
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Finland
Norway

Sweden

Tunnelling in quarternary deposits with boulders and in limestone with flint
layers.
 Fill and postglacial deposits underlain by overconsolidated tills with high
strength properties
 Soft organic soils – peat and gyttja
Adoption of ISO/CEN standards
Geology dominated by deposits of soft, sensitive and partly quick clay in populated
areas in the lowlands and along the coast. In parts, the topography is rugged, particularly in mountainous regions. The climate is wet with locally large precipitation. Together these features represent challenges such as:
 Stability problems, such as quick clay slides, mud slides, snow avalanches and
rock falls.
 Bearing capacity for structures due to soft and sensitive subsoil
 Problems with total or differential settlements due to large variations in soil
conditions.
 Frost susceptible soils may cause bearing capacity and settlement problems for
roads, railways and airfields.
 Deep excavations in soft soils beneath the groundwater table. Design of
support structures.
 Need for soil stabilization (e.g. lime-cement columns) or use of lightweight fill
materials in many projects due to soft subsoil. Design of solutions.
Foundation engineering for marine structures is a particular challenge related to exploration of oil and gas on the continental shelf, including challenges such as:
 Large water depths that complicate ground investigations.
 Partly soft subsoil with gas content.
 Foundation of pipelines and seabed structures and infrastructure, jackets and
gravity platforms.
 Scour and erosion, including gas migration.
 Risk for marine geohazards (e.g. mudslides, earthquakes)
Country with several types of soil e.g.: in the south clay till; in the west and middle
part soft clay, partly quick, and silt; in the north sulphide clay and silt. However,
most challenges are related to soft subsoil.
 Stability problems such as clay slides, quick clay slides, silt slides, mud slides
and moraine slides.
 Sulphide soil with potential of acidification and chemical influence on other
materials. This entails that excavation should be avoided and that certain reinforcement methods are affected.
 Erosion of soft soil along the coast and along lakes and rivers in the inland.
 Areas with contaminated ground.
 Climate changes with, in many areas, increased precipitation resulting in an increased risk for slides, inundations and erosion as well as increased spreading
of contaminations.
 Need for soil stabilization (e.g. lime-cement columns, vertical drains) or use of
lightweight fill materials due to soft subsoil.
 Bearing capacity for structures and problems with total or differential settlements due to soft, normally consolidated soil and variations in soil conditions.
 Deep excavations in soft soils beneath the ground water table. Design of support structures.
 Frost action damages, as bearing capacity and settlement problems for roads
and railways in frost susceptible soils, e.g. silt.
 Underground constructions as tunnels in alternating eskers and rock.
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4 CPT EQUIPMENT & PROCEDURES
4.1 Standards, special equipment and procedures
The standards in use in the Nordic countries are listed in Table 3.
Table 3. Standards used in the Nordic countries.
Denmark
Finland
Norway

Sweden

The standards used are: IRTP, BS, NORSOK and others.
No national standard is used.
No standards are used, only a national Guide.
Norwegian Geotechnical Society, guideline 5 (1995): Cone Penetration Test with
Pore Pressure measurements (in Norwegian) (under revision). NORSOK.
ISSMGE (1999): International Reference Test Procedure (IRTP) for CPTU. No formal national standard is used.
Since 1992 there is a standard for CPT recommended by the Swedish Geotechnical
Society (SGF Report 1:93E). In addition there is an international standard worked
out by CEN\TC341\WG2 in Sweden to be denoted SS EN ISO 22476-1. However,
although the work was finalized in 2005, the standard has not been approved yet.
Just now it is sent for Formal Voting to the CEN member countries. Compared to
the SGF recommendation from 1992 there is a requirement for a correction of the
sounding depth with regard to the inclination of the cone. The general demands for
accuracy are lower in SS EN ISO 22476-1, but higher demands may be applicable in
regions with very loose or soft soils.

4.2 Equipment
The pushing equipment, cones and data acquisition systems used in the Nordic countries are summarized in Table 4.
Table 4.
Country
Denmark

Finland

Norway

Equipment used in the Nordic countries.
Pushing equipment
Continous dual hydraulic clamp system or the
CPT probe is pushed
down by the hydraulic
system on the drilling
vehicle.
Multipurpose drilling
machine or Staticdynamic
penetration
rig.
Hydraulic drillrigs with
caterpillar belts mainly
used by industry.
Continuous
pushing
equipment used in research and occasionally
in offshore soil investigations.

Cones
The “ENVI Memocone II”
CPTU probes or the 10 cm2
v.d. Berg cones are used

Data acquisition systems
ENVI, C-Mon Data logger for CPTU or selfmade in-house system
(by GEO).

Normal 10 cm2 cones are
used.

Envi and Geotech

Environmental Mechanics
and Geotech 10 cm2 piezocones with filter position at
reference level used more or
less exclusively by industry.
15 cm2 piezocones used in
offshore soil investigations.
15 cm2 triple piezocones
used occasionally in research.
Miniature piezocones used

dataStand-alone
acquisition registration
units with storage disk or
card.
In-probe digital memory
cards for subsequent inhouse data transfer.
Field PCs with data acquisition program and
modem for data transfer
from the field.
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Sweden

Multipurpose crawler
mounted
drilling-,
sounding- and sampling-rigs.

occasionally in research and
in offshore soil investigations.
15 cm2 Resistivity piezocones used increasingly in
research.
10 cm2 friction cones used
occasionally.
Cordless acoustic or radio
wave real time system
CPTU probes used. Cones
from Environmental mechanics or Geotech.

Special data acquisition
systems for offshore and
research use.

Environmental Mechanics and Geotech.

Figure 3: Typical site investigation rig (www.geotech.se).

In Denmark the number of CPT systems is about 13 to 14 in total. In Western
Denmark about 10-15 % of the larger site investigations (>10-20 boreholes) make use
of the CPT, the percentage is slowly increasing. In Eastern Denmark less than 2 % of
the larger investigations make use of the CPT. CPTU is most often/always used as it
is common always to measure pore pressure. Offshore, CPTU is always used.
In Finland the number of CPT systems is about 10. About 2% of the site investigations conducted make use of the CPT. All the CPT’s carried out are CPTU, i.e. measurement of pore pressure is always done.
In Norway the total number of CPT systems is between 25 and 30 in complete
package with probe, rods and data-acquisition units. Each system may include several
cones with different capacities to accommodate local variations in soil properties. In
larger site investigation programs (> 15 boreholes) CPTU is used extensively if favourable ground conditions apply (no stone content and fine- to medium grained
soils). Percentage estimated to 60-70 % of the investigations. In smaller site investigation programmes (< 5 boreholes) CPTU is less common, estimated to only 15-20 %
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of the investigations. Numbers are indicating a nationwide average with some regional variations depending on local geology and availability of equipment. CPTU
comprises about 10-15 % of the total amount of sounding meters in Norway. About
100 % of commercial tests are CPTU, very few tests are carried out without pore
pressure measurements.
A rough estimate of the number of CPT systems in Sweden is about 100 to 200.
The use of CPTU varies in different parts of the country, depending on soil type in
the region in question. In the areas with soft clay (e.g the western part of Sweden),
CPTU is nearly always used, i.e. in 90 – 100% of the site investigation programmes.
In the eastern part of Sweden CPT is used in about 50 – 80% of the large site investigation programmes, e.g. for roads and railroads and in less extent, about 20%, in
smaller site investigation programmes, e.g. for buildings. In regions where till cover
large areas the CPTU is used to less extent, i.e. in 20 – 30% of the investigation programmes. The CPTU is nearly always used, i.e. it is normal always to measure pore
pressure together with tip resistance and sleeve friction.

Figure 4: Common CPT probes (www.geotech.se and www.envi.se)

There are some special equipment and procedures used in the Nordic countries, except for Finland where no special equipment is used. In Denmark, land based rigs as
well as offshore seabed rigs are used.
In Norway CPTU-R (resistivity probe) has been introduced recently at research
level in mapping of quick clay deposits. Triple piezocones and miniature cones are
used at research level. Full-flow penetrometers (T-bar, ball) are used occasionally at
research level and special CPTU equipment is used in offshore soil investigation.
Dissipation test is used occasionally in industry projects. No activity on SCPTU, but
this may change in the near future due to stricter requirements for influence from
earthquakes in design.
In Sweden resistivity CPTU (CPTU-R) is used occasionally, mainly at research
level for e.g. detection of salt from roads, soil profiling and detection of quick clay.
Seismic CPT (SCPTU) is used occasionally, mainly at research level for e.g. integrity
of driven precast concrete piles (Rankka & Holm 2006) or evaluation of initial shear
modulus and/or shear wave velocity of soil. Miniature CPTU has been used recently
at research level in laboratory for a study on the influence of stress conditions on the
evaluation of the undrained shear strength (Löfroth, 2008a, 2008b). The FFD-cone
(Fuel Fluorescence Detector) is used mainly at research level for detection of various
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organic compounds e.g. petrol, diesel and creosote (e.g. Nilsson-Påledal et al. 2003).
Pore pressure dissipation tests are used occasionally for determination of drainage
conditions in the soil profile.
4.3 Challenges with equipment and procedures
In Denmark the main challenges are related to the capability of penetration. Large areas in Denmark have boulder clay (glacial till) close to the surface. Sometimes the
probe gets stuck because it is not possible to penetrate the soil, and pushing capability
and backhold are limited. Another challenge is identification of thinner layers (< 1
m), differing between silty, clayey sand or sandy clay and differing between silty
sands and very soft limestone.
Also in Finland the main challenges are related to the capability of penetration,
particularly where the soil consists of till layers and boulders.
In Norway the main challenges are related to saturation, zero drift, penetration,
equipment and competence, given the level of accuracy needed in the soft and sensitive soils. Challenges related to saturation of pore pressure systems are e.g. lack of
saturation due to inadequate procedures or saturation equipment, or loss of saturation
when passing through dense, dilative layers, such as the dry crust or dense sand layers. Challenges can be associated with the control of factors that influence the zero
drift of the cone, e.g. temperature gradients during zero reading, mounting and retraction effects causing temporary effects such as suction or pressure build-up or proper
cleaning of friction sleeves before zero readings are taken. Penetration challenges can
be related to the difficulty to choose the appropriate equipment in layered soils.
Cones are usually chosen so that one has enough capacity to penetrate both stiffer and
softer layers encountered in a deposit. This may lead to poor resolution and lack of
accuracy in the softer layer if a high capacity probe is chosen, or overloading of the
probe in denser layers if a low capacity probe is chosen. Content of stones and cobbles may influence recordings and in worst case damage the cone. There could be a
lack of competence and knowledge of the method as which factors that influence the
measurements, what are the potential and the limitations of the method. This could be
due to the fact that no standardized and formal education programmes for drillers are
present in Norway.
Also in Sweden there are challenges related to saturation in unsaturated or strongly
overconsolidated soil. When sounding through dry crust above very loose soil, there
is a risk that the saturation of the cone is lost and the pore pressures at greater depths
become irrelevant. This is due to the fact that the dry crust normally is not saturated
and high negative pore pressures can be encountered. Therefore, pre-drilling through
the dry crust should be carried out. There are also problems with negative pore pressures in silty soils at greater depths. This can be taken care of by a saturation process
using glycerine instead of water, or by using a slot filter saturated with grease. Other
challenges related to the soil are the clogging of filters when sounding in gyttja and
organic clay, and fill in urban areas overlying looser soil that is difficult or impossible
to penetrate with the piezocone. There is also a challenge with temperature drift. The
cone ought to be handled in a way so that it always is as close to the ground temperature as possible (7 to 8°C).
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In Sweden, as well, there is sometimes a lack of competence and knowledge of the
method by drillers and a lack of knowledge by engineers; as how to control accuracy
demands, potential and limitations of the method e.g. in evaluation of parameters.
These are all challenges to be dealt with. Finally, CPTU research in Sweden, especially concerning interpretation of parameters from CPTU in Swedish fine-grained
soils has very much been the work of one person. It is a challenge to broaden the
knowledge and get others to learn from his experience and continue the development
work. These last challenges are currently addressed by arranging CPT courses both
for drillers and engineers.

Figure 5: CPT tip with porous filter and slot filter respectively (www.envi.se)

5 CPT INTERPRETATION
5.1 Interpreted parameters
In the Nordic countries the CPT is most commonly used for identification of soil type
and undrained shear strength in fine grained soils. In Finland identification of soil
type is usually the only interpretation used. In Norway and Sweden it is also commonly used for evaluation of preconsolidation pressure and overconsolidation ratio.
In Denmark it is also used for evaluation of soil relative density, friction angle and
deformation (M-modulus) and in Denmark and Norway for determination of pile
bearing capacity. In Norway the CPT is used occasionally for estimation of deformation modulus (M, G), friction angle, sensitivity/remolded shear strength and coefficient of consolidation. Empirical or semi-theoretical relationships are then used. In
Sweden the CPT is also used, although less frequently, for evaluation of friction angle in sand, evaluation of strength properties in silty soils and for evaluation of deformation properties in sands and silts. Empirical relationships are then used.
5.2 Methods for interpretation
In Finland the Eurocode 7, Part 2 Appendix is used for interpretation. Both in Denmark and in Norway generally the summary of methods given in the book ‘CPT in
Geotechnicall Practice’ (Lunne, Robertson & Powell, 1997) is used for interpretation
of CPT results. In Denmark, different empirical interpretation methods are also used.
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Some highlighted methods from the book ‘CPT in Geotechnical Practice’ applied for
interpretation of various soil parameters are given below:
FINE-GRAINED SOILS:
 Identification of soil type and stratification ((Robertson et al. (1986), Robertson
(1990), Senneset et al. (1982, 1989))
 Undrained shear strength su (empirical and theoretical relationships) ((Senneset
et al. (1982, 1989)), Karlsrud et al. (1996), Karlsrud et al. (2005), Konrad & Law
(1987))
 Preconsolidation stress, σ’c, and stress history OCR (semi-theoretical and empirical relationships) ((Senneset et al. (1989), Sandven (1990), Lunne et al. (1989),
Brooker & Ireland (1963))
 Deformation moduli M, G (empirical relationships) ((Senneset et al. (1982,
1989), Sandven (1990), Kulhawy & Mayne (1990), Mayne & Rix (1993), Larsson & Mulabdic (1991))
 Friction angle (semi-theoretical and empirical relationships) ((Janbu & Senneset
(1974), Senneset et al. (1982, 1989), Sandven (1990))
 Sensitivity/remoulded shear strength (empirical relationships) ((Rad & Lunne
(1986), Quiros & Young (1988))
 Coefficient of consolidation (semi-theoretical relationships) ((Torstensson (1975,
1977), Senneset et al. (1982), Levadoux & Baligh (1985), Houlsby & Teh
(1988))
COARSE-GRAINED SOILS:
 Identification of soil type and stratification ((Robertson et al. (1986), Robertson
(1990), Senneset et al. (1982, 1989))
 Relative density Dr ((Robertson & Campanella (1983), Baldi et al. (1986), Kulhawy & Mayne (1990))
 Deformation moduli M, G (empirical relationships) ((Senneset et al. (1982,
1989), Sandven (1990), Lunne & Christophersen (1983), Eslaamizaad & Robertson (1996), Rix & Stokoe (1992))
 Friction angle (semi-theoretical and empirical relationships) (Schmertmann
(1978), (Janbu & Senneset (1974), Senneset et al. (1982, 1989), Kleven et al.
(1986), Sandven (1990))
In Sweden, most commonly, interpretation of CPT results in fine grained soil is carried out based on the work performed at the Swedish Geotechnical Institute. For
coarse grained soil interpretation methods developed outside Sweden, are used. The
interpretation methods are described in the now updated version of the Swedish Geotechnical Institute (SGI), Information 15 (Larsson, 2007). The methods are as follows:



Evaluation of stratigraphy and classification of soil from Larsson & Mulabdic
(1991), and Larsson (1993).
Evaluation of undrained shear strength (su or cu):
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– in normally consolidated and slightly overconsolidated clay from Larsson
& Mulabdic (1991); cu 

qT   v 0
13.4  6.65wL

– and extended to include also overconsolidated clays from Larsson & Åhn-

qT   v 0  OCR 
berg (2005, 2007); cu 
13.4  6.65wL  1.3 

0.2

qT   v 0  OCR 
– in sulphide soils from Larsson et al. (2007); cu 
20  1.3 
q   v0
– in silty soils from Larsson (1995); cu  T
14.5
q   v0
– in clay till from Larsson (2000); cu  T
11







0.2

Evaluation of preconsolidation pressure and overconsolidation ratio
– in clay from Larsson & Mulabdic’ (1991) and Larsson & Åhnberg (2007)
– in sulphide soils from Larsson et al. (2007);
– in clay till according to Larsson (2007).
Evaluation of friction angle, (’)
– in sand and in silt (if no pore pressures have been generated during sounding) from Bellotti et al. (1989) and Marchetti (1985)
– in silt (if pore pressures have been generated during sounding) from Senneset & Janbu (1984), Sandven (1990)
Evaluation of compression modulus or Young’s modulus, (M or E), in sand
from Swedish empirisism (Larsson, 2007), Lunne & Christophersen (1983),
Jamiolkowski et al. (1988) or Robertson & Campanella (1988).
Relative density (Id) in cohesionless soil from Lancelotta (1983), Baldi et al.
(1986) and Lunne & Christophersen (1983).

In Finland no self-made spreadsheet software or commercial CPT interpretation
software is used for interpretation of CPT results. In Denmark, both self-made
spreadsheet software and commercial software are used. The commercial software
used is gINT, Datgel CPT Tool, CPeT-IT and CPT Pro.
For interpretation of CPTU data in Norway, both possibilities are used as well.
Self-made spread-sheets are most popular and extensively used by companies and institutions. Available commercial CPT interpretation software includes CPT Pro
(Janecki) and CONRAD (Swedish Geotechnical Institute). These software programs
are also available through manufacturers of CPTU equipment. In Norwegian geotechnical practice, the recent software package GeoSuite is used for processing, presentation and administration of CPTU data, and an interpretation module may be incorporated in the near future.
In Sweden interpretation of CPTU is normally done using the software CONRAD
developed at the Swedish Geotechnical Institute, and updated 2006. This program is
based on the publication SGI Information 15, updated version (Larsson, 2007).
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6 CPT APPLICATIONS
6.1 Main applications
In Finland, the CPT is used mainly for soil profiling. In Denmark the main applications are for soil profiling, evaluation of soil parameters as strength and deformation
as well as for pile design. It is also used for evaluation of strength development in
weak layers that are loaded stepwise and for identification of a specific thin soft soil
layer.
Soil profiling and identification are usually an objective of all CPTU tests and interpretations in Norway. Parameter interpretation is usually carried out for CPTUs in
clays, provided data quality is up to standard. In pile design there is also some use of
CPTU data, as interpretation methods for vertical pile capacity from CPTU are included in the Norwegian Code of Practice. The use of CPT for seismic analyses has
been very limited so far, but the new guidelines for earthquake design in the Eurocodes will increase the need for assessment of dynamic shear moduli and shear wave
velocity values for design. Empirical interpretation methods for CPTU data are available and are being used increasingly by industry, but need to be enhanced by more direct measurement of the properties.
Soil profiling and identification are usually carried out in all CPTU tests in Sweden. Evaluation of shear strength and preconsolidation pressure are usually carried
out for CPTU’s in clays, provided data quality is good enough. Also evaluation of
friction angle in sandy soil from CPT is carried out. Occasionally, the CPT is used for
calculation of bearing capacity and settlement for shallow foundations and for calculation of bearing capacity of pile foundations. Seismic data have been used mainly for
evaluation of the shear wave velocity and initial shear modulus in connection with
high speed trains. Another application of the CPT is the case where CPT was performed inclined in order to investigate the overlapping zone in lime-cement column
rows (Larsson 2005). However, the CPT seems to be used more frequently for control
of lime-cement columns.
6.2 Geoenvironmental applications
In the Nordic countries there has generally been little use of the CPT for geoenvironmental applications. Conventional use of CPTU data (soil profiling, dissipation tests)
may be used as supplementary information to sampling. In Denmark the CPT is not
used for commercial environmental applications – only research of minor extent. In
Finland CPT for environmental applications have only been used for demonstration
purposes so far. In Norway CPTU probes with particular environmental sensors in the
probe are not used beyond research level. Resistivity probes are becoming more popular, but the use of them in environmental investigations has so far been limited. In
Sweden environmental CPT-types as the FFD-probe has been used mainly at research
level for detection of organic compounds e.g. petrol, diesel and creosote, simultaneously with soil profiling and identification.
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7 RESEARCH AND FUTURE TRENDS
7.1 Research on CPT
In the Nordic countries there has been little research in the field of geotechnical
sounding methods in resent years. The main reason is the difficulty to get funding for
research projects focusing on field methods, as well as laboratory methods. However,
there is some recent and ongoing research in the area. In Denmark, Aalborg University is doing research in the interpretation of CPT in Danish soils (silt). In Finland there
is no research in the near future. In Norway, research is currently undertaken on the
following topics:
– Use of resistivity CPTU (CPTU-R) in mapping of quick clay deposits.
Combination with surface resistivity measurements.
– Combination of block sampling and CPTU in clays as basis for correlations between CPTU data and soil parameters.
– Use of full flow penetrometers (T-bar, ball) for interpretation of undrained
shear strength and sensitivity in clays and silts.
– Use of miniature CPTU for detailed interpretation of soil stratigraphy and
inspection purposes on laboratory block samples.
– Use of CPTU data for direct interpretation of vertical pile capacity.
The most recent research in Sweden includes evaluation of undrained shear
strength and preconsolidation pressure in sulphide soils (see Section 5.2, Larsson et
al., 2007) as well as classification. Sulphide soils in this context refer to sulphide soils
in the coastal areas around the Gulf of Bothnia often referred to as “Svartmocka”,
which should have an organic content of at least 1 to 2%. Contrary to other Swedish
fine-grained soils, the gradual transition from silt, silty clay, clay, organic clay to organic soil that is reflected by the liquid limit, wL, is not valid for sulphide soils, which
affect the empirical evaluation of different parameters and test results that often rely
on the coupling between liquid limit and soil composition. Other recent research in
Sweden concerns a study on the influence of stress conditions on the undrained shear
strength evaluated from CPTU. In this study the influence of horizontal stresses was
studied by model tests with a miniature CPT in large triaxial cells. In addition, the
undrained shear strength at the toe of a slope has been predicted based on the results
of the model tests together with CPTU tests above the crest of the slope (Löfroth,
2008a, 2010).
7.2 Future trends in the use of CPT
Future trends in Denmark include an increase in the use and need of CPT in the western parts of Denmark. In Finland the Static-dynamic penetration test is spreading. The
static phase is very close to a mechanical CPT, but a special cone and a rod diameter
of 32 mm is used.
In Norway, CPTU is during the last decade or so consolidated as an important investigation method, particularly in fine-grained soils. It is believed that CPTU will
strengthen its position in the future, as experience increases and the equipment is further developed to improve accuracy and quality. Use of CPTU will expand, for example by the combination of resistivity CPTU and surface resistivity measurements.
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Normalised net tip resistance ((qT-v0)/'v0) from
CPTU

With further improvement of data interpretation and processing quality, this may
represent an important development in mapping of quick clay layers in marine clay
deposits. It is further believed that use of full flow penetrometers like the T-bar and
ball penetrometers may find application in soft soil deposits, even in conventional site
investigation programmes.
With the latest relations for interpretation of undrained shear strength and preconsolidation pressure in sulphide soil and the refined relations for clay to also include
overconsolidated clay, together with an updated version of the software for interpretation of CPTU results, it is believed that the use of CPTU for classification and parameter evaluation in all types of Swedish soft soils will increase. Other trends in the
use of CPTU are towards combining the classical CPTU with other types of measurements, as the resistivity CPTU and the seismic CPTU, or using the CPTU for calibration of other sounding methods. An example is the use of the CPT for identification of quick clay and estimation of the relative sensitivity. This can be done by
evaluation of the friction along the perimeter of the whole equipment from an accurate measurement of the total penetration force of the CPT (Rankka et al., 2004).
Measurement of the total penetration force is also about to be included as an additional parameter in some data acquisition systems. In the near future, this method for
identification of areas with quick clay may be complemented by measurement of resistivity, using the resistivity CPTU, in combination with surface resistivity measurements. Some initial work on CPTU-R has so far been carried out as master theses
research. Another example includes using the CPTU as a calibration method for
sounding methods with better penetration capacity than the CPTU. So far, comparisons of measured net tip resistance from the CPTU and calculated tip resistance from
total penetration force from soil-rock total sounding (an adaption of Norwegian total
sounding for Swedish conditions) has been carried out in sand (Nilsson & Löfroth,
2009). The results from two test sites indicate a correlation between normalised net
tip resistances measured with the CPTU and calculated tip resistance from the soilrock total sounding (Figure 6).
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tip resistance from soil-rock total sounding with net tip resistance calculated from
thrust force for two sites (Nilsson & Löfroth, 2009).
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8 SUMMARY
It can be concluded that there is a rather large difference in ground conditions between the Nordic countries, as well as within each country. The largest part of the
area consists of bedrock or moraine as uppermost layer. However, the most populated
areas are those with very soft ground, as marine, glacial and post glacial clays and
silts. Within the Nordic countries there are also areas with coarse grained sediments,
as sand and gravel, as well as soft organic deposits such as peat.
Sweden is the only Nordic country that has manufacturers of CPT equipment based
within the country. The use of CPT in the Nordic countries is dominated by products
from these two manufacturers. All four countries use caterpillar driven drill rigs and
all countries except Denmark have a national standard or guideline.
In the Nordic countries CPTU is nearly always used, i.e. it is common to measure
pore pressure together with tip resistance and sleeve friction. The use of CPT in
ground investigations is more frequent in Norway and Sweden than in the other countries. The CPT is also used for offshore investigations in Denmark and Norway.
Within the region there is a variation in the use and interpretation of data from the
CPT. In all the Nordic countries CPT is used for identification of soil type. However,
in Finland it is the only interpretation, whereas in the other three countries also
evaluation of undrained shear strength, friction angle, preconsolidation pressure and
deformation moduli is done. The interpretation methods used varies between the
countries. The use of CPT for environmental applications is limited in all the Nordic
countries.
There has been limited research in the field of CPT in recent years within the Nordic countries. However, there has been extensive research on interpretation of CPT in
Danish, Norwegian and Swedish soils. In Norway and Sweden some research is carried out in the use of resistivity CPTU (CPTU-R) and seismic CPTU (CPTU-S), and
in Norway also full flow penetrometers. The use of resistivity in combination with
CPTU has a potential for mapping of quick clay areas in Norway and Sweden.
To sum up, an attempt is made to point out some trends and developments at the
time of CPT’10, and to compare with some trends and developments at the time of
CPT’95. In 1995, the then present trends and developments within the Nordic countries could be summarized as follows:
 Improved accuracy in manufacturing of electrical CPTU probes.
 National standardization of CPTU.
 Improved understanding of factors that influence the quality of CPT measurements.
 Increased use of CPTU providing improved experience and increase in local databases for interpretation of the results.
 Development of user friendly interpretation software.
 Implementation of inventive sensors to broaden the CPT measurement repertoire, particularly for environmental testing.
The developments since 1995 and current trends at the time of CPT’10 within the
Nordic countries are:
 Improvement of electrical CPTU probes, e.g. to include tilt sensor for monitoring of the deviation from the vertical of the probe and temperature sensor so that
erroneous readings from the channels due to temperature drift can be avoided.
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Implementation of an international standard for CPTU (however, not yet approved).
Elaboration of existing interpretation methods to include other types of soil, as
clay till and sulphide clay, or refinement of existing methods, e.g. correction of
undrained shear strength for overconsolidation in soft clay.
Research on the use of a combination of the classical CPT probes with other
types of measurements, as the resistivity CPTU or the seismic CPTU, for certain
purposes.
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Regional Report for the Middle East and Africa
T.M. Elkateb
Ain Shams University, Cairo, Egypt/ Sogreah Gulf, Dubai, UAE

ABSTRACT: This report presents the state of practice of the Cone Penetration Test
(CPT) in the Middle East and Africa. A brief description of the regional geology is
provided together with its implications on the use of CPT. The main geotechnical
challenges in the area are briefly presented. Different CPT aspects related to the study
area, such as equipment and standards, applicability, interpretations in different soils,
and direct applications in geotechnical design, are discussed. Finally, the state of
research and future trends in the use of CPT are highlighted.

1 INTRODUCTION
This report provides a summary of the state of practice of the Cone Penetration Test
(CPT) in the Middle East and Africa. This region, which covers 56 countries in
Africa and 12 countries in the Middle East, is bound by the Indian Ocean and the
Persian Gulf to the east, the Atlantic Ocean to the west, and the Mediterranean Sea to
the north; as shown in Figure 1.
Africa is the world's second-largest continent with a total area of about 30 million
km² and a total population of about one billion people. The climate of Africa is
mostly warm to hot with the humidity and rainfall varying significantly from the
tropical central parts to the desert areas in the north, east and the south. The climate in
the Mediterranean Sea countries and the southernmost countries is relatively
moderate compared to other parts of the continent. The Middle East, excluding
Egypt, occupies the western part of Asia with a total area of 5.2 million km² and a
total population of about 125 million people, excluding Turkey and Iran. The climate
of the Middle East is generally hot and dry with parts like the Arabian Peninsula
considered one of the hottest and driest parts of the world. Winters are usually mild
with some rain mostly localized in the areas around the Mediterranean Sea.
The use of the CPT is very limited in most of the countries in Africa and the
Middle East due to several factors. These factors range from unsuitable geological
conditions, as discussed in the following sections, in most of the Middle East
countries to shortage of equipment and adequate experience in most of the Sub-
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Sahara countries in Africa. Therefore, the use of CPT has traditionally been limited to
countries like the United Arab Emirates (UAE), Egypt, some parts of North Africa,
and South Africa. Recently, most of the CPT-related activities have been
concentrated in the Persian Gulf countries due to the launch of several mega-scale
projects that involve sand-reclaimed manmade islands, particularly in the UAE. Due
to the limited information available on the CPT state of practice in South Africa at the
time of this report preparation, emphasis in this report will be on the CPT practice in
the UAE (as an example of the Persian Gulf countries), Egypt, and some parts of
North Africa.

Figure 1. Political map of Africa and the Middle East (Courtesy of www.learnnc.org)

2 REGIONAL GEOLOGY
It is believed that a detailed description of the geology of Africa and the Middle East
is impractical and may not be relevant to the scope of this report. Therefore, only a
brief description of the main geological features of these areas is provided in this
section.
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Africa is generally made up of a large ancient stable crystalline basement, mainly
of Precambrian age, that consists mainly of metamorphic and igneous rocks. This
basement is divided into three large cratons, the Kalahari, Congo, and West African
cratons, by mobile belts that were active in the late Precambrian and early Palaeozoic
ages. Along the coastal areas, the basement was covered with sediments of Mesozoic
and Tertiary age that were deposited in marginal marine basins. During these
geological times, other features were formed, such as the Atlas Mountains in the
North West and the Cape fold belt in the south. Very thick glacial deposits, such as
sandstone and varved clay, were deposited with the start of glaciations in the PermoCarboniferous age and continued throughout the Permian, Triassic, and Jurassic
times. These glacial deposits were followed with coal, shale, sandstone, and finally
with basaltic plateaus in the late Triassic and Jurassic times. Marine troughs were
developed along the continent margins in the late Jurassic and early Cretaceous times.
This was accompanied by faulting and flexing in the continental basement resulting
in the formation of the East African Rift System. Soil covers in Africa are diverse and
range from fluvial deposits along the route of various rivers, such as the Nile and the
Congo, to soft marine deposits along the narrow coastal areas, to sand dunes in the
Sahara desert. For more information, the reader may refer to the USGS Open File
Report 97-470A “Map Showing Geology, Oil and Gas Fields and Geologic Provinces
of Africa” by Persits et al. (2000).
The Middle East is also characterized by a large Precambrian crystalline basement
that consists mainly of igneous and some metamorphic rocks. Epi-continental
sediments, mainly sandstones of different kinds, were laid on the basement rocks in
the Palaeozoic times. In the late Palaeozoic and Mesozoic ages, sandstone deposition
was characterized by intercalations of limestone and inclusions of igneous rocks and
large scale lava flows resulting in a complex geological profile. Tectonic movements
during these times resulted in some intense folding and thrusting, which was
manifested in the Zagros ranges and the Northern Oman mountains. These tectonic
movements resulted also in the outpouring of volcanic basalts in some areas,
particularly Jordan and Syria. Soil covers in the Middle East were of Quaternary age
and consist of sand and gravel in addition to limited areas of lacustrine deposits and
coastal sabkha. For more information, the reader may refer to the USGS Open File
Report 97-470B “Maps Showing Geology, Oil and Gas Fields and Geologic
Provinces of the Arabian Peninsula” by Pollastro et al. (2000).
3 GEOTECHNICAL CHALLENGES
As explained earlier in this report, the focus of this report will be on the geotechnical
challenges in the Middle East and North Africa (MENA).
The site investigation practice in the MENA area mainly involves borehole drilling
using the percussion technique in soil and rotary drilling in rock. The Standard
Penetration Test (SPT) is the most commonly used field test and it is routinely
performed at 1 to 1.5 m depth intervals during advancement of boreholes. The use of
CPT in geotechnical ground investigation is mostly localized in the Persian Gulf area
in general, and the UAE in particular. The CPT in these areas is primarily used as a
quality control measure for densifications/improvement works in reclamation sand
fills. The Pressuremeter test is sometimes used in the Persian Gulf countries to
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provide information on the deformability of weak rocks and the insitu state of
stresses.
Several geotechnical challenges are present in the MENA area. These challenges
can be summarized as follows:
 Stability and serviceability of shallow foundations on the soft compressible
clay commonly encountered along the route of the River Nile in Egypt and
Sudan, and in deltaic areas in Morocco.
 Ground treatment for problematic soils, such as the collapsible and
expansive soils commonly found in the arid to semi-arid regions in several
countries in the area.
 Deep foundations in calcareous sediments ranging from weakly cemented
sand to marl and calcareous sandstones.
 Dewatering and water tightness requirements for deep excavations in the
coastal surficial sand with shallow groundwater table.
 Liquefaction mitigation measures for sand-reclaimed areas in the Persian
Gulf area.
 Tunneling in water-bearing sand and squeezing ground conditions.
 Driving of piles and sheet pile walls in cemented soils and very weak rocks
for off-shore geotechnical applications.
 Delineation of locations of cavities in the Persian Gulf calcareous
sediments.
 The use of crushed stones with relatively high carbonate contents in
reclamation works, primarily due to shortage of sand supplies in the coastal
areas of the Persian Gulf.
 Offshore and near-shore earth structures, such as breakwaters, on loose
sand and compressible clay.
4 CPT EQUIPMENT & PROCEDURES
4.1 Equipment
CPT equipment with capacities up to 200 kN is commonly used in the MENA area.
The vast majority of these equipments are truck-mounted but few track-mounted
equipment are also available. Most of the equipment used in the Persian Gulf are
state-of-the-art European made. Examples of manufacturer of the equipment
commonly used in the area are AP van den Berg of the Netherlands
(www.apvdberg.nl) and Pagani of Italy (www.pagani-geotechnical.com). The
equipment available in other countries, e.g. Egypt, is relatively similar; but is usually
older and sometimes second-hand. There is no adequate information currently
available on the equipment used in North African countries, such as Tunisia, Algeria,
and Morocco. It was noticed through the author’s limited experience within this area
that most of the equipment used are brought to the area on a temporary basis by
European site investigation contractors for use in specific projects. A photograph
showing a typical CPT rig used in Dubai, UAE is shown in Figure 2.
The cones used in the CPT practice in the MENA area are typically the standard
10 cm2 Piezocones. Other cone sizes, such as the 5 or 15 cm2 cones are rarely, if ever,
used. The data acquisition systems are typically purchased as part of the CPT
equipment package. Examples of these systems are the UNICANTM and the
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GONSITETM by AP van den Berg and the TGSW01TM by Pagani. It is estimated
that there are 30 to 40 CPT equipment in the UAE and about 6 to 10 equipment in
Egypt.

Figure 2. A photograph showing a track-mounted CPT rig used in Dubai, UAE.

4.2 Standards
There are no national or regional standards for CPT practice in the MENA area.
Nevertheless, some national codes like the Egyptian Code of Practice for
Geotechnical Engineering – Part 1 - (2001) provides guideline for interpretation of
CPT results in different soil types. Generally, the standard practice in the area is that
almost all projects follow international CPT standards, such as:
 The British Standards: BS 1377: Part 9 – Insitu tests (1990): Test 3.1 Amd.
8264-95;
 The ISSMFE Reference Test Procedure (IRTP) for Cone Penetration Test
1989 and updated in 1997; and
 The American Society for testing materials: ASTM D 5778 (2007)
Standard test method for electronic friction cone and piezocone penetration
testing of soils and ASTM D 3441:2005 - Mechanical Cone Penetration
Tests of Soil.
To the author’s knowledge, no special procedure is used with other CPT-related
measurements, such as pore water pressure measurement in Piezo-cones or seismic
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velocity measurements in seismic CPT (SCPT). Rather, these measurements are
usually taken following the above-noted standard procedure and/or text books on
CPT, such as the book by Lunne et al. (1997). A photograph showing the onsite
saturation of a piezocone following the procedure of the IRTP standards is shown in
Figure 3.

Figure 3. A photograph showing the saturation of Piezo-cone in Dubai, UAE following the IRTP
procedure.

4.3 Use of CPT in Geotechnical Investigations
The amount of use of CPT in geotechnical site investigation varies significantly from
one country to another in the MENA area. The CPT is more commonly used in the
Persian Gulf countries primarily as a quality control measure for the various projects
that involve construction of sand-reclaimed platforms (man-made islands). The
number of these projects has increased dramatically in recent years especially with
the introduction of some of the biggest man-made islands, such as the Palm Deira and
Palm Jumeirah in Dubai, UAE. The CPT is used to a lesser extent in other countries
and is typically limited to selected investigations for projects in soft ground areas
along the River Nile, at some coastal areas in Northeast Egypt and North African
countries and in tailings facilities in South Africa. It should be noted that the use of
CPT in ground investigation is not generally common in the North African countries
that are influenced by the Pressuremeter-based French geotechnical practice. The
CPT is used extensively for major offshore projects along the north and west coast of
Africa, but this is beyond the topic of this Report.
Based on feedback from selected geotechnical practitioners in the UAE and Egypt,
it is estimated that CPT is used in almost 10 to 20% of the geotechnical site
investigations in the UAE and in 1 to 2% of the investigations in Egypt. There is no
adequate information currently available on the percentage use of CPT in other
Persian Gulf and African countries. Pore water pressure measurements are taken in
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almost all of the CPT investigations in the UAE, and the Persian Gulf countries in
general, and in about 10% of the CPT investigations in Egypt. Seismic wave velocity
measurements are not common in the MENA area primarily due to the relatively
limited experience in analysis of seismic waves.
4.4 Challenges facing the use of CPT
The challenges facing the use of CPT in the MENA area can be summarized as
follows:
 Influence of very weak soils, such as soft clay and loose to very loose sand,
on the accuracy of the CPT results;
 Refusal to penetration commonly encountered at relatively shallow depths
due to the presence of hard layers and/or obstructions, such as cemented
sand, gravel, large shells, etc.;
 The lack of reliable interpretation methods for CPT results in calcareous
soils; and
 The limited experience of ground investigation contractors with CPT
equipment and procedure.
Details of the above challenges are provided in the following sections.
4.4.1 CPT in very soft/loose soils
As previously discussed, soft clay is commonly found along the River Nile and the
Northeastern coastal areas in Egypt and at some coastal areas in Morocco. Although
these soils are theoretically suitable for use of CPT, extreme difficulties have been
experienced in almost all of the CPT investigations conducted in them. These
difficulties ranged from problems maintaining the verticality of the CPT equipment to
measurement of negative sleeve friction values recorded in the upper 1 to 2 meters.
An example of the negative CPT sleeve friction resistance recorded in very soft clay
in Morocco is shown in Figure 4.
4.4.2 Refusal to penetration
Refusal to CPT penetration is commonly encountered in the MENA area due to the
presence of hard layers at relatively shallow depths below ground surface. These hard
layers can take several forms, such as:
 The cemented calcareous/carbonate sands commonly encountered in the
coastal areas of the Persian Gulf countries. These sands are sometimes
encountered at depths as shallow as 3 m below ground surface;
 The gravel-sized shells and corals that are sometimes found in dredged
reclamation fills obtained from borrow areas off the coast of the Persian
Gulf countries;
 The dense to very dense alluvial sands with variable amounts of gravel that
are commonly found in Cairo, Egypt; and
 The meta-stable cemented silty silica sands (collapsible soil), which cover
large areas of the arid and semi-arid regions of the MENA area.
4.4.3 Interpretation of results in calcareous sediments
One of the major challenges to the use of CPT in the Persian Gulf countries is the
shortage of reliable CPT-based correlations for calcareous sands. These soils are
commonly found in the MENA area and can be considered the most suitable
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geological unit for CPT applications. However, almost all of the CPT-based
correlations available in the geotechnical literature were originally developed for
clean silica sand. To overcome this limitation, most of the CPT-based geotechnical
design in calcareous materials in the MENA area has been traditionally done using:
 The existing CPT correlations for silica sand only when the behavior of
calcareous sand is not expected to be significantly different, i.e. when the
calcium carbonate content is not more than 50 to 70% (Lunne et al. 1997);
and
 Modified versions of the classical silica sand CPT correlations, e.g.
Jamiolkowski et al. (1985), to allow for the high compressibility of the
calcareous sand.
These approximate design approaches have resulted in greater uncertainty in the
geotechnical analyses of calcareous materials compared to routine geotechnical
design in silica sand and other classical soils.

Figure 4. Mechanical CPT data in very soft clay in Northern Morocco showing the recorded negative
sleeve (side) friction.

4.4.4 Limited experience of ground investigation contractors
The author believes that one of the most critical challenges to the use of CPT in the
MENA area is the inadequate training and experience of many of the CPT and site
investigation contractors. This has been demonstrated in several projects where
numerous experience-related difficulties were encountered, such as:
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inability to maintain verticality of the CPT in soft/loose geomaterials
within the tolerable limits of the project specifications;
improper saturation of the CPT piezometer, which typically resulted in
unrealistic measurements of pore water pressure; and
inability to identify the arrival times of compression (P) and shear (S) wave
in seismic CPT.

5 CPT INTERPRETATIONS
5.1 Soil Classification
Most, if not all, of the CPT-based soil classification in the MENA area are based on
either the Soil Behavior Type normalized chart of Robertson (1990) or the Soil
Behavior Type Index of Jefferies and Davies (1991).
5.2 Geotechnical Parameters in Granular Soils
5.2.1 General
The methods used to estimate engineering parameters for granular soils in the MENA
area are exclusively based on correlations published in the geotechnical literature. To
the author’s knowledge, no region-specific correlations have been developed to
estimate soil parameters from the CPT or any other field test.
A summary of the correlations commonly used to estimate soil parameters in the
MENA is provided in the following sections.
5.2.2 Relative Density
The two most commonly used correlations to estimate the relative density of granular
soil from CPT data in the MENA area are:
 Jamiolkowski et al. (1985), where the relative density of sand is assumed
to be directly proportional to the CPT tip resistance normalized to the
square root of the effective vertical overburden pressure for sands with
different compressibility; and
 Kulhawy and Mayne (1990), where the relative density of sand is
mathematically correlated to the dimensionless normalized cone resistance
(Robertson 1990), soil compressibility, age of deposits, and overconsolidation ratio of sand.
5.2.3 Friction Angle
Two different approaches are usually followed in the MENA area to estimate the
effective peak friction angle of granular soils from CPT data:
 Direct approach, where the friction angle of sand is determined from the
CPT data using empirical correlations, such as Robertson and Campanella
(1983) and Kulhawy and Mayne (1990); and
 Indirect approach, where the relative density is determined from the CPT
data and then used to estimate the friction angle of sand using empirical
correlations, such as Schmertmann (1975) and Peck et al. (1974).

231

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

5.2.4 Deformation Parameters
Similar to the friction angle, two different approaches, direct and indirect approaches,
are usually followed in the MENA area to estimate the elastic modulus of granular
soils from CPT data:
 In the direct approach, the Young’s modulus (E’) is determined from the
CPT data using empirical correlations, such as Bellotti et al. (1989); and
 In the indirect approach, the relative density is determined from the CPT
data and then used to estimate the elastic modulus of sand using typical
values in the geotechnical literature.
In some projects, the small strain elastic modulus (Go) of granular soils is determined
from the results of seismic CPT (SCPT) using analytical solutions based on the
theory of elasticity.
5.2.5 Other Parameters
Other granular soil parameters, such as state parameter, insitu horizontal stress, and
over-consolidation ratio, are rarely determined from the CPT results in the MENA
area.
5.3 Geotechnical Parameters in cohesive Soils
5.3.1 General
Similar to granular soils, engineering parameters for cohesive soils in the MENA area
are exclusively based on correlations published in the geotechnical literature. These
correlations are briefly discussed in the following sections.
5.3.2 Undrained Shear Strength
Undrained shear strength (Su) of cohesive soils is usually determined in the MENA
area using the well-known empirical correlation that estimates Su from the ratio of
total CPT net tip resistance and the empirical cone factor (Nkt). The cone factor is
usually determined using the empirical correlations of Aas et al. (1986) where Nkt
increases linearly with the plasticity index of soil.
5.3.3 Deformation Parameters
The undrained modulus (Eu) of cohesive soil is rarely estimated directly from CPT
readings in the MENA area. Rather, the undrained modulus is usually determined
using the empirical correlation of Dunacn and Buchignani (1976) where the stiffness
ratio (Eu/Su) is related to the over-consolidation ratio (OCR) and plasticity index of
soil. The OCR is typically determined from laboratory tests on relatively undisturbed
samples collected during site investigation.
Similar to granular soil, the small strain elastic modulus of cohesive soils is
sometimes determined from the results of SCPT using analytical solutions based on
the theory of elasticity.
The drained deformation parameters of cohesive soils are rarely estimated from
CPT data. Rather, these parameters are almost exclusively determined from
laboratory tests or empirical correlations with soil plasticity indices.
5.3.4 Coefficient of Consolidation
The coefficient of consolidation (cv) is rarely estimated form CPT data in the MENA
area as it is usually determined from classical laboratory consolidation tests. In very
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few cases, particularly in the very soft clay in Northern Egypt and the coastal areas of
Morocco, cv is estimated from CPTU dissipation tests following the approach of
Robertson et al. (1992).
5.3.5 Other parameters
Other cohesive soil parameters, such as stress history (OCR), are very rarely
determined from CPT data in the MENA area as they have been traditionally
determined from laboratory tests on relatively undisturbed samples.
6 CPT APPLICATIONS
6.1 Ground Improvement
Ground improvement is the largest field of application of CPT in the MENA area,
particularly in the Persian Gulf countries. This could be attributed to the launch of
several large scale projects that involve construction of manmade islands off the coast
of the Persian Gulf. These islands are constructed using reclamation sand fill dredged
from the seabed of the Persian Gulf. The sand fill is usually dumped or hydraulically
placed and hence is initially in loose to very loose conditions. Ground improvement
techniques, such as vibro and dynamic compaction, are then used to densify the insitu
fill. CPT has been heavily used to evaluate the adequacy of the ground improvement
process through correlations between CPT tip resistance and sand relative density, as
discussed in Section 5.2.2. This approach, however, has created some dispute
between clients and contractors since these correlations were mainly developed for
silica sand and hence tend to underestimate the insitu relative density of calcareous
sands.
6.2 Liquefaction Assessment
Assessment of liquefaction potential of reclaimed sand fills is probably the second
largest field of application of CPT in the MENA area. This is attributed to the
numerous sand-reclaimed manmade islands constructed off the coast of the Persian
Gulf, as discussed in Section 6.1.
Liquefaction assessment in the MENA area has traditionally been carried out using
the empirical approach of Robertson and Wride (1998) where the Cyclic Resistance
Ratio (CRR) of sand is correlated to CPT tip resistance. Earthquake-induced
excitation forces are usually expressed in terms of the Cyclic Stress Ratio (CSR),
which is typically calculated using the empirical approach of Seed and Idriss (1971).
Liquefaction potential is expressed in terms of the factor of safety against
liquefaction, which is simply the ratio between CRR and CSR.
6.3 Foundation Design
To the author’s knowledge, CPT data is seldom, if ever, used in direct shallow and
deep foundation application where allowable bearing capacities and settlement are
directly correlated to CPT parameters. It is the author’s experience, reinforced by
communication with other consultants and geotechnical practitioners, that CPT data
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are only used to estimate soil engineering parameters, which are then used in classical
foundation design methods or in stability and deformation analyses.
6.4 Geoenvironmental Applications
To the author’s knowledge, CPT data is never used in geoenvironemntal applications
in the MENA area. Geoenvironmental engineering itself is still a relatively new
science in the MENA area and lacks the presence of well established state of practice.
7 RESEARCH AND FUTURE TRENDS
To the author’s knowledge, very little CPT-related research is currently undergoing in
the MENA area. This could be attributed to the limited higher education and research
budgets in most of the third world countries in the area. Moreover, the oil-rich
Persian countries suffer from the shortage of qualified researchers and the absence of
strategic plans to relate academia to the state of practice in the construction industry.
A little research, however, is currently undergoing on a project-by-project basis to
correlate CPT data, particularly tip resistance, to the relative density of calcareous
sands. These research trials are usually parts of large scale projects handled by
reputed international consultants and aim at settling the ongoing dispute in the area
regarding the quality of ground improvement works in these soils. This dispute has
resulted from reliance on CPT-relative density correlations available in the
geotechnical literature. As previously discussed, these correlations were originally
developed for silica sand and hence tend to underestimate the field density of
calcareous sands with high compressibility. This has frequently led to specifying
extremely high target CPT tip resistance values in project specifications that are
virtually impossible to achieve using classical ground improvement technique, such
as vibro and dynamic compaction.
8 SUMMARY
This report provides a summary of the state of practice of the Cone Penetration
test (CPT) in the Middle East and Africa with emphasis on the Middle East and North
Africa (MENA) region where the use of CPT is more frequent. The main findings of
this report can be summarized as follows:
 The regional geology of the area is not generally suitable for use of CPT
due to the presence of near-surface rocks and/or hard soils. This has
resulted in limiting the use of CPT to specific geographic regions in the
MENA area.
 No regional/national CPT standards are available in the area. CPT practice
is exclusively based on international standards, such as the ASTM and the
British Standards (BS).
 No accurate information is available on the extent of CPT use in ground
investigation in most of the MENA countries. In the UAE and Egypt, CPT
is used in about 10 to 20% and 1 to 2%, respectively, of geotechnical
investigations.
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Challenges facing CPT use include the presence of ultra soft/loose soils,
refusal to penetration encountered in shallow hard layers, interpretations in
calcareous soils, and inadequate experience of CPT contractors.
The use of CPT data to determine engineering parameters of soil is more
relevant to granular soils. Many engineering parameters of cohesive soils
have been traditionally determined from laboratory tests on relatively
undisturbed samples.
Direct application of CPT in geotechnical design is mainly limited to
ground improvement quality control and liquefaction assessment. CPT is
very rarely, if ever, used in direct foundation or geoenvironmental
applications.
CPT-related research is very limited in the MENA area and mainly limited
to development of correlations between CPT data and relative density of
calcareous sands for use in ground improvement quality control.
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Regional Report for Asia
A.B. Huang
National Chiao Tung University, Hsin Chu, Taiwan

ABSTRACT: Asia is rather diverse in its geological conditions, economical/political
developments and popularity in the use of CPT. It is fair to say, however, that CPT
is relatively new to this region. When the CPT was introduced to the geotechnical
community in Asia, it was well into the electric cone era. In countries with high
population density, many large scale land reclamation projects have taken place.
The unique capability of providing virtually continuous profiles of ground conditions
has made the CPT a prime method in quality assurance for land reclamations in this
area. Asia has its fair share of soft/loose soil deposits. Certain parts of Asia are located in areas with heavy seismic activities and under constant threats of strong
earthquakes. The CPT is gaining popularity in its applications for the determination
of monotonic undrained shear strengths for clays and cyclic strengths for sands. Direct applications of CPT results in routine foundation designs have also been included
in geotechnical engineering practice. The regional report highlights the experience
in the applications of CPT for land reclamations as well as determination of undrained/cyclic strength of soils in Asia.
1 INTRODUCTION
The level of sophistication in the application of the cone penetration test (CPT) is
closely related to the economic developments in Asian countries. Japan has the
longest history of CPT applications in this region. In addition to applying CPT locally, Japanese engineers/scholars have participated in the application and/or development of interpretation methods in other Asian countries as part of their engineering
practice or research activities. With over a dozen CPT trucks, Taiwan has probably
the highest density of CPT equipment in Asia. Because of the lack of a sizable and
well distributed sample volume, this report will not describe the status of CPT applications in statistical terms. Instead, the report concentrates on experience that relates to the use of CPT in events that are of vital interests to Asian countries.
Due to high population density, land reclamation has been an important part of the
industrial/economic developments in Hong Kong, Singapore, Taiwan and S. Korea.
The classic paper by Lee et al. (1999) that dealt with CPT in sand for W. Kowloon
land reclamation project has become an important documentation in the interpretation
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of CPT in sand. CPT calibration tests were performed to provide interpretation methods for a clean silica sand used in the land reclamation in Busan, S. Korea. The
2400 hectare land reclamation in Mai Liao, Taiwan involved the use of relatively
compressible, silty fine sand. CPT was used as a primary tool for quality assurance
in ground improvement. Extensive studies that included chamber calibration tests
have been performed for CPT in Mai Liao Sand. Large sized clay lumps from excavations in metropolitan areas have been used for land reclamation in Singapore. The
unique capability of providing virtually continuous soil profiles made CPT an ideal
tool to determine the status of inter-lump voids at different stages of consolidation after deposition.
CPT coupled with high quality sampling and laboratory shearing tests have been
conducted for clays in many Asian countries. These studies provided correlations
between cone tip resistance, qc and undrained shear strength, su of clays in these
areas. Determination of cyclic strength of granular soils for liquefaction potential
assessment is another important aspect of the applications of CPT in certain parts of
Asia. By directly comparing the cyclic resistance ratio (CRR) from laboratory cyclic shearing tests and field CPT or chamber calibration tests under similar states, it
was possible to evaluate the effects of grain characteristics and fines contents on the
CRR-qc relationships. The report emphasizes the experience gained in these applications.
2 SUMMARY OF REGION
Asia is the world's largest and most populous continent, located in the eastern and
northern hemispheres. It covers approximately 8% of the earth's total surface area (or
25% of its land area) and with more than 3 billion people, it hosts close to 50% of the
world's current human population. Asia is traditionally defined as part of the
landmass of Eurasia, with the western portion of the latter occupied by Europe,
located to the east of the Suez Canal, east of the Ural Mountains and south of the
Caucasus Mountains and the Caspian and Black Seas. It is bounded on the east by
the Pacific Ocean, on the south by the Indian Ocean and on the north by the Arctic
Ocean. Given its size and diversity, Asia, a toponym dating back to classical
antiquity, is more a cultural concept incorporating a number of regions and peoples
than a homogeneous physical entity. For this regional report, Asia is defined as the
countries of Asia and southeast-Asia, that include over 30 countries, such as, China,
India, Indonesia, Japan, North and South Korea, Taiwan, Philippines, Thailand, Vietnam and Malaysia. The countries of Russia and the Middle East are not included in
the regional report.
The wealth of Asia differs very widely among and within its regions, due to its
vast size and huge range of different cultures, environments, historical ties and
government systems. In terms of nominal GDP, Japan has the largest economy on
the continent and the second largest in the world. In purchasing power parity terms,
however, China has the largest economy in Asia and the third largest in the world.
Given the size of the region it is not possible to summarize the geography and
geology, other than to state that it is diverse.
Rapid economic growth in the past few decades has resulted in increased use and
acceptance of the CPT. The mechanical cone is still common in parts of Asia (e.g.
Indonesia) but the electric cone has become more common in major urban regions
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(e.g. Singapore, Malaysia, Taiwan and South Korea). Unfortunately, the SPT is still
dominant in many parts of Asia (e.g. Japan, India, Thailand and Philippines).
3 APPLICATIONS OF CPT FOR LAND RECLAMATION
The so called four little dragons of Asia; Hong Kong, Singapore, S. Korea, and
Taiwan have enjoyed significant economical growth in the past few decades. Land
reclamation plays an important role to provide the desperately needed land for
housing and industrial developments in these countries. CPT was used extensively
as a means (but not limited to) for evaluating the properties of the materials used in
land reclamation in these countries. This section compiles the experience gained
from the use of CPT in some of the selected land reclamation projects.
3.1 CPT and Land Reclamations in Busan, W. Kowloon, and Mai Liao
Figure 1 shows the grain size distribution curves of sands from Busan (S. Korea), W.
Kowloon (Hong Kong) and Mai Liao (Taiwan). Busan and W. Kowloon sand
(WKS) can be classified as clean silica sand, with fines (particles passing #200 sieve)
either close or less than 5%. The mineral content of Busan sand (BS) was mostly siliceous with high contents of crushed shell fragments (Kim et al., 2008). The grain
shape of Busan sand was subangular. According to Lee et al. (1999), the W. Kowloon sand was mainly composed of siliceous materials derived from the weathering of
granitic rocks. The grain shape is subangular to subrounded. W. Kowloon sand
had some broken shells and calcite fossil fragments. The bulk of the Mail Liao sand
(MLS) had approximately 18% of low plastic fines. MLS had its origin from weathered shale, slate and sandstone. In addition to siliceous materials MLS also contained significant amounts of muscovite. The grain shape of MLS was flaky. In
comparison with typical clean quartz sand such as Ottawa sand, MLS was compressible and crushable (Huang et al., 1999).

Figure 1.

Grain size distribution of Busan, W. Kowloon and Mai Liao Sand.
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Kim et al. (2008) reported a series of CPT chamber calibration tests in Busan sand.
The calibration tests were conducted using the Korea University Calibration Chamber
System, under stress controlled boundary conditions. The cone tip resistance, qc
was corrected for the boundary effects in chamber calibration tests according to the
state parameter of the sand specimens. The procedure was developed by Been et al.
(1986) based on CPT in Hokksund sand. CPT in W. Kowloon sand was calibrated
using a chamber system at ENEL-CRIS in Italy (Lee et al., 1999). The qc was corrected for boundary effects using a method proposed by Salgado et al. (1997). The
Mai Liao sand CPT calibration tests were performed at the National Chiao Tung University calibration chamber laboratory in Hsin Chu, Taiwan. Test results showed
that due to its high compressibility, CPT performed in MLS under stress controlled
conditions had no need for boundary effect correction (Huang et al., 1999).
Figure 2 shows a comparison of the relationships between relative density (Dr)
and qc normalized with respect to effective overburden stress (  v ) for BU, WKS and
MLS in contrast to the relationship compiled by Jamiolkowski et al. (1985) based on
CPT in five types of clean quartz sands. According to Figure 2, BS can be placed in
the group of average to low compressibility sand, while CPT in WKS and MLS demonstrated a behavior of high compressibility. The compressibility of MLS increases
as the fines content (FC) changed from 0 to 15%.

Figure 2.

Relationship between Dr and normalized qc.

Empirical rules that relate qc to density and stress states have been proposed based on
CPT calibration tests. A comparison of qc -  v relationships for a few selected relative densities is shown in Figure 3. Among the three types of sands, qc in MLS had
the least sensitivity to density. This is likely due to a lack of dilatancy or high compressibility of MLS. For the two types of fines contents and relative densities asso-
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ciated with MLS, the qc -  v relationships clustered within a rather narrow range.
For a given relative density and  v , qc in Busan sand was consistently higher than
those from the other two types of sands. This is obviously related to the fact Busan
sand had the lowest compressibility as indicated in Figure 2.
The methodology for using CPT to determine state parameter (  ) (Been et al.,
1986) was well accepted in Asia. The value of qc is normalized with respect to
mean normal stress, p and effective mean normal stress, p’ as:
q  p 
Qp  c
(1)
p
Figure 4 shows a plot of Qp against  for the three types of sands, plus the relationship reported by Jefferies and Been (2006) for Chek Lap Kok sand (CLK) of
Hong Kong. The data of CLK sand also came from CPT calibration tests for the
land reclamation project of the Chek Lap Kok international airport. The Qp -  correlations presented in Figure 4 also reflect the compressibility of the sands involved.
MLS and WKS were compressible and thus had their Qp -  correlations extended
well into a territory where  was positive. It should be noted that the MLS Qp  data had rather low coefficients of correlations at 0.29 and 0.35 for FC = 0 and
15%, respectively (Chu, 2009). The relatively weak correlation between Qp and  is
believed to be related to the lack of dilatancy and crushable nature of MLS.

Figure 3.

qc versus effective overburden stress.
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Figure 4.

Correlations between Qp and .

Been et al. (1987) proposed a simple exponential equation to describe the trend line
between Qp and  as:
0.55 

Qp   8 
(2)
 exp 8.1  ln   
  0.01 

where
 = slope of the critical state line
A plot of Qp at  =0 against  for the four types of Asian sands and other sands
reported by Been et al. (1987) is shown in Figure 5. All the data included in Figure
5 had a reasonable fit with Equation 2.

Figure 5.

Correlation between Qp at  =0 and  . (after Been et al., 1987)
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For the land reclamation project of Chek Lap Kok Airport, the concept of state parameter was taken one step further as a means for quality assurance using CPT (Shen
and Lee, 1997). According to the CPT calibration tests, for a given state parameter,  there was a consistent correlation between qc and p’ as shown in Figure 6. An
empirical correlation between qc and  was established as:
0.125
0.75

 
 p  
0.25  pa 
    
  0.8938     0.0391qc
(3)
 p 
p
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where
 = intercept of the steady state line at p =0
Taking  =0 as the maximum acceptable value to assure dilatancy of the sand deposit in the field, the corresponding minimum qc can be derived from Equation 3 as:
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Corrleation between qc and p’ for various state parameters.
(after Shen & Lee, 1997)

3.2 Land reclamation in Singapore
Dredging works in the coastal areas and excavations in urban Singapore produce
large quantities of clay lumps. Using the clay lumps for land reclamation can solve
the problems of soil disposal and reduce the amount of material that would otherwise
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be required. The typical volume of a clay lump ranged from 1 to 8 m3 (Karthikeyan
et al., 2004). The clay lumps were placed directly on the seabed. The lumpy fill
was then covered by a thick layer of sand. Initially, there could be large voids between the clay lumps (the inter-lump voids). As a result of consolidation and compression, the inter-lump voids reduce to the size of intra-lump voids (voids amongst
particles within lumps), and the lumpy fill is considered to have been “homogenized”.
Size of the inter-lump voids and strength/deformation characteristics of the lumpy fill
are of major concerns. Karthikeyan et al. (2004) and Tan et al. (2004) reported the
use of CPT to characterize the reclaimed land that involved the use of clay lumps.
The conventional piezocone was modified by attaching a nuclear-density sensing device behind the cone tip. A penetration test using this modified device was referred
to as the nuclear-density cone penetration test (ND-CPT).
Figure 7 shows two profiles of ND-CPT performed at the 1500 hectare Pulau Tekong land reclamation project in Singapore where the lumpy fill was used. In the
first stage, clay lumps were placed directly on the seabed to elevation -3m chart datum (CD). Capping sand was then placed to a final grade of +4m CD. The time
difference between the before and after sand fill ND-CPT was 6 to 8 months. The
delineation between the sand and clay lumps was clearly identified by the drastic
changes in the characteristics of qc and u2 readings. The cores of clay lumps were
reflected by the spikes in qc and wet density readings.

Figure 7.

ND-CPT profiles from land reclaimed using clay lumps
(after Tan et al., 2004)
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4 DETERMINATION OF UNDRAINED SHEAR STRENGTH FROM CPT
CPT or piezocone penetration test (CPTU) has been used in Asia as an efficient in situ testing method to determine the undrained shear strength of soils. For clays, the
undrained shear strength generally refers to that under monotonic loading conditions,
su. For sands, it is the undrained cyclic resistance ratio, CRR that is of interest.
Asia has its fair share of soft clays and sand deposits in areas of seismic activities,
and thus the use of CPTU in both accounts. This section summarizes experience of
using CPTU for characterizing undrained shear strengths for clays and sands.
4.1 Undrained Shear Strength of Clays
Tanaka and Tanaka (2004) took undisturbed clay samples and performed CPTU at six
test sites in Asia that extended from Japan to Singapore. High quality undisturbed
piston samples were taken using a Japanese sampler. The undrained shear strength,
su of the clay samples was determined by unconfined compression tests. Liu et al.
(2008) and Cai et al. (2008) reported their comprehensive studies on the engineering
properties of the marine clays in Jiangsu province of China. These studies included
CPTU and consolidated undrained triaxial tests on undisturbed soil samples taken
with a piston sampler. As part of their studies on the performance of diaphragm
wall construction, Ou et al. (1998) performed CPTU at a test site in Taipei. Elaborate triaxial tests on undisturbed piston samples taken from the test site and field vane
shear tests were conducted to determine the undrained shear strength of the clay.
The cities/countries where the above studies took place are compiled in Figure 8.
The inference of su from CPTU followed the concept of a cone factor, Nkt as:
q v
su  t
(5)
N kt
The cone tip resistance, qc was corrected for the pore pressure effects and referred
to as qt. Table 1 shows the Nkt obtained from the test sites and information related
to clay mineralogy, geological age and stress history.

Figure 8.

CPTU test sites in Asia.
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Table 1. Characteristics of the clays from the test sites.
Site
Saga Ariake
Hachirogata
Busan
Bangkok
Singapore upper
Singapore lower
Hai Phong
Lianyungan
Taipei

Clay mineral
smectite
smectite
smectite
kaolinite
smectite
kaolinite
kaolinite
-Illite

Geological epoch
Holocene
Holocene
Holocene
Holocene
Holocene
Pleistocene
Pleistocene
Holocene
Holocene

OCR
1.0-1.3
1.0-1.1
1.0-1.3
1.0-2.2
3.7-5.8
2.8-3.6
2.0-2.5
1.3
1.1-1.3

Nkt
10*
8*
10*
8*
12*
20*
16*
13#
15&

Reference
Tanaka & Tanaka, 2004
Tanaka & Tanaka, 2004
Tanaka & Tanaka, 2004
Tanaka & Tanaka, 2004
Tanaka & Tanaka, 2004
Tanaka & Tanaka, 2004
Tanaka & Tanaka, 2004
Liu et al., 2008
Ou et al., 1998

*: su from unconfined compression tests
#: su from consolidated undrained triaxial tests
&: su from unconfined compression, consolidated undrained triaxial and field vane
shear tests
A plot of correlations between Nkt and plasticity index (Ip), based on data reported
above is shown in Figure 9. The values of Nkt varies significantly. In general, for
the Holocene clays, Nkt ranged from 5-15. For the more aged Pleistocene clays,
most of the Nkt ranged from 15 to 25.

Figure 8. Correlations between Nkt and Ip.
(modified from Tanaka and Tanaka, 2004)
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4.2 Cyclic Strength of Sands
Earthquakes in this region are constantly reminding us of the need to enhance our capability to assess the soil liquefaction potential. CPT is gaining popularity and
gradually replacing the SPT in Asia as the prime in situ testing method in assessing
soil liquefaction potential. The use of CPT for the most part remains under the
framework of the simplified procedure (Seed and Idriss, 1971). The criteria for liquefaction potential was empirically established based on field observations of the
occurrence of soil liquefaction and normalized cone tip resistance (qc1N). The experiences accumulated from decades of applications of CPT in liquefaction related studies in this region have provided a wealth of database. The database has been used
in part to calibrate the boundary between the liquefiable and non-liquefiable (e.g.,
Juang et al., 2003; Roy, 2008) soils.
An increased interest in direct calibration between qc and cyclic resistance ratio
(CRR) has been reported recently. Ishihara and Harada (2008) analyzed the correlations between CPT results and their relationship with the ratio of effective horizontal
stress to vertical stress (K). The CRR values were estimated from Dr. The penetration resistance values from CPT were based on calibration chamber tests. Figure
5.6 shows the comparison of the CRR-qc1 correlations derived for three clean sands:
Toyoura sand (average grain size, D50 = 0.20mm), Da Nang sand (D50 = 1.13mm) and
Monterey sand (D50 = 0.37mm), for K=0.5. The correlations by Robertson & Wride
(1998) and AIJ (2001) are also included for reference. For these three types of clean
sands, the CRR-qc1 correlations can deviate significantly from the published curves
and among themselves.

Figure 9

Comparison of the CRR-qc1N correlations derived for three clean sands (after
Ishihara and Harada, 2008).

By compiling the CRR and qt from CPT calibration tests in reconstituted specimens with comparable fines contents, density and stress states, it was possible to veri-
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fy the CRR-qt1N correlation by direct comparisons for MLS, as shown in Figure 10
(Huang et al., 2005). The effects of fines on the CRR-qt1N correlations and the need
for fines content adjustment can thus be readily evaluated. The results, as shown in
Figure 10, indicate that the fines content adjustment becomes significant only when
the fines start affecting the drainage conditions (i.e., when FC=30%) and thus result
in a group of data points with distinctly lower qt1N. The laboratory study in MLS
seems to suggest that a more effective qt1N adjustment scheme should be based on
CPT drainage conditions rather than fines content. Additional CRR- qt1N data points
based on field CPTU and cyclic triaxial tests on undisturbed samples are also included in Figure 10. The data compiled by Tokimatsu et al. (1995) were collected
from field CPT at 6 test sites in Niigata, Kanagawa and Chiba Prefectures of Japan,
where soil samples were retrieved by ground freeze. The CRR values were determined from cyclic triaxial tests on undisturbed samples obtained by ground freezing.
The fines contents varied from <1% to as much as 30%. According to Tokimatsu et
al. (1995), there was a unique CRR- qt1N correlation irrespective of fines content.
For a given qt1N, the dispersiveness in CRR was attributed to changes in permeability
(K) and soil type.

Figure 10

Laboratory and field calibrations of CRR-qt1N correlations.

In light of the above findings, Huang et al. (2009) suggested that a pore pressure
dissipation test during CPTU may be used as a reference to scale the amounts of fines
content adjustment. In a dissipation test, the cone penetration was suspended and
the dissipation of the excess pore pressure induced by cone penetration was monitored until its full dissipation. If the cone penetration were partially drained prior to
pore pressure dissipation test, there was a distinct increase of qt at the start of the subsequent push. This phenomenon referred to as the qt setup was also reported by
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McNeilan and Bugno (1984) in their experience of CPT in offshore California silts.
The reason for setup is that partial drainage caused a lowered qt due to pore pressure
accumulation. The dissipation of pore pressure increases soil strength against cone
penetration and generates the setup. For CPT in MLS, no obvious qt setup was observed until FC reached 30%, as shown in Figure 11. This result was also reflected
in the CRR-qt1N correlations of MLS in Figure 10.
A series of CPTU using a standard cone (cone cross sectional area=10cm2) penetrating at 20mm/sec (the standard CPTU rate), a large cone (cone cross sectional
area=15cm2) penetrating at 20mm/sec (the large CPTU), and a standard cone penetrating at 1mm/sec (the slow CPTU) were conducted at a test site in Yuan Lin in Central Taiwan. The rate of consolidation for soil surrounding a cone tip is inversely
proportional to the square of the cone diameter (Robertson et al., 1992). Therefore,
changing the cone diameter can also duplicate the effects of penetration rate. For
cone penetration in partially drained conditions, reducing the penetration rate could
induce higher qc (Campanella et al., 1981). The pore pressure element was located
immediately behind the cone tip, at the u2 position. Profiles from CTPU results that
include friction ratio, Rf (=fs/qt x100%) from Yuan Lin are shown in Figure 12. The
results indicated no significant differences in qt among three types of CPTU, considering drastic differences in cone size and/or penetration rate. The slow CPTU was
conducted at depth levels where Laval samples were also taken. The u2 values from
large CPTU were mostly identical to those from the standard CPTU. The u2 in slow
CPTU matched well with the hydrostatic pressure uo, indicating that 1mm/sec was
slow enough to allow the penetration induced pore pressure to fully dissipate and
reach equilibrium in most parts with the surrounding hydrostatic pressure.

Figure 11

Measured qt profiles from CPT calibration tests in MLS at different fines contents (after Huang et al., 2009).
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Figure 12

CPTU profiles from Yuan Lin, Taiwan (after Huang et al., 2009).

The standard CPTU in Figure 12 was coupled with dissipation tests. The results
in terms of qt profile are plotted in Figure 13 along with fines contents (from tests on
soil samples). The comparison between Figures 12 and 13 allows the change in qt
and its relationship with pore pressure dissipation tests to be visualized. The field
CPTU was close to drained conditions with essentially no signs of qt setup, even
when the fines contents reached as high as almost 100%. In contrast, the CPTU in
MLS shown in Figure 11 was conducted in well mixed laboratory prepared specimens. The absence of setups for field CPTU in sands with high fines contents is
likely due to the heterogeneity existed in natural soil. It is believed that the presence
of closely-spaced free draining sand layers made the field CPTU behave as a drained
test in a silty soil mass. At much wider range of fines contents, the lateral spread of
CRR-qt1N data points based on tests in Yuan Lin Soil (YLS), shown in Figure 10, was
less than those from tests using the reconstituted MLS specimens or suggested by the
available CRR-qt1N correlations. The same reason may also explain a consistent
CRR-qt1N correlation reported by Tokimatsu et al. (1995), as shown in Figure 10,
where the sands had fines contents ranging from <1% to 30%.
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Figure 13

Enlarged qt and fines content profiles from Yuan Lin site (after Huang et al.,
2009).

5 CONCLUDING REMARKS
The experience described in this paper has provided sufficient evidence to show that
the interpretation of CPT can be soil and site dependent. Proper usage of CPT and
its results should be substantiated by sound theoretical understanding and thorough
local calibration. For many countries in Asia, the use of CPT is still in its early
stage. There is a great potential for further growth in quantitative scale and level of
sophistication in the applications of CPT.
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Regional Report for Australia & New Zealand
Martin Fahey & Barry L Lehane

The University of Western Australia, Perth, Australia

ABSTRACT: CPT and CPTU testing has gained rapid acceptance in Australia and
New Zealand, with most population centres being well served by competent wellequipped testing contractors. In many areas, CPT/CPTU is the dominant investigation
technique in most site investigations. Some research and development work is
undertaken in the region, but testing and interpretation techniques are largely based
on international best practice. Applications depend very strongly on local geology,
with CPT and CPTU being more useful and applicable in some regions that in others.
In some regions, particularly in WA, seismic CPT has become more common, and in
many cases is with complementary DMT testing.

1 INTRODUCTION
Cone penetrometer testing (CPT/CPTU) has grown in popularity in Australia and
New Zealand over the past 20 years, and is now the dominant means of site
characterisation in the areas and stratigraphies where geological/geotechnical
conditions are suitable for its use.
There is a long history of cone penetration testing in Australia. At the European
Symposium on Penetration Testing (ESOPT) in Stockholm in 1974, Holden (1974)
presented a state-of-the-art report on “Penetration Testing in Australia”, which
detailed CPT usage both by his own organisation (the Country Roads Board of
Victoria, CRB) and other organisations around the country. Holden’s report indicated
that CPT testing was common in many areas of Australia at that time. He carried out
a detailed survey of all penetrometer testing usage in Australia (including SPT, and
dynamic and quasi-static CPT) It is instructive to note that many of the organisations
possessing CPT equipment at the time, 10 were Government organisations of some
sort (the CRB and other State Highways Departments, Public Works Departments,
etc). Most of the cones in use were mechanical cones obtained from Holland (Delft,
Barentsen), and one from Sweden (Nilcon) or Germany (Maihak) or manufactured
locally (CRB, Fugro). There appears to have been only 2–3 “electric” cones or
friction cones in the country at the time, one being a cone with a 10 cm2 end area and
150 cm2 friction sleeve from Germany (Maihak), and two being locally produced by
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the CRB, which had larger-than-standard dimensions (19 cm2 tip and 465 cm2
sleeve).
Holden’s personal contribution to CPT testing in Australia, and worldwide,
warrants special mention, as he really was the champion of CPT testing in Australia,
and his work on CPT calibration using a calibration chamber (Holden, 1971, 1992) is
widely recognised as being the first attempt at such calibration in the world.
Use of “Dutch” and “electric” CPT grew steadily in Australia, driven to some
extent by Government engineering organisations, as well as private consultants. A
notable project in this period included the first major use of the CPT in Western
Australia (WA), in the construction of the Kwinana Wheat Export Terminal south of
Perth in 1972 – 1974, involving some 1500 CPT soundings, to depths of up to 15 m
in loose calcareous sand and organic clays, making it the largest individual CPT site
investigation project in the country at the time and for many years afterwards.
Another major early CPT project was carried out in Brisbane in the early 1980s for
Brisbane Airport, located at the mouth of the Brisbane River, which, is dominated by
soft alluvial deposits from the river. Figure 1 shows the setup for this project.
However, as pointed out by Holden (1974): “The use of penetration tests in major
urban construction areas is somewhat restricted by the large proportion of sound rock
at shallow depths underling the three major cities – Sydney, Melbourne and Brisbane.
However, the other two large cities are almost entirely located on penetrable soils:
Adelaide on Quaternary alluvium; Perth on Quaternary sands. The most dominant
soils in the three largest cities are mostly saturated stiff residual soils, which require a
large thrust machine for the CPT”.
As will be clear from the next section, the site investigation market in Australia is
actually quite localised, given the great distances between major cities, such that CPT
contractors tend to be based in one or other of the capital cities, and service mainly
that city and the surrounding region, though in some cases (WA in particular),
servicing the “surrounding region” can mean mobilising equipment over distances of
greater than 2,000 km.
Growth of CPT testing in New Zealand has only occurred more recently, but, as
will be shown later, the growth has been rapid, with the result that CPT is now also
very common in New Zealand.

Figure 1. CPT testing in the ‘mangrove swamp’ at the mouth of the Brisbane River for the SI for
Brisbane Airport, 1980, showing the CPT rig attached to the blade of a Komatsu bulldozer (photograph
courtesy of Allan McConnell, IGS, http://www.insitu.com.au/)
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2 OVERVIEW OF THE REGION, AND GEOLOGICAL SETTING
Australia and New Zealand are two countries with very different sizes, geology and
geotechnical challenges. Australia has an area of approximately 7.9 M km2 (about
20% smaller than the contiguous United States), with a population of about 22 M.
New Zealand, with an area of about 0.27 M km2 and population of about 4.3 M, lies
to the south-east of Australia, separated from Australia by some 1,500 km at the
closest point. Some general comments about each country, and a summary of the
geology of each country, are given in the following subsections.
2.1 Australia
An outline map of Australia is shown in Figure 2a, Figure 2b shows the south-west
corner of Western Australia (WA), while Figure 2c shows the south east of the
country, including the island of Tasmania (TAS). Most of the population of Australia
lives within 100 km of the coast, in the areas shown in these enlargements. Darwin
(pop. 123,000), the capital of the Northern Territory (NT) is the only other major
population centre outside of these two areas. Within the south-east (Figure 2c), it can
be seen that most of the population centres are on the coast – Adelaide in South
Australia (SA), the area around Melbourne in Victoria (VIC), and then a coastal strip
from south of Wollongong in New South Wales (NSW) through to just north of
Brisbane in Queensland (QLD). In WA, with a total population of just over 2 M,
over 1.65 M live in the greater Perth area, with most of the rest being in the southwest corner shown in Figure 2b.
The climate of Australia varies from tropical in the north, through arid and semiarid regions across the centre, to Mediterranean or temperate in the south.
The topography of much of the country is relatively flat, but the coastal strip of the
south east is backed the Great Dividing Range, stretching from VIC, through NSW
and into Queensland, as can be seen in Figure 1(c).

(a)
NT
WA

QLD

SA
NSW
VIC

TAS

(b)

(c)

Figure 2. (a) Outline map of Australia, with enlarged sections showing (b) the south-west of WA, and
(c) the south-east (© Geosciences Australia www.ga.gov.au/image_cache/GA14986.pdf).
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Figure 3 shows an overview geology map of Australia, which also shows locations
of currently-operating (2009) mines in the country. The geology is complex, ranging
from ancient Archean cratons in WA and SA, to Ordovician mountain ranges in the
south east (VIC and NSW), to extensive Cretaceous and Tertiary deposits through
much of the centre of the country. However, in the context of this report, the geology
of most of the country is irrelevant, since much of normal civil engineering (and
hence site investigation) activity occurs in or close to the areas of population
concentration shown in Figure 2b and 2c.
As indicated in Figure 3, mining activity occurs throughout Australia, though
much of the mineral wealth is in remote areas with low population. This includes gold
in WA and elsewhere (see Inset A), iron ore in the north of WA, extensive coal
deposits in QLD (inset B) and NSW (inset C), and base metals, uranium, heavy
minerals, etc, throughout the country. While there is considerable civil engineering
activity involved with these mining activities and the associated infrastructure, very
little of this involves CPT testing, though there is considerable application of CPT
testing for assessment of tailings deposits throughout the mining regions.
There is also an extensive offshore oil-and-gas industry of the north western coast
and in the Bass Strait (the sea between TAS and the mainland), with extensive use
being made of CPT/CPTU in offshore foundation investigations, and in onshore
developments associated with the offshore industry. These activities are outside the
scope of this report.
Thus, in the context of this report, it is more instructive to consider the geology of
the populated areas shown in Figure 2, and in particular to discuss the aspects of the
geology that influences site investigation practices, including the use (or otherwise) of

Figure 3. Overview geology of Australia, including sites of mining activity (© Geosciences Australia,
http://www.ga.gov.au/image_cache/GA15125.pdf )
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the CPT. A brief summary of the relevant geology of the various population
concentrations is therefore given below.
2.1.1 Perth and the SW of WA
A dominant feature of the geology of the west coast of WA is the more than 1500 km
long Darling Fault, which separates the Archean craton of the interior from the
sedimentary deposits of the coastal strip, which in the Perth area is only some 30 km
wide. This fault occurred during the break-up of the Gondwana super-continent, with
the Archean basement rock in this coastal strip being some 10 km below the current
ground surface.
The near-surface stratigraphy in the Perth area consists of interbedded sands and
clays, underlain by sedimentary deposits (e.g. the King’s Park Shale at about 30 m
depth in the Perth CBD). Over most of the area, the upper layers consist of dune sand
deposits or alluvial sand deposits, with the western-most sands being high in calcium
carbonate, resulting in extensive limestone deposits forming along the west coast,
typified in many locations by a top layer of high-strength caprock, underlain by much
softer limestone or sand-filled cavities.
The current Darling Scarp in the Perth area is some distance east of the original
fault, due to erosion of the original scarp; this erosion resulted in alluvial sand and
clay deposits along the scarp margin. The Swan River, the main river running
through Perth, and its tributary the Canning River, have transported some of these
erosion products some distance from the Scarp, such that the soil stratigraphy in the
city centre of Perth includes some sands and clays of the so-called Guildford
Formation. As the sea level rose during the Holocene, the slowing river also
deposited soft clays along the river margin, including two major river meanders
within the city – the Maylands Peninsula and the Burswood Peninsula.
East of the Darling Fault, deep weathering of the Archean rocks has produced a
strongly lateritised profile, characterised by an upper ferricrete layer, underlain in
places by deep kaolin strata.
2.1.2 Adelaide and surrounding areas of SA
Adelaide is founded on deep Quaternary alluvium deposited by the Torrens River,
and colluvium from the Adelaide Hills. Most of the city area, and a significant
portion of the metropolitan area of Adelaide, is underlain by very expansive clays
know as the Keswick and Hindmarsh Clays. The overall formation consists of an
upper (Keswick) clay layer of high plasticity (CH) and extreme reactivity, which can
be described as a heavily fissured, very stiff to hard, grey-green mottled clay; a
middle sand member; and a lower (Hindmarsh) clay member similar in appearance
and behaviour to the more recent upper clay layer. The overall formation is thought
to have been deposited in the Pleistocene, and is typically 10 to 25 m thick. Within
the Adelaide city area, the groundwater table generally occurs between 20 to 30 m
below the ground surface in the Hellett Cove Sandstone, a permeable formation that
immediately underlies the Hindmarsh formation (Jaksa and Kaggwa, 1992).
The upper Keswick clay is thought to be essentially saturated, but with high
suctions being recorded to considerable depths – suctions that vary substantially from
the end of the (wet) winter to the end of the (long, dry, hot) summer.
2.1.3 Melbourne and southern VIC
Most of Victoria is underlain by Paleozoic-age bedrock. The bedrock is folded,
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faulted and intruded by granite. Various materials unconformably overlie the bedrock
including Tertiary fluvial and marine sediments, Tertiary and Quaternary lava flows
(basalt) and Quaternary fluvial and estuarine sediments.
Ice age related sea level changes throughout the Quaternary have influenced the
composition and distribution of colluvial, alluvial and estuarine sediments within
southern VIC. River valleys have formed, been subsequently infilled with sediment or
basalt and altered their course repeatedly throughout the Quaternary. South-central
Melbourne is underlain by a complex sedimentary sequence comprised of basal
marine sediments, overlain by fluvial sand and gravel, overlain by further marine
sediment and upper normally consolidated estuarine sediment. Periods of erosion and
lava flows in the periods between the deposition of each of these sedimentary units
formed hills and valleys. As a consequence, the subsurface conditions in the Yarra
Delta are characterised by a series of infilled valleys.
In drainage courses further upstream from the Delta, Quaternary sea level changes
induced similar periods of erosion and deposition. Alluvial terraces with variable
sedimentary composition are associated with most VIC drainage courses. During
times of erosion and valley formation, landslides, some covering several hectares in
plan area, formed on the sides of the valleys. Remnant colluvial fans can be found
along drainage courses in the Yarra Valley and other drainage courses flowing from
out of the highlands.
2.1.4 Wollongong – Sydney – Newcastle (NSW)
About two-thirds of the Sydney area consists of the variably-weathered Triassic
Wianamatta shales, though in many areas, these shales form only a thin capping over
the harder Triassic Hawkesbury Sandstone, which outcrops to the north, to the south,
and in the eastern suburbs. To the west, the thick shale beds are weathered to
considerable depths, producing extensive areas of stiff residual soils, some of which
are expansive. The only other significant foundation materials are the Tertiary sands
of the Richmond area, and the Pleistocene and Holocene alluvium and dune (aeolian)
sand deposits, especially in the Botany Bay area (Holden, 1974).
According to Fityus et al. (2005), the geology of much of the region around
Newcastle and the Hunter Valley is dominated by the gently dipping sedimentary
rocks of the Permian-Triassic Sydney Basin to the south, and the more structurally
complex sediments and volcanics of the Devonian-Carboniferous New England Fold
Belt. In addition, it is capped to the north and west by Tertiary Flood Basalts, and in
many areas is concealed by poorly consolidated sediment sequences that have
accumulated in incised valleys during glacial periods during the Quaternary. In the
context of this report, the main areas of interest are the Quaternary sediments, most
notably in three estuaries adjacent to the Hunter region (Lake Macquarie, Newcastle
Harbour and Port Stephens) and many more along the extended coastline. The
Quaternary deposits of engineering interest in the Newcastle area include alluvial and
aeolian sands, and soft clays in the estuary areas.
2.1.5 Brisbane and coastal strip north and south of Brisbane (QLD)
Approximately two-thirds of the Brisbane area consists mainly of highly to medium
weathered Lower Palaeozoic phyllites and schists that occur at shallow depths.
Triassic soft sandstones and shales are present in the southern suburbs, comprising
about one quarter of the Brisbane area. The remainder consists of deep (to 50 m)
Quaternary alluvium deposited by the Brisbane River (Holden, 1974). Very thick
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Holocene and Pleistocene alluvial deposits occur throughout the Brisbane CBD, but
are mainly concentrated in old creek channels and the floodplain of the Brisbane
River. The Silurian Neranleigh-Fernvale strata outcrop at the surface or underlie
much of the CBD at a relatively shallow depth. Many high-rise buildings and
significant sections of recently-constructed tunnels in the city are founded on those
rocks (Baczynski, 2001).
2.1.6 Tasmania (TAS)
The geology of TAS is dominated by pre-Carboniferous folded rocks in western TAS,
and younger middle Palaeozoic granitoids in eastern TAS, juxtaposed at a NNW
trending dislocation known as the Tamar Fracture system. During the Jurassic, large
volumes of dolerite were emplaced, and dolerite surface exposure covers about half
the area of Tasmania.
All of Tasmania’s large rivers have buried rock channels in their lower courses.
The sediments date from the Last Interglacial and the Holocene. These sediments are
generally normally consolidated and “compressible”. The nature of the basement
rocks has dictated that the estuarine sediments are often associated with tributary
creeks and the width of the estuarine flood plain is seldom more than 200m.
Exceptions are highlighted below.
The 3 main population centres in Tasmania are Hobart, Launceston and
Davenport, located near the mouths of the Derwent, Tamar and Mersey Rivers,
respectively. In the context of this report, the sediments associated with these rivers
are the main deposits in which CPT testing is or can be carried out. In Hobart, the
estuarine sediments are generally associated with the flood plain (up to 50 m wide) or
tributary creeks. Launceston is located about 50 km from the sea, at the head of the
Tamar Estuary, and at the confluence of the North Esk and South Esk rivers. The
estuarine flood plain is particularly wide: up to 3 km wide in one area.
Approximately 10 km of flood levee is maintained by the Launceston City Council.
While there is no flood plain at the port of Davenport, a 1 km wide flood plain exists
several km up-river of the city.
2.1.7 Darwin (NT)
According to Nott (2003), the most remarkable aspect of the geology of Darwin is the
angular unconformity that extends beneath most of the urban area separating lower
Proterozoic rocks from near horizontal Cretaceous strata. The city of Darwin sits
upon the Cretaceous strata and the Proterozoic strata are principally exposed in road
cuts and sea cliffs along Darwin’s foreshore. The labile nature of the marine
Cretaceous rocks together with the tropical monsoonal climate has resulted in
extensive deep weathering of these strata, producing a lateritised profile of piezolitic
laterite, lateritised siltstone, kaolinised siltstone, and a silicified pallid zone known
locally as porcellanite (Nyland and Gerner, 1984). Because the city of Darwin is
situated on a slightly elevated plain of largely deeply weathered Cretaceous strata, the
Quaternary sediments are restricted in area to coastal beach and dune sands and minor
amounts of alluvium in creek valleys and colluvium on shallow slopes. This is in
contrast to the Alligator Rivers region to the east where extensive marine and alluvial
deposits record the Holocene sea-level rise and stabilisation and changing estuarine
environments throughout the late Holocene.
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2.2 New Zealand
Figure 4 shows a map of New Zealand, indicating the 7 largest cities, which
collectively account for almost 60% of the population. Some 75% of the population
lives in the North Island, where the topography is generally much flatter than in the
South Island. The climate is temperate, with rainfall varying from greater than 6 m on
the western flanks of the Southern Alps (which run along most of the western coast of
the South Island), to less than 600 mm in eastern parts of the South Island (a rainshadow effect from the Southern Alps).
New Zealand broke away from the Gondwana super-continent some 65 M years
ago. Precambrian rocks form the basement of New Zealand, and some Precambrian
rocks outcrop to the west of the Alpine Fault in the South Island. The geology and
topography is largely determined by the fact that New Zealand lies on the boundary
of the Australian Plate and the Pacific Plate. The latter is subducted under the former
under the North Island, leading to significant volcanic activity and volcanic peaks, hot
springs, etc., but the relative motion consists more of lateral shear along the Alpine
Fault in the Southern Island. The North Island and western fringe of the South Island
sit on the Australian Plate, while the rest of the South Island sits on the Pacific Plate.
The central North Island is dominated by the Volcanic Plateau, an active volcanic and
thermal area. The Southern Alps and the axial ranges of the North Island form the
“backbone” of New Zealand. To the east of the Southern Alps lies the rolling
farmland
of
Otago
and
Southland, and the vast, flat
Canterbury Plains.
These mountains are mainly
composed of hard sandstone and
mudstone, collectively known as
"greywacke", of Mesozoic age,
but the southern and western
parts of the Southern Alps are
formed of schist. The uplift of
these ranges began about 15
million years ago and has
accelerated in the last few
million years. The total amount
of uplift in that period has been
estimated to be in the order of
20,000 m, but continuing erosion
is responsible for the present
height (up to 4,000 m) as well as
the dissected nature of the
country.
A feature of the Central Otago
area (NE of Dunedin in the South
Island) is the flat, even-topped,
rather
subdued,
schist
topography, commonly with
rocky outcrops (tors). About 70
million years ago this part of Figure 4. New Zealand: geology and principal cities.
New Zealand was reduced by www.sci.waikato.ac.nz/evolution/geologicalHistory.shtml
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erosion to a nearly level peneplain close to sea level. This level surface has been
particularly well preserved as it has been only gently uplifted and tilted rather than
complexly deformed.
A great proportion of the southern part of the North Island is formed of rather soft
Tertiary rocks. The rocks are very similar in character throughout the area: blue-grey
sandstone or mudstone. They form a very characteristic topography of steep slopes
and sharp ridges, reflecting the easily erodible nature of the rock. Harder rock types,
such as limestone, stand out prominently, particularly in Hawkes Bay and the
Wairarapa.
The limestone commonly forms steep bare bluffs, and erosion resulting in karst
landforms. The best examples of limestone formations are near Te Kuiti in the North
Island, and in northwest Nelson and south Canterbury in the South Island.
The cone-like silhouettes of volcanoes in Taranaki and Tongariro National Park
dominate the topography, while further north, flat-topped plateau areas are formed by
ignimbrite flows. Volcanic cones are also prominent in the Auckland region, Bay of
Plenty, and in some areas of Northland. Much of the topography in the northern half
of the North Island has been modified by deposits of ash from repeated volcanic
activity in the past million years. Many lakes in the central volcanic region are in the
craters of previously active volcanic centres.
The climate of the last two million years (a time of successive cooling and
warming) has had a major effect on present-day topography. Glaciers carved out Ushaped valleys in the mountains, and fans of alluvial detritus eroded from the bare
mountain slopes built up during the colder times. The Canterbury Plains, for example,
were built from glacial outwash. During warmer periods, sea levels rose and cut
coastal terraces into rocks and alluvial debris; successive rises and falls of the sea to
different levels formed the flights of terraces seen in the river valleys and around the
coast. When sea level was low, wide areas of sand exposed to the wind were blown
into dunes. They form the extensive dune country of the west coast of the North
Island and Northland.

Figure 5. Mobilising two CPT trucks: a 20t 6×4 rig set up to haul a trailer with a 10-20t all-terrain
rig (Courtesy Allan McConnell, IGS, http://www.insitu.com.au/)
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3 GEOTECHNICAL CHALLENGES
3.1 Site Investigation Practices
Site investigation in Australia and New Zealand is generally undertaken by
geotechnical consulting companies, who subcontract the drilling, sampling and
penetration testing activities to specialist geotechnical contractors. On-site
supervision by a geotechnical engineer or geologist from the geotechnical consulting
firm is frequently provided.
The scope of work is generally determined by the geotechnical consultant, in
accordance with the aims of the site investigation and the allocated budget. Naturally,
the scope of the work, the types of testing carried out, depend on the local ground
conditions and the nature of the project. CPT/CPTU testing is employed almost
universally where ground conditions are suitable, though this is commonly in
conjunction with some drilled-and-sampled boreholes, involving pushed-tube
sampling in clayey soils and SPT testing/sampling in sandy soils. There are specialty
CPT contractors in most major centres in Australia and New Zealand, generally with
standard CPT trucks. Many contractors have also smaller specialty CPT rigs for
easier mobilisation to remote sites, or for access onto very soft ground (or mine
tailings storages), or for use in confined spaces. Figures 5 to 11 illustrate the range of
CPT equipment used.
3.2 Major geotechnical issues
Many of the major geotechnical issues in the region of relevance to CPT/CPTU
testing are common across the region, but some are specific to particular areas.
One of the most common applications of CPT/CPTU testing in the region is for
characterisation of the soft clay deposits that are common in river-mouth and estuary
areas throughout the region, and this is the dominant application right along the east
coast of Australia, in the main population centres in Tasmania, and in some of the
coastal cities in New Zealand. The most noteworthy of these are the eastern part of
Brisbane and the adjacent coastal regions north and south of the Brisbane River, the
harbour areas of Newcastle and Sydney (Botany Bay), and the South Central part of
Melbourne.
In Perth and the WA coastal strip (Figure 2b), design of foundations (spread
footings, raft foundations, pile foundations) and prediction of foundation settlements
on the aeolian and alluvial sands and interbedded stiff clays is a major activity of
geotechnical engineers, probably more so than in any other part of the region. Similar
sand deposits are rather uncommon in most of the other major urban centres in
Australia, apart from areas of Newcastle, and coastal areas of Queensland.
Much of the Adelaide region is dominated by deep stiff saturated expansive clays,
with high suctions, which pose particular challenges for CPTU testing in particular.
In Melbourne, significant structures in much of the city require piles founded in
sedimentary rocks, though determining the properties of the overlying soft
sedimentary deposits is also required. Much of the Sydney and the regions north and
south of the city are underlain by strong sedimentary rock, such that the major
geotechnical challenges for foundations, excavations, slope stability, etc, are “rock
mechanics” challenges.
In New Zealand, apart from the characterisation of soft alluvial deposits associated
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Figure 6. CPT rig mounted permanently in a sea container (2.2 m L×2.4 m W×2.6 m H), for ease of
mobilisation. Handled on site by 20t excavator, which also provides the reaction (right), enabling a 12t
pushing capacity (Courtesy Probedrill: www.probedrill.com.au).

with rivers and estuaries (as mentioned above), the other major issue of relevance to
this report is characterisation of the liquefaction potential for extensive sand deposits
throughout the country, and in particular in the South Island. Unlike most of the
populated areas of Australia, New Zealand is a very high seismic hazard zone, such
that liquefaction is a major concern. For example, the city of Christchurch (
Figure 4), which lies only 125 km or so from the Alpine Fault at its nearest point, is
underlain by Quaternary deposits of loose cohesionless soils of considerable depth
(up to 1 km). Furthermore, according to Elder et al. (1992), the Alpine Fault, which
has been quiescent during the past 150 years, is estimated to have experienced at least
four large earthquakes (M ≥ 8) at intervals of about 500 – 550 years, and the last such
event was about 550 years ago.
In Australia, seismic liquefaction is a relatively minor issue, though it is still of
some importance in the Perth and Newcastle areas.
As mentioned earlier (and illustrated in Figure 3), there is very significant mining

(a)
(b)
Figure 7. (a) Light-weight penetration rig mounted on the arm of a Daewoo 225 LCV excavator,
carrying out CPT testing on the surface of a tailings storage; and (b) capabilities of this setup.
(Courtesy Allan McConnell, IGS, http://www.insitu.com.au/)
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activity throughout Australia (and New Zealand). The geotechnical issues associated
with this activity – wall stability for open cut mines, and stability of underground
works – are not relevant to this report. However, of major relevance to this report are
issues involving tailings dam stability, and the geotechnical condition of the tailings
deposits, and CPT testing is commonly employed in this area.
Issues related to slope stability, foundation behaviour, and pipeline behaviour in
the offshore oil and gas industries (off the WA coast and in the Bass Strait between
VIC and TAS) are outside the scope of this report (see Randolph, 2004, for a
coverage of this aspect).
4 CPT EQUIPMENT & PROCEDURES
4.1 Standards & Procedures
CPT testing in the region is generally carried out in accordance with the relevant
national standards – i.e. AS1289.6.5.1-1999 in Australia, and NZS 4402.6.5.3:1988 in
New Zealand. In addition, most contractors, and those who specify the testing,
adhere to international practice, as expounded for example in ISOPT-1 (De Beer et al.
1988). The book of Lunne et al (1997) is used almost universally as a reference, both
for conduct of the tests and for test interpretation. In general, contractors strive to
keep abreast of the latest developments in international practice in most aspects of
testing procedure.
4.2 CPT Equipment
Most centres where CPT testing is appropriate for local conditions are well served by
specialist CPT contractors, or general SI contractors offering CPT services. Most
contractors are equipped with purpose built cone trucks, either imported from one of
the European or North American manufacturers, or manufactured locally, or trackmounted rigs for difficult-to-access sites, soft ground, or steep-sloping ground.
Similarly, most operators have acquired CPT equipment (cones, loggers, etc) from
one of the European or North American manufacturers.

(a)
(b)
Figure 8. (a) Marooka 12t tracked CPT rig operating on tailings storage with desiccated crust,
Kalgoorlie, WA; and (b) portable CPT rig set up on an “Amphiroll” vehicle on a bauxite residue (‘red
mud’) tailings storage area, Kwinana, WA (Courtesy of Probedrill: www.probedrill.com.au).
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Nearly all contractors offering
CPT services also offer piezocone
(CPTU) testing, which is routinely
carried out when testing in soft
alluvial deposits, a common
application of CPT testing in most
parts of the region. The pore
pressure transducer filter is almost
always located just behind the
shoulder (giving the so-called “u2”
measurement), though there is lack
of uniformity with regard to the type
of porous element, the saturation
fluid, and the saturation procedure.
There is also a recent trend
towards “wireless” CPT equipment,
where the signals are transmitted Figure 9. CPT testing on river levee, Launceston
wirelessly, with this being currently (Courtesy Pitt & Sherry, TAS).
more pronounced in New Zealand
than Australia.
Seismic CPT tests (SCPT) are performed relatively widely across Australia, and
are typically being used in between 5% to 10% of all CPT contracts. They are also
becoming more common in New Zealand. Some trends identified from the survey
carried out by the authors for this report are detailed below:
• Clients who know that their project requires seismic design rarely question the
need for seismic cone tests (SCPTs). However, the same clients often need to be
convinced of the need for (more expensive) SCPTs for less high profile projects in
areas of low seismicity. There is clearly a need for better education of clients who
perceive that seismic shear wave velocity measurements are only relevant for seismic
design.
• Most SCPTs in current use continue to employ a single geophone. There is
awareness of the advantages of using dual geophones, although it would appear that
Clients have yet to start insisting on the use of dual geophones.
• Seismic sources used include the traditional sledge hammer source, but
automatic hammers are now starting to be used – e.g. the AutoSeis source developed
by Prof. Paul Mayne at Georgia Tech, and the source supplied by Geomil
(www.geomil.com ) as used by one NZ contractor (Perry Drilling – see below).
• One CPT operator in Queensland has purchased the only seismic dilatometer
(SDMT) currently in the region and envisages that the growth of shear wave velocity
measurement will be via the SDMT because this device “provides two measures of
stiffness”.
4.2.1 Contractors
In Australia, the most prominent of the CPT contractors are:
• Probedrill (www.probedrill.com.au) and Probetech (no web site), operating in
Perth and throughout WA
• Insitu Geotechnical Services (IGS), Brisbane, QLD and Sydney NSW
(www.insitu.com.au)
• Cone Penetration Testing Services (CPTS), Brisbane, Qld (www.cpts.com.au)
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• Douglas Partners, Sydney, NSW (www.douglaspartners.com.au)
• EAW Group (Earth, Water, Air), Sydney, NSW
• Black Insitu Testing, Melbourne, VIC (www.blackinsitutesting.com.au)
• Pitt & Sherry, Launceston & Hobart, TAS, (www.pittsh.com.au)
In addition, a CPT truck is operated on a commercial basis by the University of
Newcastle, NSW (http://livesite.newcastle.edu.au/cgmm/Consultancy.page?), and the
University of Adelaide also offers a light-weight CPT rig for commercial testing in
South Australia. To the authors’ knowledge, there is no commercial CPT contractor
based in the Northern Territory (NT), with contractors mobilising equipment from
one of the other centres for any major CPT projects in this area.
New Zealand also has a number of specialty CPT contractors, or general SI
contractors offering CPT services. As in Australia, these are located in the main
population centres:
• Perry Drilling Ltd, Tauranga (www.perrydrilling.co.nz )
• Resource Development Consultants Ltd (RDCL), Havelock North
(www.rdcl.co.nz)
• Griffiths Drilling Ltd, Wellington (www.griffithsdrilling.co.nz)
• Brown Brothers Ltd, Hamilton (www.brownbro.co.nz).
• CW Drill, Nelson (www.cwdrilling.co.nz).
• Geotech Drilling, Taupo (www.geotechdrilling.co.nz).
• McMillan Drilling, Christchurch (www.drilling.co.nz).
• Testdrill NZ Ltd, Auckland (www.testdrill.co.nz) (their “CPT” involves
measuring only the total pushing force at the top of the rods using a top load cell).
5 CPT INTERPRETATION
Interpretation of CPT/CPTU can be considered in two categories: interpreting the
results to identify the soil types and produce a soil stratigraphy; and interpreting the
results to obtain traditional soil engineering parameters for design or for design based
directly on the measured CPT/CPTU parameters.

5.1 Soil stratigraphy interpretation
Soil type is often interpreted
automatically by CPT contractors
using software based on the soil
behaviour type (SBT) classification
charts such as those proposed by
Robertson et al. (1986). These charts
have remained popular for automated
assessments, despite the more
rational basis of the Robertson
(1990) SBT chart, which relates soil
type to CPT parameters (qc, fs) that
are normalised by the in-situ vertical
effective stress (σ′vo). The additional
level of input required to specify a

Figure 10. Geoprobe Geo7720DT tracked CPT
drilling-sampling rig (US), operated with Geotech
AB (Sweden) cordless CPT probes (Courtesy Brown
Bros Ltd, www.brownbro.co.nz)
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σ′vo profile has clearly impacted on the use of normalised SBT charts.
It is generally understood that there are deficiencies/limitations in the various SBT
charts and that, as a minimum, some site-specific “calibration” boreholes should be
performed.
The soil behaviour type index (Ic) proposed by Robertson & Wride (1998) is
gaining increased popularity as it provides a single number (rather than a combination
of qc and fs) to assign to a soil. The Ic values at a given CPT location can be readily
plotted alongside borehole logs and the DMT material index (ID) to assist
stratigraphic profiling. Users of Ic will need to continue to be aware of its limitations:
for example, there is no Ic value typical of soft sensitive clays or very stiff clays.
Use of SBT charts employing pore pressure (u2) and cone end resistance (qc) data
are less popular because u2 data are believed to have a lower level of reliability than
friction sleeve measurements. In many areas, there can be a significant thickness of
partially saturated soil above the water table, and this impacts on the reliability of the
subsequent u2 measurements in the saturated zone. The reliability of u2 data could be
improved through better sensor saturation procedures. Operators also need to be
provided with clear instructions on how to proceed after a sensor cavitates e.g. allow
a wait period after a cone has passes through a stiff clay to allow the sensor to
recover.
A number of Australian consultants are now making use of the SBT chart
proposed by Schneider et al. (2008). This chart, which employs u2 and qc data and is
reproduced on Figure 12, uses the Δu2/σ′vo ratio rather than the traditional Bq ratio
because changes in cone water pressure (which are important from a soil type
perspective) are usually small relative to the CPT qc values.
5.2 Derivation of soil parameters
Many practitioners do not find time to review CPT research work such as summarised
in the various ESOPT, ISOPT and ISC proceedings. The textbook by Lunne et al.
(1997) distilled much of this research, and is undoubtedly the major reference used
for derivation of parameters in Australia and New Zealand. (Given its popularity, it is
hoped that major findings from this conference and a number of others held in recent
years are incorporated in a new revision of the book). Australasian consultancies tend
to develop their own spreadsheet
programs to derive parameters such
as relative density, friction angle,
undrained strength and soil stiffness
from CPT data. Commercial
software is also available and is
used occasionally.
There is a relatively wide range
of correlations in use and particular
designers tend to adopt their own
favourites, many of which have
been superseded by more recent
research. Most variability exists in
the range of correlations employed
for equivalent linear elastic stiffness Figure 11. CPT rig on New Holland LS180 Skid Steer;
(Eeq). For example, a recent survey reaction provided by ground anchors (RDCL, NZ,
www.rdcl.co.nz)
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(which is partly summarised in Lehane et al. 2008) indicated that practitioners’ choice
of Eeq in Perth sand for footing settlement estimation ranged from 2qc to 15qc. Such a
range may partly reflect the well know tendency for Eeq/qc to reduce as sand relative
density increases.
Undrained shear strengths (su) are derived directly from end resistance data using
cone factors (Nkt) which can vary, depending on a particular designer’s preference, by
a factor of 2 (from 10 to 20) even for the same soil deposit at the same location. The
use of such a large range in Nkt values reflects the wide variation of factors reported in
the literature as well as inconsistency in the su value that is calibrated with the end
resistance (e.g. vane, or triaxial UU or CIU).
There is confusion amongst some practitioners on how to interpret a piezocone
dissipation test, particularly when pore pressures rise to a maximum a few minutes or
more after halting penetration. This is partly because this relatively common
occurrence is not covered in Lunne et al. (1997). There is also confusion concerning
how the coefficient of consolidation inferred from a CPTU dissipation test (ch) can be
applied in design. There is a tendency, for example, to assign particularly high
coefficients of consolidation to normally consolidated clays on the basis of the higher
(re-loading) coefficient relevant in the dissipation test. Another common trend is to
combine the mv value measured in oedometer tests with the ch value to deduce in-situ
lateral permeability (kh); this trend generally tends to overestimate actual kh values.
Although there has been some recent research into the influence of partial drainage
on the CPT resistance (e.g. Lehane et al. 2009), there is currently insufficient

Figure 12. Interpretation diagrams of Schneider et al. (2008).

270

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

guidance to practitioners on how best to interpret end resistance values in the
extensive deposits of silts present in Perth City centre and elsewhere. As a
consequence, many practitioners tend to treat silts for design purposes as either hard
clays or loose sands, depending on the assessment of the degree of drainage during
cone penetration. CPTs involving rate changes (e.g. a reduction or increase from the
standard rate), as advocated by Schneider et al. (2007), and others, would improve the
interpretation of the rate dependence of the qt value in these kinds of materials and
thus lead to a more rational basis for design.
6 CPT APPLICATIONS
This section describes some of the applications of cone penetration testing in
Australia and New Zealand. Environmental cone testing probes have been largely unused, presumably due to the limited degree of site re-use compared to older more
populous parts of the world.
6.1 Pile Design
There is extensive use of direct correlations between CPT parameters and pile shaft
friction and end bearing. For driven piles, practitioners still make use of the
correlations proposed by Bustamante and Gianeselli (1982), rather than employ more
recent proposals such as those summarised in American Petroleum Institute
recommendations, API (2006). The Australian piling standard (AS2159) promotes the
use of CPTs by allowing higher reduction factors on ultimate geotechnical strength
(φg) for a greater coverage of CPTs at a particular site. For example, a φg value of 0.5
is specified for sites with average CPT site coverage whereas φg can be 30% higher
(=0.65) if CPTs have been performed at all pile locations.
6.2 Soil Stiffness
Soil stiffness for movement prediction of deep and shallow foundations and retaining
walls are commonly assessed from CPT data. Equivalent linear elastic “operational”
moduli are normally derived from qt data using plots such those of Baldi et al. (1989),
but may also be derived from shear wave velocity data. Recommendations for a CPTbased strain dependent soil stiffness (e.g. Lehane and Fahey 2004, Zaremba and
Lehane 2007) have been applied in a variety of projects in Perth.
6.3 Ground Improvement
CPTs are used to assess the degree of soil improvement achieved on all projects,
although they are rarely used in place of nuclear density or sand replacement tests for
road pavement assessments. It is felt that research is still required to relate ratios of qt
values before and after ground improvement to corresponding ratios of soil stiffness
or strength. This is because effects of age, placement/ground improvement method
and degree of consolidation on the properties of the in-situ material differ from those
of the improved material. As shown on a number of recent projects in Australia,
effects of arching also need to be considered when interpreting qt data for fill
compacted in trenches above pipelines.
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6.4 Soil Liquefaction
The liquefaction resistance of sands and silty sands is generally determined from CPT
qt and SPT N data using the recommendations of Youd et al. (2001). The resistance
indicated by qt data is often preferred to that assessed from shear wave velocities.
Whereas assessment of liquefaction potential is not a major issue in most
Australian centres (due to low earthquake risk and absence of significant sand
deposits), this is certainly not the case in New Zealand, where assessment of
liquefaction potential is one of the major challenges faced by geotechnical engineers,
as mentioned earlier. New Zealand consultants generally adopt the approaches
described by Zhang et al (2002) and Robertson (2004) for determination of post
earthquake settlements.
7 RESEARCH AND FUTURE TRENDS
Ever since the early work of Holden referred to in the Introduction, there has been
ongoing research in the region on applications of CPT and CPTU, and more recently
on SCPT. Because of the widespread use of CPT/CPTU in the recent alluvial
deposits common to many urban areas in the region, as detailed earlier, a common
research theme in the region has been determining local interpretation and design
parameters for such soils for each area.
Because of the particular relevance of SCPT to foundation design in the dune and
alluvial sands and stiff clays of the Perth region, there has been ongoing research at
UWA by the authors and their colleagues in these topics, generally in conjunction
with DMT or self-boring pressuremeter (SBP) testing (e.g. Lehane and Fahey 2004,
Lehane et al. 2008, Lehane et al. 2009).
Perth has a short wet winter and a long dry summer, and seasonal effects on CPT
results is an issue. From CPT tests carried out in sand above the water table, Lehane
et al. (2004) showed that qc values were significantly lower at the end of winter than
at the end of summer, with this effect being most pronounced near mature trees,
indicating the effect of changing suctions on qc values.
Research on CPT testing in clays has been ongoing at the University of Adelaide
(SA) since the early 1980s, and more recently by Jaksa and his colleagues. By
carrying out 220 CPTs in a 50 × 50 m grid, as well as a single CPT driven 7.6 m
horizontally into the face of an embankment, and acquiring CPT data at 5 mm
intervals, Jaksa (1995) was able to measure the vertical and horizontal spatial
variability of the Keswick Clay, a stiff, over-consolidated clay whose geotechnical
properties are very similar to those the London Clay (Jaksa et al. 1997a, 1999; Jaksa
and Fenton 2002). In addition, by further analysing these data, Jaksa et al. (1997b)
demonstrated that the CPT incorporates a very low random measurement error of 3%,
which is the lowest of any in situ test, and Jaksa et al. (2002) developed a statisticallybased method for evaluating the friction sleeve distance which is used in the
calculation of friction ratio.
Because of the strong interest in seismically-induced liquefaction in New Zealand,
there is ongoing research there on the application of CPT and SCPT for liquefaction
assessment, and for determining stiffnesses for site response analysis.
Overall, it appears that CPT/CPTU/SCPT will continue to grow in popularity in
the region, probably in conjunction with growing use of DMT and SDMT.
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8 SUMMARY
The use of CPT/CPTU is increasing steadily throughout the region in the areas where
such testing is appropriate. Well-equipped CPT contractors are based in most of the
major urban areas, or can mobilise to centres where no such contractor is located.
The popularity of CPT/CPTU obviously depends on the local geological and
geotechnical conditions, such that in Perth, for example, this type of testing
dominates site investigation activity, while in Sydney, it is relevant only to very select
areas.
The main uses of CPT/CPTU in the region are for determination of general soil
stratigraphy, for investigations in recent alluvial deposits, for foundation design in
stiff clays and sands, and for liquefaction assessment, particularly in New Zealand.
Increasingly, CPT/CPTU is carried out in conjunction with shear wave velocity
measurement (seismic CPT), and is often (particularly in Perth, but increasingly
elsewhere) complemented by DMT testing.
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Regional Report for North America
P.W. Mayne
Georgia Institute of Technology, Atlanta, GA USA

ABSTRACT: Since the prior national reports for Canada (Woeller & Robertson
1995) and USA (Mayne et al. 1995) were prepared for CPT’95, considerable growth
and demand have been seen in the application of cone penetrometer technology
(CPT) across North America. Compared with the more traditional rotary drilling &
sampling methods used in site exploration, the CPT offers several clear advantages:
(1) faster, continuous, and reliable profiling of subsurface geostratigraphy; (2) immediate access to digital data; (3) multiple types of measurements from the same sounding; and (4) economy, particularly in total linear meters (footage). Direct CPT methods for shallow and deep foundation design have also found great interest.
1 INTRODUCTION
This regional report on North America covers the United States (population: 300M),
Canada (33M), Mexico (110M), Greenland, Central America, and the many Caribbean islands, with a total population of 502M. It is the third largest continent and is
bounded by the Atlantic Ocean and Gulf of Mexico on the eastern and southeastern
portions, the Pacific Ocean on the western and southern edges, and the Arctic Ocean
on the northern border.
North America covers 24.2M km2 (9.4M square miles) and thus contains 16.3% of
the world's total land area. The topography across the region varies greatly and within
the land portion, ranges in elevation from a low of -86 m at Death Valley, California
to a high point of +6194 m at Mount McKinley in Alaska. The western side of the
continent and the large island of Greenland tend to have the highest elevations and
more mountainous terrain, as seen by Figure 1a (CEC 2007).
2 GEOLOGY OF REGION
Geologic origins of the landmasses encompass all of the major rock types (igneous,
sedimentary, metamorphic) and soil formations (marine, lacustrine, alluvial, deltaic,
glacial, aeolian, residual, bio-chemical). The latest compiled geological map of North
America is shown in Figure 1b (Reed et al. 2005) which has identified 939 separate
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geologic units, of which 142 are located offshore (Barton et al. 2000). The geological
formations range from the oldest Pre-Cambrian rocks to soft Holocene and recent sediments, with the youngest still forming today as deltaic unconsolidated soils where
the Mississippi River empties into the Gulf of Mexico.
With many terrains having varied features in elevation, age, origin, and composition, the CPT meets with success in the soft-stiff and loose-dense soils, however, it
encounters refusal in the hard indurated rocks and cemented formations. The preponderance of the soils originate as water-borne sediments over much of the land east of
the Rockies, along coastal areas and shorelines, and the Mississippi valley. These include clays, silts, sands, and gravels. The northernmost regions have been glaciated
with underlying hard clay tills and bouldery and gravelly deposits, often covered with
soft lake clays and peats. In other regions, soil units derived from in-place weathering
to form residuum.

Figure 1. North American maps showing: (a) topography; and (b) geology (CEC 2007)

3 GEOTECHNICAL CHALLENGES
As the terrain is diverse and varied, so are the geotechnical challenges across North
America. In the southern portions, difficult experiences occur with highly expansive
clays and swelling clay shales (e.g., Houston-TX, Denver-CO, Washington-DC, San
Diego-CA), particularly as they undergo repeated wet-dry cycles in consecutive seasons. For the northernmost regions (e.g, Quebec City-QB, Fairbanks-AK, AlbanyNY, Concord-NH), major difficulties in geotechnical engineering involve: permafrost, frost-heave, pavement deterioration, and heavy scour and erosion or roadways
and bridge foundations during spring ice melts. In coastal areas underlain by soft Holocene sediments (e.g, Vancouver-BC, Charleston-SC, New Orleans-LA, NorfolkVA), extensive use of driven piling and drilled shafts (bored piles) are required for
support of buildings, bridges, and port facilities. These areas also utilize various types
of site improvement (e.g., vibroflotation/replacement, dynamic compaction, stone
columns) for ground modification prior to construction. In the midwest and western
regions (e.g., Alberta, Colorado, Utah, Iowa, Arizona) are found problems associated
with collapsible soils, wind-blown loess, dispersive clays, and stability of mine tailings deposits.
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Figure 2. Seismic map of North America showing peak ground accelerations (PGA in m/s2) for 10%
probability of exceedance in 50 year period (Shedlock 1999).

Seismicity is of major concern to geotechnics across the continent, as evidenced by
the seismic map of North and Central Americas and the Caribbean presented in Figure 2 (Shedlock 1999). The majority of the seismic activity is due to the subduction
zone of the North American plate sliding under the Pacific plate from California to
Alaska; and the interactions of the Cocos and Caribbean plates that are south and east
of Mexico. Additional seismic "hot spots" of mid-plate tectonics are found in Hawaii,
the New Madrid Seismic Zone, Charleston-SC, Charlevoix-QB, Baffin Bay, and
Grand Banks. Geotechnical issues for high seismicity relate to evaluating levels of
expected ground shaking, site amplification, soil liquefaction, and post-cyclic residual
strengths, specifically affecting building infrastructures, dam and reservoir stability,
and loss of utilities.
4 CPT EQUIPMENT AND PROCEDURES
4.1 Standards
The procedures and standard guidelines for electric and electronic cone and piezocone testing are given in ASTM D 5778 (2007) which includes aspects related to penetration testing and measurements of cone tip resistance (qc), sleeve friction (fs), in-
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clination (i), and porewater pressures (optional u1 and mandatory u2). Details are given on the correction to total cone tip resistance (qt), particularly when testing is conducted in fine-grained soils that exhibit appreciable porewater pressure response during penetration. This correction requires the porous filter element at the shoulder
(designated u2). In some parts of the southern US, stiff fissured and overconsolidated
clays show little u2 activity (and thus, small correction to qt), thus it has become
common to utilize a mid-face or tip porous filter element (u1) to record porewater
pressures in these formations. Either glycerine or silicone are used for saturation.
For piezo-dissipation testing, where the monitoring of porewater pressure decay with
time is conducted, standard guidelines are provided in ASTM D 6067 (2009). For
seismic piezocone testing (SCPTu), ASTM D 7400 (2008) addresses the downhole
measurement of seismic shear wave velocities with depth.
4.2 CPT equipment
In North America, CPTs are conducted using either older analog-electric and newer
digital-electronic systems. Most commercially-sold equipment includes systems built
in the USA (Hogentogler; Vertek) and from Europe (A.P. van den Berg; GeoMil;
GeoTech AB; and Envi AB). Large CPT service companies build and maintain their
own in-house systems (e.g., Fugro; ConeTec; Gregg).
Standard penetrometers (Fig. 3) are found in
either the 10-cm2 size (d = 35.7 mm) or 15cm2 size (d = 44 mm). Most are cabled systems using 10-, 12-, or 16-pin wired connections, while the advantages of cable-less CPT
have also found favor with some users, particularly small firms that have drill rigs and want
the additional capabilities of CPT for soft
ground exploration. In testing clean sands, or
ground with no water table, or mere stratification purposes, a standard electric cone with tip
and sleeve are common. However, in clays,
silts, and sands with high fines content, and
for purposes of evaluating soil engineering parameters for design, then piezocones are used
in order to provide the highest quality and reliability of data.
Fig. 3. Electric cones and piezocones
4.3 CPT vehicles
The cone penetrometer is pushed hydraulically at a constant rate of 20 mm/s with
usual rod breaks at 1-m intervals. A full-size hydraulic loading system is rated at 20
tonnes and these can be mounted on trucks, tracked vehicles, and large rubber-tired
"mudbugs", as seen in Figure 4. Also, the pushing system can be positioned on
barges, skids, swamp buggies, boats, and jack-up platforms for over water access,
sloped ground, or marshy terrain. Figure 5 shows a selection of these arrangements.
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Figure 4. Selection of various truck, track, and all-terrain CPT vehicles for production testing.

Figure 5. Deployment methods for CPTs overwater: (a) Seacor jack-up platform (Anchorage, AK);
(b) The Explorer (Savannah, GA); and (c) seabed frame and spooled tubing rods.

4.4 Utilization of CPT
CPT in North America is accomplished by medium to large CPT service companies,
as well as conducted in-house by smaller testing firms and/or state or federal government agencies. At present, the largest commercial CPT service groups include:
ConeTec Investigations; Fugro Geosciences, and Gregg Drilling & Testing, who offer
onshore and offshore CPT systems and maintain fleets of 8 to 12 vehicles at various
locations. Several national governmental agencies have adopted CPT for their purposes and maintain their own vehicle(s) for operations: (a) US Geological Survey
(USGS); (b) US Bureau of Reclamation (USBR); (c) Environmental Protection
Agency (GWERD); and US Army Corps of Engineers (SCAPS).
Of particular interest is the growth of CPT for application on highway related
projects. A recent questionnaire survey was sent to 64 Departments of Transportation
(52 US DOTs and 12 Canadian DOTs) to inquiry on their use and implementation of
CPTs on a state/province-wide basis (Mayne 2007b). A summary of the 88% response rate is presented in Figure 6, indicating a rather high interest and acceptance
of CPT by state and provincial highway departments, particularly QB, MN, and NE.
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Vancouver, BC
Canada

LEGEND
Location of illustrative CPTU

Blytheville, AR, USA

Use Level by DOTs

Hamilton AFB
San Francisco, USA
Atlanta, GA, USA

Mexico City
Mexico

Figure 6. Level of CPT utilization on highway projects annually by US state and Canadian provincial
state departments of transportation (after Mayne 2007b).
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Figure 7. Piezocone sounding in soft to firm Mexico City clay (Cruz & Mayne, 2006).

4.5 Illustrative CPTs in North America
As the geology across North America is so diverse and varied, so are the CPT records
obtained from specific locations. To give a flavor for the types of data collected during CPTs, five selected examples of piezocone soundings are presented from the
three primary countries: USA, Canada, and Mexico. The specific sounding locations
are noted on Figure 6.
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For Mexico, Figure 7 shows a representative piezocone sounding in the infamous
highly plastic, lightly overconsolidated clays of the Chalco Lake district of Mexico
City. At this location, average clay indices (%) from several samples gave: liquid limit, LL = 266 ± 73; plasticity index, PI = 205 ± 61; and natural water content, w = 194
± 61. Clear evidence of small thin sand lenses or "stringers" can be seen in the peaks
of qt and fs, as well as corresponding drops in the u2 porewater pressure readings, particularly below 18 m depth.
From the USA, Figure 8 presents a seismic piezocone that penetrates primarily Holocene sands of the Mississippi River embayment in eastern Arkansas. The location
is at Marked Tree, a historic paleo-liquefaction site where large sand boils ("blows")
and other liquefaction evidence (e.g., dikes and sills) have been documented and associated with the large New Madrid Earthquakes of 1811-1812 (Schneider, et al.
2002). The sands are clearly identified by the near hydrostatic porewater pressures
throughout most of the profile. The sands appear somewhat silty in the depth range
from 22 to 25 m. Whereas the scale of qt readings from the soft clays in Figure 8
were essentially all less than 1 MPa, the qt resistances in the sands of Fig. 9 are all between 10 and 40 MPa.
The third example is from Canada and shown in Figure 9. This consists of a very
deep 95-m seismic piezocone record in recent deposits along the Fraser River in Vancouver, British Columbia. The sounding penetrated 40 m of sand over 55 m of silty
clay before termination. As seen by the graph, the SCPTu provides a superior means
for the collection of continuous and multiple types of digital data with depth from a
single sounding, here detailing qt, fs, u2, and Vs in an economical and expedient fashion, especially for deep investigations.
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Figure 9. Results of seismic piezocone sounding for Golden Ears Bridge, Vancouver, BC, Canada.
(courtesy ConeTec)

The fourth example is from a sounding advanced into residuum of the Atlantic
Piedmont geology. Here the disintegration of the underlying gneissic and schistose
bedrock (Precambrian Z-age) has weathered to form saprolite and residual soils consisting of silty fine sands and fine sandy silts. Figure 10 shows the results of a piezocone sounding advanced for the Atlanta subway system and the characteristic negative porewater pressures that are recorded by the u2 filter position (in these stiff soils)
once the groundwater table is encountered. The sounding is also a testament to the
fact that, with the right equipment, CPTs can be used to penetrate very hard materials,
including partially-weathered rocks, as evidenced by the SPT resistances from an adjacent soil test boring.
The fifth and final sounding is from Hamilton Air Force Base (HAFB) near San
Francisco, California and presented in Figure 11. The University of California at
Berkeley has carried out research at the HAFB for the past 30 years (Bonaparte and
Mitchell, 1979). The site is composed of Young Bay Mud (YBM) overlying Old Bay
Mud (OBM). The YBM extends to a depth of about 17m at the HAFB site and is a
gray silty clay with small amounts of organic and shell fragments. The average index
values are; PI = 40%, LL = 88%, wn = 90% and total unit weight = 14.0 kN/m3. The
YBM is lightly overconsolidated due to desiccation in the upper sections and close to
normally consolidated at depth. It has a high sensitivity (St ~ 5 to 10) due to deposition in a brackish to salt water environment. The groundwater level (GWL) varies
with the seasons but is on average 2 m below ground surface. The Older Bay Mud
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(OBM) is more variable and ranges from silty clay to sandy clay. The OBM is also
overconsolidated due to periodic sea level changes and erosion.
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Figure 10. Piezocone results in saprolitic weathered rock and residuum of the Atlantic Piedmont
(courtesy of Golder Associates and Fugro Geosciences).
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5 CPT INTERPRETATION
Results from the CPT can be used to define the geostratigraphy and the interpretation
of soil engineering parameters for analysis and design of geotechnical projects. For
instance, in the example sounding above (Fig. 9), it is clear that the vertical profile
contains four major strata: (a) dense sandy layer from 0 to 2.5 m; (b) loose silts and
sands from 2.5 m to 12 m; (c) firm sands from 12 m to 39.5 m that appears to become
quite silty in the depths between 36 and 39.5m; and (d) a thick soft silty clay layer below 39.5 m through to the termination depth at 95 m. Sandy lenses are evident in the
depth range from 84 to 90 m.
Detailed information on the post-processing of CPT data for the interpretation of
various soil properties can be found in manuals on cone penetration testing
(Schmertmann 1978; Robertson & Campanella 1984; Briaud & Miran 1992; Mayne
2007b). A review of various methods for soil parameter evaluation is given in the US
national report on CPT (Mayne, et al. 1995). A book that addresses the subject of
CPT procedures and interpretation has been prepared by Lunne, et al. (1997) while
sections of the book by Schnaid (2009) also cover the topic. Furthermore, technical
papers that offer updated findings and recent methods of CPT analysis are also available (e.g., Schnaid, 2005; Mayne, 2007a; Robertson 2009).
Using their own proprietary in-house software, most CPT service companies usually provide some basic interpretation of soil profile and classifications with the qt, fs,
and u2 plots, as well as a few select parameters: e.g., undrained shear strength (su) in
clays; and relative density (DR) and friction angle (') in sands. Manufacturers who
sell CPT systems to local geotechnical firms often supply an accompanying software
package as part of the deal. There are also available a number of commercial programs that provide CPT interpretation on a suite of geoengineering parameters. Selected listings of several CPT software data reduction programs can be found at the
following websites: www.ggsd.com and www.webforum.com/tc16.
In the subsequent paragraphs, a few selected interpretative methods are chosen for
presentation. These particular methodologies were developed in North America,
based in part on the experiences with CPTs in geomaterials in those prevailing terrains. Since there is no general consensus on the evaluation of stratigraphy and geotechnical parameters, any presentation of results beyond the CPT resistance plots
should therefore clearly state their origin and basis.
5.1 Geostratigraphy and soil classification
To facilitate the identification of soil types automatically by computer software, a
number of empirical CPT classification schemes have been developed, commonly
given in terms of soil behavioral type (SBT) charts (e.g., Schmertmann, 1978; Robertson, et al. 1986; Olson & Mitchell 1995; Schneider et al. 2008).
It can be important to account for depth effects on the readings, therefore stressnormalized CPT parameters have been defined as follows (Robertson 1990):
Qt1 = (qt-vo)/vo'

(1)

Fr = 100·fs/(qt-vo)

(2)

Bq = (u2-u0)/(qt-vo)

(3)
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where vo = ∫ t dz = total vertical overburden stress, u0 = hydrostatic porewater pressure, and vo' = vo - uo = effective vertical stress. By plotting the CPTu data in pairs
of Qt1-Fr and Q-Bq graphs, a 9-part SBT zone system has been developed (Robertson
2004). For implementation into spreadsheets, it is convenient to define a CPT material index (Jefferies & Been, 2006):

I c  {3  log(Qt1  [1  Bq ]  1)}2  {1.5  1.3  log(Fr )}2

(4)

Corresponding soil behavioral types, zone numbers, and associated ranges of material
index for Ic are given in Table 1.
A simplified version has been suggested for the CPT material index, as shown in
Figure 12 (Robertson & Wride, 1998):

I c '  I cRW  {3.47  log(Qt1 )}2  {1.22  log( F )}2

(5)

with corresponding zones and SBT classifications also given in Table 1. In essence, Ic
is the radius from a focal centerpoint located in the upper left corner of a Qt1-Fr plot
and defines the zonal boundaries between different soil types. In this case, the normalized cone tip resistance has been re-defined as (Robertson, 2004):

( q   vo )   atm 

Qtn  t
 
'
 atm

 vo 

n

(6)

where atm = 1 atmosphere ≈ 1 bar = 100 kPa and the exponent n = 1.0 applies in the
general case of clays (IcRW > 2.95), n = 0.75 for silty soils, and n = 0.5 for clean sands
(IcRW < 2.05). An iterative approach can be used to find the appropriate exponent n
for mixed soil types, else the exponent n can be estimated from IcRW and effective
overburden stress (Robertson 2009):
n = 0.381 IcRW + 0.15 (vo'/atm) - 0.15

≤ 1.0

Table 1. Soil behavioral type and zone as defined by CPTu material index, Ic
Soil
SBT
Range Index, Ic
Range Index IcRW
Classification
Zone
Sands with gravels
7
Ic < 1.25
IcRW < 1.31
Sands: clean to silty
6
1.25 < Ic < 1.80
1.31 < IcRW < 2.05
Sandy mixtures
5
1.80 < Ic < 2.40
2.05 < IcRW < 2.60
Silty mixtures
4
2.40 < Ic < 2.76
2.60<IcRW <2.95
Clays
3
2.76 < Ic < 3.22
2.95<IcRW <3.60
Organic soils
2
Ic > 3.22
IcRW >3.60
Sensitive soils
1
NA
see note 3
Notes:
1. Index Ic after Jefferies & Been (2006).
2. Index IcRW after Robertson & Wride (1998).
3. Sensitive soils of SBT zone 1 characterized when Qt1 < 12 exp(-1.4Fr)
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Figure 12. Soil behavioral type and zone number using CPT material index (after Robertson, 2009)

Alternative schemes for soil classification by CPT include the use of probability
curves and fuzzy estimations to infer the percentages of sand, silt, and clay, as detailed by Tumay et al. (2008). This would be directly compatible with the agrarian
soil classification system used by the USDA (US Dept. Agriculture).
5.2 Unit weight
Total unit weights are best obtained by securing "undisturbed" samples (e.g., thinwalled Shelby tubes; piston samples) and weighing a known volume of soil. When
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this is not feasible, the total unit weight can be estimated from CPT results, such as
(Mayne, Peuchen, & Bouwmeester, 2010):

t

 f 
 1.95   w   s 
  atm 

0.06

 '
  vo 
  atm 

0.06

(8)

where t is in same units as the unit weight of water (w).
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Figure 13. Effective friction angle from CPT in undisturbed clean sands (modified after Mayne 2006).

5.3 Effective friction angle
The effective stress friction angle (') is a fundamental soil property of sands, silts,
and clays. As such, the critical state value likely needs to be determined form a series
of laboratory triaxial testing performed on undisturbed specimens (mostly obtained
using special freezing techniques). An evaluation of the peak ' for unaged, uncemented clean quartz to siliceous sands can be estimated from CPT results, as shown
in Figure 13 (Mayne, 2001):
' = 17.6° + 11·log(Qtn)

(9)

Note that for clean sands, essentially the measured and corrected tip resistances are
identical (qt ≈ qc) and the relatively small magnitude of total vertical stress next to qc
results in the approximation that Qtn ≈ qc/(vo'·/atm) 0.5 for these granular materials.
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For fine-grained soils, the best means for defining the effective stress friction angle is from consolidated triaxial tests on high quality samples. Perhaps an assumed
value of ' of 30° for clays and 35° for silts will suffice for many small to medium
projects. Alternatively, an effective stress limit plasticity solution for undrained penetration developed at the Norwegian Institute of Technology (NTH: Senneset et al.
1989) allows the evaluation of effective stress parameters (c' and ') from piezocone
measurements. In a simplified approach for normally- to lightly-overconsolidated
clays and silts (c' = 0), the NTH solution can be approximated for the following
ranges of parameters: 20º ≤ ' ≤ 45º and 0.1 ≤ Bq ≤ 1.0 (Mayne 2006):
' (deg) = 29.5º ·Bq0.121 [0.256 + 0.336·Bq + log Qt1]

(10)

For heavily overconsolidated soils, fissured geomaterials, and highly cemented or
structured clays, the above may not provide reliable results and thus should be verified by laboratory testing.
5.4 Preconsolidation stress and overconsolidation ratio
A first-order evaluation on the magnitude of the effective preconsolidation stress of
intact clays can be assessed from three separate expressions:
p' = 0.33 (qt - vo)

(11a)

p' = 0.53 (u2 - uo)

(11b)

 p' = 0.60 (qt - u2)

(11c)

If the three methods show consensus, then this helps to validate a "well-behaved"
clay and encourages the use of these relationships. If the methods show disparities,
then a closer examination and scrutiny of the lab and field data may be warranted, or
perhaps justification that additional independent confirmatory tests testing should be
conducted.
The preconsolidation stress can be presented in terms of the overconsolidation ratio
which is normalized and dimensionless:
OCR = p'/vo'

(12)

For the general case of evaluating the preconsolidation stress (or yield stress) of natural soils, including sands, silts, clays, and mixed soil types, Figure 14 offers a preliminary method for uncemented Holocene and Pleistocene geomaterials that extends
equation (11a) to the form (Mayne et al. 2009):


p' = 0.33 (qt - vo)mp (atm/100)1-mp

(13)

where the exponent mp increases with fines content and/or decreases with mean grain
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Figure 14. General approach to interpretation of preconsolidation stress by CPT net cone resistance in
Holocene and Pleistocene soils (modified after Mayne, et al. 2009).

size. Based on available observations, the parameter ranges from around mp ≈ 0.72 in
clean quartz sands, 0.8 in silty sands, 0.85 in silts, and 1.0 in intact clays of low sensitivity. The parameter may even take on values of 1.1+ in fissured geomaterials.
The CPT material index Ic proves to be a means of identifying the magnitude of
the parameter mp for general profiling of p' in both homogeneous or heterogeneous
deposits, as well as mixed soils and/or stratified formations. Figure 15 shows the initial trends, based on a review of the few available data, which can be expressed:
For Ic > 2.95:

mp = 1

(14a)

For Ic ≤ 2.95: mp = 0.6 + 0.04 exp(Ic - 0.7)

(14b)

As the CPT material index is dominated primarily by the normalized tip Qt and
normalized sleeve Fr parameters, values of both Ic and IcRW are quite similar, as
obtained from either equations (4) and (5) for use in (14) above.
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5.5 Undrained shear strength
When CPTu soundings reveal the presence of clay soils, the conventional N. American practice is to directly evaluate the in-situ undrained shear strength (su = cu) from
the cone tip resistance. The classical route is to adopt an inverted bearing capacity
form, whereby:
su



q t   vo
N kt

(15)

where qt = total cone resistance, vo = total vertical overburden stress, and Nkt is a
bearing factor that depends upon the theory (e.g., limit plasticity, cavity expansion) or
numerical simulation method (e.g., strain path method, finite elements), as discussed
by Konrad & Law (1987), as well as the reference mode of loading (e.g., vane shear,
triaxial compression or extension, plane strain, simple shear), rate of loading, initial
stress state, and other factors. For intact clays of low sensitivity, Nkt = 15 is often
used for an initial value that corresponds to the average undrained shear strength:
suAVE = ⅓ (suTC + suDSS + suTE) that is applicable to stability analyses and foundation
bearing capacity
It is also possible to independently evaluate a profile of su entirely from the excess
porewater pressure measurements (u), with the expression given by:
su



u2  uo
N u

(16)

where Nu = porewater bearing factor (Tavenas & Leroueil, 1987). An initial value
Nu = 10 is often used.

290

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

Of additional note, the sleeve friction resistance (fs) can be considered as a measure of the remolded shear strength of clays (Gorman, et al. 1975):
fs ≈ su (rem)

(17)

Consequently, the clay sensitivity (St) can be estimated from:
St = suDSS/fs

(18)

5.6 Other Soil Engineering Parameters

Soil Parameters Evaluated by CPT

The CPT data can be post-processed for additional interpretations. In the aforementioned NCHRP survey, Figure 16 shows the preferred selection of geotechnical parameters from the various DOT engineers in the USA and Canada (Mayne, 2007b).
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Figure 16. Hierarchy of soil parameters evaluated from CPT results by US and Canadian DOTs.

6 CPT APPLICATIONS
Because of its versatility and continuous multi-measurement capability, the cone penetrometer has many applications in geotechnical practice. These tasks range from
exploration of soft ground for embankment stability to shallow and deep foundation
analysis, assessment of sand liquefaction potential, and quality control on ground improvement projects. Figure 17 shows the results from the NCHRP questionnaire indicating the preferences of geotechnical highway engineers in the USA and Canada for
applying CPTs for their purposes.
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Figure 17. Types of projects receiving CPT utilization on US and Canadian highway systems.

6.1 Direct CPT methods for shallow foundations
North Americans have shown a great interest in the utilization of CPT for bearing capacity evaluation of spread footings and shallow foundations. Table 2 summarizes direct CPT methods developed for this purpose and gives the approximate relationships
from these approaches along with their reference sources.
Towards this purpose, a recent method derived from full-scale load testing of 63
large footings (0.5 ≤ B ≤ 6 m) on various soil types has resulted in the following expression (Mayne 2009):
qapplied = hs·qtnet · (s/B)0.5

(19)

where qapplied = footing applied stress, qtnet = (qt - vo) = net cone tip resistance (averaged over 1.5 B beneath base), s = foundation displacement, B = side of equivalent
square footing, and hs = empirical coefficient that depends on soil type. Notably, the
factor hs = 0.58 for clean sands; 1.12 for silts; 1.47 for fissured clays; and 2.70 for intact clays.
A summary of all load footing tests is presented in Figure 18. The magnitude of
foundation "bearing capacity" can be found by substituting the criterion: (s/B) = 10%
in equation (18) to find the stress level which would apply for clean quartz sands,
silts, and intact clays of low sensitivity. For structured or highly-sensitive clays, a limiting value of s/B = 4% may apply in order to avert possible post-peak softening effects. For intact soils, the footing displacement coefficient (hs) can be related directly
to the CPT SBT material index (see Figure 19).
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Table 2. Direct CPT methods developed in North America for evaluating footing bearing capacity
Method
Meyerhof (1956)

Meyerhof (1974)
Schmertmann
(1978)

Tand, et al. (1986)

Canadian Geotech
Society (CFEM,
1992)
Tand, Warden, &
Funegård (1995)
Eslaamizaad &
Robertson (1996)
Lee & Salgado
(2005)
Eslami & Gholami
(2005, 2006)

Robertson & Cabal
(2007)
Briaud (2007)
Mayne (2009)

Expression for Square Footing
Sand: qult = qc (B/12)cw
where qc = mechanical CPT tip resistance; B =
footing width (meters)
Clay: qult = bc·qc
Note: developed from mechanical CPT
Sand: qult =0.55atm(qc/atm)0.78

Remarks
cw = water table correction
cw = 1.0 dry or moist sand
cw = 0.5 submerged sand
Factor 0.25 ≤ bc ≤ 0.50

Factor Rk depends on embedment depth ratio
(ze/B) and degree of fissuring. For surface
footing on intact clay: Rk = 0.45; for surface
footing on jointed clay: Rk = 0.30
Sand: qult = Rk0·qc
where Rk0 = 0.3

Embedment applies:
De > 0.5(1+B) for B<1m
De > 1.2 m for B >1m
B = footing width
*qc = (qc1·qc2)0.5
where qc1 is geometric
mean from bearing elevation to 0.5B deeper and qc2
is geometric mean from
0.5B to 1.5B beneath base
Applied to FS = 3 where
FS = factor of safety

Sand: qult = Rk·qc + vo
where Rk = fctn(De, B)

FEM analysis gives Rk between 0.13 and 0.20

Sand: qult = KΦ·qc

KΦ = function (ratio B/De,
shape, and density)
Factor bc = function(B,
DR, K0, and s/B)

Clay: qult =2.75atm(qc/atm)0.52
Note: based on mechanical CPT
Clay: qult = Rk·(*qc - vo) + vo

Sand: qbL = bc·qc(AVG)
where qc averaged over vertical distance B beneath base
Sand: qult = Rk1·qc
where Rk1 = function(ratio De/B and normalized cone resistance (qc/vo')
Sand & Clay: qult = KΦ·qc
with KΦ = 0.16 (sand)
and KΦ = 0.3 to 0.6 (clay)
Sand: qult = KΦ·qc
with KΦ = 0.23
Sands, Silts, and Clays:
q applied
s
 hs 
q t   vo
B
where bearing capacity can be defined as stress
q corresponding to (s/B) = 10% for sands , silts,
and insensitive clays; Note: capacity taken at
(s/B) = 4% for sensitive and structured clays
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Measured qc and qc/vo' are
geometric means over 2B
deep beneath footing
Practical application of
numerical KΦ values
Based on full-scale tests at
Texas A&M
Notes: qapplied = footing applied stress;
Values of the soil type
coefficient hs are:
Sand: hs = 0.58
Silt: hs = 1.12
Fissured clay: hs = 1.47
Intact clay: hs = 2.70
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6.2 Direct CPT methods for pile foundations
Interest in North America in the use of direct CPT methods for deep foundations is
also great. Table 3 shows direct CPT methods developed in the USA and Canada for
evaluating the axial capacity of driven piling and drilled, bored, and augered piles.
For instance, the Unicone CPT method is summarized in Figure 20. Also, the French
LCPC method described by Bustamante & Gianeselli (1982) remains popular.
Table 3. Direct CPT methods developed in North America for driven and bored pile foundations
Method
Univ. Nova Scotia
[Meyerhof]
SchmertmannNottingham
Louisiana DOTD

Reference
Meyerhof (1956)

Applicability
Piles driven in sand

Schmertmann (1978)

Unicone

Eslami and Fellenius (1997)

Indiana method

Lee, et al. (2003)

Univ. of Houston
Method
Indiana DOTPurdue University

Vipulanandan et al. (2004)

Driven and drilled piles (based on mechanical CPT)
Driven steel and concrete piles in soft
clay
Driven and bored piles in all soils (based
on CPTU)
Driven open and closed steel pipe piles in
sands
Augered cast in place piles

Salgado (2008)

Drilled shafts in sands

Tumay and Fakhroo (1981)

A. Determine
effective cone
resistance:
qE = qt-u2

qE = qt-u2 (MPa)

100
1- Very soft clays, sensitive soils
2- Soft clays
3- Silty clays - Stiff clays
4- Silty sands - Sandy silts
5- Sands, Gravelly Sands

10

5
4
3

B. Plot qE vs fs
for soil type & zone

1

2

1
0.1
1

10

100

1000

Sleeve Friction, fs (kPa)

Soil Type and Zone Number Cs Value
 1. Very soft sensitive soils 0.080
 2. Soft Clay
0.050
 3. Stiff clay to silty clay
0.025
 4. Silt-Sand Mix
0.010
 5. Sands
0.004

C. Side Friction:
fp = Cs·qE
D. Toe Resistance:
B<0.4m: qb = qE
B>0.4m: qb = qE/(3B)
where B = pile
width (m)
(m) and qE is
geometric mean
beneath toe

Figure 20. The Unicone method for evaluation of pile capacity from CPTu (after Fellenius 2009).
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6.3 Liquefaction and Seismic Ground Hazards
Because the revised international building code (IBC 2003) established a more stringent requirement for seismic design, a greater interest in the profiling of shear wave
velocity with depth has resulted in an increased demand for seismic cone penetration
testing (SCPT) in the USA and Canada. The Vs profile can be used to best obtain the
site classification for estimating level of ground shaking. The Vs results can also be
utilized in more detailed site-specific analyses to provide the input small-strain shear
modulus (Gmax = t·Vs2) for evaluating the magnitude and severity of seismic ground
motions via software (e.g., Shake, Desra, DeepSoil). These programs provide direct
assessments on the level of ground shaking, in terms of the cyclic stress ratio (CSR =
cyclic/vo') that are needed in soil liquefaction analyses.
Many of the details concerning the evaluation of soil liquefaction potential by CPT
are given in Robertson & Wride (1998), Youd, et al. (2001), and Robertson (2004,
2009a). The simplified stress-based approach involves comparing the level of ground
shaking (CSR) versus the available ground resistance (in terms of stress-normalized
Qtn). The liquefaction criterion is termed the cyclic resistance ratio (CRR), as determined from field case histories involved in seismic events (Stark & Olson, 1995; Robertson & Wride, 1998). If the site data fall above the CRR, liquefaction is likely,
whereas below the CRR it is not likely. In addition to deterministic approaches, probabilistic CPT methods have also been developed (e.g., Moss, et al. 2006; Juang, et al.
2003). The CPT can also be used to evaluate post-peak undrained strengths (suLIQ) for
flow liquefaction (Olson & Stark 2002; Robertson 2004; Olson & Johnson 2008).
The assessment of seismic ground hazards is facilitated by the use of seismic piezocone tests. With the SCPTu, the uses can be fivefold: (a) detect the presence of
loose saturated sands that are susceptible to the problem; (b) obtain Gmax profiles for
site-specific CSR input; (c) evaluate available soil resistance from stress-normalized
qc1 ≈ Qtn; (d) independently evaluate the soil resistance from stress-normalized shear
wave velocity, Vs1; and (e) assess the sand liquefied strength (suLIQ). In addition, research has used pre- and post-series of SCPTu soundings at blast-induced liquefaction sites (Camp et al. 2008; Liao & Mayne, 2005), as illustrated in Figure 21.

Fig. 21. CPT response at USGS blast-induced liquefaction at Mooring, TN site (Liao & Mayne, 2005).
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6.4 Ground Modification
The CPT is particularly suited for the quality control aspects of site improvement
projects since the data can be quickly collected and compared before, (during), and
after the ground modification efforts. As such, the CPT has been used to quantify the
effectiveness of site improvement in North America following stone columns (Chen
& Bailey 2004), dynamic compaction (Mayne, 2007b), vibro-replacement (Howie, et
al. 2000), preloading (Schneider & Mayne 2000), deep soil mixing (Puppala & Porhaba, 2004), and geopiers (Lillis, Lutenegger, & Adams 2004).
A comparison of before and after results for a vibrocompaction project in Vancouver is shown in Figure 22. The results clearly indicate the majority of improvement
occurred in sandy zones corresponding to the depth interval from 7 to 23 meters, as
evidenced by both the qt and fs profiles. The thin shallow clayey layer between 3.5
and 4.5 m also appears to have received some benefits too, as the qt is slightly increased while the penetration porewater pressures decreased.
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Figure 22. Results of CPTu soundings before and after vibrocompaction in British Columbia sands
(courtesy of ConeTec)

6.5 Geoenvironmental applications of the CPT
For geoenvironmental applications, the CPT is especially advantageous for site investigations because no spoils or contaminants are removed from the ground, as occurs
during conventional rotary drilling and sampling operations. Moreover, specialized
sensors (e.g. electrical resistivity/conductivity, dielectric, temperature, pH, chemical
detectors, laser-induced fluorescence, membrane interface) can be added to the penetrometer for continuous vertical mapping and detection of pollutants, fuel contaminants, plumes, and leachates. Environmental-type penetrometers also allow for sampling of groundwater at specific subsurface elevations without cross-contamination
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that may occur during open borehole investigations. Furthermore, the direct in-place
measurement of soil and water chemistry permits an expedient, cost-effective, and
immediate means to assess the environmental quality of a site.
Geoenvironmental uses and applications of CPT are quite numerous and welldocumented. For further details, the reader is directed to summary papers prepared by
Shinn & Bratton (1995), Robertson, et al. (1998), Mitchell & Brandon (1998), and
Campanella (2008). For detailed information on the CPT in geoenvironmental and
ground hazards concerns, extensive efforts have been undertaken by governmental
agencies, including: Argonne National Labs (www.evs.anl.gov), US Army Corps of
Engineers site characterization and penetrometer system (SCAPS) program
(www.erdc.usace.army.mil), the expedited site characterization program at the Dept.
of Energy Ames Laboratory (www.ameslab.gov), US Environmental Protection
Agency (http://epa.gov/etv), US Geological Survey (http://earthquake.usgs.gov), US
Bureau of Reclamation (www.usbr.gov), and others.
6.6 Piezo-dissipation testing
Of interest to both geotechnical and geoenvironmental concerns, the in-situ permeability (k) and coefficient of consolidation (cvh) can be evaluated from the results of
porewater pressure dissipation tests. When the penetrometer is stopped, the induced
excess porewater pressures will decay back towards equilibrium, eventually reaching
the hydrostatic equilibrium value (u0) that existed initially. An illustrative example of
monotonic type porewater pressure dissipation from southeastern North Carolina is
presented in Figure 23.
The interpretation of the magnitude of cvh from the dissipation process can be handled by empirical methods, cavity expansion theory, strain path method, and dislocation theory, as well as hybrid methods, such as cavity expansion-critical state approaches. The entire dissipation curve can be matched (e.g., Burns & Mayne 2002),
Piezo-Dissipations at Evergreen, North Carolina
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at 50% consolidation:
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Figure 23. Recorded monotonic piezodissipation record from North Carolina highway site, USA.

298

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

or a characteristic point can be selected, such as the measured time corresponding to
50% consolidation, designated t50 (Robertson, et al. 1992). For the example shown in
Figure 23, the dissipation was conducted at a depth of 4.2 m and corresponding
groundwater table was shallow at 0.4 m. The figure depicts a graphical procedure to
obtain t50 from the measured pressure readings, the value of u2 during penetration,
and the calculated hydrostatic value u0. For this case, t50 = 7 minutes.
For type u2 dissipations, a quick estimate of the magnitude of cvh can be found using an expression derived from the database findings of Robertson et al. (1990):

cvh 

Ac
t50

(20)

where Ac = cross-section area of the cone (i.e., 10-cm2 or 15-cm2) and t50 = measured
time to 50% completion.
In contrast to monotonic type of decay of porewater pressures, a dilatory response
may occur whereby the u2 readings first rise to a peak, then subsequently dissipate
with time (see Figure 24). The definition of t50 is not clear or straightforward in dilatory curves. In these cases, graphical solutions are offered by Sully et al. (1999), depending upon the specific type of observed response. Alternatively, Burns & Mayne
(2002) provide an analytical approach that requires curve fitting of dissipation data
and the estimation of input soil parameters. In that approach, either monotonic or dilatory responses can be handled.
Using a CPTu database of 7 soft clays having monotonic dissipations and 9 OC
clays or crustal layers exhibiting dilatory type dissipations, Mayne & Burns (2000)
fitted the algorithm accordingly. A comparison of laboratory-measured cv values obtained on undisturbed samples compared with the piezocone-evaluated cvh values
from dissipation records is presented in Figure 25, with good agreement evident.
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Figure 24. Example dilatory type of porewater pressure dissipation in Mexico City clay (after Cruz &
Mayne 2006).
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Figure 25. Comparison of laboratory coefficient of consolidation from soft to hard clays with values
assessed from piezocone dissipation test data using SCE-CSSM solution.

The coefficient cvh relates to the hydraulic conductivity (k), or soil permeability, by
the expression:

k



cvh   w
D'

(21)

where w = 9.8 kN/m3 = unit weight of water and D’ = constrained modulus. As a first
order estimation, the constrained modulus of non-structured soils (i.e., clays of low
sensitivity, inorganic silts, uncemented quartz and siliceous sands) can be estimated
from (Mayne 2007):
D´ = 5(qt – vo)

(22)

If desired, more definitive expressions for evaluating the magnitude of D’ from the
CPT are cited by Robertson (2009).
7.0 RESEARCH DIRECTIONS
Research efforts on cone penetrometer testing in North America can be categorized
into three main focus areas: (a) test procedures, (b) interpretative methodologies, and
(c) advanced equipment. The research is concerned with improvements and/or modifications on CPT, as well as novel applications and new developments in the technologies. Some of these new directions are described briefly in this section.
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7.1 Improved or modified test procedures
The conduct and procedures of cone penetrometer testing can be modified to permit
the evaluation of soil behavioral characteristics, beyond those normally sought during
routine site investigation.
Twitch (variable rate) testing during CPTu advancement allows for the assessment
of two facets of soil response: (a) quantification of strain rate on undrained strength
due to viscous effects; and (b) delineation of drained, partly-drained, and undrained
regions. Twitch testing involves rate changes during CPTu (Randolph 2004). At the
selected test depth, baseline readings (qt0, fs0, and u20) are taken at standard rate of 20
mm/s, and subsequent slower rates of 2 mm/s, 0.2 mm/s, 0.02 mm/s, and so forth, using an electric step motor. The normalized cone tip resistance (qt/qt0), and/or normalized porewater pressure parameter (Bq/Bq0), is plotted versus the normalized velocity, defined as V = vd/cv, where v = actual velocity, d = probe diameter, and cv =
coefficient of consolidation. These plots allow for a demarcation of the drainage
boundaries corresponding to: undrained, partially-drained, and fully-drained regions.
Purdue University has conducted series of CPTu twitch tests at two field sites
comprised of natural clays and silts, as well as in laboratory chamber deposits of
sand-clay mixtures, in order to ascertain both the boundaries for drained/undrained
and also to quantify strain rate parameters during undrained response (Kim, et al.
2008). Data obtained with miniature 1-cm2 piezocones on laboratory chamber deposits of two mixtures of artificial clayey sands (P1 with 25% fines and P2 with 18%
fines content) are presented in Figure 26. In addition to conical tipped penetrometers,
a flat-tipped probe was also used. At differing rates in penetration speed, the corresponding changes in cone tip resistance and porewater pressure response can be seen
to delineate the drained response (V < 0.05) from the partially-drained region (0.05 <
V < 10), as well as those rates corresponding to undrained behavior (V > 10) for these
geomaterials.
Continuous seismic cone testing involves collecting shear wave velocity measurements while the penetrometer is advancing. The original conduct of the SCPT consists of alternating sequences of cone penetration tests (CPT) and geophysical downhole tests (DHT). The CPT portion records qt, fs, and u2 at 1-s to 2-s intervals for 1 m.
The DHT phase occurs at each one-meter stop, with paired sets of left-and-right
strikes from a surface source to allow the determination of first-arrival or firstcrossover to delineate the arrival of the shear wave. In a new approach, a special rotoautoseis can be used to deliver a series of repetitive transient impulses to the penetrometer so that wavelets are recorded during the 20 mm/s push (McGillivray &
Mayne 2008). Cross-correlation is used to match successive wavelets to derive the
profile of shear wave velocity, Vs (Mayne & McGillivray 2008). Once the new routine is established, the continuous SCPTu offers the following advantages: (a) improved delineation and finer-resolution of the Vs profile with depth; (b) faster productivity in the field; and (c) more objective and expedient post-processing of shear
wavelets in the office. A complete set of wavelets from this type of special SCPT
sounding is presented in Figure 27 from the Charleston SC area.
The traditional means of advancing CPTs into the ground involves vertical soundings. New research efforts in North America have been initiated using directions other than vertical, including (a) horizontal CPTs (Ahn et al. 2006) for purposes of investigating soils conditions ahead of tunnels and trenchless technologies and (b)
inclined CPTs (Wei, et al. 2005) towards subsurface exploration for anchors and beneath existing buildings, as well as to study soil strength anisotropy.
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Figure 24. Results of twitch testing using a miniature piezocone in chamber deposits of clayey sand
(modified after Kim, et al. 2008).
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Figure 25. Summary paste-up of wavelets from continuous seismic cone testing in Charleston, SC
(McGillivray & Mayne, 2008).

7.2 Interpretative methodologies for CPT
The traditional means for the interpretation of CPT data are via deterministic expressions that have been derived from empirical, statistical, or analytical models that have
been calibrated with databases, many of which are geologic-specific. Moreover, these
standard approaches only address either completed-dry or fully-saturated geomaterials, whereas in reality, a vadose zone of unsaturated soils most often exists above
the groundwater table. How to address the interpretation of CPTs in partially saturated soils has been dubious at best.
Recent alternative approaches to the deterministic formulations include the application of artificial neural networking (ANN) and statistical clustering methods (SCM).
As such, ANN has been applied to: (a) relate OCR to CPTs in clays Kurup and Dudani 2002; (b) evaluate liquefaction potential from CPTs in sands (Juang & Chen
2002); (c) conduct site variability analysis by CPT (Jiang et al. 2003), and (d) assess
bored pile capacity using CPT data (Shahin & Jaksa, 2009). Statistical clustering has
been utilized to delineate soil stratigraphy and layer identification in an objective way
from CPTu readings (Hegazy & Mayne 2002; Liao et al. 2007).
Regarding the use of CPTs in partially-saturated geomaterials, research has been
initiated on the effects of matric suction on the profiles of measured cone tip resistance (Tan, et al. 2003; Nevels and Khoury 2004; Nevels 2006), the identification of
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soil type (Schneider et al. 2008), and on the evaluation of hydraulic conductivity
(Gribb et al. 1999; 2004).
Interpretations and insight based on numerical simulation of penetrating cones
have progressed in the USA and Canada, including use of the finite element method
(FEM), finite differences (FD), strain path method (SPM), and discrete element method (DEM). Examples of selected FEM research studies include CPT modeling in
sand (Susila & Hryciw 2003), clay (Song & Voyiadjis 2005), loam (Foster et al.
2004), and layered soils (Tekeste et al. 2009). Whittle et al. (2001) applied numerical
SPM methods for simulating porewater dissipations using a special dual-element piezoprobe in clays. Kinloch & O’Sullivan (2007) used DEM to track the micromechanical behavior of granular particles during the cone penetration process. Simulations
by FD have been carried out using the FLAC program to study CPTs in sands (Ahmadi, Byrne, & Campanella, 2005) and in clays (Aubeny & Shi 2006).
7.3 New equipment and sensor technologies
Several new types of penetrometers and affiliated CPT systems have been developed
that facilitate deployment for special ground conditions, as briefly described in the
following paragraphs. Several of these are depicted in Figure 26.
Special size penetrometers, including both miniature and enlarged scaled sizes,
have been constructed to address particular situations which are not amenable to the
regular size diameters d = 35.7 mm (10-cm2) and d = 44 mm (15-cm2) cones (see
Figure 28a). For centrifuge models at Univ. California-Davis, very small penetrometers with d = 6 mm (0.28-cm2) have been developed to quantify the laboratory soil
deposit characteristics (e.g., Wilson, et al. 2004). For field soundings used in the detection of small varves of alternating silt and clay layers at the U-Mass test site, DeJong et al. (2003) used small-scale penetrometers with d = 12.5 mm (1.23-cm2) having different interchangeable porewater pressure filter elements (u1apex, u1midface, and
u2shoulder). Other mini-cone systems include the coiled-tubing system at the Louisiana
Transportation Research Center (LTRC) that can achieve continuous push for full
depth (no incremental rods at 1-m breaks) that utilizes a 2-cm2 penetrometer (Titi, et
al. 2000). The LTRC group utilizes their mini-cone system for roadway and pavement investigations. On the opposite side of the size spectrum, Fugro operates a 33cm2 penetrometer and ConeTec has a 40-cm2 penetrometer which can be advanced
into loose to firm gravelly soils.
Full-flow penetrometers, including T-bar, ball-, and plate-shaped devices (Fig.
28b), are finding welcome applications in the characterization of very soft offshore
sediments, natural sensitive clays, and mine tailing slimes. These full-flow penetrometers were originally introduced by the University of West Australia (Randolph
2004) and consist of larger heads (approximately 100-cm2 cross-sectional areas)
mounted on a standard electronic cone penetrometer, replacing the standard 60ºangled 10-cm2 conical tip. They are applicable to very soft soils where su < 10 kPa
and the soil is able to flow around their enlarged bulbous tips. The advantages include: (a) increased resolution of the load cell (approximately ten-fold over conventional CPT); (b) minimal correction due to porewater pressure effects on unequal
areas for the tip resistance; and (c) direct use of measured resistance for strength profiling (as no need to use net resistance, qt - vo, as with the standard CPT). Results of
CPTu, T-bar, and ball-penetrometers have been compared in soft varved clay at the
US national geotechnical tests site in Amherst, MA (Yafrate, et al. 2007), as well as
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Figure 28. New CPT devices (clockwise from upper left): (a) scaled penetrometers showing 2-, 10-,
15-, and 40-cm2 sizes (courtesy ConeTec); (b) full-flow types: plate, ball, and T-bar penetrometers
(Yafrate & DeJong 2006); (c) harpoon cone penetrometer (Mosher et al. 2007); and (d) multi-friction
penetrometer (Hebeler & Frost, 2006).

in sensitive marine clays at the Canadian national test site at Gloucester, ON and test
site at Louiseville, QC (Yafrate & DeJong, 2006).
Several types of harpoon CPTs have been devised for quick and economical testing of the seabed flood for shallow offshore investigations (Figure 28c). A Canadian
version is described by Mosher et al. (2007), while the US Navy utilizes a different
design concept (Thompson, et al. 2002; Aubeny & Shi 2006). In the harpoon configuration, an electronic penetrometer is dropped overboard from a ship to impale the
subsurface sediments under the free-fall forces of gravity, thus the readings are dynamic and recorded during deceleration of the impact event. A tether cable is used to
retrieve the penetrometer back onboard for repeated deployment. In soft ground conditions, penetration depths of up to 12 m can be achieved.
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A multi-sleeve cone penetrometer with up to 4 separate measurements of sleeve
friction resistance at different elevations along the shaft (Fig. 28d) has been developed to investigate different roughness coefficients (Frost & DeJong, 2001). The
MSCPT can be used to ascertain pile side friction behavior and soil-structure interaction effects related to axial capacity of deep foundations. The sleeves can have
smooth to roughened to textured surfaces (Hebeler & Frost 2006).
A high-resolution piezocone has been developed by the US Navy for use in accurately assessing hydraulic conductivity and groundwater flow regimes, particularly
for geoenvironmental site investigations and contaminant transport modeling where
small changes in hydraulic gradient play a significant role (Kram et al. 2008).
Using a combinatory set of data from standard CPTu and vision CPT, Lee et al.
(2008) purport to be able to map continuous profiles of hydraulic conductivity (k)
with depth. Independent data from field permeameter testing support their findings.
Finally, a number of new manual electronic cone penetrometers with recorded digital output of penetration resistance vs. depth have been developed for purposes of
checking soil compaction, in-situ strength, and density. These are utilized on road and
aircraft runway projects for the military (Jones & Kunze 2004) and in forestry and
agricultural applications (Kees 2005). These new devices appear to have good to excellent repeability and reliability, as compared with the older hand-operated mechanical probes and dynamic drop-type penetrometers. The new manual static penetrometers are also considerably faster.
SUMMARY
The use of CPT in North America is increasing because of the progressive recognition of its economic value, high reliability, and ability to collect multiple measurements in a quick and continuous manner for geotechnical, geoenvironmental, and
geological site investigations. Common applications include the delineation of geostratigraphy, soil engineering parameter evaluation, foundation capacity assessment
for footings and pilings, sand liquefaction concerns, and quality control on ground
modification projects. New developments and research directions are ongoing towards improvements in field test productivity, post-processing of data, interpretation
reliability, and equipment capabilities.
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CPT Regional Report for South America
R. Q. Coutinho
Federal University of Pernambuco, UFPE, Brazil

F. Schnaid
Federal University of Rio Grande do Sul, UFRGS, Brazil

ABSTRACT Although the standard penetration test (SPT) is the dominant in-situ
test for soil investigation in South America, site characterization is often complemented by other in situ and laboratory tests. The use of the CPT has gradually increased, particularly in Brazil, both in research activities and engineering practice. In
soft soils construction, the piezocone is now established as a routine site investigation tool in major infra-structure design projects. Experience gained in clay deposits
encouraged the use of the CPT in other applications comprising very soft organic
peat, intermediate permeability silty soils, tailing deposits, some highly weathered
residual soils, among others. Cone penetration tests are carried out by specialist site
investigation contractors that are located in the main towns, which implies on long
distance transportation of equipments across the country.
Systematic research activities at Brazilian universities have been given important
contribution for the development and improvement of Brazilian standards and practice. Prediction of ground profiling and assessment of design parameters are the most
common application of CPTs in Brazil. Considerable increase in the use of the CPT
is expected in the near future as a result of the economical growth in the Region.
1 INTRODUCTION
The requirements of a geotechnical site characterization programme are a function of
the nature and extension of the project, local ground conditions and risks associated.
It is also recommended to give attention to the construction conditions to meet the
main goals of determining: geological and hydro geological conditions, geotechnical
parameters and geo-environmental issues when indicated.
South America has one of the most unbalanced distributions of resources of all
regions in the world and in this context it is difficult to produce an overview of the
situation on the continent as a whole. Very often there are reports of small contractors operating regionally which we were unable to identify, so a precise account of
the continent experience was not possible and substantial uncertainty inevitably exists. Despite these uncertainties an attempt is made to identify local site investigation
practices. Brazil is the country where the most significant CPT experiences in the
continent take place, a region exhibiting variable geological formations, encompassing sedimentary costal deposits and vast hilly weathered tropical soil profiles. Marine and alluvial costal deposits spread along dense populated areas are suitable for
CPT based site investigation, in particular the soft clay deposits where the piezocone
is now established as a routine site investigation tool in major infra-structure design
projects. Experience gained in clay deposits encouraged the use of the CPT in other
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applications comprising very soft organic peat, intermediate permeability silty soils,
tailing deposits, some highly weathered residual soils among others.
The standard penetration test (SPT) is the dominant in-situ test for soil investigation, but very often the site characterization is complemented by other in situ and laboratory tests. The use of the CPT has gradually increased in Brazil being now recognized as a standard technique in soft soils construction. In fact there is a long
history of CPT in Brazil. Two important Technical Report describing the CPT Brazilian experiences are Rocha-Filho & Schnaid (1995) at CPT`95 and Danziger &
Schnaid (2000) at the Brazilian Symposium on In-situ Site Investigation (BIC, 2000).
History, equipment, engineering practice and research, design methods and recommendations are presented. Research at Brazilian universities set the ground for the
important contributions required for Brazilian practice (e.g. Schnaid et al. 2004, Coutinho et al. 2004, Schnaid, 2005, Vianna da Fonseca & Coutinho, 2008, Coutinho,
2008 and others). The impact of economy growth on infrastructure requires new and
important projects to be developed in areas such as rail, roads, building, defense,
energy, among others. These construction activities are demanding for more extensive and consistent geotechnical investigations in which the CPT is being adopted.
Figure 1 shows an example of CPT investigation performed for the BR-101
motorway duplication in Florianópolis, southern Brazil.

Figure 1. CPT rig on BR-101 Florianópolis, SC, Brazil (www.geoforma.com.br)

2 OVERVIEW OF THE REGION AND GEOLOGICAL SETTING
Figure 2a shows a map of South America countries, an area distributed along 11.3
million square kilometers. Figure 2b and 3 show the Geological Map in scale
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1:5.000.000, describing the main soil formations. Detailed Information can be obtained in http://www.cprm.gov.br/publique/media/americasul.pdf.
Brazil is the biggest country of the South America and one of the biggest in the
world. It has a land surface of about 8.5 million square kilometers and a population
in the order of 190 million. The country is divided into five regions: North, Northeast, Midwest, Southeast and South (Figure 4) and presents a wide variation of climate: equatorial, tropical, semi-arid, atlantic tropical, tropical of altitude and subtropical (Figure 5). The equatorial climate is localized in the Amazonian region, where
the rainfall is above 2.500mm/year and temperatures are high during the whole year.
The tropical climate is characterized for high temperature (in general above 20ºC),
with well defined humid summer and dry winter, presenting rainfall around 1500
mm/year. The semi-arid climate is characterized for high temperature (average of
27ºC), limited, irregular and not well distributed rainfall (around to 200mm / year).
The Atlantic climate or humid tropical is characterized for temperatures around 300
C, and rainfall around 2000 mm/year. The tropical of altitude climate, presents average temperatures varying between 15ºC to 21ºC, and intense rainfall in summer.
Frosts occur in winter. The subtropical climate is characterized for hot summer and
cold winter, presenting rainfall around 1000 to 2000 mm/year, and average temperature around 20ºC (www.suapesquisa.com/clima/).
The vast area of Brazil encompasses a great variety of geological environments.
The Brazilian Federal Agency CPRM developed in 2006 a Geological Survey expressed in the form of a Geodiversity Map (1:2.5000.000), illustrated in Figure 6 http://www.cprm.gov.br.
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Figure 3. Geological Maps of South America (cont.) - Legend of the continental area.

The geosystem of Brazil was classified in 23 geological-environmental domains,
subdivided in 108 geological-environmental units. The product represents the influence of geology on the suitability, limitations and potentialities in view of use and
occupation to: the execution of civil works, agriculture, pollutant sources, groundwater resources, mineral potential, environmental aspects and touristic potential. Four
examples of geological-environmental domains with their geological-environmental
units and their distribution in the national map are presented in Figure 7. The correspondent influence of the geology in view of use and occupation to civil works is also
presented. As referred to fundamental geological concepts, Brazil has one of the
most significant contributions produced worldwide, with the conclusion in 2005 of
the Geological Map of Brazil to Millionth scale 1:1.000.000 –
http://www.cprm.gov.br.
There is great variety of natural soil deposits encountered in Brazil. In the context
of this report, three important groups are the sedimentary sands, clays, silts and tills,
sometimes in very soft or loose condition, the extensive in situ weathered soil profile
(the so-called residual, tropical, lateritic and saprolite soils) and the colluviums deposit. There are many populated cities in Brazil along the coastline where the occurrence of these types of soil deposits is frequent and is the reason for important geotechnical challenges.
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Figure 7. Geodiversity Map of Brazil – Geological environmental domains http://www.cprm.gov.br
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Figure 7 (cont). Geodiversity Map of Brazil – Geological environmental domains http://www.cprm.gov.br

3. GEOTECHNICAL CHALLENGES
3.1 Site Investigation Practices
South America has one of the most unbalanced distributions of resources of all regions in the world and in this context it is difficult to produce an overview of the situation on the continent as a whole. As previously stated, very often there are reports
of small contractors operating regionally which we were unable to identify, so a pre-
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cise acquisition of the continent experience was not possible and substantial uncertainty inevitably exists. Despite these uncertainties an attempt is made to identify local site investigation practices.
Existing experience in the continent is mainly related to the electrical cone and
piezocone. Combination of different techniques by coupling the robustness of the
cone with additional information derived from other sensors (seismic cone, conepressuremeter, resistivity cone) is restricted to research environment. Whereas the
SPT is the most dominant in situ testing technique in Brazil, there has been a steady
increase in the use of the CPT in the past 15 years. The piezocone represents a fundamental part in almost every major infra-structure site investigation program located in regions where low bearing capacity soil formations prevail. Cone penetration tests are carried out by specialist site investigation contractors located around the
main cities. Although international companies are operating in Brazil, their market is
mainly focused on offshore testing since there are no dedicated ships or computerized underwater rigs in the country.
On searching for economic deposits of minerals and oil and gas exploration, many
international companies are now established in Chile, Ecuador, Peru, Colombia and
Venezuela.
To our knowledge there is no systematic experience on the CPT in Bolivia,
Paraguay, Uruguay, Guyana, French Guiana and Suriname.
Experience with the CPT in South America is generally associated with the
prediction of soil properties in soft, compressible and saturated deposits. In some
regions the CPT is becoming routine for the design of tailing dams and other
environmental applications. CPT data is not frequently used for pile design because
SPT is dominant.
Assessment of the potential for soil liquefaction is an issue of concern in South
America, especially for dynamic liquefaction along the Andes (Figure 8). Approaches published by Wang (1979), Robertson and Wride (1998), Juang et al
(2003), Moss et al (2006), Robertson (2009), among others, are currently used in the
region.
3.2 Major geotechnical issues
Brazil is a country with a diversity of geology and climate that has many necessities
to become a developed nation. In this way, in the past years there have been several
important engineering technical activities for construction of buildings and
infrastructure (Figure 9). Important developments comprise highway project and
construction, airport, industrial ports, mining activity particularly related to tailing
dam projects, impacts of increasing population density in urban areas with natural
hazards relative to slope stability and flooding. Examples of the main geotechnical
challenges comprise work on soft ground, shallow and deep foundation, deep
excavations, slope stability and geotechnical condition of tailing deposits.
A relatively new and significant geotechnical challenge arises from the effects of
climate change on infrastructure, environment and national heritage, e.g. higher
intensity rainfall (landslides), flooding and drying. In this context, in the last recent
years some important events were held in the South and Southeast regions of Brazil
in past years.
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Figure 8. Seismicity chart for South Figure 9. CPT rig with 200 kN capacity, InAmerica
vestigation for building construction in Curiti(http://earthquake.usgs.gov/earthquakes)
ba–PR, Holocene deposit –
www.fugroinsitu.com.br

4 CPT EQUIPMENT AND PROCEDURES
4.1 Standards & Procedures
In Brazil there is a national standard for CPT testing - ABNT (1991), NBR 12069. In
addition, contractors, and those who specify the testing also take direct account for
the IRTP – International Reference Test Procedure published by the International
Society for Soil Mechanics and Geotechnical Engineering in 1999 (ISSMGE, 1999).
Some other countries tend to relay on the ASTM Standard. The book of Lunne et al
(1997) is also used as a reference, both for conducting the tests and for test interpretation. Danziger & Schnaid (2000) presents a report (TC-In Situ Investigation from
the ABMS – Brazilian Society of Soil Mechanics and Geotechnical Engineering)
with recommendation for performance and interpretation of piezocone tests covering
both Brazilian and international experiences.
4.2 CPT Equipment (Types of Cone Penetration Test Equipment)
Most onshore and near shore operations are conducted by local contractors that either
import their equipment from Europe and the USA or alternatively build their own
CPT probes and pushing devices. Local equipments generally follow international referenced test procedures. Currently there are some 15 CPT units operating in Brazil,
the majority built on light hydraulic rigs anchored by propeller (auger) blades with
capacity between 100 and 200kN. Some pushing equipment is multi functional and
can be used for many field activities (Figure 10). Argentina has few companies oper-
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ating locally: one in the capital Buenos Aires and small contractors using their own
CPT probes (no pore pressure measurements). A local contractor in the northern region focuses their operation on pile design.
Most cones are 10 cm2 cones capable of measuring qc, fs and u. Most cones are
imported but there are some produced in Brazil (Figure 11). For the piezocone, the
pore pressure transducer filter is almost always located just behind the shoulder (giving the so-called “u2”measurement). COPPE/UFRJ has routinely used a dual piezocone (u1 and u2) since 1996. The saturation fluid can be de-aired water, silicon oil,
glycerine, mineral oil or grease. A study in tropical unsaturated soil using the slot filter with automotive grease is presented by Mondelli et al. (2009).
In cases where cone tests are part of the soil investigation programmers, CPTU is
the most frequently adopted technique (around 70 %), followed by CPT (20%) and
SCPTU (around 10%). In countries where seismicity is important the use of SCPTU
is in higher percentage.
In general, data acquisition systems are imported from Europe and the USA or alternatively the local companies build their own systems. Most consultant and contractors use self-made spreadsheet software for data processing.

(a) Cone equipment for 200 kN

(b) Cone equipment for 200 kN, test in platform

(c) Cone equipment for 200 kN, in soft
(d) Cone equipment for 200 kN, in soft soil
soil
Figure 10. Examples of CPT units operating in Brazil – Cone equipment for 100 - 200 kN
www.geoforma.com.br
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Figure 11. Details of Cone produzed in Brazil – www.geoforma.com.br

4.2.1 Challenges with equipment and procedures
Challenges are different across the continent. Whereas in many countries there are no
systematic experiences in running the test, there are regions were the test is carried
out on a routine basis. This last case includes Brazil, where challenges in equipment
and procedures fall in five categories:
 Reduce import dependence, since there are no companies manufacturing CPT
equipments commercially in the region. This problem also impacts equipment
maintenance.
 Improve personnel qualification and training for site investigation work with
CPT systems.
 Develop equipment, procedures and interpretation methods applied to nontextbook materials, particularly in residual (mature and young) soils, colluviums and tailing deposits, in saturated and unsaturated conditions.
 Develop interpretation methods for assessing soil parameters in very soft
ground exhibiting very high water content and organic matter.
 Improve penetration capability to deal with very hard layers.
4.2.2 Contractors
Cone penetration tests are carried out by specialist site investigation contractors.
Most contractors are based in the South or Southeast regions located at the main
towns. The equipment has to be transported long distances across the country. Some
good examples of the most prominent CPT contractors are (in alphabetic order):
 Damasco Penna (www.damascopenna.com.br), based in São Paulo, SP,
Southeast region
 Fugro - In Situ (www.fugroinsitu.com.br), based in Curitiba, PR – South
region
 Geoforma (www.geoforma.com.br) based in Joinville, SC – South region
In general, contractors struggle to keep updated to the latest developments in international practice in all aspects of equipment and procedures. In addition, some
Brazilian universities have CPT equipment and operate on a commercial basis, but
this is no longer routine in Brazil.
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5 CPT INTERPRETATION
The textbook published by Lunne et al. (1997) is the major reference for CPT interpretation, for both identification of soil types and stratigraphy and assessment of soil
parameters for engineering design or for design based directly on the measured
CPT/CPTU parameters. More recently, Brazilian consultants are beginning to use
the textbook published by Schnaid (2009). As previously mentioned, South American contractors and consultants tend to develop their own spreadsheet for interpretation of test data. Commercial softwares are also available and are used occasionally.
5.1 Soil Stratigraphy Interpretation (Soil Classification and Stratigraphy)
Soil type is often interpreted by CPT contractors using classification charts such as
those proposed by Douglas & Olsen, 1981; Senneset & Janbu, 1985; Robertson et al,
1986, as well as others (Robertson, 1990; Jefferies & Davies, 1991).
It is generally understood that the CPT classification charts do not provide accurate predictions of soil type based on grain size distribution, but they have been set to
provide a guide for soil type. Experience shows that there are deficiencies and limitations in this approach, particularly in geological deposits where pore pressure measurements are not reliable or cannot be obtained. It is common practice in Brazil to
have minimum site-specific “calibration” from SPT boreholes.
There are recent efforts from the geotechnical community (including Brazil) to
characterize aging and cementation effects in granular material. qc and G0 profiles
can be directly used to evaluate the possible effects of stress history, degree of cementation and ageing, as already recognised by Eslaamizaad & Robertson (1997).
Figure 12 illustrates one of these approaches from results presented by Schnaid et al.
(2004) including Portuguese data from FEUP experimental site. The variation of G0 /
qc ratio was expressed by upper and lower bounds. The upper bound for uncemented
material can be assumed as a lower bound for cemented soils and a tentative new upper bound for cemented materials can be expressed as (Schnaid et al. 2004):
Monterey: 1% cemented

Monterey: 2% cemented

Porto Alegre, Brazil

Sao Paulo, Brazil

Spring Villa, USA

Opelika, USA

Guarda, Portugal (PT)

Matosinhos, Porto, PT

CEFEUP, Porto, PT

1000
Upper bound (cemented geomaterials)
Lower bound (cemented geomaterials)

G0/qc

100

10
Unaged uncemented sands

1
10

100

1000

qc1

Figure 12. Relationship between Go and qc for residual soils (Viana da Fonseca & Coutinho,
2008, completed from Schnaid et al. 2004).
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G0  800 3 qc v pa upper bound : cemented 

G0  280 3 qc v pa lower bound : cemented 

upper bound : uncemented

G0  110 3 qc v pa lower bound uncemented 

(1)

5.2 Derivation of Soil Parameters
Many empirical correlations are used in practice to interpret CPT results. It is rather
difficult to establish what the current practice in South America is and our Report
may be somewhat biased by the Brazilian experience. Prediction of soil parameters in
both clay and sand from piezocone test results are generally made on the bases of
standardized methods and procedures. Undrained shear strength, stress history, stress
state, stiffness and coefficient of consolidation are estimated from cone penetration
tests in clay, whereas relative density, internal friction angle, state parameter and soil
stiffness are estimated in granular materials. Table 1 indicates the methods that are
most commonly adopted in the region.
In Brazilian geotechnical practice, piezocone data are often used in combination
with vane data to obtain undrained strength Su profiles. The undrained shear strength
usually is estimated from CPTU using the correlation qt = Nkt Su + v0, where Nkt is
an empirical cone factor and v0 is the total in situ vertical stress. Average values of
Nkt for Brazilian soft clays deposits have been found to be in the range of 9 to 18,
with an average result of 13. This mean value is calibrated from both field vane test
(more common) and triaxial UU and CIU tests (see Danziger & Schnaid, 2000; Danziger, 2007 and Coutinho, 2008). Recently results reported for soft clay deposits in
Rio de Janeiro (Almeida et al. 2010) show a large range of Nkt values that are generally smaller than values reported in other sites. These results suggest that for large
and important projects, site-specific correlations are required. In addition, research is
indicating that Su values can be estimated directly as a function of excess porewater
pressure as Su = (u2 – u0) / Nu (Coutinho, 2008).
The stress history of Brazilian soft clays deposits are usually obtained from oedometer tests. In addition, empirical estimates of preconsolidation pressure can be
obtained from field CPTU testing data using the method proposed by Chen & Mayne
(1996): ’P = 0.305 (qt - v0). Brazilian experience indicates that empirical values
yielded from this correlation are somewhat higher than the best estimation of in situ
values.
Coefficients of consolidation are calculated from piezocone dissipation tests using
Houlsby and Teh's method (1988) adopting standard procedures proposed in the literature (Lunne et al. 1997; Schnaid, 2009). Values of Ch are representative of the
overconsolidated range and are calculated for 50% pore-pressure dissipation at the
cone shoulder (u2). The clay stiffness index Ir = G/Su for Brazilian clays are observed
to be in the range of 50 to 150. Assessment of the coefficient of consolidation Ch in
the NC range is attained from the empirical rule Ch (NC) = (RR / CR) x Ch (piezocone). The coefficient of consolidation for vertical flow Cv requires the horizontal to
vertical permeability ratio to be estimated independently: Cv = (kv/kh) x Ch.
In relation to soil stiffness, estimation of the small strain stiffness (G0) for granular materials can be made for preliminary design considering the proposed lower
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bound equations described in 5.1 (Schnaid, 2004). The direct use of the seismic cone
(SCPTU) to measure G0 is incipient in the region but appears to be growing.
First estimation of an operational modulus, as the secant Young`s modulus, Es, is
generally obtained from equation Es = n qc, knowing that n depends on the type of
material, sand relative density, among other factors. For sand, the minimum accepted
n value usually is usually 2.5. Bellotti et al. 1989 proposal is a reference method for
assessing OCR and aging effects. In Brazil there is a local database to estimate Es in
residual soils both in natural and compacted condition (e. g. Barata, 1983 and Barata
& Danziger, 1995).
Recent studies have been developed to assess geotechnical properties in silty soils,
and other intermediate permeability geomaterials (K in the range of 10-5 to 10-8 m/s),
an issue that is far from being satisfactory resolved (Schnaid et al. 2004, Schnaid,
2005 and others). A non-dimensional parameter V = vd/Cv has been proposed (Randolph and Hope, 2004), where v = penetration rate, d = probe diameter and Cv =
coefficient of consolidation. The drainage characterization curve (V versus degree of
drainage U) can be adopted to identify the transition from drained to partially drained
to undrained penetration. A general recommendation is to avoid penetration ratios
that yield dimensionless velocities within the range of 10-1 to 10+2. In this range, partial drainage is expected to occur and properties assessed from field test interpretation can be ovestimated, in particular the undrained shear strength (Schnaid et al.
2004, Schnaid, 2005, Schneider et al. 2007, and Schnaid, 2009).
Table 1. CPT Interpretation - methods most commonly adopted in the region
Soil Parameters
Soil classification
In situ stress state (Ko)
Constrained modulus (M)
Shear modulus (Gmax)
Stress history (’p , OCR)
Undrained strength (Su)
Coefficient of consolidation (Ch)
Relative density (RD)
Angle of internal friction (’)

Key References
Douglas & Olsen (1981); Senneset & Janbu
(1985); Robertson et al (1986), Robertson
(1990)
Mayne & Kulhawy (1990)
Kulhawy & Mayne (1990); Duncan & Buchignani (1976)
Tanaka et al (1994); Powell & Butcher (2004);
Schnaid (2005)
Schmertmann (1978) ; Jamiolkowski et al
(1985) ; Mesri, (1975; Mayne (1991)
Bearing capacity formulation with Nkt derived
from calibration
Teh & Houlsby (1991);
Jamiolkowski et al (1985)
Robertson & Campanella (1983).

6 CPT APPLICATIONS
6.1 General
Identification of ground profile and assessment to design parameters, as described in
Section 5, are the most common applications of CPT in Brazil. Marine and alluvial
costal deposits spread along dense populated areas are suitable for CPT based site investigation, in particular the soft clay deposits where the piezocone is now established as a routine site investigation tool in major infra-structure design projects. Ex-
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perience gained in clay deposits encouraged the use of the CPT in other applications
comprising very soft organic peat, intermediate permeability silty soils, tailing deposits, some highly weathered residual soils among others.
In pile design, the LCPC method and recommendations from Eurocode 7-3 are
adopted, although current practice is essentially supported by SPT correlations. In
the case of saturated clays a method based on piezocone data proposed by Almeida et
al. (1996) is often adopted. In Brazil, a contribution from Barata is often adopted to
estimate settlements in shallow foundation resting in natural deposits and compacted
soils (e.g. Barata, 1983 and Barata & Danziger, 1995).
For liquefaction, CPT-based approach is established by relating the measured
cone resistance to the cyclic resistance ratio (CRR) introduced by Seed & Idriss
(1971). The most common methods for assessing liquefaction potential are: Wang
(1979), Robertson and Wride (1998), Juang et al (2003), Moss et al (2006) and
Robertson (2009). There seems to be no consensus in the area.
To the authors’ knowledge, there is no standardized practice for evaluation of
ground improvement. However, this is clearly a growing field.
6.2 Geo-environmental applications
There appears to be no systematic experience in South America with environmental
cones. Measurements of pH, resistivity, redox potential, laser induced fluorescence
and temperature are restricted to research activities. The use is yet incipient in practice.
In Brazil main applications are the evaluation of contaminated sites by hydrocarbons, municipal solid waste and the contamination of aquifers with salt water. The resistivity cone the most common test in the region. Recently, some companies have
acquired MIP (Menbrane Interface Probe) integrated with CPT systems for recording
the amount of organic volatiles.
7 RESEARCH AND FUTURE TRENDS
A recent publication reports the research experience on eleven Brazilian Test Sites
(Cavalcante et al., 2007).The requirements for a test site to be included in the Report
were: (i) it should be actively involved in research and (ii) plate or pile load test
should be provided. The report provides, information on the origin of the soils, the
investigation program carried out (comprising laboratory and in situ tests, including
CPTs), as well as the database on pile load tests and plate tests (foundations study).
The main goals for the report were twofold: (i) develop methods envisaged to
support special geotechnical engineering projects; (ii) carry out university research,
not necessarily connected with applied engineering. The eleven sites are
COPPE/UFRJ - PUC-RJ, POLI/USP, EESC/USP, UNICAMP, UNESP/FEB, UNESP/FEIS, UNB, UFPR, UEL/PR, UEM/PR and UFPE, most of which were established in 1988, except the Sarapuí established in 1974. Only two of these sites are on
soft clay; the others are in tropical deposits soils, including the study on unsaturated
soils.
Comprehensive site investigation has been carried out in a number of other soft
clay sites, as reported by Danziger (2007). These experiences are related to major
engineering projects like Sesc-Senac in Rio de Janeiro (Almeida, 1998) and Ceasa in
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Porto Alegre (Soares, 1996, Schnaid et al. 1997) or describe research activities that
are not aimed at investigating foundation performance, e. g. Clube Internacional at
Recife, PE, launched in 1978 (Coutinho et al. 1993, Coutinho, 2007). Recent papers
summarizing the main information regarding Sarapuí and the two sites SESI and
Clube Internacional have been published by Almeida & Marques (2003) and Coutinho (2007).
Table 2 shows a summary of the in situ test correlations developed for the Recife
soft clay sites to obtain OCR, K0, Su and M. Geotechnical parameters obtained from
local correlations were compared to the correspondent reference values: OCR and M
from oedometer test, K0 = (1 – sin ’) OCRsin ’ , Su – triaxial and vane tests. Comparisons to in situ test based correlations are summarized in Columns 5 and 6 and are
shown to be in the range of measured values.
Another important topic is the study of bonded granular material (see Schnaid et
al. 2004; Coutinho et al. 2004 and Vianna da Fonseca & Coutinho, 2008). To illustrate this topic, it is worth mentioning a paper submitted to this conference, presenting a discussion on the interpretation of CPTU data for stratigraphic logging of a sedimentary deposit and two residual soil deposits from Brazil and Portugal (De Mio et
al., 2010). Recently, Giacheti & De Mio (2008) presented SCPT test results from
three relatively well documented tropical research sites (Bauru, São Carlos and
Campinas) in the State of São Paulo, Brazil. SCPT data for the three sites were plotted on the Robertson et al (1995) and Schnaid et al (2004) chart, as shown in Figure
13. The interpretation of SCPT data indicated that the bonded structure of tropical
soils produces Go/qc ratios that are systematically higher than those measured in cohesionless soils. It was also observed that lateritic soils achieve a higher Go/qc ratio
than saprolitic soils. The high elastic stiffness and the low cone resistance at the surficial soil layers is caused by laterization process which enriches the soil with iron
and aluminum and their associated oxides, the high concentration of oxides and hydroxides of iron and aluminum bonds support a highly porous structure. Relating an
elastic stiffness to an ultimate strength is an interesting approach to help identify
tropical soils since the low strain modulus from seismic tests reflects the weakly cemented structure of lateritic soils while the penetration brakes down all cementation
(Schnaid et al. 2004; Viana da Fonseca & Coutinho, 2008).
In addition, recent research is focusing on the possibility of deriving the stiffness
degradation laws of geo-materials and on penetration of partial drained effects in residual soils and tailing materials (e.g. Schnaid et al. 2004, Schnaid, 2005 and others).
New equipment development encompasses PETROBRAS / COPPE / UFRJ soil
investigation equipment that consists of a piezocone installed at the tip of a torpedopile (Porto et al. 2010). The new equipment, named torpedo-piezocone, is able to
measure cone resistance (qc), sleeve friction (fs), pore pressure at the cone face (u1)
and cone shoulder (u2) as well as cone temperature during free-fall and after final penetration of the torpedo. Velocity, as well as displacement (depth) is obtained from
accelerometer data, as in the case of the torpedo-pile.
As for future trends in the next 10 to 15 years, many engineering activities are expected in South America, with significant improvement in public infrastructure and
private enterprises (buildings, industries, etc.). A continuous increase in the use of
the CPT is expected, extending the experience on soft clays to residual and colluviums soils and other similar deposits. Geo-environmental applications, using the
CPT, is likely to be a growing trend in the region.
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Table 2. Comparative study – in situ tests correlations versus reference tests (modified from Coutinho, 2007; 2008)
PARAIN SITU CORRELATION
METER

OCR

K0

EQUATIONS

REFERENCE RESULTS

RECIFE
EXPERIENCE

CORRELATION
RECOMMENDED
Lunne et al. (1989)

DMT - Lunne et al. (1989)

OCR = m KD1.17; m = 0.3 - 0.33
(young clays: <60,000 years)

± 10 %

DMT - Powell et al. (1988)

OCR = 0.24 KD1.32

± 15 %

VANE - Mayne e Mitchel (1988)

OCR = 22 (IP)- 048(SuVANE / 'V0 )

Oedometer

± 16 %

Mayne & Mitchel (1988)
± 16 %

CPTU - Lunne et al. (1989)

OCR = f(u1 / 'V0)

('p for d24hour)

1.00 ± 0.24

CPTU - Lunne et al. (1989)

OCR = f{(qt - V0) / 'V0 }

1.32 ± 0.16

Lunne et al. (1989)
OCR = f(u1 / 'V0)

CPTU -Kulhawy & Mayne (1990)

'p = 0.33 (qT - V0 )

1.32 ± 0.19

1.00 ± 0.24

CPTU -Sully et al. (1988), Sully &
Campanela (1992)

OCR = 0.49 + 1.5 (u1 -u2)

1.39 ± 0.20

'p = 0.25 (qt - v0)
(preliminary proposal)

DMT - Lunne et al. (1990)

K0 = 0.34 KD0,54
(young clays: < 60,000 years)

± 10 %

DMT -Marchetti (1980)

K0 = (KD / 1,5)0.47 - 0,6

CPTU - Sully & Campanella (1991)

K0 = 0.5 + 0.11(u1 – u2)/’vo

CPTU -Kulhawy & Mayne (1990)

K0 = 0.1Q = 0.1(qT - V0 / 'V0)

K0 = (1- sin Ф') OCRsinФ'
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(Mayne & Kulhawy, 1982)

± 10 %

Lunne et al. (1989)
± 10 %

40 % (higher)
1.06 ± 0.24
1.21 ± 0.12

Sully& Campanella (1991)
1.06 ± 0.24
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Table 2 (cont). Comparative study – in situ tests correlations versus reference tests (modified from Coutinho, 2007; 2008)
PARAIN SITU CORRELATION
METER
DMT -Marchetti (1980)

DMT - Lacasse & Lunne (1988)

Su

PMT - Powell et al. (1990)

EQUATIONS

REFERENCE RESULTS

RECIFE
EXPERIENCE

Su = 0.22 'V0 (0.5 KD)1.25

(Triaxial)
UU-C / CIU - C

± 20 %

(Vane)

± 15 %

(Triaxial)
UU-C / CIU - C

± 15 %
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Figure 13. Relationship between Go and qc for three sites in Brazil: (a) Robertson et al
(1995) chart (b) Schnaid et al (2004) chart (Viana da Fonseca & Coutinho, 2008, modified
from Giacheti & De Mio, 2008)

8 SUMMARY
It is difficult to produce an overview of the site investigation practice in the South
American continent, given to the unbalanced distribution of resources in the region.
Reported information in the continent is mainly related to the electrical cone and
piezocone. Combination of different techniques by coupling the cone robustness with
additional information derived from other sensors (seismic cone, cone-pressuremeter,
resistivity cone) is basically restricted to research environment. Whereas the SPT is
the most dominant in situ testing technique in Brazil, the piezocone represents a fundamental part in almost every major infra-structure site investigation program located in regions where low bearing capacity soil formations prevail. Cone penetration tests are carried out by specialist site investigation contractors.
Universities have been given important contributions for the development and improvement of the test. Ground profile and assessment to design parameters are the
most common applications in the region. Experience gained in clay deposits encouraged the use of the CPT in other applications comprising very soft organic peat, intermediate permeability silty soils, tailing deposits, some highly weathered residual
soils among others. An increase in the CPT use is expected in the region.
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Session Report 1: CPT Equipment & Procedures
J J M Powell
Geolabs Ltd and Independent Consultant

1 INTRODUCTION
There are only 17 papers allocated to this session and maybe this is an indication of
the maturity of the development in and the use of CPT and its associated add-on
modules.
The papers in this session concentrate on using existing CPT/CPTU equipment in
new ways and in new countries, developments in CPT/CPTU technology and equipment, and new/updating of add-on technology. The papers are mainly for land-based
investigations but some deal with shallow and deep water offshore applications.
It should be said, however, that some of the ‘developments’ are only at the conceptual or laboratory model stage and there is a lack of field data with which to validate or truly assess their potential.
Lunne (2010), in his Mitchell lecture paper to this conference, reviews equipment
development for offshore CPT testing from the historical perspective, present day developments and future requirements. Since the 1970’s, the offshore industry has driven much of the developments in the CPT/CPTU and as Lunne highlights much of
this has been in pushing equipment/techniques, although it has also contributed to
improving the basic CPT/CPTU equipment and very much to our understanding of
the interpretation of the data.
It is a little surprising given the imminent publication of the EN/ISO standard on
CPTU (CEN/ISO 2010) that we are not seeing developments to improve basic
equipment accuracy in order to fulfill the application classes covered by that document.
2 EXISTING CPT/CPTU EQUIPMENT REVISITED
Within this group of submissions there are papers looking at using existing equipment
in new situations and ground types, as well as comparing different cones relating to
size and national practice.
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2.1 New situations
Yoon & Tumay discuss the use of a mini-coiled CPT system in South Korea based on
the Louisiana State University system. The system is intended for rapid testing of the
softer soils in the area and is contained in a small van assembly. The system utilises a
2cm2 cone and can penetrate up to 15m with the coiled rods. The authors have calibrated the system against 10cm2 results and say that there is generally good agreement between the two cones implying no size effects. It appears that the results presented are for qc and so no account has been taken of porewater pressure effects on
the cone resistance, were the area ratios very similar? It would have been useful to
see the corrected (qt) results.
On a similar theme of light weight equipment Anilionis presents and discusses the
advantages of lightweight equipment in terms of mobilisation etc and their use in
Lithuania. He discusses the results obtained and says that the cones used would fulfil
Application Class 1 of the imminent EN ISO 22476-1. If this is the case then it is reassuring that this quality of cone data is available and in use. We will hopefully see
further developments in improved accuracy of measurements from CPT/CPTU in
general with the wider adoption of the new CEN/ISO CPTU standards.
Garcia & Devincenzi in their paper suggest how using essentially land based drilling and sampling equipment, operated from a jack up, can yield better performance
(in terms of cost and production) than can be obtained using down-hole techniques
when working in the nearshore environment, i.e. in water depths up to 40m. They undertake the CPT using a separate jacking system but are utilising the hydraulics from
the drilling machine to operate the jacks. The set-up is said to be robust, simple and
versatile and allows continuous coring, sampling and in situ testing. Similar arrangements have been utilised by others in the past.
Sacchetto & Trevisan look at the use and interpretation of CPT while drilling
(CPTWD) which is a most powerful tool when testing to significant depths and
through difficult horizons. They acknowledge that the results of CPTWD might be
affected by both the fact that penetration is often slower with this device than with the
standard CPTU and the pressures exerted by the closeness of the drilling bit behind
the CPT. In order to understand the effect of rate on the CPTU results they undertook
standard CPTU testing at several testbed sites using rates of 20, 15 and 7.4 mm/sec.
They concluded that the rate effects were much more significant in sands than in the
clays and comment that the porewater pressure measurements appeared unaffected (it
is assumed that this is why only qc is discussed in the paper). Their results for clays
were similar to those reported elsewhere (e.g. Lunne et al 1997) but it is a little surprising that the effects in sand were greater than those in clays. They conclude that
rate effects appear to be a major explanation for differences between CPTWD and
CPT results and this should be allowed for when interpreting the data.
McCallum et al look at the interesting problems of undertaking CPT testing in Polar snow with a view to using CPT for design and construction of polar infrastructure.
They want to start to use CPTs in place of the more traditional Swiss rammsonde.
They discuss the equipment being developed, the driving frames and packaging into a
container. They show the influence of temperature changes from +23oC to -20oC on
the zero load readings of the cones to be used and suggest that at temperatures below
8oC cones should be allowed to equilibrate for at least an hour and that below 0oC
then zero load shifts should be expected during a test. Changes in zero readings of
over 200kPa can be expected between +5 and -20oC. This problem of zero load shifts
and zero load readings at representative temperatures is often overlooked even when
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working in normal deposits and can have particularly important effects in soft deposits (Boylan et al 2008). It is stipulated in the new standards (CEN/ISO 2010) that
cones should be equilibrated to as close as possible to ground temperature if the highest application classes are to be achieved. McCallum et al discuss the various problems likely to be encountered in undertaking and interpreting CPTs in snow. This is
preparation work for using the equipment in a real situation and it will be interesting
to see how this work progresses.
Peuchen et al look at establishing a method of obtaining assessments of u2 pore
pressure values from u1 measurements. As they point out there are occasions when it
is more useful/practical to test with CPTUs that have a u1 filter rather than u2, but u2
is required for cone resistance correction. They also discuss how the relationship between u1 and u2 will vary with soil behavioural type (SBT), stress history, soil
strength and sensitivity and how this would relate to the Robertson (1990) SBT chart
in terms of Qt (normalise cone resistance) against Fr (normalised friction ratio). From
data available to them from various sites they derive a correlation that basically involves Qt and Fr and gives a ‘k’ factor (Δu2/Δu1) by which Δu1 is multiplied in order
to derive a value for Δu2. They point out potential problems including the need to use
an iterative process in deriving k as it is required for qt and thence Qt. They validate
the equation against data from other sites and say the error is typically below 3%.
Peuchen et al do note that whilst the equation performed well in clayey soils there
were more problems in soils with a more complex structure. The author of this report
has tried the method on data available from a study of triple element piezocone tests
(CPTU3) on European testbed sites (Shields et al, 1996; Powell & Lunne, 2010). Figure 1 shows the ratio of predicted to measured values of k as kmeas/kpred for a number
of these sites. A ratio close to 1 implies a remarkably good prediction whilst values
less than 1 would mean that the u2 derived would be too high (hence qt also) and with
values greater than 1 u2 is too low. It can be seen that on several sites the ratios are
close to 1 and very uniform with depth whilst for others the values vary significantly
with depth especially in more silty layers. Within a profile significant differences can
occur and this is consistent with comments by Peuchen et al in layered soils. The
authors have developed what looks to be a useful correlation but it is suggested that
care should be taken with its use until more validation has been undertaken. It should
be noted that the new CEN/ISO (2010) standard says that u2 should preferably be
measured and used to correct for qt if the measurements are to be used to interpret parameters; otherwise this conversion of u1 to u2 is potentially an added error. The
combined chart of Robertson’s and the ratio Δu2/Δu1 may well be a very useful additional soil behaviour classification tool in the future when both pressures are measured and should be pursued.
2.2 National Practice
Liu et al compare Chinese practice in CPT equipment and testing with the more
International CPTU equipment and procedures. In China cones have generally been
15cm2 and measuring either cone and sleeve friction as one measurement or more recently as a ‘friction’ cone measuring cone resistance (qc) and sleeve friction (fs). They
undertook comparative studies between the 15cm2 Chinese friction cone and an international standard 10cm2 CPTU on 5 sites, comprising various clay and alluvial deposits. It is a pity that they have not shown the actual CPT and CPTU profiles as this
would have given greater insight into the sites and results and would have greatly en-
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hanced the understanding of the comparisons made. They say they show the differences as ratios of qccptu/qc (this maybe qt/qc as there is a little confusion in the paper)
and fscptu/fscpt. Unfortunately they do not tell us the area ratio value ‘a’ for their Chinese cones and so it is hard to have a feel for how significant the differences in correction to qc could be. The ratios of the parameters from the two cones vary from very
close to 1 on some sites to as low as 0.5 and as high 1.5 on others. It is good to see
studies of this type and the data should prove valuable as Chinese practice moves
more towards International practice.
3 NEW EQUIPMENT/PROCEDURES
As mentioned earlier the number of papers presented to this session that can be described as ‘new’ in terms of CPT/CPTU equipment or procedures is surprisingly few
but 4 papers can be said to fall into this topic.
3.1 New equipment
Kim et al look at the use of fiber Bragg grating (FBG) for both strain and temperature
measuring within a CPT. In contrast to McCallum et al they investigate the potential
effects of temperature changes generated during penetration on the measurements obtained by the CPT. They describe the development of a 7mm diameter CPT (a 1mm
gauge length electrical strain gauge in used), the FBG temperature sensor (thinner
than a toothpick), and a FBG load cell. They discuss the concept of the FBG real-time
temperature compensation method which requires subtracting the wavelength change
due to temperature from that measured by the load cell element. The temperature sensor shows a highly linear calibration over a range 3-21oC. Testing was undertaken in
a sandy clay in a calibration chamber. They show that during penetration the electrical strain gauge system gives a reducing qc with depth, the FBG temperature sensor
shows a temperature increase with depth and then how the measurements made with
the temperature compensated FBG system show a reasonably constant value of qc
with depth. They undertake an in situ temperature calibration of the electrical measur-
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ing system and deduce that when this compensation is allowed for then a very similar
profile of essentially constant qc with depth is obtained from the electrical strain
gauge system (it is a pity that they had not undertaken the temperature zero shift for
the electrical system at the same time as the FBG calibration). This concept is very
interesting and what is really needed now is to see what happens if it is used at full
scale. Could this type of system overcome the potential errors that can arise from zero
shifts as discussed above?
Colreavy et al present an interesting study of comparisons of Tbar, piezoball and
CPTU in very soft soils in Ireland. They describe their own newly built piezoball
(similar in design to others) that have been produced and the detailed saturation procures that were adopted. They compare the shear strength profiles derived from the
different in-situ tests with results from field vane tests and conclude that whilst the
piezoball and Tbar agree with each other and perform well, there are, at times, difficulties in selecting Nkt factors for the CPTU that give a satisfactory fit with the vane
results. They rightly point out that the Nkt factors they used were selected from
Karlsrud et al (2005) and are based on laboratory triaxial compression strengths tests
and that this may well explain some of the problem. It is worth noting that not only
are these factors derived from laboratory tests but are additionally from tests on ’ high
quality block samples’ and as shown previously (e.g. Powell 2001) significant differences in Nkt values can occur depending on the sampling method used e.g. piston
sampling vs block samplers. They show, for Athlone site, that they would need an Nkt
of closer to 20 to get some level of agreement; it is worth noting that if they had selected an Nkt from some of the previous historical and more recent correlations linked
to Plasticity Index and field vane strengths (Aas et al 1986, Lunne et al 1997, Powell
2005) then they may have selected values in the range 18-20. However if this latter
approach was applied to the Belfast site data then the derived strengths from the
CPTU would be much lower than the vane results. It is known that CPTU in these
very soft deposits is difficult in terms of accuracy, zeros load readings and calibration
at low loads and hence the benefits of the higher loads from piezoball and Tbar may
be a further factor in the problems with the CPTU data. The reporter has experience
of sets of piezoball tests undertaken at different times at one site giving different profiles; you can never eliminate errors that are a result of poor procedures. It is a little
concerning that, given our knowledge that we need to change our cone factors depending on the shear strength we are correlating with (i.e. vane, DSS, CAUC etc), the
authors say that there is evidence that when using the piezoball or Tbar an N factor
equal to 10.5 can be used to correlate with vane and laboratory tests. Figure 2 (Boylan et al 2007) seems to imply something different. Are we oversimplifying the piezoball and Tbar?
While most of the Colreavy et al paper concentrates on the strength interpretation,
it is interesting to see their study into dissipation testing using the Piezoball. They
compared the results with those from CPTU dissipation tests and comment on their
similarity. The results, as they say, seem promising but need more investigations in
order to fully assess their potential. They say that that reducing the diameter of the
ball would help reduce testing times; but surely this would have to be balanced
against the advantage of the ball in giving higher measureable loads during penetration part of testing.
Boggess & Robertson look at the problems of testing near surface seafloor sediments in deep water. They raise the problems and possible sources of inaccuracies in
sleeve friction measurements in general and also the problems of load cell capacities
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and offsets when working in deep water. Lunne (2010) also raises this topic and
shows examples of the big variations in friction sleeve results on one site with different cones (see Lunne and Powell 2010 for full details). Boggess & Robertson discuss
the potential error in friction sleeve measurements resulting purely from the geometry
of the cone as a result of the differences in the end areas of the friction sleeves (unequal end area effect) and the fact that the pore water pressures are different at each
end can create an error in the friction sleeve measurements. Ideally you need to know
the end areas of the friction sleeves and also the porewater pressure at the u2 and u3
positions to fully undertake the correction (Note: as with the end area correction for
cone resistance, it is better to obtain the area correction by calibration than by physical measurement, significant differences in the theoretical and calibrated values can
occur, e.g. for one cone then by theory the value b value was 0.00149 but by calibration 0.0009. The forthcoming CEN/ISO standard recommends calibration,
CEN/ISO2010). They give an example of how the fs values could be up to 74% in error for the example given by Lunne (2010) for Onsoy (this is based on a ratio between u3/u2 of 0.75; Powell & Lunne (2010) show that ratios as low as 0.3 occur in
some silty soils and this would make the error even worse). In Figure 3 (data from
Lunne and Powell, 2010) the average fs data from the example from Lunne (2010) is
shown both uncorrected and then corrected using a u3/u2 ratio of 0.75 and whilst the
scatter in fs is reduced to some extent the correction does not go anywhere near bringing the sleeve friction results together; this implies that there is much more that needs
to be understood about friction sleeve results in soft soils. All is not straight forward
with corrections to friction sleeve results even when using a triple element piezocone,
as shown in the two examples in Figure 4. In the first case we see that the friction
sleeve results when corrected are quite believable but in the second case the corrected
results are close to zero or even negative, why this should be is still not fully understood. It should always be remembered that when testing in soft soils the load cells
are often at their most inaccurate being towards the bottom of their ranges and this
may be a factor, along with load cell configurations (Boggess & Robertson), although
in general the results from any one cone are repeatable! In the offshore environment
simply lowering the cone to the sea bed applies pressures to the cone and if the
sleeve has unequal end areas then Boggess & Robertson show that significant zero
offsets will occur. Boggess & Robertson and Lunne (2010) both suggest that
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having equal end area friction sleeves would significantly improve the situation both
with regards to sleeve friction correction and zero offsets. Boggess & Robertson also
address the problem of accuracy of measurements and describe a new load cell that is
compensated for the high hydrostatic pressures when in deep water. This is done by
filling the inside of the cone with oil and using a specially designed shear load cell. It
is expected that this will improve the accuracy of measurements in soft seabed sediments. They also describe a new seabed pushing frame. It will be interesting to see
these developments perform. For improved accuracy, especially in sleeve friction
measurements, it would appear that all cones should have separate load cells (ideally
in compression) and equal end area sleeves with small end areas combined with careful test procedures.
3.2 New procedures
Ali et al discuss the development of a variation/addition to the general CPT test, the
Cone Loading Test. After a dissipation test in a standard CPTU then the Cone
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Loading Test is undertaken. This comprises applying an axial loading to the cone in
increments whilst measuring the induced displacements (an incremental maintained
load test); unload/reload loops can also be undertaken. They discuss the test aspects
and present test results from tests in sand in the centrifuge. They compare the
unload/reload moduli derived from plate load tests (also in the centrifuge) with those
from the new Cone Loading Test; they obtain very good correlations between the
two. They acknowledge the limitations of the study to date (centrifuge, small scale
and only sand) and state that it is intended to extend this study to field tests. The findings will be most interesting.
4 ADD-ON DEVICES
We have 6 papers to the session that can be grouped in the category of add-ons to the
CPT/CPTU. These may be further sub-dived into those add-ons that we have heard of
before and those that can be considered as new additions.
4.1 Old favourites
Within this sub group of papers Dijkstra & Broere present laboratory test results on a
newly developed resistivity sensor to measure soil density around the cone. They
look at the influence of penetration on the measured in-situ density and this has been
done in the centrifuge. The probe is similar to others previously developed (e.g Campanella, 2008) and uses sets of 4 conductors at any one level (the probe used had 3
sets of conductors). The probe was ‘wished in place’ by pumping the sand into place
around the probe. Set in a loose state it was then later densified by shaking the container. The probe was pushed deeper into the samples during flight. They show how
the density measurements change during penetration. Despite not being able to measure absolute densities consistent qualitative results were obtained. They show that the
density changes are a function of penetration distance and the act of penetration
changes the density of the sand immediately adjacent to the probe. This is an interesting study and it would be useful to know how they intend to take this work forward.
Continuing the theme of electrical resistivity measurements Peixoto et al discuss
the use of a resistivity probe for detection of pollution plumes. They say that little is
available with regards to what are relevant reference values to be used for detecting
concentrations when testing in tropical soils. Their work is laboratory based but using
the same configuration as in typical field devices. They discuss the factors affecting
the measurements and look at the effects of moisture content and frequency which
they identify as being much more important in these tropical soils. This is a very interesting study which they are hoping to extrapolate in the future to field testing.
Elgun et al look at the potential uses of the magnetometer cone. Magnetometers,
measuring the earth’s magnetic field strength, have been used for some time for detecting buried objects which are made of or contain ferromagnetic material. In cities
such as London they have seen significant use to check/clear areas for ordnance
(bombs etc) before any intrusive work such as ground investigations, piling, CPTs etc
were undertaken. More recently we are seeing, as in this paper, that the magnetometer
is being included as an ‘add on’ item to the CPT so that standard CPT parameters can
be collected at the same time. The authors describe a magnetometer cone that con-
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tains a tri-axial magnetometer and go on to discuss examples of its use. It very clearly
detects a pipeline at 12.5m depth and they comment that ordnance can be detected up
to 2m away! They give an example of using it to assess concrete pile length, in this
case it is necessary to compare the measurements with a theoretical model of response and to fit the model to the measurements, it is not clear from their example
what level of accuracy can be achieved nor how much steel needs to be present for
this to work effectively. For sheetpile walls they mention its use for determining their
lengths (as with piles) and also the locations of anchors and tie backs. It would be interesting to know what accuracies have been achieved (personal experience has
shown determining sheet pile lengths of 6m to be within +/- 0.5m). This is a tool that
will have an increasing role to play especially with the assessment of existing structures, as the authors say and very much so with the increasing interest in sizing of
foundations for reuse (Butcher et al 2006).
4.2 New additions
Reiffsteck et al discuss the latest developments in a permeameter device (Permeafort)
that has been modified to include a CPTU at its front end. The ‘rods’ behind the cone
are of an enlarged diameter and the permeameter is set as a porous element in a reduced diameter section. The CPTU addition will mean that information can be readily
available, from soil classification charts, on the material at the permeameter test
depths. Permeability testing is said to require a pause in penetration of only 10s
(coarse grained soils), testing can be performed as frequently as every 20cm. The device is being calibrated against tests in both the laboratory and field. Results so far
look very promising and calibration in other situations and soil types is on-going. It
could be most promising to link results from this type of test with those from CPTU
dissipation tests.
Continuing on the permeameter theme Homma et al present a ‘cone permeameter’
test for estimating in situ soil moisture characteristics and hydraulic conductivity in
partially saturated soils. Water is introduced into the ground through a small filter and
measurements made on two tension rings above the filter as well as volume inflow,
all data are recorded on a data logger. The device is a penetration test and does not
appear to contain a CPT or CPTU module. They show good results between modelling and measured data in sands but there are problems in loam soils. They comment
that there are still problems with the device, especially robustness of the ceramics, but
these are being addressed.
Jang et al describe the development of a new ‘add-on’ system to the CPTU to investigate ‘dynamic’ properties of marine soils. Their reason for the development is
that they say it is often difficult to install a suitable source in marine situations to
generate shear waves to allow the use of the seismic cone (SCPT). The system uses
piezobender elements that are rotated out on arms from the cone rods at some distance behind the cone. They have undertaken both model and numerical simulation
tests to assess the effects of source/receiver separation, their distance away from the
cone rod (swing arm length) and the disturbance effects of swinging the arms out, all
with a view to establishing the optimum arrangements; the data are most interesting.
They do conclude that the disturbance caused by the swing arms affects the measured
shear wave velocity but comment no further. There appears to have been no trials in
these model studies of retracting the arms and this could be a major problem. It would
be interesting to know how, or if, they plan to develop this work.
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5 CONCLUSIONS
The CPT/CPTU is a relatively mature testing technique and this is evident in the lack
of papers to this session. We see techniques now moving between countries and cross
correlation to other national practices. With the adoption of the new International
standards there should be greater flexibility in exchanging experiences around the
world but care will still be needed with differing soil types. Strict adherence to these
standards should allow greater confidence in the results obtained but we will first
have to prove that the equipment available is capable of achieving the accuracies required of the various Application classes. Existing equipment is often good but sometimes poorly operated or maintained.
Lunne (2010) suggests that the problem of understanding the inconsistencies in
sleeve friction measurements results is one of the challenges for the future; understanding all sources of error is a topic that would usefully receive more attention and
would give valuable pay back. We have been working with fs and Rf (based on fs) for
a long time and it is uncertain what it will mean to our databases if we start to convert
to ft. Much the same as we experienced with qc and qt one might think.
The challenge is still there to get reliable data that can be trusted, is repeatable and
accurate, especially in soft soils. We need to also maximise the amount and value of
data gathered by add-on devices.
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Session Report 2: CPT Interpretation
J.A. Schneider

University of Wisconsin-Madison, Madison, Wisconsin, USA

1 OVERVIEW
Session 2 on interpretation of cone penetration test (CPT) data included nearly 60
papers covering a wide variety of sites, analysis methods, and engineering parameters. This session report focuses on a summary of the different types of information
presented in these papers and will provide details from select papers that highlight
various aspects of soil behaviour. Papers within this session are referenced in italics,
with no year, to distinguish them from other references.
Measurements of soils data at a given site can be broken down into in situ testing,
laboratory index testing, and laboratory performance testing. Laboratory performance
tests are those which measure a specific soil engineering property, such as strength (su
or '), stiffness (G), compressibility (, , CC, CS, or M), and water flow characteristics (k, cv, or ch). Conversion of laboratory or in situ test measurements to engineering
parameters that can be used for design requires some degree of interpretation. Interpretation methods can include analytical solutions, numerical analyses, probabilistic
methods, experimental studies, as well as empiricism (judgment). Experimental studies are separated in this discussion of interpretation methods to highlight papers that
focused on differences in response due to changes in specific variables, rather than
comparison of different measurement techniques for standard test methods employed.
Interpretation of soil properties based on the results of laboratory or in situ tests
each have their own advantages and disadvantages. Laboratory testing has controlled
boundary conditions and an extensive and rational basis for interpretation, although it
is time consuming and only tests a limited volume of soil that has been disturbed to
varying degrees by sampling. On the contrary, in situ testing is rapid and tests a large
volume of soil, but there are poorly known boundary condition (particularly drainage,
rate effects, and horizontal effective stress), installation or performance of the test
disturbs the soil to varying degrees and the basis for interpretation is somewhat limited and often inconsistent between sites. Both laboratory and in situ test results are
presented for about 60% of the papers in this session to aid development and verification of interpretation methods. A summary of the distribution of content in Session 2
is presented in Figures 1 and 2.
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Figure 1. Distribution of papers within interpretation session (a) analysis methods; (b) soil
characteristic evaluated; (c) soil types discussed; and (d) in situ tests used

Figure 2. Distribution of (a) number of sites discussed in each paper; and (b) number of in
situ tests used for papers in Session 2

The largest proportion of papers in this session focus on increasing the number of
soils types and geological conditions with which the engineering community has
documented experience. Most papers focus on comparing results from one type of
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testing to another. This may include comparisons between in situ test methods (i.e.,
CPT, DMT, PMT), as well as comparison of laboratory tests (index or performance)
with results from in situ tests. The use of probabilistic (Uzielli et al., Kurup et al., Kurup & Griffin, van der Wal et al., and Ng & Zhou), numerical (Butlanska et al., Ghafghazi & Shuttle, Kumar et al.), and analytical (Larsson et al., Isaer & Ryzhkor,
Löfroth, Russell et al., Ghafghazi & Shuttle) models have a comparatively low proportion of papers in this session. This may result from difficulties in accurately modelling the penetration process using numerical methods with realistic soil models, as
many constitutive models do not account for soil structure and aging effects, high
stress compressibility and particle crushing, stress dependent dilation, as well as
stress and strain dependence on soil stiffness. These features of soil behaviour are being addressed in analytical and numerical modelling of in situ tests, and we should
expect to see more application in future conferences (e.g., Salgado et al. 1997, Fahey
2005, Zhou & Randolph 2009, Einav et al. 2010).
A wide variety of soil types are discussed, although most papers still focus on
normally consolidated (NC) clays, overconsolidated (OC) clays, or siliceous sands.
Unsurprisingly, over half of the in situ tests discussed were cone, piezocone, or seismic piezocone tests. Other penetrometers discussed included temperature, resistivity,
environmental (ROST/UVOST), water injection penetrometers, as well as full flow
penetrometers (T-bar and Ball). Other in situ tests discussed included pressuremeter
testing, flat dilatometer (DMT) and seismic dilatometer (SDMT), vane shear testing
(VST), and plate load testing.
The remainder of the session report highlights certain aspects of soil response that
were observed during review of these papers. This discussion is written around interpretation of (i) strength; (ii) stiffness; (iii) compressibility; (iv) water flow characteristics; (v) soil state; and (vi) soil
classification. Interpretation of temperature characteristics (Isaev &
Ryzhkov, Trevor et al.) and environmental issues (Smith & Gleason)
made up a relatively minor portion of
this session and will not be addressed
further.
2 STRENGTH
Selection of appropriate strength parameters for design depends on the
rate of loading in relation to the size
of the loaded object and the rate of
water flow through the loaded soil.
For interpretation of CPT and CPTU
of standard diameters and standard
rates of penetration, most sandy soils
will behave as drained while most
clayey soils will behave as undrained.

Figure 4. Comparison of vane shear strength
and net cone tip resistance for Brazilian Marine
clays (Almeida et al.)
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Use of the undrained strength (su) implies that changes in mean effective stress during loading are solely due to shear induced pore pressures. For this case, laboratory
measurements of undrained strength performed at the current in situ effective stress
(and state) are appropriate for design (f = su). There is no volume change during
undrained loading, therefore the dilation angle () is equal to zero. Cone tip resistance is strongly controlled by soil strength such that:
su 

q t   v 0 q cnet

N kt
N kt

(1)

Interpretation of undrained strength from CPT and CPTU was the most commonly
discussed parameter in this session, and was the focus of 14 papers. Values of Nkt are
widely reported in the literature, and ranges on the order of 8 to 27 are commonly
discussed (e.g., Denver 1995). A large range of Nkt values was also presented in this
session. An example of this range is shown in Figure 3 for marine clays from coastal
Brazil (Almeida et al.). Typical reasons for variation in Nkt are associated with (i)
mode of strength (su,DSS, su,CIUC, su,UU, su,VST, su,PMT, etc); (ii) soil rigidity (G/su); (iii)
viscous rate effects; (iv) partial consolidation during penetration, testing, or between
installation and testing; (v) sample disturbance; (vi) spatial variability between CPT
and samples; (vii) CPTU area ratio correction factors; (viii) drift in CPT zero load
readings during testing; as well as (ix) soil structure and fabric, such as fissuring as
sensitivity. Use of full flow penetrometers, as presented in this session by Cargill &
Camp, may reduce some of the uncertainty in N (Nkt, Nt-bar, Nball) values (e.g.,
Randolph 2004).
Strength parameters for drained analysis are typically the peak friction angle ('pk),
which is a combination of the critical state friction angle ('cv) and the dilation angle
('). Due to stress dependent dilation of sands and crushing of particles at high
stresses typical of cone penetration testing, practice tends to rely on empirical correlations to 'pk. For interpretation of strength of sands, 4 papers discussed friction angle
(Kumar et al., Aykin et al., McNulty & Harney, Robertson) and one discussed dilation
angle (Kumar et al.). Most interpretation in sands focused on state or relative density
(discussed later in this report).
An interesting case history was presented by McNulty & Harney, which included
CPTU, DMT, and triaxial test results. The focus of this discussion is the CPTU data
and triaxial test results. Figure 4 attempts to reproduce part of Figure 1 of McNulty &
Harney using data from their Table 1. The correlation between CPT data and friction
angle used by McNulty & Harney was not stated, and whether a ‘fines content correction’ was applied to CPTU data for their silty and clayey sands was also unclear. Reinterpretation in Figure 4 used no fines content correction and the correlation between
stress normalized CPT data and friction angle that was published by Kulhawy &
Mayne (1990), and seems to agree with the authors’ original interpretation:

 q c p ref 
 17.6  11  logq c1N 
' pk  17.6  11  log 
0.5 
 ' v 0 p ref  

(2)

For additional comparison, peak friction angles calculated using the method of
Robertson are included in the figure. The method discussed by Robertson is based on
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the concept of a state parameter for sands (Been & Jefferies 1985) and includes a
‘fines content correction’ estimated from normalized cone tip resistance and friction
ratio (Fr). A constant volume friction angle of 30o was assumed for all layers when
using the analysis procedures discussed by Robertson for this profile.
Two questions arise from comparison of the laboratory and in situ test data (i) is a
correlation developed from drained calibration chamber data on clean siliceous sands
applicable to silty and clayey sands; (ii) is the laboratory measured friction angle of
20o (at 15m depth) realistic? To address the first question, the degree of drainage during cone penetration is assessed using standard CPTU classification charts (e.g.,
Robertson 1990, Schneider et al. 2008). In the Schneider et al. (2008) charts, it appears that 6 of the layers classify as drained sands (Zone 2) where the 'pk correlation
is likely applicable, 3 of the layers classify as ‘transitional soils’ (Zone 3) where pore
pressures during penetration likely have some effect on interpretation, and high penetration pore pressures in 4 layers indicate the material is undrained (Zone 1) and an
interpretation of undrained strength is more applicable. The reasonable friction angles
of 30 to 35 degrees for the Zone 1 soils are considered to have little to do with penetration resistance and soil response. Agreement is considered to be more likely a result of compensating effects than application of an appropriate correlation. Higher
friction angles in Zone 1 soils calculated using the method discussed by Robertson
resulted from an increase in normalized tip resistance due to the 'Kc' correction.
With respect to the low measured friction angle in the overconsolidated clays,
McNulty & Harney attributed this response to apparent cohesion at stress levels lower
than the preconsolidation stress (p'c). It is correct that adding an apparent cohesion intercept will reduce the interpreted friction angle from laboratory tests, but this does
not reflect the actual soil behaviour in the laboratory test or in the field. An increase
in resistance and occurrence of peak friction angles at effective stresses below the
preconsolidation stress results from interlocking and resistance in addition to that
from friction. Misinterpretation of this behaviour as caused by ‘cohesion’ does not reflect the mechanical behaviour of the soil and may be unconservative for certain design situations (e.g., Santamarnia 1997, Schofield 2005).

Figure 4. Soil classification and friction angle correlations (data from McNulty & Harney, for
details on classification charts see Robertson 1990, Schneider et al. 2008)
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3 STIFFNESS
To evaluate deformation of materials, two elastic parameters are needed; (i) the elastic modulus (E) and Poisson ratio (); or (ii) the shear modulus (G) and bulk modulus
(K). It is more appropriate to consider G and K for soil mechanics applications, as
this separates the effects of shearing (change in shape due to application of a deviator
stress) from compression (change in size due to changes in mean effective stress)
(e.g., Atkinson 2007). This section will focus on evaluation of shear modulus, while
the next section will discuss compression characteristics of soils.
The stiffness of soil is characterized using the shear modulus, G. Our ability to
characterize stiffness of soils from cone penetration tests has greatly increased since
the development of the seismic cone (SCPT) and seismic piezocone penetration
(SCPTU) tests (e.g., Robertson et al. 1986). Measured values of shear wave velocity
(Vs) can be used to calculate stiffness, or more specifically the small strain shear
modulus (G0):
2
G 0    Vs
(3)
where  is the total mass density of the soil. A majority of papers within this session
that relate to soil stiffness focus on shear wave velocity (Uzielli et al., Paoletti et al.,
Prakoso, Aykin et al., Trevor et al.), while 3 papers discuss small strain shear
modulus (Kavur et al., Schneider & Lehane, Kumar et al.), and 1 paper discusses larger strain stiffness measurements (Gsec) from a self boring pressuremeter test;
(Schneider & Lehane). It is common to quantify shear modulus as a multiple of CPT
tip resistance, and G/qcnet is presented in this section:
G
 KG
q cnet

 q c p ref 

0.5 
 ' v 0 p ref  

n

 K G  q c1N

n

(4)

where ‘KG’ is a soil deposit dependent coefficient and ‘n’ is a stress exponent.

Figure 5. Influence of measurement technique on soil stiffness (a) laboratory tests and design
situations (after Atkinson 2000); (b) in situ test method (for a calcareous sand, data from
Schneider & Lehane)
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Since shear modulus measured by dynamic methods is much larger than operational levels for typical design situations (e.g., Figure 5a) measurement of G0 is useful
but must be reduced appropriately. Modulus reduction schemes are not unique, and
measurement of stiffness from a number of different in situ tests can aid in the assessment of modulus reduction for design (e.g., Lehane & Fahey 2004). Figure 5b
shows small strain shear modulus measured by seismic methods (SCPTU), as well as
that from self boring pressuremeter tests (SBPMT) and that estimated from flat plate
dilatometer [G ≈ ED/(2·(1+))]. Shear strain levels associated with each tests are approximately 10-4 % for SCPTU, 10-1 % for SBPMT, and 1% for DMT. It is clear that
the shear modulus reduces as characteristic strain levels associated with various testing methods increase, but it is also interesting to see that the stress exponent ‘n’ appears to reduce with this increasing strain level. The implications of these trends in
stress exponents, and whether they are actually a function of soil behaviour rather
than scatter in the measurements, requires further study.
4 COMPRESSIBILITY
The change in size of an element of soil with increasing mean effective stress can be
considered as compression. Compressibility is essentially the inverse of the bulk
modulus, 1/K = v/p'. For geotechnical engineering purposes the one dimensional
(1D, no horizontal strain) case is typically considered and the stress dependence on
compressibility is handled using the compression index, CC = e/log'v. When developing correlations to in situ tests the 1D constrained modulus is typically quantified where, M = D' = 1/mv = 'v/v = 'v/a = 2.3·(1+e0)·'v,avg/CC. Within the papers presented as part of this session, three methods were used to evaluate constrained
modulus (i) oedometer tests (Lee, Choi, et al., Bihs et al., Ozer et al.); (ii) correlations
to DMT (Bihs et al., Kavur et al., Młynarek et al., Aykin et al.); and (iii) results from
a large scale test embankment (Tonni et al.). Most sites tested were clays and organic
clays, although data for a cemented sand (Lee, Choi, et al.) and layered sand, silt, and
clay site (Tonni et al.) were also presented.
Based on elastic theory, the constrained modulus should be approximately 0.9E
and therefore essentially equal to the dilatometer modulus ED (e.g., Marchetti 1980).
A unique correlation between ED and M has not been observed (e.g., Marchetti 1980,
Powell & Uglow 1988) highlighting the need to separate change in shape of soil element (G or E) from change in size of a soil element (M or 1/K).
Difficulties also exist when attempting to select the appropriate stress range for M
when correlating to laboratory or field test data, as well as selecting whether cone tip
resistance is an appropriate parameter for correlations to M. Figure 6 shows two correlations between CPT parameters and M (or D'). Typically, the in situ vertical effective stress level is used for correlations to M (e.g., Mayne 2007). Within this session
Ozer et al. utilized the value of M at the preconsolidation stress, while Tonni et al.
evaluated M for a stress range starting from 'v0 and increasing by up to 110kPa.
Since M increases with effective stress (for a given soil in an overconsolidated or
normally consolidated state), variations in effective stress range for assessment of M
will increase uncertainty in correlations. While incorporation of measured pore pres-
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sures improved CPT-M correlations for the Treporti site, complex pore pressure response that includes both shear and octahedral components as well as reduction in total stress behind the cone tip (e.g. Ha et al.) make application of this correlation to a
wider range of soil types and states uncertain.

Figure 6. CPT – constrained modulus correlations for loading of (a) sands silts and clays
loaded by 110kPa at the Treporti site (Tonni et al.); (b) global database for oedometer tests
on sand silts and clays with M taken at 'v0 (Mayne 2007)

5 WATER FLOW CHARACTERISTICS
Water flow characteristics were addressed in 7 papers, 3 focusing on coefficient of
consolidation (ch or cv; Kim, Prezzi, et al., Almeida et al., Jaeger et al.), 2 focusing on
coefficient of permeability (k; Vienken et al., Boone & Frietas), and 2 discussing both
parameters (Cai et al., Robertson). Direct methods for interpretation of ch and k include analytical solutions for piezocone dissipation tests (e.g., Teh & Houlsby 1991),
variable rate penetration testing (e.g., House et al. 2001, Randolph 2004), as well as
injection methods (e.g., Vienken et al.). Indirect methods typically involve correlations to soil behaviour type (IC) and/or fines content (Boone & Frietas, Robertson).
While discussed since the early 1970’s, the prominence of variable rate penetration
testing has increased in research (and in practice) since about 2004 (e.g., Randolph
2004). Two similar experimental studies of variable rate penetration testing performed independently but on similar materials (sand with 25% Kaolin) are presented
in this session; chamber tests of Kim, Prezzi et al, and centrifuge tests of Jaeger et al.
Normalized CPTU parameters (Q, u2/'v0, Bq) are plotted in Figure 7 against normalized velocity (V = vd/cv, where v is the penetrometer velocity, d is the penetrometer diameter, and cv is the vertical coefficient of consolidation). Similar response is
observed for both studies; (i) Drained behaviour occurs for V less than about 0.05 and
is characterized by relatively high Q values and essentially zero values of u2/'v0
and Bq; (ii) Undrained behaviour occurs for V greater than about 15 and is characterized by relatively low values of Q and ‘high’ values of u2/'v0 and Bq. Differences in
Bq are observed between the two studies during undrained penetration and seem to be
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related to very low values of Q recorded by Jaeger et al.. Results from supplemental
undrained triaxial tests on the sand-clay mixtures would help clarify these differences.
It is difficult to characterize water flow characteristics in aquifers and some levees
since penetration in sands produces essentially no excess pore pressures (u2≈0).
Vieken et al. discuss a number of direct methods for aquifer characterization, including active source penetrometers, while Boone & Frietas discuss application of an indirect method to a wide range of soil types.
A summary of indirect and direct methods for characterization of water flow characteristics is given by Robertson. The importance of performing piezocone dissipation tests when the degree of drainage is unclear is highlighted in this paper, and it is
suggested that if t50 from a piezocone dissipation test takes longer than 30 seconds (t95
≈ 20 minutes) then tip resistance during penetration is essentially equal to the
undrained value. Recording piezocone dissipation response in questionable layers for
only one to three minutes can provide invaluable information for assessing degree of
drainage during penetration, and supplementing those results with variable rate penetration tests (for rates of 0.1mm/s to 200 mm/s) can help quantify the change in resistance to changing drainage conditions.

Figure 7. Influence of normalized velocity on penetration resistance in clayey sands (data
from Kim, Prezzi, et al., and Jaeger et al.)

6 SOIL STATE
A large portion of the papers in this session (18) focused on evaluation of soil state.
This typically revolved around OCR or preconsolidation stress (p'c) in clayey soil (9
papers) and relative density in sands (8 papers). Additionally, Ghafghazi & Shuttle
and Robertson discuss assessment of the state parameter for sands, 0. Soil state is an
indirect measure that can aid in prediction of soil response, and will have a strong influence of strength, stiffness, and compressibility.
While the state of sands is defined by current void ratio and effective stress in relation to the critical state line (e.g., Been & Jefferies 1985, Coop 2005), evaluation of
the state of sands typically revolves around relative density, Dr. Since CPT tip resistance is strongly controlled by in situ horizontal effective stress, shear modulus, friction angle, (stress dependent) dilation angle, and high stress compressibility (crusha-
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bility), there are large uncertainties in evaluation of Dr and 0. Two papers are focused on here in relation to relative density evaluation; (i) Butlanska et al. who attempt to better understand the relationship between qc and Dr through DEM numerical modelling, and (ii) Senders who evaluates shallow embedment factors through
centrifuge testing. Selected results from the two studies are highlighted in Figure 8.
Results of the Butlanska et al. study may lead to a better understanding of CPT behaviour in sands, although additional study into scale effects between penetrometer
and particles as well as the near surface effects presented by Senders would be useful
in future work. It is noted that the ratio of penetrometer diameter (71.2mm) to particle
mean grain size (d50 = 28mm) appears to be 2.5 for the study of Butlanska et al.. Bolton et al. (1999) recommend that this ratio be at least 20 such that the soilpenetrometer interaction behaves closer to a continuum, which is more representative
of typical field conditions.

Figure 8. Comparison of sand relative density evaluations from (a) centrifuge testing (Senders) and (b) DEM numerical modelling (Butlanska et al.)

Figure 9. Plot of normalized undrained strength based on CPT qcnet and estimated from stress
history (data from Liao et al.)

Soil state for clays, represented by the overconsolidation ratio (OCR = p'c/'v0) or
vertical yield stress ratio (YSR = 'vy/'v0), is a vital parameter for linking known
geologic history to anticipated mechanical behaviour at a given site. The relationship
between undrained shear strength ratio and OCR, based on the concepts of critical
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state soil mechanics, is a powerful tool for understanding soil behaviour and predicting engineering response.
 s
su
  u
' v 0  ' v 0


  OCR 
 NC

(5)

where (su/'v0)NC is the normally consolidation undrained strength ratio [≈ (sin'cv)/2
for DSS] and is the plastic volumetric strain ratio (about 0.8) (e.g., Mayne 2001).
The application of this concept to a glacial soil site in Eastern Wisconsin discussed by
Liao et al. is presented in Figure 9.
Liao et al. present a case history where a 35m high lakeshore bluff was removed to
build a coal power plant. The underlying glacial clay and sandy clay till soils tended
to have a preconsolidation stress predicted by a range of empirical correlations that
was higher than the stress of the overburden removed. If the normalized undrained
strength ratio (using Nkt=12) is plotted for clayey layers with u2/'v0 greater than
about 1, trends match an estimated preconsolidation difference (p'c = p'c-'v0) of
1200kPa in the upper 21m and 2000kPa below 21m. These values of p'c are consistent with the regional glacial geology and in excess of those related to bluff removal.
Knowledge of local geology is often invaluable for interpretation of in situ tests. Additional validation of correlations through complementary laboratory oedometer testing is recommended for these large projects, although, applied vertical stresses up to
10MPa may be necessary for a clear definition of p'c and the slope of the normal
compression line.
7 CLASSIFICATION
Soil classification was a major component of approximately 13 papers. Most papers
focused on cone and piezocone response in a range of soil conditions (Kurup et al.,
Dasenbrock et al., Lo Presti et al., Mateos, Robertson, Tonni et al.), while others focused primarily on characterization of clays (Bihs et al., Rømoen et al., Eslami et al.,
Ng & Zhou), calcareous sands (Schneider & Lehane), residual soils (Mio et al.), or
clayey sands (Jaeger et al.).
To rationally assess soil behaviour and classification from piezocone response
normalized parameters must be used (e.g., Wroth 1988, Robertson 1990). Robertson
points out that for typical stress ranges related to onshore projects (50 to 150kPa),
normalization does not significantly shift points within the classification charts and
an equivalent non-normalized chart (and ISBT parameter) can be used with similar
levels of reliability to normalized charts. When dealing with larger stress ranges and
normalized parameters, response due to effects of soil state must be separated from
those due to water flow characteristics. This can most easily be done using normalized tip resistance (Q = qcnet/'v0) and penetration pore pressures (u2/'v0 = Bq·Q)
(e.g., Schneider et al. 2008), although use of Q and friction ratio (F = fs/qcnet) is common due to difficulties in obtaining high quality pore pressure data as well as when
testing soils above the water table.
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Figure 10. Separation of partial consolidation during penetration from overconsolidation using classification charts of Schneider et al. (2008) for (a) natural soils; and (b) variable rate
penetration testing (values of Q below one not plotted)

Figure 10 highlights separation of soil state from water flow characteristics for an
OC Clay, a sensitive clay, and layered sands, silts, and clays. Site data comes from
papers within this session. It should be noted that soil state and partial consolidation
during penetration can not clearly be distinguished in Q - Bq classification charts, despite using the same data as Figure 10 (u2/'v0 = Q·Bq). In Figure 10b, results from
variable rate penetration tests shown in Figure 7 are also plotted in a Q - u2/'v0
classification chart. Trends in behaviour are consistent with those for natural soils;
undrained penetration tends to plot in Zone 1 – undrained clays; as V decreases,
measurements move through Zone 3 – transitional soils towards Zone 2 – drained
sands; for V less than about 0.1 u2/'v0 is less than 0.1 and penetration is essentially
drained. The greater high stress compressibility of the clayey sands as compared to
soils that would have drained penetration for standard velocities and diameters lead to
relatively low Q values and data plotting below Zone 2. When comparing these variable rate tests to others performed in Kaolin, it appears that the high stress compressibility affects drained penetration resistance (e.g., Robertson & Campanella
1983) as well as the ratio of drained to undrained penetration resistance.
8 CONCLUSIONS
CPT data at a wide variety of new sites is presented in this session along with complementary laboratory and in situ test data for interpreting a range of soil properties.
Most interpretations build on previously developed methods and discuss similarities
or differences due to specific site conditions. These studies are important for developing judgment for a wider range of soil conditions. It is noted that these data should be
viewed within a systematic engineering framework such that experiences from a sin-
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gle site can be applied to differing soil conditions that will be encountered in the future. Specifically, one must be sure to separate partial consolidation during loading
from increases in overconsolidation ratio, separate stiffness and compressibility, as
well as utilize critical state soil mechanics to couple strength with stress history. In
addition to comparison of data from new sites, new interpretation methods (analytical, numerical, probabilistic) still need to be developed to aid in consistent understanding of a wide range of soil conditions, as well as spatial variability of interpreted
engineering parameters.
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Session Report 3: CPT Applications
F. Schnaid
Federal University of Rio Grande do Sul, Porto Alegre, Brazil

ABSTRACT: Since the early applications of CPT results to estimate bearing capacity,
current practice covers a large range of problems such as: site characterization, prediction of soil properties, design of sallow and deep foundations, assessment of
ground improvement and soil liquefaction, as well as a variety of geo-environmental
applications. Fifty one (51) papers submitted to this Conference addressing these major topics are discussed herein, key issues are identified and areas of uncertainty acknowledged.
1 INTRODUCTION
The purpose of this report is to conduct a brief summary of CPT applications based
on the topics covered by the presented papers. Papers have been organised in five
main themes that allow a broad view of CPT applications:
a) site characterization
b) prediction of soil properties
c) foundations bearing capacity and settlements
d) soil liquefaction
e) geo-environmental investigation
Although some overlapping inevitably exists, an attempt is made to summarise the
main issues related to each topic by emphasising current practice and need for further
research.
2. SITE CHARACTERIZATION
Continuous profiles from CPTU equipment has gained acceptance as an accurate, reliable and cost-effective means for site characterization. This capability is explored
by papers dealing from site characterization of natural deposits to evaluation of soil
improvement after ground treatment. Example of a refined subsurface characteriza-
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tion for a subway project is reported by Yang et al, comprising seismic measurements
for liquefaction assessment. Difficulties involved in the CPT characterization process
are reported to be associated with the spatial variability of deposits requiring sufficient and detailed site investigation to be carried out. Although the amount and extent
of CPT logs are generally selected by engineering experience, there have been attempts to use probabilistic analysis to optimize site characterization using the CPT.
An example brought by Ng & Zhou describes an uncertainty-based optimization
model derived for site characterization using CPT data, in which a probabilistic model of the soil profile is introduced for determining the vertical and horizontal distances required for a given project. Moss, Hollenback & Ng examined heterogeneity
as a function of the lateral distance between CPT logs. From the representation of the
relative variogram concept introduced by Issaks & Srivastava (1989) the authors define minimum stretches of a levee that can be used as guidance to assess the probability of failure of embankments resting on peat organic foundation soil. Generally, the
limiting factor of probabilistic approaches is the lack of data both in quantity and at
reasonably spatial intervals to perform robust statistical analysis.
Reported experience on site characterization of natural deposits has been extended
to evaluate the effectiveness of ground improvement techniques, such as static and
dynamic compaction (Ku & Juang, Agrawal et al, Ozer et al, Skutnik et al), dynamic
replacement (Bates & Merfield) and soil mixtures (Sinha et al). Some innovative procedures are introduced for assessing the degree of compaction of both coarse- and
fine-grained soils. Agrawal et al presented a method to estimate compaction of large
ߛ
areal fill on the bases of a relative compaction (ܴ ܥൌ ௗൗߛ௫ ), where d is the in situ
dry density and max is the maximum soil dry density. An example illustrating the estimation of RC is presented in Figure 1, in which data gathered from CPTU is shown
to depict the RC values computed from density data obtained from both field and laboratory tests. Alternatively, Squeglia & Lo Presti presented a procedure based on
mini-CPT results performed on a laboratory calibration chamber using compacted
samples. The method is latter used to evaluate at a river embankment constructed using compacted fine-grained soils.
The growing interest for using penetration techniques for ground improvement
projects is examined in four papers submitted to the conference (Skutnik; Bates &
Merfield; Ku & Juang; Ozer et al). The procedure consists of evaluating the conditions of a site prior and after dynamic compaction techniques. A typical example
from Talga Ozer at al is shown in Figure 2, allowing the change in properties by the
compaction process to be estimated and the possible impacts on liquefaction to be assessed.
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Figure 1. Relative compaction estimated from CPT data (Agrawal, Pekin & Chandra)

Figure 2. Comparison of cone resistance prior and after dynamic compaction (Talga
Ozer at al)
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3. PREDICTION OF SOIL PROPERTIES
Soil parameter evaluation from CPT is now a routine and established practice that
may allow assessment to a large number of state parameters such as void ratio (e0),
unit weight (), relative density (DR), stress history (’p, OCR), strength (c, , Su),
stiffness (E, G), compressibility (Cc), consolidation coefficient (ch), permeability (k),
subgrade reaction coefficient (ks), among others. The 10 papers submitted to this conference give room to two different considerations: (a) best practice should be based
on both established and locally developed correlations and (b) there are clear benefits
in combining results from different testing techniques.
The majority of the papers are related to the prediction of properties on soft clay
deposits. There is comprehensive literature providing the necessary background in
this field from where all established correlations can be obtained (e.g. Lunne et al,
1997; Mayne et al, 2009; Schnaid, 2009; Yu, 2004). This existing background has
been extensively used by the authors to predict the overconsolidation pressure, coefficient of consolidation and undrained shear strength of cohesive soils.
Torum et al present a comparison from CPTU and laboratory tests, emphasizing
that results generally require good sample quality. Figure 3 shows the undrained
shear strength interpreted from CPTU profiles and compared to laboratory anisotropically consolidated triaxial compression tests (CAU). Although some discrepancies are
observed, CPTU methods provide reliable soil parameters, particularly when local
correlations are developed.
Similar efforts are reported by Farrar; Steiner; Camp et al; Sunitsakul et al when
comparing CPTU data to laboratory tests and in situ vane and dilatometer tests. In
addition, Sotil et al report a site investigation program carried out to predict the properties of low strength, saturated, organic materials that are later adopted as input parameters in stockpile performance evaluation.
Estimation of parameters made from regression equations set against laboratory
tests or other in situ tests is presented by Ozer et al. Table 1 summarizes the data variables and linear regression equations for normalized preconsolidation pressure. In
this particular reported case, Model E prediction (Table 1) is shown to reproduce laboratory CRS measured values. Liao et al extend these views when comparing predicted values of ’p with those calculated from overburden pressure before a deep excavation at Lake Michigan, USA. Scatter in this site is attributed to the fissured
nature of the clay where standard expressions based on qt, u2 and G0 may not be applicable.

364

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

Figure 3. Interpretation of undrained shear strength in quick clay (Torum et al)
Table 1. Linear regression for normalized preconsolidation pressure (Ozer et al)
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Gadeikis et al discuss the comparison between static qc and dynamic qd cone penetration resistance. This type of comparison should be viewed with great caution, because the values of qc and qd are not a function of the same variables. In granular materials the static cone penetration is mainly a function of relative density, vertical
stress and horizontal stresses, whereas the dynamic cone penetration is a function of
three groups of parameters: (1) soil properties, (2) hammer mass and height of fall
and (3) rod geometry (length and cross-sectional area).
The characterisation of French Loess is studied by Karan et al. A method developed for evaluating instability mechanisms induced by high speed trains requires
fines and carbonate percentage, initial water content, dry density and CPT measurements. The major criticism is the attempt of deriving the shear wave velocity profile
empirically as a function of qc and fs.
4. FOUNDATION BEARING CAPACITY AND SETTLEMENT
Twelve papers address the theme of pile bearing capacity and settlements, comprising
CPT-based bearing capacity methods, estimation of the entire load-settlement curve
and prediction the driving force of piles. Finally four papers describe methods designed to predict the response of shallow foundations.
Pile analysis
Four papers describe conventional axial pile load testing and the corresponding
predictions from well established CPT-based bearing capacity methods. Pardoski
presents two CFA pile load tests carried out in silty clay soils in Canada. Pile capacity
was estimated using two direct CPT methods (LCPC and Eslami-Fellenius, 1997) and
two indirect methods based on CPT derived soil parameters (Coleman and Arcement,
2002; O´Neill and Reese. 1999). Overall the agreement between the predicted and
measured pile capacity was good with predictions being within 20% of measured values. Similarly, Togliani discuss the results of a tapered precast concrete pile test in a
soft lacustrine deposit overlaying a dense alluvial layer. The author approaches the
problem by using a number of different methods, including his own, to conclude that
CPT data can be useful in deriving realistic pile capacity predictions provided that the
“right” qc and fs values are selected.
The two other case studies refer to the unusual conditions of residual soils where
predictions have to be extrapolated to environments outside of the database to which
methods were calibrated. Bored pile load tests carried out in unsaturated and collapsible porous clay are discussed by Cunha & Stewart. The LCPC method is shown to
produce reasonable predictions of bearing capacity. Prakoso & Hadiwardoyo backanalyze two axial pile load tests performed in predominantly silt-clay residual soil us-
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ing an axisymmetric finite element model. In the back-analysis, CPT data guided the
design process with soil strength and stiffness being adjusted to match the actual pile
response. Specific recommendations are given to guide future applications.
Schneider et al proposed a new method based on a set of correlations between axial pile resistance in compression and CPT measurements. A physical mechanism is
described for end bearing and shaft resistance within the framework of bearing capacity theory and account is taken for factors such as scale effects, degree of mobilization of plug end bearing and stress distribution. A statistical analysis supports the
proposed correlations, but additional research is needed to quantify the effects on the
qt-shaft friction relationship.
Niazi et al developed a method based on the seismic piezocone readings (Vs, qt, fs,
u), considering that this set of measurements represent the two ends of the stressstrain-strength curve and can be used as input parameters in an approach that combines bearing capacity theory with analytical close-form elastic continuum pile solution (e.g. Randolph, 2003). Calculated pile capacities for a pile test carried out at the
Grimsby research site, UK are shown in Table 2 for various methods of analysis. The
proposed formulae are shown to match the load-settlement response (Figure 4).
Table 2. Calculated pile capacities from direct and indirect CPT methods (Niazi et al)

There are case studies that refer to the use of finite element analysis. For example,
Tolooiyan & Gavin describe a procedure involved in performing FEA to model
measured tip cone resistance qc in cohesionless soils. Estimated qc values are latter
compared to end bearing resistance mobilized by model bored piles to investigate the
value of the empirical reduction factor . Mohr-Coulomb and Harding Soil Models
have been used in the analysis.
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Figure 4. Comparisons between predicted and measured pile (Niazi et al)

Pile installation has been analyzed in two papers. Pile jacking force mobilized during installation is predicted by Marchi et al. Data from a well documented field study
in Italy are reported, in which the short-term base resistance recorded from jacked
piles installed in predominantly clayey and silty soils with local sandy layers is evaluated. Comparisons between various methods of analysis indicate that strong dependence of the qb/qt ratio on the grain size in each layer. Ryzhkov & Isaev describe a method to assess pile drivability that is supported by CPT profiles performed to reveal
soil stratification. Application to marine and moraine deposits with large boulders described by the authors relays on the depths of cone refusal.
All above described methods have to take into account natural soil variability,
which has to be considered on the bases of experience or from statics type of approach. Doherty & Gavin examine measured CPT values in a Monte Carlo simulation
to determine the in situ soil variability at a dense sand site that is later used to predict
the likely scatter in pile capacity. An example is given to select a suitable site for
conducting pile research by demonstrating that for the case of long tension piles the
expected capacities will be unaffected by soil variability.
Shallow foundations
A method conceived to predict footing response directly from CPT cone resistance in
sand is introduced by Mayne & Illingworth. A database of 30 shallow foundations has
been normalized in a plot that correlates the characteristic stress vs. square root of
normalized displacement, (s/B). When the applied stress is normalized by the cone tip
resistance all footings follow a unified response, as illustrated in Figure 5. This simple approach appears to be very useful to estimate the response of isolated footings
resting on homogeneous soil profiles.
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Figure 5. Applied vs. predicted stresses using a direct CPT-based approach (Mayne &
Illingworth)
Lee et al examine the settlement estimation of multiples footings in sand by accounting for the interaction between adjacent foundations. 3D non-linear finite element analysis performed to obtain the load-settlement response and strain distributions in the foundation soils has been evaluated for various multiple configurations.
The method is based on Schmertmann’s framework where the elastic modulus of
each individual layer is obtained from representative cone resistance. From the results
of the numerical work the depth of the strain influence zone is shown to be a dominant parameter in settlement calculations.
Examples of the design of shallow bridge foundations are described by Bentler et
al. Strength and stress history estimated from piezocone test are adopted in bearing
capacity and settlement calculations to demonstrate feasibility of the solution.
Finally, Reiffsteck et al describe a new testing method - called Cone Loading Test
(CLT) – conceived to estimate settlements. After a dissipation test performed with the
rod unclamped, the cone is loaded in a minimum of ten successive steps lasting 60 s
each, or at constant very slow speed until the full cone resistance of the soil is
reached. The stress settlement curve links the pressure applied on the cone to the displacement of the top of the pushing rods. Discrepancies observed between the measured CLT and model footing test response is attributed to scale and form effects.
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5. SOIL LIQUEFACTION
Nine papers contribute to the development of CPT-based simplified models for liquefaction evaluation. Attempts are made to extend existing experience by discussing
and extending the approaches published by Wang (1979), Robertson and Wride
(1998), Juang et al (2003), Moss et al (2006), Robertson (2009), among others.
Juang et al introduce an approach that adjusts the cyclic stress ratio (CSR) calculated by Idriss & Boulanger (2006) and determines the cyclic resistance ratio (CRR)
as a function of both cone tip resistance and soil behaviour type index Ic. Values of Ic
are determined on the bases of Qt and Bq whereas the CRR model is a function of qt1N
and Ic. The authors state that the method is applicable to a wide range of soils including those considered “too clay-rich to liquefy” and justify the accuracy of the proposed method from an extensive database of ground failure sites (Figure 6).

Figure 6. Boundary cure for assessment of liquefaction potential (Juang et al)
Another (new) relationship is presented by Baxter et al for non-plastic silts with
fine contents greater than 95%, and is compared to CPT-based liquefaction approaches proposed by Robertson and Wride (1998) and Moss et al (2006). The work is developed on the bases of ten mini-cone calibration chamber tests conducted to deter-
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mine the relationship between relative density and cone resistance. There is reasonable agreement between the new method and published correlations.
Several other authors state the need for local correlations. Pease discusses the uncertainty associated with CPT-based liquefaction correlations, indicating that site
specific correlation is critical in cases where either CPT measurements or soil response vary. Ozocak & Sert alter the Iwasaki et al (1978) liquefaction potential index
LPI concept by assuming a soil depth of 10m for liquefaction analysis, claiming that
the corresponding increase in LPI better reproduce the hazardous effects caused by
the 1999 earthquakes in Turkey.
Pehlivan et al discuss the need for a new framework to interpret ground failure
case histories between 1994 and 1999 given the fact that low-plasticity silt-clay mixtures generated significant cyclic pore pressures and exhibited strain-softening responses. The authors proposed a pore water pressure generated model that provides liquefaction susceptibility boundary curves as a function of soil index parameters (PI,
LL, w/LL) and a correlation between pore water pressure ratio and shear strains,
which support an empirical correlation to cone resistance and friction ratio. Relying
on pore pressure measurements, Bol et al identify liquefaction potential from dissipation test in fine grained soils, taking the time corresponding for 90% dissipation as
reference. The authors established U90 of 300 seconds as a frontier between liquefiable and non-liquefiable ML silts.
Uncertainties in assessing liquefaction potential prompted the various approaches
described above. These uncertainties are highlighted by Marchetti in a stimulating
discussion that compares the sensitivity of CPT and DMT to stress history and aging
in sand. Marchetti recalls that sand liquefaction depends on factors such as relative
density, in situ K0, stress and strains history, aging and soil structure. From a number
of case studies, the author compares profiles of shear velocity Vs, dilatometer MDMT
and KD and cone penetration qt during construction stages of a Venetian embankment
fill (Figure 7). From pre-construction and post-removal profiles, it can be noted that
overconsolidation has a negligible effect on Vs, moderate effect on qt and maximum
effect on MDMT. Since ignoring the effects of stress history and aging is equivalent to
omitting important parameters controlling CRR, CPT-base correlations are disperse
and local correlations might be necessary in every application.
Unutmaz et al address the liquefaction induced settlements beneath mat foundations from simplified procedures adopted to calculate cyclic shear stresses, and
strains. The authors convert available cone profiles into SPT blow counts to compute
settlements, an approach that is likely to introduce errors for reasons discussed earlier
in section 2. Finally, Yi also attempts to evaluate seismic settlements. Attention is
paid to estimation of fine contents and conversion of CPT data to SPT (N1)60 due to
the absence of a method to directly calculate seismic settlements from the CPT. A relationship is derived between volumetric strain, cyclic shear strain and normalized tip
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resistance. Since the method is validated against SPT predictions and no measured
data is available, future validation is necessary.

Figure 7. Profiles of shear wave velocity, dilatometer MDMT and KD and cone penetration qt (Marchetti)

5. GEO-ENVIRONMENTAL INVESTIGATION
Ten papers support a wide range of geo-environmental applications, comprising the
profiling capability of the piezocone in contaminated areas, applications of geoenvironmental cone penetrometers and investigation of the behaviour of mineral tailings.
The profiling capability of CPTU is explored in four papers. Jones & Taylor inspect the in situ wall-backfill of a deep soil-bentonite barrier using CPTU. Osborne
presents a case study combining CPT and HP (HydraulicPunch) technology for characterization of ground plume trichloroethylene (TCE). Quinnan et al examine the
hydrostratigraphic and permeability profiling from CPT, direct push injection logging
(DPIL), direct push permeameter (DPP) and electrical conductivity (EC) methods.
Basic concepts are introduced through case studies such as the one illustrated in Figure 8, showing a typical profile where DPIL mirrors the pore pressure response of
CPTUs. DPIL and DPP are shown to produce consistent and accurate differentiation
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of low-K from high-K profiles. Finally, Kram et al describe the use of a recently developed high-resolution piezocone (HRP) capable of generating highly resolved hydraulic head values to measure hydraulic conductivity, while collecting critical soil
type information.

Figure 8. Case study combining slug tests, ECT, DPIL and CPT data (Quinnan et al)
Three papers describe environmental applications with laser induced fluorescence
(LIF). Laber describes the use of ultra-violet optical screening technology (CPTUVOST) to characterize multiple contaminant sources and determine the lateral extent of environmental impacts. Patton et al discuss the use of multiple induced fluorescence tools at a pipeline site to characterize residual LNAPL. Experience with ultraviolet induced fluorescence (UVIF) and ultraviolet optical screening tool
(UVOST) is reported and 3-D representation of LNAPL body distribution is produced. Smith & Gleason attempt to characterize LNAPL saturation from ROST-CPT
investigation. Similar to other methods, ROST measures the fluorescence emitted
from hydrocarbons that have been excited by an ultraviolet light produced by a laser.
It is important to notice that LIF techniques are not designed to detect or measure dissolved concentrations, but to measure re-emitted light from concentrations. Accord-

373

2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010

ing to the above papers, LIF enhances the logging capability of penetrometers for detecting hydrocarbon contamination because, due to poly-aromatic constituents, hydrocarbon produces fluorescence when irradiated with various forms of light.
Three other papers describe the characterization of tailing deposits. Characterization of a copper ore post-flotation deposit is discussed by Tschuschke in two successive papers. Analysis is essentially based on drainage and consolidation conditions
that are used to estimate stress history and strength parameters. Schnaid et al evaluate
the same problem by examining the effects of drainage that takes place during cone
penetration. A series of tests under different penetration rates is presented allowing
drained characteristic curves to be determine to identify the transition of drained to
partial drained to undrained response. Study of tailing geo-materials is an area were
further research is needed.

6. FINAL CONSIDERATIONS
A large number of publications provide a wide view of established recommendations,
procedures and methods conceived to guide CPT applications on site characterization, prediction of soil properties, design of sallow and deep foundations, assessment
of ground improvement, soil liquefaction and geo-environmental investigation. Papers submitted to this Conference cover most of these themes and allow the following
considerations to be drawn:
a) Current research efforts are placing emphasis on correlations with mechanical
properties that are based on the combination of results from different sensors
in a single test device, preferably combining the robustness of the cone with
stiffness measurements (seismic-cone and cone-pressuremeter). Surprisingly
most reported applications are concentrated on the standard cone (CPT and
CPTU), with few references to the seismic-cone and no reference to the conepressuremeter.
b) Best practice for assessing soil parameters comes from a combination of established and locally developed correlations. Established correlations set the
ground for the order of magnitude of a given parameter whereas local correlations can fine tune this estimation to a more accurate value.
c) In addition to empirical correlations relating CPT data to foundation performance, there are interesting approaches that (i) attempt to normalize foundation response in rational ways to take advantage of scale effects and (b) investigate pile-soil interaction mechanism using a theoretical framework that
combines different methods of analysis, such as bearing capacity and cavity
expansion theory.
d) The ongoing debate related to CPT-based correlations developed for assessment of soil liquefaction is still animated. There is no consensus on how to
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take full account of the combined effects of relative density, stress and strain
history, aging and soil structure. New methods are reported on this subject to
adjust predictions in non-plastic silt soils with large fines content.
e) Devices and methods for geo-environmental investigation are still under improvement but the field has matured in recent years with the cone penetrometer being recognized as an useful, cost-effective technique.
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