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ABSTRACT

The flat dilatometer (DMT) and piezocone penetration (CPTU) tests are likely to be among the most
widely used in situ testing methods for soil characterization and indirect determination of geotechnical
design parameters such as: strength, stiffness, permeability and compressibility. The flat dilatometer has
proved to be a reliable, robust and adaptable tool, and the data obtained with this instrument is very
repeatable, and easy to reduce and process. Furthermore, the addition of a seismic module to the standard
flat dilatometer (SDMT) to measure the shear wave velocity (Vs) significantly complements the set of
data typically obtained with a standard DMT test. Nonetheless, the experience in interpreting the
combination between Vs and DMT data is fairly limited due to the recent introduction of the SDMT for
commercial applications. Additionally, the estimation of the coefficient of earth pressure at rest (K0) has
been the most important application of the DMT since its introduction. However, a potential weakness of
the DMT is that the derivation of K0 is based upon empirical correlations developed some time ago and
neither improvement work nor upgrade of these approaches has been performed in the last 10 years.

Throughout the years several additional sensors have been developed in order to supplement the data
collected with the CPTU test. Among the wide variety of sensor developed, the lateral stress module
mounted behind a piezocone represents a promising tool for estimation of in situ lateral stress conditions
from the interpretation of lateral stress penetration data. However, the popularity of the so called lateral
stress cone has declined over the years due to constraints in both the instrumentation and the
interpretation of measured data. Also, the application of this instrument remains limited to specific soils
conditions and specific projects. However, the valuable experience gained throughout the years in the
development and application of several lateral stress cones in combination with developments in
electronics and understanding of soil behaviour allow the improvement of this type of technology.

This thesis presents the results of a comprehensive laboratory and field testing programs performed by the
author at several research sites located in the Lower Mainland of BC, undertaken in order to assess the
performance of the seismic flat dilatometer and lateral stress seismic piezocone (LSSCPTU), built and
develop at UBC. Firstly, the analysis of field measurements with the SDMT collected at several sites have
demonstrated the potential for an improved soil characterization through the combination of DMT
parameters and the small strain shear modulus (G0). Additionally the usefulness of the DMT-C closing
pressure for soil identification is shown. On the basis of several relationships identified from this data, a
new soil type behaviour system based upon SDMT measurements is proposed. Furthermore, empirical
correlations based upon fairly large and updated databases have been developed to estimate K0 and Vs
values from DMT parameters.
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On the other hand, results of laboratory calibrations and field tests have demonstrated a good performance
of the LSSCPTU. It was also found that the configuration of this instrument is less sensitive to
temperature and cross-talk effects due to axial loading than previous designs of lateral stress modules.
The good performance of the design and instrumentation of the new lateral stress module represents a
substantial contribution to the development of this type and technology. Also, penetration and dissipation
data recorded in fine grained soils, with the LSSCPTU, clearly show that the change in effective lateral
stresses induced by a full displacement probe is a function of soil type and probe geometry.
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ζ

State parameter
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Chapter 1
1.1

INTRODUCTION

Purpose of study

Over the last few decades the popularity of in situ testing in geotechnical engineering has increased
significantly. The soil response to in situ testing can be interpreted to indicate soil stratigraphy and to
allow estimates of soil properties. The advantage of in situ testing over conventional drilling and
sampling approaches is that the effects of sample disturbance on conventional laboratory testing are
avoided (Eslami & Fellenius, 1997). However, Yu (2004) points out that in situ testing is generally an
indirect technique since soil properties can only be obtained from measured responses to in situ tests by
solving a boundary value problem.

The piezocone penetration test (CPTU) and flat dilatometer test (DMT) are nowadays among the most
popular tools used in geotechnical practice for site characterization and estimation of geotechnical soil
parameters. Additionally, several direct foundation design methods have been developed from correlation
to CPTU and DMT parameters (e.g. Bustamante & Gianeselli, 1982; Eslami & Fellenius, 1997; Powell et
al., 2001). Both tests offer the advantage of a continuous profile of measured parameters which allow
interpretation of stratigraphy as well as estimates of geotechnical parameters such as (i) shear strength,
(ii) stiffness, (iii) permeability and (iv) compressibility. With advances in instrumentation, additional
sensors and modules have been incorporated into the CPTU to allow the additional parameters such as
total lateral stress (σLS) during penetration and shear wave velocity (Vs) to be gathered in the same
sounding. The importance of the in situ lateral stress in both site investigation and geotechnical analysis
is well known and consequently much research has been determining its value from in situ measurements
with a variety of tools. Indeed, Schmertmann (1985) argues that failure to measure and use the in situ
lateral stress can easily result in conservative or uneconomical design.

Since its development in 1975 in Italy (Marchetti, 1975), the flat dilatometer has proved to be a very
reliable, adaptable and robust tool for soil characterization and derivation of geotechnical design
parameters but, it has not found as wide acceptance as the CPTU. Long (2008) points out that a possible
weakness of the DMT is that derivation of geotechnical parameters is based on empirical correlations
developed some time ago. Instead, most research on the DMT has been focused on a better understanding
of the fundamental mechanics of the DMT by using theoretical and numerical approaches. Recently,
however, there has been increased interest in the use of additional sensors such as geophones (Foti, et al.,
2006; Bang, et al., 2008) and a resistivity module (Bang, et al, 2008) mounted above the DMT. The
addition of shear wave velocity (Vs) measurements to the standard DMT provides an opportunity to
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improve on the existing DMT interpretation procedures, and the potential to identify unusual soil
conditions such as sensitivity, ageing or cementation. The new tool is referred to as the Seismic DMT or
SDMT. In addition, the small strain shear modulus, G0, obtained from G0=ρVs2 where ρ is the bulk
density is now recognized as an important parameter in geotechnical engineering. Recent attempts have
been made to use combinations of CPTU tip resistance and G0 to identify soil characteristics such as
cementation and compressibility (Robertson, et al., 1995; Schnaid, et al., 2004).

The idea of mounting a lateral stress sensor behind the tip of the penetrometer was first introduced in the
mid 1980’s. Indeed, the development of cones capable of measuring lateral stress originated from the idea
that the sleeve friction measured during penetration in sand should be related to the pre-penetration lateral
stress (Robertson, 1982; Hughes & Robertson, 1984). Because of the shape of the cone, researchers have
explored the interpretation of lateral stress cone data by cylindrical cavity expansion approaches in the
search for a more fundamental method to estimate the in situ lateral stress from penetration measurements
(Sully 1991; and Takesue & Isano 2001). Unfortunately, due to several problems with the instrumentation
and the interpretation of measured data, the lateral stress cone has not found practical use yet and it
remains constrained to research activities or application to special projects.

This thesis will investigate the performance of the SDMT and a new version of the UBC Lateral Stress
Module in soils of the Lower Mainland soils as follows:
•

Assess the capabilities of the SDMT at well-documented research sites in the Lower Mainland of
B.C. This includes an attempt to identify relationships between DMT parameters and G0 in order
to develop an improved DMT soil behaviour type classification system.

•

Describe developments undertaken to improve the quality of lateral stress measurements using
the lateral stress piezocone developed at UBC and described by Sully (1991). This includes an
assessment of the performance of the redesigned UBC lateral stress module (LSM-II) in the
laboratory and in the field.

The thesis also explores the potential for improved site characterization using the additional information
provided by the seismic flat dilatometer (SDMT). In order to achieve these objectives an extensive field
testing program, using the SDMT has been performed by the author at several research sites located in the
Lower Mainland of BC. Also, the corresponding SDMT database established has been complemented
with additional SDMT and DMT data collected by others at sites located in western Canada, Mexico and
Italy.
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1.2

Thesis organization

Chapter 2 presents a comprehensive review of the seismic flat dilatometer (SDMT) and developments in
lateral stress cone technology. The first section of this chapter provides a description of the SDMT in
term of equipment description and the reduction of field measurements. This section is followed by a
description of several empirical and semi-empirical approaches for estimation of in situ lateral stress
conditions in clay and sand from DMT measurements. The second section presents a critical review of
research performed throughout the years on the development of lateral stress cone technology. The
theoretical framework for the development of instruments capable of measuring the lateral stress acting
on the shaft of and advancing penetrometer is described. Then, the development of lateral stress
measuring sensors over the years is described in chronological order.

Chapter 3 presents an overview of the geology of the Fraser River Delta and the Serpentine River
lowland. Additionally, a complete description of research sites is presented. This includes the location of
the test site and a detailed soil stratigraphy based upon data from several in situ test methods as well as
results of laboratory tests performed on relatively undisturbed and disturbed soil samples.

Chapter 4 presents an assessment of the seismic dilatometer (SDMT) and describes the results of several
SDMT tests performed at research sites. The first section describes the performance in the field of the
SDMT and the problems encountered when performing shear wave velocity (Vs) measurements. The
profiles of shear wave velocities obtained from SDMT test are compared to results of other in situ
techniques in common use and conclusions are drawn. The second section presents a detailed description,
analysis and discussion of field measurements obtained with the seismic dilatometer (SDMT) at several
research sites. Also, several relationships between DMT parameters and the small strain shear modulus
(G0) are identified and discussed. Then based upon these relationships and a thorough review of SDMT
data collected at research and additional sites a new SDMT soil behaviour type chart is proposed.
Additionally, based upon the identified relationships an empirical correlation to estimate the shear wave
velocity (Vs) from DMT data is proposed. The last section presents the development and assessment of
proposed empirical correlations to estimate the coefficient of earth pressure at rest, in fine and coarse
grained soils. The rationale behind the development of each correlation is described and estimates from
these new methods are discussed.

Chapter 5 presents a detailed description of the lateral stress module Model II (LSM-II) built and
developed at UBC. Also, results of laboratory calibrations of the LSM-II are discussed and its
performance is compared to that of similar designs of lateral stress modules reported in the literature.
Also, the testing procedures adopted in this thesis for the execution of field tests with the lateral stress
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seismic piezocone are outlined. The next section presents the review of field measurements, recorded at
one research site, aimed at assessing the performance of the instrumentation of the new design during
penetration and in dissipation mode. Based upon a comprehensive review of laboratory and field
measurements, minor drawbacks with the current design of the LSM-II were identified. The second
section of this chapter describes the results of dissipation tests performed with the lateral stress seismic
piezocone (LSSCPTU) in fine grained soils.

Chapter 6 presents a summary of major findings, conclusion and recommendations for further research.
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Chapter 2

LITERATURE REVIEW

2.1

In situ testing using full displacement probes

2.1.1

Stress and pore pressure distribution around full-displacement probes

Sully (1991) presents a comprehensive review of stress and pore pressure distribution around fulldisplacement probes and their application for in situ measurement of lateral stresses. He argues that it is
important to identify factors which affect the measured values with these methods so that a meaningful
interpretation can be performed. Full displacement probes (e.g. total stress cell, piezocone, flat
dilatometer) were developed to introduce repeatable degrees of disturbance; the problem then becomes
one of relating the measured stress to the pre-penetration values as opposed to evaluating whether or not
the soil had been disturbed as in the ideal case during installation of a self-boring pressuremeter (SBP). In
the ideal case for undrained penetration, the penetration lateral stress, σLS measured by a full
displacement probe results of two components:
σ LS = σ h 0 + ∆σ h

Equation 2.1

where σh0 is the in situ total lateral stress and ∆σh is the total stress increment due to insertion of the
probe. In any particular soil, the magnitude of ∆σh caused by insertion is made up of both stress and pore
pressure components and can be expected to be related to the displacement caused during penetration of a
probe. Figure 2.1 shows the idealized change in the lateral stress coefficient (K) for various in situ testing
probes. Sully (1991) points out that this simplified representation is instructive but complicated due to the
fact that for each test method the stress/strain paths are very different and even under undrained
conditions a single curve does not exist.

The insertion of a full displacement probe in clay gives rise to excess pore pressure (∆u) as the probe
advances and the soil is displaced both vertically and horizontally. Cavity expansion methods indicate
that the magnitude of ∆u depends upon the location of the pore pressure measurement and upon soil
parameters such as: shear modulus (G), in situ horizontal effective stress (σh0’), undrained shear strength
(su), sensitivity (St) and overconsolidation ratio (OCR), etc. In terms of soil response to undrained
loading, the excess pore pressure components close to the probe, i.e. within the plastic zone, are:
∆u = ∆u oct + ∆u s

Equation 2.2
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where ∆uoct is the excess pore pressure caused by changes in the octahedral normal stress and ∆us is the
excess pore pressure resulting from changes in the octahedral shear stress.

Earth pressure coefficient
K=σh'/σv'
Legend:
SPT:

Standard penetration test

FDPMT: Full-displacement
pressuremeter test
DMT:

Flat dilatometer test

CPT:

Cone penetration test

TSC:

Total stress cell

SBP:

Self-bored
pressuremeter test

Kp
DMT

?

FDPMT

SPT

CPT
Stepped blade

TSC
K 0 (SBP)
Ka

Negative
Relative displacement

Positive
Relative displacement

In situ
(at rest)

Figure 2.1 Idealized change of lateral stress coefficient (K) caused by full displacement probes
(adapted from Sully 1991).

Under the cone tip, the largest effect on the magnitude of the pore-water pressure is created by changes in
the mean normal stress. However, along the shaft of the penetrometer, the shear stresses induce a
significant portion of the excess pore pressure because the octahedral normal stresses acting on the cone
tip experience stress relief (Kim, et al., 2007). Cavity expansion methods consider both the octahedral and
shear induced pore pressure components in an empirical manner (Vesic, 1972; Mayne & Chen 1994).

It has also been established that a gradient of pore pressure exists around a penetrating cone (Robertson et
al., 1986) and that this gradient can be qualitatively related to changes in normal and shear stresses as the
soil moves around the cone tip. Figure 2.2 suggests that measurement of the gradient around a penetrating
cone should provide information related to the stress distribution during undrained penetration in clay.
The data shown in this figure indicate that the soil is unloaded and intensively sheared as it passes the
cone tip and that the effect of unloading is more pronounced as the stiffness of the soil increases.
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Figure 2.2 Conceptual pore pressure distribution in saturated soil during CPT based on field
measurements (adapted from Robertson et al. 1986)

On the other hand, in clean sands the penetration process of full displacement probes can be considered as
drained and therefore no large excess pore pressure are generated. Gillespie (1990) demonstrates that,
irrespective of relative density (Dr), for σv’ <200 kPa, the excess pore pressures behind the tip are zero or
negative of static equilibrium from the rapid unloading that occurs due to the cone geometry in this
region. Furthermore, pore pressures on the face of the cone are approximately equal to hydrostatic if filter
compressibility effects do not occur. As a result, penetration pore pressures provide little information in
terms of stress changes along the probe in coarse grained soils.

Campanella & Robertson (1981) and Hughes & Robertson (1984) examined the possible variation of
lateral stress around a penetrating cone with respect to changes in measured sleeve friction (fs). The
results of CPT tests performed in sands indicate a marked increase in fs between 10 cm and 25 cm behind
the cone tip, whereas for larger distances (greater than 25 cm, or 7D, where D is the cone diameter), fs is
essentially constant. Hughes & Robertson (1984) suggested the existence of high stress gradients, similar
to the pore pressure gradients for clays, as the cone tip approaches and passes a soil element. In other

7

words, soil is unloaded but intensively sheared as it passes the tip of the penetrometer. This is reviewed
further in section 2.4 of this chapter.

Marchetti (1979) suggests that the disturbance caused during flat plate penetration (i.e. flat dilatometer) is
less than that associated with a cone, simply based on the lower apex angle at the tip (20° for the DMT as
opposed to 60° for the CPT). Studies on the penetration of long wedges by Baligh (1975) confirm this
observation. However, Sully (1991) points out that the model tests reported by Baligh (1975) are 2D in
nature and are misleading since the 3D effect of cone penetration are not considered. He also argues that
the generally available flat penetrometers cannot be considered as infinitely long and hence the
deformation may lie somewhere between the 2D and 3D idealizations. Results of 3D strain path analysis
performed by Huang (1989) demonstrate that the difference between the strain fields for cone and plate
penetrometers are more than expected solely from apex angle variations. The results of this analysis also
suggest that the stress behind the cone tip should be higher than that behind a DMT tip due to the larger
disturbance caused by insertion of the probe. Sully (1991) concludes that several methods exist to
evaluate the stress distribution around full displacement probes (e.g. cavity expansion, strain path). The
validity of each approach depends upon both soil properties and probe geometry.
2.2

Seismic piezocone (SCPTU)

2.2.1

Equipment

The standard piezocone has a conical tip with a 60˚ apex angle, is 10 cm2 in cross-section, has a 150 cm2
friction sleeve and pore pressure can be measured during penetration at one or more locations on or near
the cone tip. A seismic module containing an accelerometer is mounted just behind the piezocone unit.
For the work described herein, the pore pressure was measured at the u2 position just behind the shoulder
of the cone and the u3 position, just above the friction sleeve. The u2 position is the optimum
measurement location to allow correction of the measured value of tip resistance (qc) for the effects of
water pressure on unequal end areas of the cone tip using the expression:
q t = q c + u 2 (1 − a n )

Equation 2.3

In Equation 2.3 an is the area ratio for the particular cone used. Campanella & Howie (2005) point out
that this correction is especially significant in soft clays, where high-values of pore pressure (u2) and low
cone tip resistance (qc) may lead to the physically incorrect situation of u2> qc. In clean sand, where no
excess pore pressure is generated, the pore pressures are relatively small to the cone tip resistance and
hence the effect of pore water pressure correction on qc is relatively small, i.e., qc ≈ qt.
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2.2.2

Testing procedure

The cone is pushed into the ground at a standard rate of 2 cm/sec and tip resistance, qc, sleeve friction, fs,
and pore pressure, u2, are recorded at typical intervals of 2.5 or 5 cm. At this standard rate of penetration,
the soil response tends to be drained in sands, undrained in clays and clayey silts, and partially drained in
soils of intermediate grain size. At selected depth intervals, the penetration is stopped and the rod string is
unloaded. Seismic waves are generated at the surface using a sledge hammer to strike the end of a steel
beam which is anchored using the stabilizers of the cone truck or drill rig as shown in Figure 2.3. The
contact between steel hammer and steel pad triggers the data acquisition system, which records the
horizontal particle motion that arrives at the seismometer in the seismic module. The signal is displayed
against time since triggering on a computer screen. The same procedure is repeated by hitting the other
end of the pad, which generates shear waves with inverse polarity and produces a mirror image response
at the sensor as schematically shown in Figure 2.3.

Source
L1 , t1
First cross-over

L 2 , t2
First cross-over

1m

SCPTU

t2- t1

Figure 2.3 Seismic piezocone penetration test.

Two or more blows on each end of the pad are recorded to ensure repeatability of the signals. The cone is
then advanced to the next depth interval and the procedure is repeated. Then, the average Vs over a given
depth interval can be calculated by an interval technique using Equation 2.4.
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Vs =

(L1 − L 2 )
(t 2 − t 1 )

Equation 2.4

L2 and L1 are the slant distances between the sensor in the cone and the source beam taking account of the
offset between the vertical axis of the cone string and the source beam. The time interval, ∆t= (t2-t1), is
the difference between the arrival times of shear waves at two successive depths intervals. Since it is hard
to accurately pick out the initial arrival of shear waves from the signals, different approaches have been
developed for definition of the time interval.

The simplest approach, termed the cross-over method, uses the mirror image wave traces plotted over one
another to identify a consistent reference time or time marker. The difference in arrival time of any time
markers at two successive depth intervals can be used as ∆t in Equation 2.4. Usually the first cross-over
schematically illustrated in Figure 2.3 or the next peak is the selected time marker. A more elaborate
approach uses cross-correlation of the signals by shifting one signal by small time steps relative to the
other signal. At each shift the sum of the product of the signal amplitudes is calculated. The time shift
corresponding to the maximum cross-correlation is taken as the ∆t between the two depths. The entire
signal or only a part of the signal may be used for the cross-correlation.
2.2.3

Estimation of soil stratigraphy from SCPTU data

The profiles of qt, fs and u2 versus depth are interpreted to obtain soil stratigraphy and estimates of stress
history and engineering parameters through empirical correlations or semi-empirical approaches. Prior to
the interpretation and analysis of SCPTU data it is important to visually inspect the profiles of SCPTU
field measurements, i.e. qt, fs and u2, in order to identify trends and layer interfaces. Campanella & Howie
(2005) provide useful guidelines for a qualitative assessment of profiles of SCPTU field data.

The soil behaviour type classification system (SBT) is a soil classification system based upon observed
behaviour during penetration of the SCPTU rather than grain size or plasticity. Several soil classification
or soil behaviour charts have been proposed by researchers throughout the years (e.g. Schmertmann 1978,
Robertson et al., 1986; Robertson, 1990; Robertson et al., 1995; Schnaid, 2004; Schneider et al. 2008).
Generally these charts use a combination of corrected piezocone tip resistance (qt), sleeve friction (fs) and
pore water pressure (u2) data or intermediate parameters such as friction ratio (Rf) or pore pressure
parameter (Bq).

Mollé (2005) carried out a comprehensive review of the reliability of the CPT/CPTU based charts. He
concluded that the Robertson et al. (1986) and Robertson (1990) charts yield reasonable to good results.
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Long (2008) confirms the reliability of these charts for characterization of uniform soft to medium stiff
clay and uniform sand deposits. Similarly, for intermediate soils such as silty clay or clayey silt and sandy
silt, the Robertson et al. (1986) charts also work fairly well. However, Long (2008) argues that there seem
to be difficulties with the use of these CPTU based charts for characterizing peat, organic clay and
laminated soils. Figure 2.4 presents the CPTU based soil behaviour type charts proposed by Robertson et
al. (1986).
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Figure 2.4 Soil behaviour type classification system from CPTU data
(adapted from Robertson et al., 1986).

Additionally, there has been a considerable increase in interest in using Vs in combination with
parameters such as qt from the SCPTU to identify unusual soil conditions such as: highly compressible
sands, cemented or aged soils and clays with either high or low void ratio (Robertson, et al., 1995;
Schnaid et al. 2004). More recently, Schneider et al. (2008) proposed new soil type classification charts
based on normalized CPTU data. These charts were developed from a combination of large strain finite
element analyses of undrained cone penetration and cavity expansion modelling of pore pressure
generation. The proposed charts have been used successfully but only by the authors themselves.
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2.3

Seismic flat dilatometer (SDMT)

2.3.1

Introduction

The flat dilatometer (DMT) is a site investigation tool commonly used in practice to obtain geotechnical
design parameters. After the standard penetration (SPT) and piezocone penetration (CPTU) tests, the
DMT test is perhaps the third most widely used in situ test method for soil characterization and
determination of soil parameters (Long, 2008). The DMT was introduced as a new in situ test method to
investigate the values of soil modulus for the design of laterally loaded piles (Marchetti, 1975). Marchetti
(1980) described the application of the flat dilatometer for in situ investigation of soil properties.

He also presented a series of empirical correlations between DMT measurements and several
geotechnical soil parameters such as: (i) coefficient of earth pressure at rest, K0, (ii) overconsolidation
ratio, OCR, (iii) undrained shear strength, su, and (iv) constrained dilatometer modulus, MDMT. These
were developed mainly for Italian soils. Marchetti (2006) describes the evolution of the DMT from its
original concept, manufactured in 1974 by S. Marchetti at L’Aquila University in Italy, to the current
version which has been used in its present format since 1980.
2.3.2

Equipment description

2.3.2.1 Standard flat dilatometer

The current design consists of a streamlined stainless steel blade 15 mm thick, 95 mm wide by 240 mm in
length, and a curved cutting edge with an apex angle between 24° and 32°. A flexible and expandable
circular thin stainless steel membrane 60 mm in diameter is mounted flush on one face of the blade (see
Figure 2.5).
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15 mm
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Figure 2.5 Geometry of the flat dilatometer (adapted from Powell et al., 1988a).

The DMT blade is connected to a control unit located at ground surface by a pneumatic tube, pre-threaded
through the steel push rods. A wire conductor is contained within the gas line. The plastic tube allows
passage of gas pressure and wire threaded through the plastic tube provides electrical continuity from the
control unit. This unit is equipped with high and low pressure gauges, a buzzer and vent valves. A gas
tank connected to the control unit supplies the gas pressure required to expand the membrane. The
working principle of the DMT is illustrated in Figure 2.6.

Stainless steel
membrane

Stainless steel
cylinder

Sensing disk

Membrane is collapsed
(Buzzer on)

Feeler

Plexiglass
cylinder

Electric wire
PGAS

Contact

Plastic insulating
seat

0

p0
p1

Membrane is expanding
(Buzzer off)

GAS

Membrane fully expanded
(Buzzer on)

+ -

Figure 2.6 Working principle of DMT (adapted from Marchetti et al., 2001).

The insulating seat avoids electrical contact between the sensing disc and the underlying steel body of the
blade. Since the sensing disc is grounded, the control unit emits an audio/visual signal when the
membrane is in contact with the sensing disc and when the spring loaded stainless steel cylinder makes
contact with the sensing disc when the centre of the membrane has moved 1.1 mm into the soil.
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The blade is pushed into the ground at a constant rate of 2 cm/s using a hydraulic ram. At each test level
(generally 20 to 30 cm depth intervals) penetration is halted and regulated gas pressure is applied to
displace the membrane into the soil.

The basic DMT test consists of recording two pressures (A and B readings) with an optional third
pressure known as the C-reading. The A-reading corresponds to the pressure required to overcome the
soil resistance and move the membrane into the surrounding soil. At this stage of the test, the membrane
is flush with the blade. Expansion continues until the centre of the membrane has moved 1.1 mm against
the soil. At this point, the stainless steel cylinder makes contact with the sensing disk, completes the
circuit and the sound starts again (B-reading). Immediately after B is reached the membrane is deflated
and the sound stops. The C-reading is taken by slowly deflating the membrane immediately after B is
reached. The membrane is pushed back by the external pressure until contact with the blade is reestablished , i.e. flush with the blade, and the C-reading is recorded when the sound starts again.
2.3.2.2 Performing the test

The blade is pushed into the ground at a constant rate of 2 cm/s using a hydraulic ram. At each test level
(generally 20 to 30 cm depth intervals) penetration is halted and regulated gas pressure is applied to
displace the membrane into the soil. The basic DMT test consists of recording two pressures (A and B
readings). The C-reading is not in widespread use but can also be recorded at each depth. The DMT is
then pushed to the next test depth.
2.3.2.3 Data processing

Prior to interpretation, all field readings, i.e. A, B and C pressures, must be corrected to obtain the
corrected pressures p0, p1 and p2. The correction is applied to account for the effect of membrane stiffness
(∆A and ∆B), and the gauge pressure deviation from zero (ZM) when vented to atmospheric pressure.
The following expressions are used (Marchetti, 1980):
p 0 = A − Z M + ∆A

Equation 2.5

p 1 = B − Z M − ∆B

Equation 2.6

p 2 = C − Z M + ∆A

Equation 2.7
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ZM is the gauge pressure deviation from zero when vented to atmospheric pressure, ∆A is the required
suction pressure to overcome the stiffness of the membrane in free air, i.e. atmospheric pressure, and
bring it in contact with the sensing disc (0.05<∆A<0.30 bar), and ∆B is the external pressure required to
lift the centre of the membrane above its support and move it outwards 1.1 mm against only the
atmospheric pressure (0.05<∆B<0.80 bar). The corrected A-pressure, is the gas pressure required to move
the centre of the membrane horizontally 0.05 mm into the soil (p0). Schmertmann (1988) suggested
extrapolating p0 to zero displacement to find the soil pressure against the membrane before the start of
expansion. This extrapolation assumes a linear stress-strain soil response during the test up to the
corrected B-pressure, p1. Thus the extrapolated p0 pressure at zero displacement is given by
p 0 = 1.05(A − Z M + ∆A ) − 0.05(B − Z M − ∆B)

Equation 2.8

Schmertmann (1988) argued that research by Campanella et al. (1985) using a specially instrumented
DMT blade confirmed that, for the low strain involved, the assumption of linear extrapolation is accurate.
It is evident that the pressure at zero displacement computed with Equation 2.8 results in lower pressure
values, since the expansion curve in reality is nonlinear. Sully (1991) points out that while the curve
between p0 and p1 may closely approximate a linear response, it is not probably the case for the initial
pressure increase from 0 to 0.05 mm displacement but also argues that the effect may not be important
due to the fact that interpretation of soil parameters from DMT data is based on empirical correlations.
Equation 2.8 is now the standard approach to determination of p0.
(B-ZM-∆B)

p1

Pressure

Actual soil response
between p0 and p1

Linear extrapolation
between p 0 and p1

(A-Z M+∆A)

p0

"True" p0 value if nonlinear
expansion to A-Z M+∆A occurs

0.05

Membrane displacement (mm)

1.10

Figure 2.7 Linear extrapolation to estimate pressure p0 at zero displacement (adapted from Sully, 1991).
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2.3.2.4 Seismic DMT

The seismic flat dilatometer (SDMT) is a combination of the standard flat dilatometer (DMT) equipment
with a seismic module for used for downhole measurement of the shear wave velocity (Vs). The test is
conceptually similar to the seismic cone introduced by Campanella & Robertson (1984). The SDMT was
first introduced by Hepton (1988), and significant improvements to the equipment were made at Georgia
Tech as described by Martin & Mayne (1997, 1998) and Mayne et al. (1999). The current design of the
seismic probe consists of a cylindrical element placed above the DMT blade with two built-in receivers
separated by 0.5 m and so allows determination of Vs by a true interval technique. Foti et al. (2006)
argues that the true-interval test configuration with two receivers avoids the possible inaccuracy in the
determination of the zero time at the hammer impact that sometimes is observed in the pseudo-interval
one-receiver configuration.

The data acquisition system can be triggered automatically when the hammer blow is sensed at the upper
geophone or externally by contact between the hammer and the beam. A third option called immediate
triggerring is only used to check the equipment and the system is automatically triggered from the
computer. A detailed description of these options can be found in the SDMT software manual provided
by the manufacturer (Studio Prof. Marchetti). The signal is amplified and digitized at depth before
transmission to the surface, and it is automatically processed with the software provided by the
manufacturer (SDMT Elab). The shear wave velocity (Vs) is displayed on the computer screen
immediately upon data acquisition. The average shear wave velocity over a 0.50 m depth interval can be
calculated by an interval technique using the following expression:

Vs =

(L1 − L 2 )
(t 2 − t 1 )

Equation 2.9

where L2 and L1 are the slant distances between each receiver in the probe and the source beam taking
account of the offset between the vertical axis of the DMT and the source beam. The time interval, ∆t=
(t2-t1), is the delay of the arrival time of the impulse from the first to the second sensor. The time interval
(∆t), is computed by an interpretation algorithm developed by the manufacturer. A schematic
arrangement of the system is shown in Figure 2.8.
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DMT Blade

Figure 2.8 Seismic flat dilatometer test.
2.3.3

Interpretation of SDMT data

Marchetti (1980) used the measured p0 and p1 to derive intermediate DMT parameters which he then used
as indicators of soil behaviour type and of engineering properties. Since Marchetti’s initial publications,
various investigators have suggested additional parameters and procedures designed to improve the
capabilities of the DMT. (e.g. Schmertmann 1988, Lacasse & Lunne 1988, Mayne & Kulhawy 1990,
Marchettti, et al. 2001). In fact, since its introduction in 1980 two international conferences have been
devoted to dilatometer testing in the intervening 3 decades (Edmonton 1983 and Washington 2006) and
substantial contributions, in terms of equipment development and data interpretation, have been published
in several journals as well as national and international conferences.

The corrected pressures p0, p1 and p2, are combined to calculate the intermediate DMT parameters: (i)
material Index (ID), (ii) horizontal stress index (KD), (iii) dilatometer modulus (ED), and (iv) pore pressure
index (UD) (Lutenegger & Kabir, 1988) using the following expressions:

ID =

(p1 − p 0 )
(p 0 − u 0 )

Equation 2.10
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KD =

(p 0 − u 0 )

Equation 2.11

σ vo '

E D = 34.7(p1 − p 0 )

UD =

Equation 2.12

(p 2 − u 0 )
(p 0 − u 0 )

Equation 2.13

in which uo is the estimated equilibrium pore water pressure, and σvo’ is the estimated effective vertical
stress.
2.3.3.1 Estimation of soil type

ID and UD can assist in identification of soil type. Marchetti (1980) suggested that the soil type can be
identified as a function of the material index (ID) as summarized in Table 2.1. Marchetti et al. (2001)
point out that ID tends to indicate silt as clay and vice versa, and a mixture of clay and sand will generally
be described as silt. They also argue that the pore pressure index (UD) seems to be a parameter that can be
interpreted to detect the difference between those soils. For instance, Marchetti et al. (2001) suggested a
value of UD ≈ 0 for permeable soils (sands), UD=0.7 for impermeable layers (clays) and UD between 0 and
0.7 for soils within the silts region (0.6<ID<1.8).
Table 2.1 Soil behaviour type based on ID (Marchetti, 1980)

Soil Type

Material Index (ID)

Peat or sensitive clays

ID<0.1

Clay

0.1<ID<0.35

Silty clay

0.35<ID<0.6

Clayey silt

0.6<ID<0.9

Silt

0.9<ID<1.2

Sandy silt

1.2<ID<1.8

Silty sand

1.8<ID<3.3

Sand

ID>3.3
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2.3.3.2 Interpretation of soil state and engineering properties

The flat dilatometer can also be used to estimate geotechnical parameters such as: undrained shear
strength, su, overconsolidation ratio, OCR, and coefficient of earth pressure at rest, K0. Mayne & Martin
(1998) present a comprehensive review of several comparative studies, modified relationships, and new
DMT correlations for estimation of several geotechnical parameters. The paper of Mayne & Martin
(1998) is widely recommended as an excellent reference document. Alternatively, the report by Marchetti
et al. (2001) on the DMT provides general guidelines on the interpretation and derivation of DMT data
using the original correlations proposed by Marchetti (1980).

The horizontal stress index KD, is empirically related to the coefficient of earth pressure at rest (K0) and it
is also used in the estimation of the overconsolidation ratio (OCR) and the undrained shear strength (su).
In normally consolidated (NC) clays without ageing, structure or cementation, KD will be in the range of
1.8 to 2.3. Higher values of KD suggest higher overconsolidation in fine grained soils.
The dilatometer modulus ED is used to determine the constrained modulus MDMT, which is the vertical
drained confined (one-dimensional) tangent modulus at σv0’. This modulus is the inverse of the
coefficient of volume change (mv), which is used to estimate the one-dimensional deformation due to
consolidation settlement. MDMT is calculated by applying to ED the correction factor RM, which is a
function of the material index (ID) and horizontal stress index (KD). Marchetti et al. (2001) point out that
RM varies mostly in the range of 1 to 3. The use of ID and KD to determine RM recognises the influence of
soil type and stress level on MDMT and the use of ED recognises the different stress-strain characteristics of
different soils (McPherson, 1985).

Finally, the pore pressure index parameter, UD, provides insight into the drainage conditions of the soil.
For free-draining layers, such as clean sands, the DMT test is performed under perfectly drained
conditions and the excess pore pressure (∆u) is practically zero throughout the test. Hence, p2 ≈ u0.
However, in layers that are not free-draining, i.e. clays, the test is undrained. The excess pore pressure
generated during DMT insertion will partially dissipate before membrane expansion begins. Additional
excess pore pressures will be generated during membrane expansion and contraction resulting in excess
∆u when the C-reading is taken, and consequently, p2>u0.
2.3.4

Estimation of in situ lateral stresses from SDMT measurements

The flat dilatometer has been widely used to estimate the coefficient of earth pressure at rest (K0), though
estimates are based upon empirical correlations developed some time ago. Mayne & Martin (1998) point
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out that the original empirical correlations proposed by Marchetti (1980) have proved useful but that the
statistical trends used for its development were derived from fairly limited databases with information
mainly on Italian soils. Several researchers have assessed the validity of the original correlations of
Marchetti in different soils and have proposed new empirical approaches for estimation of K0 from DMT
data. This section provides the reader with a summary of the most common empirical and semi-empirical
approaches for estimation of K0 from DMT data. The description of these approaches has been divided
into interpretation of DMT data in clays and sands.
2.3.4.1 Interpretation of lateral stress in clay
2.3.4.1.1

Empirical approaches

The first DMT correlation for estimation of the coefficient of earth pressure (K0) was proposed by
Marchetti (1980). The horizontal stress index KD is related to K0 through the empirical correlation given
by

K 
K0 =  D 
 1.5 

0.47

− 0 .6

Equation 2.14

The basis for this correlation was a direct comparison between pairs of values of KD and K0 from
experimental results from nine clay sites in Italy, and two sand sites in Italy and Saudi Arabia. K0 values
in clays were empirically obtained from the overconsolidation ratio (OCR) and the plasticity index (PI)
using the empirical correlation suggested by Brooker & Ireland (1965). Additionally, results of
calibration chamber (CC) tests on sands were used as reference values. Since reference K0 values were
not measured directly in the field, the reference values may not represent the true in situ lateral stress
state. This correlation is based mainly upon experimental data on uncemented, insensitive soils that have
not experienced aging, thixotropic hardening or cementation. Marchetti (1980) concludes that Equation
2.14 can be used for quantitative estimates of K0 in soils within the limitations above mentioned.
Throughout the years several researchers (e.g. Lacasse & Lunne 1988; Powell & Uglow 1988a, 1988b;
Lunne et al. 1990; Mayne & Kulhawy 1990) have assessed the validity of Marchetti’s correlation and
have proposed slightly modified versions of Equation 2.14 based on empirical or semi-empirical
reasoning (see Figure 2.9 to Figure 2.11). In all cases, the relationships take the same general format

K 0 = aK D + b
m

Equation 2.15
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Table 2.2 summarizes the a, b and m parameters for these studies. However, Marchetti et al. (2001) argue
that the original KD-K0 correlation (Equation 2.14) gives reasonable estimates of K0, especially
considering the inherent difficulty of precisely measuring this parameter and that, in many applications,
even an approximate estimate of K0 may be sufficient.
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Figure 2.9 Relationship between KD and K0 for old U.K. clays (adapted from Powell & Uglow, 1988a).
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Figure 2.11 Empirical relationship between KD and K0 (adapted from Mayne & Kulhawy, 1990).
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Table 2.2 Summary of empirical and semi empirical approaches to estimate K0 from KD in clay
Reference

a

m

b

Notes
K0 reference values derived from

Marchetti (1980)

0.8

0.47

-0.6

the empirical correlation of
Brooker & Ireland (1965)

Lacasse & Lunne
(1988)

Powell & Uglow
(1988a, 1988b)

K0 reference values derived from

0.44
0.34

to

TSC, HF, SBP and FVT

N/A

m=0.44 high plasticity clays

0.64

0.34

m=0.64 low plasticity clays

0.55

for “young” U.K. clays, less than

N/A

70 000 years old
Statistical relationship based

0.27

1

N/A

upon SBP data collected in
Europe and North America

Mayne & Kulhawy
(1990)

1

(β k )

0.47

0.47

-0.6

0.34
Lunne et al. (1990)

to
0.68

Sully (1991)

0.34

βk = 0.9

Insensitive clay -

βk = 1.5

Sensitive clay -

βk = 2

Glacial till -

βk = 3

“young” clay -

N/A

0.54

Fissured clay -

“old” clay -

 15 − PI  0.5s u


 PI  σ vo '

0.55

 
 
 DMT 

a=0.34
su/σvo’<0.7
a=0.68
su/σvo’>0.7

su values determined
from DMT correlations

Semi empirical method
Λ=1-(Cs/Cc) is plastic volumetric strain ratio
Mayne & Kulhawy
(1990)



2K D
K 0 = (1 − sin φ')

 sin φ' (ln I r + 1)' 

sin φ '
Λ

Cs, Cc = swelling and compression indexes
Ir= rigidity index (Ir=G/su)
Λ ≈ 0.8 for low to medium sensitivity clays
Λ ≈ 0.9 for highly structured or cemented clays

HOC =

Highly overconsolidated

HF =

Hydraulic fracture test
φ’=

PI =

Plasticity Index

SBP =

Self-boring pressuremeter

TSC =

Total stress cell

FVT =
σvo’=
su =

Field vane tests
Effective vertical stress
Undrained shear strength
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Effective peak
friction angle

2.3.4.1.2

DMT dissipation tests

It has been argued that it is also possible to carry out pore pressure dissipation tests with the DMT, in low
permeability soils, i.e. clays and silts. The excess pore pressure generated by the blade insertion dissipates
over a longer period of time than that of a standard DMT test, which is approximately 1 minute. The
results and interpretation of a DMT dissipation test are aimed at estimating the magnitude of the in situ
coefficient of consolidation (ch) and hydraulic conductivity (kh) of a soil deposit in the horizontal plane.
Overall, the test consists of stopping the blade at a specific depth, then monitoring over time the decay of
the contact total horizontal stress acting on the membrane. Upon achieving the desired test depth and
depending upon the test method, either the decay of the A-reading or “lift off” pressure, or the C-reading
is monitored over time until constant values are obtained. Also, the pressures A, B and C recorded in the
field are corrected to account for the effect of membrane stiffness, and zero gauge offset when vented to
atmospheric pressure.

The DMT-A method consists of taking a time sequence of A-readings avoiding the expansion required
for the B-reading. Upon execution of the test the decay of the A-reading is plotted against the logarithm
of time. Marchetti et al. (2001) recommend stopping the test once the curve has flattened sufficiently so
that the contraflexure point is clearly identified. The time at this point is used for interpretation of the
tests. On the contrary, the DMT-C method consists of performing, at different times, one cycle of
readings A-B-C and plotting the decay curve of the C-readings taken at the end of each cycle. Marchetti
et al. (2001) point out that the method relies upon the assumption that the corrected C-pressure is
approximately equal to the pore pressure in the soil facing the membrane. The DMT-A2 method is very
similar to the former. The decay curve of the A-readings is plotted rather than the C-readings, and the test
is stopped after 50% dissipation of the A-reading is achieved. However, if time is not a constraint is
recommended that the test should be continued until 100% dissipation.

Marchetti et al., (1986) suggest the possibility of recording the A-pressure with time during a stop in
penetration and plotting this value versus log time. The method is aimed at estimating the effective lateral
stress acting on the shaft of vertical driven piles in clay after dissipation of the excess pore pressure due to
installation. The time-dependent decay of the corrected A-reading may be used to estimate the
reconsolidated horizontal effective stress after penetration, which can be useful for an effective stress
analysis for vertical driven pile design. The test described by Marchetti et al. (1986), later named as the
DMT-A dissipation test, consists of monitoring the decay of the A-reading until equilibrium is reached.
Results of several DMT-A tests reported by Marchetti et al., (1986), Powell & Uglow (1988b),
Lutenegger & Miller (1993) and Lutenegger (2006) indicate that the time required to achieve 100%
dissipation depends upon the soil type and may be on the order of several hours up to a few days.
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Furthermore, Lutenegger (1990, 2006) suggests that the DMT can be used as a push-in total pressure cell
to obtain a measure of the reconsolidated lateral stress (σc) after dissipation of excess pore pressures due
to blade penetration. Results of several DMT-A tests performed at several sites in very soft to very stiff
fine grained soils indicate that the reconsolidation coefficient of lateral stress Kc= (σc-u0)/ σvo’ obtained
after σc reaches equilibrium is very close to reference K0 values. The results of several DMT-A tests
described by Lutenegger (1990, 2006) and Lutenegger & Miller (1993) are encouraging and seem to
demonstrate the usefulness of this method to estimate the coefficient of earth pressure at rest in soft to
medium clays. Nonetheless, the writer is not aware of any recent assessment of this method, which is an
area that well warrants research.
2.3.4.2 Lateral stress in sand
2.3.4.2.1

Empirical approaches

The correlation by Marchetti (1980) between the coefficient of earth pressure at rest (K0) and the
horizontal stress index (KD) is mainly based upon data obtained in clay soils. Therefore, it is not
surprising that estimates of K0 with this method are not representative of those of sandy soils. In an
attempt to improve the estimation of K0 in sandy soils, Schmertmann (1982, 1983) proposed an analytical
approach to estimate this parameter in uncemented sands based on results of a limited number of
calibration chamber tests. The proposed relationship between K0, KD and the effective friction angle (φ‘)
is given by the following expression

K0 =

40 + 23K D − 86K D (1 − sin φax ') + 152(1 − sin φax ') − 717(1 − sin φax ')
192 − 717(1 − sin φax ')

Equation 2.16

where φax‘ is the angle of shearing resistance as determined by standard triaxial compression tests (also
referred to as φ'). The method by Schmertmann (1982, 1983) is ill conditioned due to the sensitivity to
different values of φ'. Also, in Equation 2.16 previous knowledge of φ΄ is required but the magnitude of
this parameter is usually unknown a priori. Schmertmann (1983) and Marchetti (1985) developed this
idea and introduced the idea of incorporating qc as a function of K0 and φ΄ into the correlation equation.
Marchetti (1985) concludes that the K0-qc-KD correlation still requires further verification with results
from CC tests and field data.
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Figure 2.12 Comparison between Schmertmann’s and Marchetti’s correlations for estimation of K0 in
sands (adapted from Marchetti 1985).

Baldi et al. (1986) made further adjustments to the approach based on a function of K0, KD, and qc/σvo’ of
the form:

 q 
K 0 = D1 + D 2 K D + D 3  c 
 σ vo ' 

Equation 2.17

Table 2.3 presents a summary of the correlations proposed by Baldi et al. (1986) to estimate K0 from
DMT data in natural uncemented predominantly quartz sand. Jamiolkowski & Robertson (1988)
continued this line of research. All of the derived relationships proved extremely sensitive to small
changes in the input parameters. Marchetti et al. (2001) recommend the use of Equation 2.17 with the
fitting parameters used to fit the results of CC tests run under BC1 conditions and the Po river data, and
with q c σ vo ' = -0.005 in “seasoned” sand, and -0.002 in “freshly deposited” sand. The uncertainty in
estimates of K0 from these empirical approaches is significantly increased when the soil explored has
experienced cementation and/or ageing, which results in a more complex soil structure that can not be
mimicked in CC tests.
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Table 2.3 Empirical relationships between K0 and KD in sand proposed by Baldi et al. (1986).

Database

D1

D2

D3

R2

0.359

0.071

-0.00093

0.746

All CC data
(BC1, BC2, BC3
and BC4)
CC data
(BC-1)

Notes
Overestimates K0 values from CC tests
performed under BC3 boundary conditions
Adjusted to fit results of CC tests performed

0.376

0.095

-0.00172

0.802

under BC1 boundary conditions, but
overestimates K0 for Po river sand
Field calibrated using K0 reference values

Field data

0.376

0.095

-0.00461

N/A

derived from the interpretation of SBP tests
performed in Po river sand

BC-1 =

σv=constant, σh =constant

σv =

Vertical stress

BC-2 =

v= h=0

σh =

Horizontal stress

BC-3 =

σv=constant, h=0

v=

Vertical strain

BC-4 =

v=0, σh =constant

h=

Horizontal strain

2.4

Lateral stress modules mounted behind cones

2.4.1

Introduction

There have been several attempts to estimate the in situ lateral stress by measuring and interpreting the
lateral stress acting on an advancing cone (Huntsman, 1985; Bayne & Tjelta, 1987; Tseng, 1989; Masood,
1990; Sully, 1991; Takesue & Isano, 2001). The different designs of lateral stress cones can be divided
into two categories: (a) instrumented friction sleeves and (b) passive sensing elements. Both approaches
have been attempted at UBC. The location of the lateral stress measuring section with respect to the tip
of the cone has varied from one design to another. This section provides the reader with an overview of
the development of different lateral stress cones that are considered to represent landmarks in the progress
of this type of device.
2.4.2

Background and theoretical framework

The friction sleeve measurement on the cone, fs, is obtained by dividing the load registered on the friction
sleeve load cell by the surface area of the friction sleeve (150 cm2 on a standard 10 cm2 cone) and
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represents the average shear stress acting on the sleeve. The average stress, fs, should be related to the
normal effective stress on the friction sleeve, σn΄ through the relationship:
f s = σ n ' tan δ

Equation 2.18

where δ is the angle of friction between the friction sleeve and the soil. However, the zone immediately
behind the cone tip is known to be one in which there are high gradients of stress and pore pressure and
so the true stress distribution on the sleeve is unlikely to be uniform.

The lateral stress at the surface of a cone penetrometer is not constant with respect to distance behind the
tip. Indeed, Campanella & Robertson (1981) showed that the friction sleeve resistance in medium
(Dr=60%) to very dense sand (Dr=80%) varies as a function of the distance behind the cone tip. Their
field measurements using friction sleeves located at varying distances behind the cone tip indicated a
significant increase in fs between 10 and 25 cm behind the tip as shown in Figure 2.13. However, beyond
about 40 cm or about 10 to 11 cone diameters (D) behind the tip, the magnitude of fs is fairly constant
regardless of the density of the sand. This suggests that instrumentation designed to monitor lateral stress
during penetration should be placed at least 10D behind the cone tip.
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Figure 2.13 Friction along shaft during cone penetration in sand
(adapted from Campanella & Robertson, 1981).

Campanella & Robertson (1981) suggest that the lateral stress on the cone rods remains constant for any
particular relative density beyond a distance of about 12D (D=diameter of the cone) behind the tip.
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Between the cone tip and 12D behind the tip, the friction sleeve measurement would be recorded in an
area of highly variable stresses. Also, at this location dimensional tolerances of the components of the
cone may have unacceptable effects on the measured values, i.e., a slightly undersized friction sleeve may
promote a larger stress reduction while an oversized sleeve may reduce the unloading effect. Also strain
rate effects near the tip and rotation of principal stresses may be important.

Robertson (1982) reviewed the calibration chamber data of Baldi et al. (1982) and attempted to estimate
with Equation 2.18 the average effective lateral stress over the length of the cone friction sleeve. The
results of these analyses indicate that the magnitude of the estimated lateral stress measured during
penetration varies from 1 to 7 times the pre-penetration lateral stress.

Furthermore, the first attempt to directly measure the lateral stress during cone penetration was made by
Huntsman (1985) at University of California at Berkeley (UCB). Huntsman (1985) assessed the effect of
increased lateral stress on qc through a review of results of calibration chamber (CC) tests performed by
Villet (1981), Jamiolkowski (1982) and Schmertmann (1978). Figure 2.14 shows the relationship between
the ratios of the cone tip resistance measured under high lateral stress conditions, i.e. overconsolidated, to
that measured under normally consolidated (NC) conditions (qc(OC)/qc(NC)), versus the ratio of the
corresponding lateral stress coefficients for these two conditions (KOC/KNC).
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Figure 2.14 Effect of increased lateral stress on tip resistance (adapted from Huntsman, 1985).

Huntsman (1985) noted that the data shown in Figure 2.14 indicate that a unique relationship between the
lateral stress and tip resistance is not feasible. On this basis, he concludes that reliable and direct
estimates of the effective lateral stress from the cone tip resistance are not possible. As an alternative, he
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explored the possibility of using fs for the same purpose. The relationship between the sleeve friction and
imposed horizontal boundary stress for laboratory calibration chamber tests reported by Jamiolkowski
(1982) is presented in Figure 2.15. Huntsman (1985) argues that the dashed lines on Figure 2.15 suggest
that there is a relationship between friction sleeve measurements and horizontal stress boundary
conditions at different relative densities. Indeed, Campanella et al. (1990) suggest that the true correlation
representing “in ground” conditions probably lies somewhere between the two data sets.
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Figure 2.15 Influence of relative density on fs-σh relationship from CC test data
(adapted from Huntsman, 1985).
Huntsman (1985) and Huntsman et al. (1986) conclude that the data shown in Figure 2.14 and Figure 2.15
demonstrate that the friction sleeve measurement is more sensitive to lateral stress than the cone tip
resistance. They also suggest that a measurement of the normal stress will offer a better correlation to
lateral stress than the cone friction sleeve alone. This assumption relies on the dependence of the friction
resistance upon the coefficient of friction (µ) at the interface between the sleeve surface and the soil. This
is for a cone of constant diameter.

Several studies into soil behaviour around a penetrating cone (e.g. Gillespie 1981, 1990; Hughes &
Robertson 1984) have demonstrated the existence of large gradients of both stresses and pore pressures in
the vicinity of the cone tip. These gradients are primarily related to the geometry of the equipment since
the change in geometry at the base of the tip causes a large normal stress reduction as the soil passes the
cone shoulder. The qualitative evaluation of stress distribution around a penetrating cone in sand
proposed by Hughes & Robertson (1984) showed that at the base of the cone tip a large normal stress
reduction occurs as the soil passes the shoulder (see Figure 2.16).
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Figure 2.16 Qualitative evaluation of stress distribution around an advancing cone in sand
(adapted from Hughes & Robertson, 1984).

The amount of this reduction with respect to pore pressures was first experimentally evaluated by
Gillespie (1981). He concluded that in saturated fine grained soils, the decrease in pore pressure up the
shaft is due to changes in total stresses, and that these changes represent the transition from a spherical to
a cylindrical cavity expansion. Similarly, Salgado (1993) points out that a stress rotation takes place in the
neighbourhood of the tip of the penetrometer. Furthermore, Campanella et al. (1990) pointed out that the
lateral stress measured at a location away from the tip may more closely represent conditions of
cylindrical cavity expansion, whereas stress changes near the tip may cause significant deviation from the
cylindrical cavity expansion condition.

The insertion of a cone into the ground generates stresses and/or pore pressure increments in the
surrounding soil due to the imposed strains. The magnitude of these increments will depend upon the soil
characteristics, probe geometry and penetration rate. Also, the nature of those increments will depend
upon whether the penetration process is drained, undrained, or partially drained. The magnitude of lateral
stress acting on the shaft of an advancing cone (σLS) represents the pre- and post-penetration state of
stresses. The relationship between the pre and post penetration lateral stresses is
σ LS = σ h 0 '+ ∆σ h '+ u 0 + ∆u = σ h 0 + ∆σ h

Equation 2.19

In Equation 2.19 σLS is the total lateral stress measured by the cone, σho΄ is the initial in situ effective
lateral stress, ∆σ΄h is the increase in effective lateral stress, uo is the equilibrium pore pressure and ∆u is
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the change in pore pressure caused by undrained or partially drained deformation of the soil. For drained
penetration, ∆σh = ∆σh’, whereas for undrained penetration ∆σh = ∆σh΄+ ∆u. Sully (1991) points out that
it is generally assumed that no change in effective stress occurs but this neglects the effect of shear
induced pore pressure. He indicated that the ratio of final to initial lateral stress could be considered to an
amplification factor (ALS), i.e. ALS= σLS’/ σh0’. He demonstrated that the magnitude and variation of the
amplification factor depend upon both probe geometry and soil characteristics.
2.4.3

Lateral stress modules

The original UBC lateral stress module was an instrumented friction sleeve comprising a friction sleeve
with a reduced wall thickness, instrumented with strain gauges bonded to its inside so that the
circumferential or hoop strain of that section was measured. Instruments have also been developed which
measure the stress using a passive sensing element. These typically consist of an external pressurereceiving plate that is flush with the body of the cone and transfers the normal stress acting on the shaft of
the penetrometer to an internal sensor. This section provides an overview of the development of
instrumentation developed for measurement of the lateral stress acting on the shaft of an advancing cone.
The basic characteristics of lateral stress modules designed to be mounted behind cones that have been
reported in the technical literature are summarized in Table 2.4.
2.4.3.1 Instrumented friction sleeves

Huntsman (1985) describes the laboratory and field lateral stress sensing penetrometers (LSSCP) used for
his research. The laboratory model (LSSCP-I) was a modified version of the acoustically damped electric
cone penetrometer designed and used by Tringale (1983). The seven-channel laboratory cone had a tip
area of 10 cm2, a friction sleeve area of 150 cm2 and was designed to independently measure: tip
resistance (qc), friction resistance (fs), acoustic emissions near the tip, lateral stress approximately 1
diameter behind the tip, pore pressure immediately behind the tip (u2), lateral stress around 9 diameters
behind the tip, and pore pressure at about 10 diameters behind the tip.

The lower lateral stress measuring section which was located approximately one diameter behind the cone
tip, consisted of a section of the friction sleeve machined (from the inside) to a wall thickness of 0.25
mm. The circumferential strain of this section was measured by means of electric resistance strain gauges
bonded to the inside of the machined friction sleeve. This measurement was calibrated against hydrostatic
pressure acting on the exterior surface of the friction sleeve. The upper lateral stress measuring section
contained a thin-walled section with circumferentially oriented strain gages similar to that in the lower
section of the friction sleeve. Also, a pore pressure transducer, which was similar to the one behind the
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tip, was mounted just above the upper lateral stress section. Figure 2.17 shows a schematic diagram of the
laboratory LSSCP-I.
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measuring section
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St. gauges

St. gauges

Tip
Pore pressure
transducer

Lateral stess upper
measuring section

Friction sleeve

Pore pressure
transducer

Figure 2.17 Schematic diagram of laboratory lateral stress sensing cone penetrometer (LSSCP-I)
(adapted from Huntsman, 1985).

The field penetrometer (LSSCP-II) was a modification of the design used for the laboratory cone. The
principal changes in the second design were:
•

The capacity of the load cells for measuring tip and friction resistance was increased.

•

The microphone and acoustic dampening elements were omitted.

•

A thermistor was mounted on the friction sleeve and adjacent to the lateral stress sensing strain
gages to monitor the effect of temperature on this array.

•

In both lateral stress measurement sections, the strain gages were connected to form a half
Wheatstone bridge. This configuration allowed the instrument to be less temperature sensitive.

•

The upper pore pressure sensor was removed.

•

The radial orientation of the lower pore pressure sensor was moved to an axial orientation.

•

An electronics section was mounted immediately above the upper lateral stress measurement
section.

The six-channel field cone allowed simultaneous measurement of: tip resistance (qc), friction resistance
(fs), pore pressure immediately behind de tip (u2), lateral stress and temperature approximately 1 diameter
behind the tip, and lateral stress at about 9 diameters behind the tip. The LSSCP-II is shown in Figure
2.18.
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Figure 2.18 Schematic diagram of field lateral stress sensing cone penetrometer (LSSCP-II)
(adapted from Huntsman, 1985).

The design of the LSSCP-II was sensitive to cross-talk effects on the friction sleeve, and susceptible to
damage under high hydrostatic pressure or gravel encountered during penetration. In an attempt to
overcome these problems the lateral stress sections of the LSSCP- II were redesigned by Tseng (1989).
The improvements in the design resulted in an instrument with insignificant cross-talk effects and a more
robust design less susceptible to damage (Masood, 1990). Furthermore, the new design allowed the lateral
stress to be measured in a different manner from that used by Huntsman (1985), and therefore falls into
the category of passive sensing elements. A complete description of the measurement principle of the
LSSCP-III is given in section 2.4.3.2.

Campanella, et al. (1990) described the first model of the lateral stress piezocone (LSCPTU-I) developed
and built at the University of British Columbia. The instrument consisted of two separate measuring
systems: a standard UBC piezocone unit (CPTU) and a lateral stress module (LSM-I). The eight-channel
piezocone had a tip area of 15 cm2, a friction sleeve area of 225 cm2 and allowed simultaneous
measurement of the following parameters: tip resistance (qc), pore pressure on the face (u1) or behind the
tip (u2), sleeve friction (fs), pore pressure behind the friction sleeve (u3) and temperature. The lateral stress
module consisted of an instrumented friction sleeve located 69.9 cm behind the tip. This section was
designed to independently measure lateral stress, sleeve friction, pore pressure, and temperature. Despite
the fact that two temperature sensors were located in the LSCPTU-I only the temperature at the position
of the lateral stress module was recorded when the cone was in this configuration. The transducer ranges
were 7.5 V for all the channels with the exemption of the lateral stress channel, which operated on 1 V
full scale. The geometry of the LSCPTU-I cone is shown in Figure 2.19.
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Figure 2.19 UBC lateral stress piezocone (LSCPTU-I)
(adapted from Campanella et al, 1990).

Results of laboratory calibrations of the LSCPTU-I reported by Campanella et al. (1990) indicated that
lateral stress measurements were sensitive to both axial loads on the friction sleeve and on temperature.
However, they argued that these effects can be calibrated out by making appropriate corrections to
measured data. For example, a temperature sensor installed in the sleeve allowed for temperature
compensation to both lateral stress and friction sleeve measurements. Also, Sully (1991) suggested using
a thinner instrumented section in order to increase the sensitivity. However, the use of a thinner section
may result in an instrument more sensitive to cross-talk effects and temperature variations, and reduces
the robustness of the equipment. Finally, Campanella et al. (1990) suggested that the actual ±7 kPa
resolution of the lateral stress channel could be improved by refining signal processing.
2.4.3.2 Passive sensing element approach

Bayne & Tjelta (1987) describe the development and application of different multi-element piezocones
for investigation of a site located at the North Sea. The lateral stress piezocone (LSCPTU) described
consisted of a module designed to measure simultaneously the total lateral stress acting on the shaft of the
penetrometer, and pore pressure and sleeve friction at 27 mm and 140 mm above the lateral stress sensor,
respectively. This module was attached to a 3 channel, 15 cm2 piezocone unit capable of measuring tip
resistance (qc), pore pressure at the tip (u1) and sleeve friction (fs). The lateral stress module was placed at
distances between 1 and 3 m behind the piezocone unit. The total lateral stress was measured by a load
cell with two active faces set on opposite sides of the element and flush with its face. Each active face
was circular with a projected area of 403 mm2, i.e. approximately 11.3 mm in diameter. The load cell was
a spool shaped post instrumented with foil gauges.

Tseng (1989) redesigned the lateral stress sections of the cone developed by Huntsman (1985) in an
attempt to overcome the weaknesses of the previous instrumented friction sleeve approach. The
improvements in the design resulted in an instrument with insignificant cross-talk effects and a more
robust design less susceptible to damage. The new design measured the lateral stress using two lateral
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stress sensors located 1D and 7.5D behind the tip, where D is the cone diameter. The lower pore pressure
sensor was located immediately behind the tip (u2) and the upper sensor was located 6.3D behind the tip.
A schematic diagram of the lateral stress sensor of the LSSCP-III is shown in Figure 2.20.
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Figure 2.20 Schematic illustration of the lateral stress measuring system of the LSSCP-III
(adapted from Tseng, 1989).

As shown in Figure 2.20, the lateral stress section consisted of a double stainless steel ring configuration
comprising an outer active ring and an inner passive ring. Four identical steel curved pieces, 1.3 mm
thick, were joined together with a polyurethane compound to form the outer flexible ring. The cavity
created between the active ring and the inner ring was covered with a rubber membrane and sealed at both
ends by two sealing rings. A strain gauged stainless steel diaphragm, 6.3 mm in diameter, was installed
on the inner ring and functioned as a pressure transducer. The cavity formed between the membrane and
the inner ring was filled with de-aired water. Saturation of the fluid was critical to the performance of the
measuring system. Masood (1990) suggested modifications to the above design but no further work
appears to have been done on it.

Takei & Isano (199) and Takesue & Isano (2000, 2001) described a lateral stress cone exclusively
designed to measure the lateral stress acting on the shaft of a cone during penetration. The cone was
developed with a relatively simple structure and with particular attention to ease of field use. The
Japanese lateral stress cone (J-LSC) consisted of a probe with the same diameter and tip shape as a
standard penetrometer, i.e. apex angle of 60° and tip area of 10 cm2. The J-LSC was equipped with a
lateral stress sensor, two pore pressure transducers and one biaxial inclinometer (Figure 2.21). The five
channel configuration of this equipment allowed simultaneous measurements of: (i) pore pressure behind
the tip, (ii) lateral stress 2.1D behind the tip, pore pressure 2.6D behind the tip, and inclination in the x
and y directions. The lateral stress acting on the cone was transferred to an internal load cell through an
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external curved pressure-receiving plate in direct contact with the soil. As shown in Figure 2.21, the plate
was located 2.14D behind the tip.
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Figure 2.21 Japanese lateral stress cone (J-LSC) (adapted from Takesue & Isano, 2001).

A second model of lateral stress cone, termed a friction-lateral stress cone (J-FLSC), was described by
Takesue (2001). The new device was capable of measuring the lateral stress acting on the penetrometer
shaft and the pore pressure behind the lateral stress sensor at two different locations along the cone shaft.
Also, the friction between the penetrometer and soil was measured by an instrumented friction sleeve
located between the two lateral stress sections, and the inclination of the probe was monitored with a built
in inclinometer. The diameter of the J-FLSC was constant along the probe. Instruments of 36 mm and 44
mm diameter were developed. A schematic diagram of the Japanese friction-lateral stress cone is shown
in Figure 2.22.
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Figure 2.22 Japanese friction-lateral stress cone (J-FLSC) (adapted from Takesue, 2001).
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2.4.3.3 Review of instrumentation

The principle of measurement of lateral stress modules developed by Huntsman (1985) and Campanella,
et al. (1990) was based upon measurement of the hoop strain generated in instrumented sections of the
cone that are in direct contact with the soil. Results of laboratory calibrations and field experience
demonstrated that this type of design was sensitive to both cross talk effects on the sleeve and to
temperature effects, and was susceptible to physical damage. Takesue & Isano (2001) argued that with
this type of instrument, damage to the instrumented section directly affects lateral stress measurement.
Masood (1990) reported fairly good performance in the field of the double ringed design by Tseng
(1989). However, the main drawback in that design was the damage to the membrane when soil particles
penetrated between it and the active ring.

The lateral stress module described by Takesue & Isano (2000, 2001) consisted of a measuring system
that was not in direct contact with the soil. An external circular receiving plate transferred the external
pressure to an internal load sensor. Results of hydrostatic and temperature calibrations reported by them
indicated good performance of the lateral stress sensor. A nonlinearity and hysteresis of about 0.49 % of
full scale (FS) and a temperature coefficient (Bt) of 0.056% FS/°C were obtained for the lateral stress
sensor respectively. Results of laboratory calibrations confirmed that axial and frictional loads acting on
the lateral stress module did not affect measurements of either lateral stress or pore pressure. The
configuration of this type of sensor reduces the risk of damage to the instrument.
2.5

Summary

2.5.1

Seismic flat dilatometer (SDMT)

The SDMT is a conventional flat DMT with an added module to allow measurement of shear wave
velocity (Vs). This capability was added in response to demand from industry and due to advances in
understanding of the importance of small strain shear modulus in geotechnical engineering and, in
particular, in geotechnical earthquake engineering. There are still few data available to allow assessment
of possible improvements in site characterization with the DMT due to this added capability. This thesis
explores if the addition of shear wave velocity to standard DMT data can provide additional useful
information for an improved site characterization

The DMT expands the soil in a horizontal direction and so is likely to be greatly influenced by the in situ
lateral stress. The information reviewed indicates that estimation of the lateral stress or the coefficient of
earth pressure at rest (K0) from DMT data in both clay and sand is mainly based upon empirical
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correlations to DMT parameters such as KD. Alternatively, K0 can be estimated in sand by combining
DMT and CPT parameters, i.e. KD and qc, however the successful application of this approach requires
and accurate match between results of both tests. In addition, by performing DMT-A dissipation tests in
clay is it possible to estimate directly the total lateral stress in the field, rather than through empirical
correlations to DMT data. Nonetheless, this approach is not very practical since long testing periods are
required, and therefore its application still remains constrained to special projects. This thesis will revisit
some of existing correlations to estimate K0 from DMT parameters in an attempt to assess estimates with
these approaches.
2.5.1

Lateral stress cone

The development of cones capable of measuring lateral stress originated from the idea that the sleeve
friction measured during penetration in sand should be related to the pre-penetration lateral stress
(Campanella, et al., 1990). There have been several attempts to estimate the in situ lateral stress by
measuring and interpreting the lateral stress acting on the shaft of an advancing cone (Huntsman, 1985;
Bayne & Tjelta, 1987; Tseng, 1989; Masood, 1990; Sully, 1991; Takesue & Isano, 2001). The different
designs of lateral stress cones developed can be divided into two categories: (a) instrumented friction
sleeves and (b) passive sensing elements. The principle of measurement of the former is based upon the
strain generated in an external part that is in direct contact with the soil, whereas in a passive sensing
element the measuring element consists of a system with an internal load transducer and an external
pressure receiving plate in direct contact with the soil. Both approaches have been attempted at UBC.

The information reviewed indicates that lateral stress measuring sections based upon instrumented
friction sleeves are more susceptible to physical damage than passive sensing elements. In addition,
laboratory and field data have shown that instrumented friction sleeves are more sensitive to both axial
loads on the friction sleeve (cross-talk effect) and to temperature than passive sensing elements. This
thesis describes a new lateral stress cone built and developed at UBC. The lateral stress sensor consists of
a passive sensing element similar to that described by Bayne & Tjelta (1987) and Takesue & Isano
(2001). The performance of the new instrument is assessed through a comprehensive laboratory and field
testing program.
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Table 2.4 Main characteristics of lateral stress cones reviewed

Cone

Principle of
measurement

Diameter of

Location of lateral

the probe

stress sensor

(mm)

behind the cone tip

Pore pressure

Reference

sensor
u2 and

LSSCP-I

Friction sleeve with
strain gauges

35.7

uLS at 10D

1D and 9D

behind the cone

Huntsman (1985)

tip
LSSCP-II

Friction sleeve with
strain gauges

35.7

1D and 9D

u2

Double steel ring
LSSCP-III

configuration with
strain gauged

u2 and uLS at
35.7

1D and 7.5D

LSCPTU-I

strain gauges

u1 or u2 and uLS at
44

with external circular

44

active faces

16.7D behind the

15.9D

Variable from
31.5D to 77D

with an external

35.7

2.1D

pressure plate

with an external

(1990)

u1 and uLS –
variable from

Bayne & Tjelta,
(1987)

32.1D to 77.6D

uLS at 2.6D

Takesue & Isano

behind the cone

(2000, 2001)

tip
u2 and

Internal load cell
J-FLSC

Campanella, et al.

u2 and

Internal load cell
J-LSC

Masood (1990)

cone tip

Internal load cells
LSCPTU

Tseng (1989)

6.3D behind the
cone tip

diaphragm
Friction sleeve with

Huntsman (1985)
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8.8D and 14.1D

pressure plate

uLS at 8.3D and
14.6D behind the

Takesue (2001)

cone tip

LSSCP :

Lateral stress sensing cone penetrometer

u1 :

Pore pressure at the cone tip

LSCPTU:

Lateral stress piezocone

u2 :

Pore pressure behind the cone tip

J-LSC:

Japanese lateral stress cone

u3 :

Pore pressure behind the friction sleeve

J-FLSC

Japanese friction lateral stress cone

D:

Diameter of the cone

uLS :
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Pore pressure measured below or above the
lateral stress sensor

Chapter 3
3.1

DESCRIPTION OF TEST SITES AND TESTING PROGRAM

Introduction

Seismic flat dilatometer tests (SDMT), lateral stress seismic piezocone (LSSCPTU) and seismic
piezocone (SCPTU) soundings were performed at six different test sites located in the Lower Mainland
(LM) of B.C. The locations of the UBC research sites are shown in Figure 3.1. The soil conditions at
these test sites cover a fairly wide range of different soil types that include: stiff overconsolidated (OC)
silt and silty clay, soft normally (NC) to lightly overconsolidated (LOC) silty clay, NC silt to sandy silt,
and loose to dense sand. Also, ConeTec Investigations Ltd. (Canada), TGC Geotecnia (Mexico) and
Diego Marchetti (Italy) provided access to additional SDMT and flat dilatometer (DMT) data collected at
several sites. This information has been used to complement the SDMT and DMT databases presented in
this thesis.
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Figure 3.1 Location of test sites.

This chapter presents an overview of the geology of the area, followed by a detailed description of each
test site, which provides information on location, soil stratigraphy and basic geotechnical parameters. The
in situ testing program performed at each research site is described in terms of type of test and maximum
depth reached. A summary of the additional SDMT and DMT data collected at other sites is also
presented. The soil profiles presented for each site summarize the results of site characterization carried
out over several years. The data reported in this chapter provide the reader with an updated source of
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information which might be useful as a reference for further research on in situ testing in soils of the LM
of B.C.
3.2

Geology

The Fraser River Lowland underlies the southern parts of Greater Vancouver. It extends 150 km east of
the Strait of Georgia along the course of the Fraser River. The development of the Fraser River Delta
began about 11 000 years ago once the ice had retreated from the area. The base of the Delta consists of
Tertiary sedimentary bedrock overlain by Pleistocene deposits of glacial till and glacial outwash.
Sediments of the modern Fraser River delta are primarily Holocene. They reach a maximum known
thickness of 305 m and overlie Late Pleistocene glaciogenic sediments (Monahan, et al. 1995; Monahan
& Levson, 2001).

As described by Monahan & Levson (2001), the Fraser River Delta deposits can be subdivided into
bottomset, foreset and topset beds. Bottomset deposits are up to 120 m thick and generally consist of silt
and clay. Foreset deposits, overlie the bottomset, and consist of sandy silts that are locally interbedded
with sand-dominated units up to 30 m thick. In fact, in the southern part of the delta, sand-dominated
units are abundant, whereas they are found locally near the top of the foreset elsewhere. Finally, the
topset overlies the foreset and thins westward from over 30 m at the head of the delta to less than 20 m at
the western margin of the dyked upper delta plain. The topset is dominated by a lower massive sand
facies that is generally 8 to 30 m thick and its origin has been interpreted to represent a complex of
distributary channel deposits (Monahan et al, 1993). The massive sand facies is gradationally overlain by
an interbedded sand and silt facies and an organic silt facies that together record the upward facies
progression from channel to floodplain deposits.

In the Fraser delta, the principal channel environments are distributary and tidal channel. Based upon
borehole data, Monahan et al. (1993) conclude that the entire delta plain, with the exception of parts of
the western tidal flats and the subaqueous delta plain, has been reworked by distributary channel
migration, which has eroded the original tidal flat, subaqueous delta plain and in most places the topset
delta front deposits. They conclude that most of the channel migration occurred in a tidal flat
environment, as a result of the interaction of tidal and fluvial processes and due to the high proportion of
sand in the sediment load.

To the east of the Fraser River Delta lies the upland area where the Langley-Cloverdale basin is located.
The sediments are Pleistocene glacial and post-glacial. The earlier glacial deposits consist of dense sands
and gravels. The overlying post-glacial sediments have a glaciomarine origin having been deposited
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during a period when the Fraser River became dammed by ice. The soft clayey silts are known locally as
Capilano or Fort Langley sediments. Horizons of interbedded sand are common throughout, the
frequency of which die out towards the west (Sully, 1991).

The subsoils in the western region of the Serpentine River lowland are Salish sediments, post-glacial
deposits of the Quaternary period that were laid down between 10,000 and 5,000 years ago (Armstrong,
1984). These materials include sediments deposited when the sea level was significantly higher than
today. The depositional process of these sediments and the lack of evidence of any unloading (e.g.
erosion), suggests that these soils are normally consolidated. However, there is a possibility of light
overconsolidation in the upper soil layers as a result of changes in the sea level and/or fluctuations of the
groundwater table. Figure 3.2 shows the surficial geology of Quaternary deposits in the Fraser lowland.
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Figure 3.2 Distribution pattern of Quaternary deposits in the Fraser lowland
(adapted from Armstrong, 1984).
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3.3

Description of test sites

3.3.1

200th Street Overpass, Langley

3.3.1.1 Site location and description

The site is situated within the area of the 200th Street Overpass at Trans-Canada Highway No. 1, in
Langley, B.C.. As shown in Figure 3.3 the test area is located within the area delimited by the former
westbound exit ramp, and approximately 500 m northwest of the former UBC research site described by
Sully (1991).
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Figure 3.3 Location of 200th Street Overpass test site.
3.3.1.2 Stratigraphy

Figure 3.4 presents the soil profile at the test site as well as basic geotechnical parameters. The general
soil stratigraphy consists of a very stiff overconsolidated silt crust transitioning to lightly
overconsolidated soft sensitive silty clay with occasional sand lenses underlain by hard Vashon Drift
(till). The soil was deposited in a marine environment during the retreat of Vashon ice between 11,000
and 13,000 years ago.

Classification testing by Zergoun et al. (2004) and Sully (1991) indicates the silt to be generally of
medium plasticity with some zones of low and high plasticity. Sully (1991) reports natural water (wN)
contents in the range of 31% to 72%. Also, average values of 47% were obtained for the liquid limit (wL),
and 27% for the plasticity index (PI), respectively. Below the desiccated crust, liquidity indices ranged
from 1.0 to 1.42. The liquidity index (LI) is an index parameter which relates the water content to the
liquid limit (wL) and plastic limit (wP) of the soil. Zergoun et al. (2004) report results of field vane shear
tests (FVT) that indicate sensitivities of 2.6 to 5.9 with an average of 4.1. They also noted a slight upward
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ground water gradient close to the till surface. Some surface regrading work has been carried out at this
location since the original field work by Sully (1991) which may have altered the stress history slightly.
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Figure 3.4 Soil profile at 200th Street site
(data from Crawford 1990, Sully 1991, and Zergoun et al., 2004).
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3.3.2

Colebrook Overpass, Surrey

3.3.2.1 Site location and description

The site is located approximately 30 km southeast of downtown Vancouver, in south Surrey B.C. The test
site is situated under the King George Highway 99A overpass over Colebrook Road and the adjacent BC
Railway (BCR) right-of-way, and north of its intersection with Highway 99 (Figure 3.6).
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Figure 3.6 Location of Colebrook Overpass test site.

This site is located within the Serpentine River flood plain, and therefore the ground is fairly flat, lying at
or slightly below the mean sea level (MSL), and poorly drained. The ground surface elevation at the
former test site described by Weech (2002) lies below sea level, varying between -1.1 m and -1.3 m.
3.3.2.2 Stratigraphy

Figure 3.7 presents the soil stratigraphy at the Colebrook overpass site. Also, the profiles of index
parameters and basic soil properties reported in previous investigations are included. Typical CPTU
profiles at the test area are shown in Figure 3.8. The results from previous site investigations (Crawford &
deBoer, 1987; Crawford & Campanella, 1991; Dolan, 2001; Crawford, et al. 1994; and Weech, 2002)
indicate that the general soil stratigraphy at the Colebrook overpass consists of a 0.6 m thick layer of fill
overlying in some areas a 0.2 m to 0.3 m thick layer of firm to stiff peat that overlies the marine deposits.
The peat deposit is underlain by a layer of firm clayey silt interbedded with seams of fine sand to sandy
silt which extends to about 2 m in depth. Below this layer, the soil is predominantly soft silty clay with
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considerable inclusions of organic matter (e.g. grasses and plant stalks) with the thickness of this layer
being about 1 m. Dolan (2001) reports a pore water salt concentration of 20 g/l for a sample retrieved in
the soft silty clay layer. Terzaghi et al. (1996) report a pore water salt concentration of 25 g/l for a
postglacial marine deposit in Norway (Drammen clay). Similarly, Sridharan et al. (2002) report salt
concentrations between 0.45 to 30 g/l for the soft marine clay of Ariake Bay in Japan. Therefore, the pore
water salt concentration reported by Dolan (2001) suggests that soil at this site was deposited in a saltwater environment.

The surficial soils are underlain by a thick deposit of marine soft clayey silt to silty clay, containing
occasional shells and shell fragments underlain by a stiff layer of sand and gravel. The deposit of marine
sediments extends to a depth of at least 35 m below the former pile test site, based upon the stratigraphy
reported by the MoTH (1969) and the tip depths of the piles on either side of the site. Crawford &
Campanella (1991) indicate that the marine silt and clay deposit along the overpass alignment is
reasonably uniform, with average values of 45% for the natural water content (wN), 36% for the liquid
limit (wL), and 11% for the plasticity index (PI). Similarly, Weech (2002) reports for this deposit the
following average values of index properties: wN ≈ 42%±3, wL ≈ 40%±4, and PI around 13.5%±4.5.
Weech (2002) points out that field measurements with piezometers located within the upper 10 m of the
silt and clay deposit indicate that the water table is typically around 0.7 m below the ground surface, and
that there is an upward hydraulic gradient between 5% and 10%. He argues that the upward gradient is
likely a result of groundwater recharge from the upland area (just north of the site), which seeps up from
the more permeable sand and gravel underlying the marine silt and clay. The position of the groundwater
table is subjected to seasonal changes with an observed drop to as low as 1.4 m below ground surface.

The high sensitivity values (St) of the fine-grained marine soil deposits at Colebrook (10<St<70) and
200th St (2<St<9) may be due to the reduction in salinity by leaching caused by upward gradients.
Mitchell & Soga (2005) point out that leaching causes little effect on fabric but the interparticle forces are
changed, which results in a decrease in undisturbed shear strength of up to 50 percent, and such a large
reduction in remoulded strength that quick clay forms. Therefore, the large increase in interparticle
repulsion is responsible for the deflocculation and dispersion of the clay upon mechanical remoulding.
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Figure 3.7 Soil profile at Colebrook Overpass site
(data from Crawford & Campanella, 1990; and Weech 2002).
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Figure 3.9 shows that the location of the site tested by Crawford & Campanella (1991) is slightly different
than those of the sites tested by Weech (2002) and the MoTH (1969). Even though the soil stratigraphy at
this site is fairly homogeneous, the sensitivity (St) profiles shown in Figure 3.8 are quite different,
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suggesting a different soil fabric or structure at these sites. In addition, the different St values reported at
this site may be associated with the type of vane used and the test procedures. It is believed that low St
values reported by Weech (2002) are associated with soil disturbance caused by construction of the
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Figure 3.9 Approximate location of previous site investigations performed at the Colebrook Overpass site
(adapted from Vyazmensky, 2005).
3.3.3

CANLEX Phase II sites

3.3.3.1 Background

The Canadian Liquefaction Experiment (CANLEX) was an extensive collaborative research project
aimed at studying the phenomenon of soil liquefaction. The main objectives of the project were to:
develop test sites to study sand characterization, develop and evaluate undisturbed sampling techniques,
calibrate and evaluate in situ testing methods, and obtain an improved understanding of soil liquefaction.

The project was divided into four phases and both in situ testing and laboratory testing on undisturbed
and reconstituted samples were performed at each site. Phase II of CANLEX was carried out at two sites
located in the Fraser River Delta Region, which are the B.C. Hydro Kidd 2 Substation and the south end
of the Massey tunnel. Both sites are located in Richmond, B.C. and consist of natural deposits of Fraser
River sand. The soil conditions at the target depth ranges set by CANLEX management consist of natural
deposits of Fraser River sand that are reasonably clean, uniform, loose and free draining. Wride et al.
(2002) describe the in situ testing program performed at the CANLEX Phase II sites and present a
summary of the interpretation of the results. A more detailed description of the analysis, calculation and
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correction procedures of the in situ tests can be found in the CANLEX Phase II reports by the UBC InSitu Testing Group (1995a, 1995b).
3.3.3.2 KIDD 2 Substation, Richmond
3.3.3.2.1

Site location and description

The site is located at the northern margin of the Fraser River Delta in Richmond, B.C.; in the vicinity of
the B.C. Hydro KIDD 2 Substation that is located east of the Oak Street Bridge and close to the
intersection of No. 4 Road and River Road. The general outline of the site plan and location of the former
CANLEX test area is shown in Figure 3.10.
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Figure 3.10 KIDD 2 former CANLEX test area (adapted from In-Situ Testing Group, 1995a).
3.3.3.2.2

Stratigraphy

As described by Monahan, et. al. (1995), three stratigraphic units can be recognized at the test site
beneath a thin gravel fill (Figure 3.11). The first unit consists of laminated silt and very fine sand with
organic laminae. The thickness of this layer is generally between 2 m and 5 m, but it thickens downward
to at least 9 m in a linear trend across the substation, where it includes interbeds of medium sand. The
second unit, where the CANLEX test and sampling zone was located, is generally between 3.6 m to 12.5
m thick, and consists of medium to coarse sands with granules, pebbles and silt clasts. The last unit
consists of normally consolidated light grey clayey silt with scattered shells. This layer thickens
southward from 10 m to 30 m across the substation and sharply overlies Pleistocene deposits. The test site
is situated approximately 360 m from the North Arm of the Fraser River. At this location, the tidal
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fluctuations have a significant influence on the river level, and therefore the position of the water table
changes throughout the day.
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Figure 3.11 Soil profile at KIDD 2 site (data from In-Situ Testing Group 1995a).
3.3.3.3 Massey Tunnel, Richmond
3.3.3.3.1

Site location and description

The highway traffic tunnel is situated on Deas Island on the south side of the North Arm of the Fraser
River and south of the city centre of Vancouver. As shown in Figure 3.12 the former CANLEX Phase II
site is located near the south end of the Massey Tunnel and close to the southern portal, along the eastern
side right-of way on Highway 99.
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Figure 3.12 Massey Tunnel former CANLEX test area (adapted from In-Situ Testing Group, 1995b).
3.3.3.3.2

Stratigraphy

As shown in Figure 3.13 the test site is covered by a 2.2 m sand fill that overlies deltaic deposits, which
can be subdivided into three units as suggested by Monahan et al. (1995). The first unit extends to a depth
of about 4.9 m and consists of laminated sandy to clayey silt with scattered organics. This layer is
underlain by Unit 2 where the soil is predominantly sand (generally <10% fines) with a thickness of about
26.8 m. The sand between 4.9 m to 17.1 m (Subunit 2a) contains occasional interbeds of medium sand,
fine sand to silt with woody organic laminae and silty clay. The CANLEX target zone was located within
this layer.

The Subunit 2a is underlain by a deposit of medium sand with some granules and pebbles that extends to
a depth of about 21.4 m (Subunit 2b). Then, Subunit 2c (21.4 m to 31.7 m) consists mainly of fine to
medium sand with locally abundant silt and concretion clasts and shells. Unit 3 consists primarily of silt
interlaminated and interbedded with very fine sand and silty clay. Finally, the test site is located just
about 250 m from the South Arm of the Fraser River. Therefore, the ground water conditions are also
affected by tidal fluctuations in a similar way as in the KIDD 2 site.
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Figure 3.13 Soil profile at Massey Tunnel site (data from In-Situ Testing Group, 1995b).
3.3.4

Patterson Park, Delta

3.3.4.1 Site location and description

Patterson Park is located approximately 22 km south of downtown Vancouver, in Delta B.C., at the
intersection of Ladner Trunk Rd. and Highway 17 (Figure 3.14). The park is located on the Fraser River
Delta and within the area of a former horse race track. As shown in Figure 3.14 the test site is situated on
the southern section of the park near the access road and adjacent to the former track.
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Figure 3.14 Location of Patterson Park test site.
3.3.4.2 Stratigraphy

The stratigraphic profile at the test site is presented in Figure 3.15. Daniel (2003) notes that the general
soil stratigraphy at this site consists of a thin layer of silt to silty clay overbank deposits overlying sand to
silty sand deltaic and distributary channel deposits. The interpretation of in situ measurements and
laboratory results reported by Daniel (2003) indicates that the soil column consists of a thin layer of fill in
the order of 1 m thick overlying a 1.30 m thick layer of sensitive fines with traces of organics. The
sensitive soil layer is underlain by a deposit of interbedded silt and silty fine grained sand which extends
to about 7.35 m in depth. Below this layer the soil consists of compact medium grained to fine grained
sand with occasional silt laminations to a depth of about 14.50 m. This layer is underlain by interbedded
dense fine grained sand and silt that extends to the maximum depth reached of 28.80 m. Results of
piezocone (CPTU) dissipations tests indicate that the water table was on average 0.4 m below ground
surface at the time of investigation. Figure 3.16 presents the results two CPTU soundings that are located
within the area where the current site investigation was performed.
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Figure 3.15 Soil profile at Patterson Park site (data from Daniel, 2003).
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Figure 3.16 CPTU profiles at Patterson Park site (data from Daniel, 2003).
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3.3.5

Dyke Road, Richmond

3.3.5.1 Site location and description

The site is located 19 km south of downtown Vancouver and north of the South Arm of the Fraser River,
in close proximity to the intersection of No. 3 Road and the east end of Dyke Road in Richmond, B.C. As
shown in Figure 3.17 the test site is situated right on the alignment of the south dyke trail.
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Figure 3.17 Location of Dyke Road test site.

3.3.5.2 Stratigraphy

Figure 3.18 shows the stratigraphy at the test site with profiles of index parameters and strength
parameters. The description of several samples recovered at boreholes drilled by the City of Richmond in
at this site indicates that the soil stratigraphy at this site consists of an upper 3.5 m thick layer of coarse
grained dyke fill material. The upper layer is underlain by a channel fill deposit of silt, clayey silt and
sandy silt with thin sandy silt beds, organic laminae and rare shells, which extends to about 19 m in depth.
Below this depth and to about 23 m in depth, the soil is predominantly fine to medium sand with some silt
laminae and interbeds. This layer is underlain by the same stratigraphic sequence observed throughout the
channel fill deposit, and extends to the maximum depth of 30.6 m reached in previous field work
performed at this site.

As described by Sanin & Wijewickreme (2006), data from laboratory tests indicate that the upper part of
the channel fill deposit are relatively uniform and of low plasticity. For this layer, they reported average
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values of 37.2% for the natural water content (wN), 30.4% for the liquid limit (wL), and 4.1% for the
plasticity index (PI) respectively. Results of sieve analyses on disturbed samples retrieved at this site
indicate that the channel fill silt deposit consists of silt with average fines content of 93.2%. Also, results
of CPT and SCPTU tests performed by the City of Richmond in 2002 at the test site are shown in Figure
3.19 .
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Figure 3.18 Soil profile at Dyke Road site (data from Sanin 2005 and Sanin 2008).
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Figure 3.19 CPTU and SCPTU profile at the test site (data from Sanin, 2008).
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The test site is located just 22 m from the South Arm of the Fraser River. Therefore, it is not surprising
that tidal fluctuations exert a strong influence on the position of the water table, so that its location is not
constant and varies throughout the day.
3.4

Field testing program

A comprehensive field testing program was performed by the author at 6 UBC research sites located in
the Lower Mainland of B.C. (see Figure 3.1). Table 3.1 provides a summary of the type of in situ tests
performed at each research site.

At four sites, the characterization work consisted of soundings

performed with the seismic flat dilatometer (SDMT) immediately adjacent to a sounding with the UBC
lateral stress seismic piezocone (LSSCPTU) described in Chapter 5 of this thesis. The typical separation
between tests was on average 2 m. At the remaining sites, the field work consisted primarily of SDMT
tests. Field testing was carried out using the in situ testing research vehicle developed by the University
of British Columbia (Campanella & Robertson, 1981) and equipment provided by ConeTec
Investigations Ltd.

ConeTec Investigations Ltd. (Canada), TGC Geotecnia S.A. de C.V. (Mexico) and Diego Marchetti
(Italy) provided access to additional DMT and SDMT data that covers a wide range of in situ
measurements in different types of soil. A summary of this information is presented in Table 3.2.
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Table 3.1 Summary of in situ tests performed by the author at research sites.

Max. depth

Dissipation

(m)

tests

03

16.15



SCPTU

01

16.30



SDMT

07

15.00



Colebrook

SDMT

08

10.25



Overpass

LS-SCPTU

LSC-06

20.68



LS-CPTU

LSC-07

20.65



SDMT

01

23.91



SDMT

02

24.00



LS-CPTU

LSC-01

30.00



LS-CPTU

LSC-02

30.00



SCPTU

01-598D

24.90



SDMT

05

20.00



LS-CPTU

LSC-04

20.00



LS-SCPTU

LSC-03

20.00



SDMT

09

20.00



LS-SCPTU

LSC-05

20.00



SDMT

04

15.00



SDMT

06

15.00



Site

Test Type

Test No.

SDMT
200th St. Overpass

KIDD 2 Substation

Massey Tunnel

Patterson Park

Dyke Road

SDMT: Seismic flat dilatometer

SCPTU:

Seismic piezocone

DMT:

LS-CPTU:

Lateral stress piezocone

LS-SCPTU:

Lateral stress seismic piezocone

Flat dilatometer
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Table 3.2 Summary of additional SDMT and DMT data.

Source

Site

Location

Test Type

Max. depth

Soil type

(m)

FMC

HC

Calgary, AB

High Prairie,

SDMT

12.50

SDMT

13.00

SDMT

20.00

SDMT

25.00

SDMT

29.90

DMT

11.00

DMT

20.00

Sandy silt and silty
clay till

Soft to firm silty clay

ConeTec Investigations Ltd.

AB

Richmond,

Sea Island

113B

B.C.

Maple Ridge,
B.C.

Silty sand and soft
clayey silt
Silty sand
Silty sand and soft
clayey silt
Silt with occasional

SDMT

19.40

sand layers and
marine clay

Port
Lougheed Hwy

Coquitlam,

SDMT

20.50

DMT

14.00

DMT

37.25

DMT

37.80

DMT

47.00

DMT

45.40

Soft silt to medium
and dense silty sand

B.C.

Geotecnia
Marchetti

Diego

TGC

Still Creek Rd.

Chicle &
Azafran

Treporti

Burnaby, B.C.

Mexico City

Venice, Italy

SDMT: Seismic flat dilatometer
DMT:

Flat dilatometer
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Soft silty clay to clay

High plasticity
Mexico city soft clay

Interbedded sands,
silts and silty clays

Chapter 4
4.1

EVALUATION OF SEISMIC FLAT DILATOMETER

Introduction

The first section of this chapter presents an assessment of the performance in the field of the system
developed for the acquisition and interpretation of shear wave velocity measurements with the DMT
seismic module. Also, the Vs profiles obtained at several research sites with the seismic flat dilatometer
(SDMT) are compared to Vs data from other in situ testing techniques such as the seismic piezocone
(SCPTU).

The second section, presents a description of the results of seismic flat dilatometer (SDMT) testing
performed in coarse and fine grained soils at six research sites located in the Lower Mainland of British
Columbia. The field measurements obtained at research sites from SDMT tests have been summarized for
ease of description and comparison. Complete profiles containing in situ measurements and intermediate
parameters for all research sites are presented in Appendix A of this thesis.

The last two sections of this chapter describe several relationships identified from SDMT and DMT data
collected at research and additional sites listed in Table 3.1 and Table 3.2. Then, based upon these
relationships, a new SDMT based soil behaviour type system is proposed and a new empirical correlation
for estimation of shear wave velocity (Vs) from DMT data is proposed. Similarly, existing empirical
approaches for estimation of the coefficient of earth pressure at rest (K0) in both sand and clay from DMT
parameters are carefully reviewed and new empirical correlations are proposed.
4.2

Assessment of the seismic DMT module

4.2.1

Data acquisition system

The downhole seismic flat dilatometer test (SDMT) provides a simple and cost-effective means for
determining the soil stratigraphy, the shear modulus at small strains from shear wave velocity (Vs)
measurements, as well as estimating deformation and strength parameters from empirical correlations to
DMT parameters. The SDMT test procedure is relatively simple and the software developed by the
manufacturer allows real time handling of seismic and standard DMT data. The software (SDMT Elab)
has the advantage of presenting on the computer screen the magnitude of the interpreted Vs after the
system is triggered and the source waves are generated. Also, the Vs profile can be displayed on the
computer screen and it is updated after each test.
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The system developed by the manufacturer (Studio Prof. Marchetti) allows triggering of data acquisition
in three different ways: (i) automatic, (ii) external and (iii) immediate. Further information on the
description of these options can be found in section 2.3.2.4 of this thesis. In the work reported in this
thesis, the first two methods were used. Several problems were experienced with the SDMT data
acquisition system when performing Vs measurements in the field. For example, when the shear beam
was hit for the first time an error was displayed on the computer screen (CHECK SUM ERROR) and data
was not recorded. The CHECK SUM error means that the communication between the seismic module
and the data acquisition system is not correct, and it may be a result of the following factors:

1. The membrane is not in contact with the blade and the buzzer is off before switching the system
to seismic mode.
2. The pneumatic-electric cable is broken or damaged.
3. The ground cable is not in good contact with the rods and/or control box.
4. The cables of the seismic module are not well connected to the blade or the isolation of these
connections has been damaged.

In order to overcome the first problem, it is important to ensure that the membrane is in contact with the
blade and the sound is on before performing the seismic test. However, if the buzzer is off after the
membrane returns to the A position the blade should be pushed a little bit further down until the sound
begins again. The electrical continuity between the control unit and the DMT blade is essential for a good
transmission of signals from the seismic module to the surface. Therefore, it is necessary to ensure that
there is good electrical contact between the ground cable and the rod string, rather than on a rusty part of
the pushing ram.

It was also noticed that the automatic trigger was influenced by external vibrations (e.g. CPT truck or
nearby traffic) when the seismic test was performed at shallow depths (e.g. less than 2 m). If this is the
case, the truck should be turned off for the shallow measurements. Once the probe is deep enough,
vibrations will not affect the automatic trigger. However, if the problem continues it may be either due to
the alternating current of the power supply of the computer or due to the high frequency of the external
source (e.g. compaction plates or rollers). The former problem can be solved by substituting the computer
power supply by a direct current power source. The response of the external trigger can also be affected
by the alternate current power supply of the computer, and therefore the same solution procedure should
be followed.

Marchetti (2008) points out that at a certain depth (generally around 15-20m, according to soil stiffness),
the automatic trigger will not recognize the hammer hit any more. In this case, the first thing to do is to
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increment the sensitivity parameter and retry. The automatic trigger will then work for some more metres
until it is incapable of generating a trigger signal, which may lead to immediate triggering. Therefore, at
this stage of the test it is necessary to switch to external trigger. By careful observation of these
procedures, shear wave velocities can be gathered rapidly during pauses in penetration. The average
production rate is on average 7 to 9 m/hour depending on the experience of the operator and soil
conditions.
4.2.2

Evaluation of Vs measurements

4.2.2.1 Coarse grained-soils

Figure 4.1 shows the profiles of shear wave velocities measured with downhole seismic tests performed
using the SDMT at sites with predominantly coarse-grained soil deposits, i.e. KIDD 2, Massey Tunnel
and Patterson Park. For comparison at both CANLEX Phase II sites (KIDD 2 and Massey Tunnel) the
results of seismic cone penetration tests reported by In-Situ Testing Group (1995a, 1995b) are also
included. Similarly, at the Patterson Park site, the results of SDMT tests are compared to Vs values
obtained using the seismic piezocone (SCPTU) described in Chapter 5 of this thesis.

As can be noted from Figure 4.1(a), the Vs profiles measured at the KIDD 2 site show a remarkably good
agreement between both SDMT tests. The shear wave velocity (Vs) increases slightly from about 89 m/s
at 2 m to 147 m/s at 5 m and then increases to a value of 190 m/s at 9.5 m depth. Below this depth and to
about 24 m depth Vs stays approximately constant with average values of 218 m/s to 227 m/s. However,
as illustrated in Figure 4.1(a), from 19.5 m to 24 m Vs values vary between about 220 m/s and 277 m/s.
The shear wave velocity profiles determined from the SDMT tend to be higher than those reported for the
CANLEX target zone. This may be attributed to site variability as indicated by the variability of qt values
shown in Figure 3.11.

Moreover, at the Massey Tunnel site the agreement between the Vs profile determined by the SDMT and
that from the Vs CANLEX profile is remarkably good. However, Figure 4.1(b) shows that below about 15
m depth Vs values obtained from the SDMT test are on average slightly larger than those reported by InSitu Testing Group (1995b). The difference may be attributed to lateral and vertical soil variability
between soundings below about 15 m depth.
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Figure 4.1 Summary of SDMT Vs measurements in coarse-grained soils compared to SCPTU data.
Figure 4.1(c) shows that the Vs profile obtained from SDMT tests is very similar to that from the results
of lateral stress seismic piezocone (LSSCPTU) tests. However, the SDMT Vs profile shows more
variations over the full depth, suggesting that the results are likely to be more sensitive to stratigraphic
details because of the 0.5 m depth interval used for Vs determination as opposed to the 1 m interval in the
LSSCPTU test.
4.2.2.2 Fine grained-soils

Figure 4.2 presents a summary of profiles of shear wave velocities (Vs) measured with downhole seismic
tests performed using the SDMT at sites with predominantly fine-grained soil deposits, i.e. Colebrook
Overpass, Dyke Road and 200th Street Overpass. For comparison, the results of seismic piezocone
(SCPTU) and lateral stress seismic piezocone (LSSCPTU) tests are included in the same figure.
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Figure 4.2 Summary of SDMT Vs measurements in fine-grained soils compared to SCPTU data.
At the Colebrook Overpass site, Vs profiles were determined from results of seismic dilatometer (SDMT)
and lateral stress seismic piezocone tests (LSSCPTU). Figure 4.2(a) compares the Vs profiles determined
with both tests methods. All Vs profiles exhibit similar trends with the exception of a minor variation
between about 4.5 m to 8 m depth, where higher Vs values were measured in the second SDMT test
(SDMT-08). The difference in Vs values may be attributed to the higher stiffness of the soil at this depth
associated with a higher degree of overconsolidation (see Figure 3.7).

Figure 4.2(b) shows that at the Dyke Road site there is a good agreement between the shear wave velocity
profiles determined by the seismic flat dilatometer (SDMT) and the seismic piezocone (SCPTU) test
performed at this site in previous investigations. The profiles of shear wave (Vs) velocities from both
SDMT tests are very similar with the exception of slight variations between about 3.5 m and 4.5 m depth.
The variation in Vs may be attributed to lateral soil variability. Despite the fact that the CPTU and
SCPTU penetration data presented in section 3.3.5.2 of this thesis indicate a very thin layering at this site,
the results of SDMT and SCPTU tests show that Vs increases gradually from 135 m/s at 5 m to about 171
m/s at 14.5 m. These data suggests that the layering effect would be averaged by the Vs measurements.
As can be seen from Figure 4.2(c) the profiles of shear wave velocities determined by the SCPTU and the
SDMT at the 200th Street Overpass are very similar with the exception of a variation at 8.4 m. To
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investigate the reasons for this difference, the wave traces were examined closely. Figure 4.3 shows the
recorded waves at depths of 7.9 m to 8.9 m. At 7.9 m and 8.9 m, the initial portions of the shear waves are
very similar and would correlate well during cross-correlation. However, at 8.4 m, the early parts of the
waves are very different and would not correlate well. Examination of the seismic flat dilatometer profile
shown in Figure 4.4 does not indicate anything unusual. However, the SCPTU profile presented Figure
4.5 indicates the presence of a sand lens at about 9.5 m depth. It is likely that the early portions of the
waves close to a sand lens are being affected by reflections from this lens.
2.5

Depth= 7.9 m
Vs= 69 m/s

Amplitude (mV)

0

-2.5
2.5

Depth= 8.4 m
Vs= 136 m/s
0

-2.5
2.5

Depth= 8.9 m
Vs= 94 m/s
0

Upper receiver
Lower receiver
-2.5
0

20

40

60

80

100

Time (ms)

Figure 4.3 Recorded shear wave traces from the SDMT from depths 7.9 to 8.9 metres, 200th Street
Overpass.

On the basis of this observation, it is suggested that the early portions of the waves close to the lens at
8.4 m depth are affected by reflections from the sand lens. It is also interesting that at 12.8 m and below
about 15.4 m depth, Vs values from SDMT tests are higher than those from SCPTU tests. It is considered
likely that reflections from the clayey silt lens and till affected Vs measurements at these depths. Over the
full depth, the SDMT values are likely to be more sensitive to stratigraphic details because of the 0.5 m
depth interval used for Vs determination as opposed to the 1 m interval commonly used in the SCPTU.
This illustrates that it is necessary to review carefully each set of seismic traces in order to detect
anomalies in the results that may affect the interpreted shear wave velocity, instead of using the SDMT as
a “black box”. It also illustrates the advantages of using combinations of in situ tests to delineate soil
stratigraphy and soil properties.
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Figure 4.5 SCPTU data recorded at 200th Street Overpass.
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4.3

Description of SDMT data

In situ test measurements can be interpreted to define soil behaviour type and site stratigraphy prior to the
analysis of field data for estimation of geotechnical parameters. The description and analysis of in situ
test results from standard dilatometer (DMT) tests has been extensively researched and has been
addressed by various researchers (e.g. Marchetti et al., 2001). However, the benefits of the additional
information obtained in the seismic dilatometer (SDMT) test have received limited attention since the
introduction of the equipment for commercial applications is fairly recent (Foti, et al., 2006). Indeed, the
interpretation of SDMT data has been mainly focused on relationships between small strain shear
modulus (G0), dilatometer modulus (ED) and constrained dilatometer modulus (MDMT) (e.g. Marchetti, et
al, 2007; Marchetti, et. al., 2008a; Marchetti, et al, 2008b).

The configuration of the commercial version of the DMT seismic module allows determination of Vs at
0.5 m intervals.

In the work described in this thesis, DMT measurements were taken at 0.25 m.

Therefore, it has been possible to calculate the ratio (G0/ED) from either averaged ED values over a 3
readings window, or by using the ED value obtained in the interval over which the Vs value was obtained,
herein termed a “single” point calculation. These depths correspond to the mid-point between the two
receivers. ED values above and below this depth correspond to the locations of the upper and lower
receivers installed in the seismic DMT module. The magnitude of ED represents the response of the soil
adjacent to the membrane, whereas Vs reflects the average shear wave velocity of the 0.5 m zone within
the upper and lower receiver.

Eslami & Fellenius (1997) discussed the use of averaging of the cone tip resistance (qc) to determine an
average value of qc representative of the failure zone below and above the pile toe. They argue that
filtering the cone data is necessary, because if a mean were produced from the unfiltered data, occasional
unrepresentative high and low values would have a disproportionate influence. Two types of averaging
techniques can be used: arithmetic and geometric. They point out that the former is only useful where qc
values are uniform, i.e. very uniform soils, and therefore filtering is necessary in most cases.
Alternatively, Eslami & Fellenius (1997) suggest that a filtering effect can be achieved directly by
calculating the geometric average of qc values rather than using an arithmetic average. Also, the
geometric mean is closer to the dominant value, as opposed to the arithmetic average. On the basis of this
argument, this section also discusses the difference between G0/ED profiles obtained from geometric
average values of ED, obtained over a 3 readings window, and those based upon “single” point values.
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4.3.1

CANLEX Phase II sites

4.3.1.1 KIDD 2

A summary of SDMT profiles for the two soundings carried out at the KIDD 2 site is presented in Figure
4.6. The dilatometer material index (ID) profiles of both tests indicate that the surficial materials are
mainly silty clay to silt, and that from 3 m to 22 m the soil is predominantly silty sand with occasional
lenses of sandy silt. Despite the fact that SDMT tests were carried out about 2.5 m apart, the soil
classifications differ slightly from one test to the other. Nonetheless, the ID parameter clearly identifies
the transition from sand to clay below about 22 m. Also, both pore pressure index (UD) profiles show
clearly the changes in soil stratigraphy by identifying the transition from permeable (UD ≈ 0) to
impermeable (0<UD<0.7) layers.
The material index (ID) soil classification is in fairly good agreement with the soil profile previously
described in section 3.3.3.2.2 of this thesis. However, the results of laboratory index tests on samples
recovered within the CANLEX target zone, i.e. 7 m to 17 m, indicate an approximate average fines
content of <5% (Wride, et al., 2000). The apparent misinterpretation of soil type with ID, when
interpreting DMT data in sandy soils, was recognized by McPherson (1985). He concluded that soil
classification based upon ID tends to predict a finer soil than really exists. On the other hand, the results in
Figure 4.6 show that the DMT soil identification can be complemented with the pore pressure index (UD),
which indicates the effect of undrained and drained DMT penetration.

In the sand deposit, KD varies from 1.3 to 7.4 with an average value of 3.3 to 4.1, whereas in the clay
layer below 22 m depth, KD varies between 1.8 and 2.4. Marchetti (1980) argues that a KD in clay above
about 1.8 to 2.3 indicates the presence of over-consolidation or of a structured soil. Based upon this
criterion, the KD profile suggests the soil is close to normally consolidated below about 22 m depth and
unlikely to be structured. In addition, despite the scatter in both ID and KD profiles the dilatometer
modulus (ED) profile recorded in both tests is very similar.
The G0/ED profile shown in Figure 4.6 gives an average value of about 2.3 in the sandy silt, silty sand and
sand, indicated by ID>1.2 and UD ≈ 0, i.e a “permeable” layer., In fine grained soils, i.e. ID<1.2 and UD>0,
the magnitude of G0/ED is considerably higher. Also, it is noted from Figure 4.6 that there is practically
no distinction between the “single” point and geometric mean profiles of G0/ED in these fairly
homogeneous coarse grained soil deposits. However, in the stratified fine grained soils located below
about 22 m depth, the scatter in G0/ED values is larger than in the coarse grained soils. Also, it is
interesting to note that small variations in measured shear wave velocities significantly affect the
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magnitude of the small strain shear modulus (G0=ρVs2) and therefore the ratio G0/ED. The G0/ED profiles
presented in Figure 4.6 suggest that in stratified fine grained soil deposits, a smoother profile is obtained
when the geometric mean is used rather than a “single” point calculation.
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Figure 4.6 SDMT Profiles, KIDD 2.
4.3.1.2 Massey Tunnel

The plots of intermediate DMT parameters and results of seismic dilatometer tests are shown in Figure
4.7. The dilatometer material index (ID) profile indicates the presence of silty sand with a few interbeds of
silty clay and silt above 5 m depth, underlain by predominantly silty sand to the maximum depth of 20 m.
Wride et al. (2000) report approximate average fines content in the CANLEX target zone of <5%. Hence,
the DMT soil behaviour type profile provides a good indication of soil type at this site. The pore pressure
index (UD) profile clearly shows that the sand deposit is free draining. However, below about 16 m UD is
slightly above zero, which indicates that pore pressure is generated during penetration and has still not
fully dissipated when the DMT expansion begins. This suggests an increase in fines content.

The horizontal stress index (KD) profile provides indication of an upper overconsolidated crust and, below
about 1.8 m, KD varies from 2.1 to 8.5. It is observed that the dilatometer modulus (ED) profile closely
mimics the shape of KD and appears to increase gradually with depth.
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Figure 4.7 SDMT profile, Massey Tunnel.

In addition, the G0/ED profile indicates that the “single” point based profile is more sensitive to low ED
values than that based upon geometrically averaged G0/ED values. From the latter, it is observed that for
the data obtained at this site, the ratio G0/ED varies from 1.4 to 3.1 with an average of 2.3 for soils with
ID>1.2 and UD ≈ 0. This is the same average value of G0/ED obtained at the KIDD 2 site for sandy soils.
4.3.2

Patterson Park

A summary of intermediate DMT parameters and results of seismic dilatometer tests is shown in Figure
4.8. The material index (ID) profile indicates the presence of a thin layer of silty sand which is underlain
by silt to clayey silt to sandy silt to 2.5 m depth. The DMT soil profile is very similar to that reported by
Daniel (2003), which has been previously described in section 3.3.4.2. The interpreted high values of both
horizontal stress index (KD) and dilatometer modulus (ED) within the upper 0.50 m suggest that the
material may corresponds to traces of discontinuous pavement. Below about 2.5 m, the ID profile
indicates a deposit of silty sand to sandy silt that extends to about 17.8 m depth. The transition from silty
sand to interbedded silty clay and silty sand is detected below about 18 m.
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Figure 4.8 SDMT profile, Patterson Park.
Marchetti et al. (2001) suggest that in “permeable” layers UD ≈ 0, whereas in “impermeable” layers
UD=0.7, and UD values between 0 and 0.7 corresponds to “intermediate permeability” layers. On the basis
of this criterion, the pore pressure index (UD) profile suggests that above 4 m depth the soil is non free
draining and of intermediate permeability. From 4 m to about 12 m depth, the pore pressure index profile
is approximately constant with UD ≈ 0, which suggests that the silty sand layer is “permeable”. Then, from
12.5 m to 20 m depth the magnitude of the pore pressure index increases slightly from 0.05 at 12.5 m to
0.23 at 20 m with a maximum value of 0.32 at 19 m depth.

It is interesting to note from Figure 4.8 that the ID profile indicates a silty clay lens at 11 m depth.
However, the corresponding UD parameter at this depth indicates the presence of a free draining soil
(UD ≈ 0). The piezocone pore pressure profiles reported by Daniel (2003) indicate at this depth pore
pressure values below hydrostatic suggesting the presence of dilative soils such as dense sand or stiff fine
grained soil (see Figure 3.16).

In addition, from 0.75 m to about 16.5 m, the KD profile fluctuates considerably in magnitude between
about 2.5 and 11.7. The variation in KD values throughout the soil profile may be an indicator of changes
in gradation and density. From 16.5 m to 17.75 m depth, KD stays approximately constant at about 4.3.
From 17.75 m to 20 m depth, it drops off to an average value of 1.8. Based upon the criterion proposed by
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Marchetti (1980) and neglecting the zones in the vicinity of the sand lenses, KD suggests that the
interbedded silty clay to clay is normally consolidated below about 18 m.

The G0/ED profile obtained at Patterson Park is very similar to that obtained at the KIDD 2 site. At first
glance, it is noted that in stratified fine grained soils a smoother G0/ED profile is obtained when
geometrically averaged values are used rather than “single” point based calculation. Figure 4.8 shows that
in soils with ID>1.2 and UD ≈ 0, the calculation method does not affect the magnitude of G0/ED. From
2.5 m to about 17.5 m, G0/ED varies between 1.1 and 2.8 with an average of 1.8, whereas for the upper
and lower stratified fine grained soil deposits average values of 5 and 7.5 are obtained, respectively.
4.3.3

Colebrook Overpass

Figure 4.9 presents a summary of intermediate dilatometer parameters and results of shear wave velocity
measurements from SDMT tests. The ID profile indicates a surface crust of sand to clayey silt overlying
clay to 15 m depth. The pore pressure index (UD) profile from 3.3 m to 11 m is approximately constant
with an average value of 0.66 indicating that this layer is “impermeable” according to the criterion
proposed by Marchetti et al. (2001). This confirms that the soil behaviour type is clay. The DMT soil
classification is in fairly good agreement with the soil profile at this site previously described in section
3.3.2.2 of this thesis (see Figure 3.7).

The horizontal stress index (KD) provides a good indication of the extent of the desiccated crust. Below
about 2.5 m and to 11.75 m depth, KD is relatively constant and generally above 2.3, suggesting slight
overconsolidation or structure. However, from 12 m to 15 m the KD values vary between 1.8 and 2.3
which indicates that the soil is normally consolidated according to the criterion proposed by Marchetti
(1980).
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Figure 4.9 SDMT profiles, Colebrook Overpass.

Crawford & Campanella (1991) and Crawford et al. (1994) carried out consolidation tests on relatively
undisturbed samples for this site and reported values of preconsolidation pressures (σp’) that are close to
the interpreted in situ vertical effective stress (σvo’), suggesting that soil is normally consolidated to a
depth of about 18 m. Weech (2002) argues that these data may not be representative of the true vertical
yield stress of the soil due to sampling disturbance. Instead, he proposed that the overconsolidation ratio
(OCR) decreases with depth and is 1.5 or less below about 9 m based upon the interpretation of field vane
test (FVT) and piezocone (CPTU) data (Ladd & DeGroot, 2003). An inconvenience of the method used
is that its calibration requires a proper matching of corresponding FVT and CPTU data. Also, the
selection of an appropriate value for the ratio (su/σvo΄) for a normally consolidated state requires previous
knowledge of plasticity and/or local experience. The brief discussion presented above demonstrates that
an appropriate interpretation of the horizontal stress index (KD) profile provides the engineer with a quick
and direct insight into the stress history, i.e. OCR, in soft fine grained soils.

In addition, Figure 4.9 clearly shows that the G0/ED profile from geometrically averaged values is
smoother than that from “single” point values. The G0/ED data shows that both profiles based upon
“single” point values are more sensitive to variations in the dilatometer modulus (ED). Furthermore,
G0/ED increases rapidly from about 9.6 at 1.5 m to 71 at 7.5 m where it drops off to an average value of
49 and stays approximately constant at 44 to 7 m depth. Then, from 7.5 m to 14.5 the G0/ED varies from
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about 25 to 47. It is interesting to note that high values of G0/ED appear to be associated with soft
sensitive fine grained soils.
4.3.4

Dyke Road

A summary of seismic flat dilatometer (SDMT) profiles for the Dyke Road site is presented in Figure
4.10. The SDMT soundings were carried out about 2 m apart. The soil type obtained by the material
index (ID) classification indicates the presence of a crust of sand to sandy silt that extends to about 1.5 m
depth, underlain by interbedded silty clay, silt and silty sand identified by slight variations in the pore
pressure index (UD) profile. The interpreted stratigraphy based upon DMT measurements is in general
agreement with the soil profile previously reported at the test site (see Figure 3.18).

The horizontal stress index (KD) profile indicates that soil is heavily over-consolidated to about 2 m,
where it drops off and stays approximately constant and above 2.3 to 3.5 m depth, with suggests
overconsolidation or structure. From 3.8 m to 15 m, KD values gradually decrease with depth and are
generally below 1.8 with an overall average of 1.5. On the contrary, KD values below or above these
limits indicate that either horizontal stresses do not correspond to simple unloading or that the clay is
cemented, or both. Sanin (2005) reports values of preconsolidation pressures (σp’) that are close to the
interpreted vertical effective stress (σvo’), which suggests that soil at the sampled locations is normally
consolidated (NC).

The low KD values obtained at this site suggest that soil may be underconsolidated, i.e. is still
consolidating or σp’<σvo’. Underconsolidation can result from conditions such as: (i) deposition at a rate
faster than consolidation, (ii) rapid drop in the groundwater table, (iii) insufficient time since the
placement of a fill or other loading for consolidation to be completed, and (iv) disturbance that causes a
structural breakdown and decrease in effective stress (Mitchell & Soga, 2005). Sanin (2006) points out
that soil at the test site originates from a relatively recent channel deposit in the Fraser River Delta. As a
result, it is believed that the low KD values obtained at this site may be caused by soil structure
breakdown due to the DMT blade penetration and the young age of the soil deposit.
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Figure 4.10 SDMT profiles, Dyke Road.

The G0/ED profiles presented in Figure 4.10 show similar trends to those obtained at Colebrook Overpass
site (see Figure 4.9). Firstly, the profiles obtained from geometrically averaged values are smoother than
those from “single” point values. Secondly, despite the fact that both shear wave velocities profiles
increase gradually with depth and without sharp increases in magnitude, slight variations in the
dilatometer modulus (ED), clearly affect the magnitude of the ratio G0/ED when “single” point values are
used. Finally, it is noted from Figure 4.10 that G0/ED varies approximately from about 2.6 to 18.8 for silty
clay to sandy silt soils, i.e. 0.33<ID<1.8, and soils where the pore pressure index (UD) varies between
about 0.1 and 0.6 with the bulk of the data around 0.3, respectively.
4.3.5

200th Street Overpass

Figure 4.11 shows the results of a seismic piezocone penetration test. The interpreted soil profile derived
from the non-normalized Soil Behaviour Type (SBT) system of Robertson et al., (1986) indicates the
presence of silt, clayey silt and clay (3<SBT<5) above 3.5 m depth, underlain by sensitive fines (SBT=1)
extending to a depth of about 15.2 m. Zergoun et al. (2004) describe the results of field vane shear tests
that suggest an average sensitivity of 4.1 for the soft fine grained layer. Furthermore, two sandy silt and
clayey silt lenses are indicated at 9.4 m and 12.8 m depth respectively.
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Also, the SBT profile shows that soil is classified as clayey silt to silt from 15.2 m to 16.3 m, where
refusal to penetration was encountered, indicated by high cone tip resistance (qt). The cone tip and friction
ratio (Rf) profiles provide a good indication of the extent of the desiccated crust. Furthermore, the
penetration pore pressure (u2) is constant and around zero from 0 m to 3 m depth, where it picks up and
keeps increasing with depth to a value of about 55 m of water at 16 m. Likewise, the qt profile indicates
that from 0 m to 4.5 m the soil is overconsolidated, as indicated by relatively high qt values, and below
4.5 m the tip resistance increases gradually with depth suggesting that soil is normally to lightly
overconsolidated.
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Figure 4.11 SCPTU profile, 200th Street Overpass.

The summary of intermediate dilatometer parameters and results of seismic dilatometer (SDMT) tests is
presented in Figure 4.12. The material index profile (ID) indicates a surface crust of silt overlying clay to
16 m depth. The ID profile and dilatometer modulus (ED) show the presence of two silty clay lenses at
9.7 m and 12.4 m, respectively. Also, the pore pressure index (UD) shows a similar trend to that of the
piezocone penetration pore pressure (u2). In other words, UD is very close to zero to 2.9 m depth, then it
increases to 0.67 at 4.9 m and stays approximately constant at about 0.73 to 15.9 m depth where it drops
off to 0.38 at the contact with till. The agreement between the SDMT and SCPTU classification profiles
is very good. However, it should be kept in mind that in the SDMT tests readings are taken normally
between 0.2 m to 0.3 m intervals in comparison to the 0.05 m intervals commonly used for SCPTU
soundings. As a result, the interpreted soil stratigraphy from SDMT measurements is not as detailed as
that from piezocone data.
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Based upon Marchetti’s (1980) criterion, the horizontal stress index (KD) profile indicates an
overconsolidated crust that extends to about 4.4 m depth. Then, KD decreases from 4.4 at 4.7 m to 2.4 at
12.2 m where it increases and stays approximately constant at 3 to 15.9 m depth, suggesting slight
overconsolidation or structure. Data reported by Sully (1991) and Zergoun et al. (2004) confirms the
presence of an upper heavily overconsolidated (OC) crust and a lower lightly OC layer of fine grained
soil.
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Figure 4.12 SDMT profile, 200th Street Overpass.

The G0/ED profiles, i.e. “single” point and geometric mean, presented in Figure 4.12 increase gradually
with depth from about 2.7 at 1.4 m to 20 at 15.9 m depth. Furthermore, both profiles are very similar with
the exception of variations at 8.4 m and below about 14.4 m depth. As discussed previously, shear waves
may have been affected by reflections from dense materials (sandy silt lens and till), and therefore the
magnitude of G0/ED would also be affected. The geological origin, stress history and plasticity of both
soft fine grained soil deposits at 200th Street Overpass and the Colebrook overpass are very similar.
However, the data presented in Chapter 3 indicate that the main difference between these two soil
deposits is the degree of sensitivity. The SDMT data obtained at both sites indicates that G0/ED is
significantly higher at Colebrook Overpass than at 200th Street, suggesting a possible relationship
between sensitivity and the ratio G0/ED.
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4.4

Relationships between SDMT parameters

Marchetti et al. (2007) introduced the relationship between the material index (ID) and the ratio G0/ED as a
potential indicator of soil type. Similarly, Lutenegger (1988) endeavoured to establish a relationship
between ID and the pore pressure index (UD) as a potential indicator of soil type and highlighted the
usefulness of the DMT C-reading to determine soil stratigraphy. The SDMT data collected at several
research sites allows exploration of the combination of standard DMT parameters such as: ID, ED and UD,
and the small strain modulus (G0), obtained from shear wave velocity (Vs) measurements, for an
improved soil characterization. This section presents such relationships and describes the development of
a new soil behaviour type chart based upon SDMT measurements.
4.4.1

Relationship between ID and G0/ED

The addition of Vs measurements to the standard dilatometer test adds to the options available to assess
soil behaviour. There has been a considerable increase in interest in using Vs and the small strain shear
modulus G0, in combination with penetration parameters such as qt from the SCPTU to identify unusual
soil conditions (Schnaid et al. 2004). Previous investigators have investigated the potential use of
combinations of G0 and seismic dilatometer (SDMT) parameters and have attempted to establish
correlations between DMT intermediate parameters and Vs or G0 (Sully & Campanella, 1989; Marchetti et
al. 2008a, 2008b). Such studies have suffered the drawback that Vs or G0 values were measured in
adjacent soundings and so were not necessarily representative of the soil tested by the DMT expansion.
The new SDMT allows more focussed study of these relationships.

Marchetti et al. (2008a) describe several relationships between the small strain shear modulus (G0),
material index (ID), dilatometer modulus (ED), horizontal stress index (KD), and vertical drained
constrained modulus (MDMT). The database used contains information on different soil types collected at
several sites located mainly in Italy but also in Spain, Poland, Belgium and USA. The data points consist
of relatively “uniform” soil profiles where values of G0, ID, ED, KD and MDMT differ less than 30% from
their arithmetic average. Marchetti, et al (2008a) recognize that G0/ED varies between about 1.5 and 3 in
sandy soils (ID>01.8), whereas in silty soils (0.6<ID<1.8) it varies from 2.5 to 13, and 3 to 25 in clays
(ID<0.6), respectively. They also note that for all soils G0/ED decreases as KD increases.
Figure 4.13 shows the relationship between G0/ED and ID for the research sites and the additional sites
listed in Table 3.1 and Table 3.2 . It is noted that G0/ED is higher in clays than in sands with a transition
that corresponds to silty soils. This reflects the low values of ∆p= p1-p0, and hence ED, during undrained
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expansion in soft clays compared to its value in drained expansion in silts and sands. The data show that
G0/ED varies from 1 to 4 in sands while in silty soils G0/ED increases from 4 to about 15 as ID decreases.
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Figure 4.13 Relationship between ID and G0/ED for all research sites and some additional sites.
The scatter of G0/ED values in clayey soils (ID<0.6) is significantly greater than in silts and sands. It is
also interesting to note from Figure 4.13 the substantial difference between G0/ED values measured at
200th Street Overpass and those measured at Colebrook Overpass. Indeed, the geological origin, stress
history and plasticity of the soil at both sites are very similar. However, the data presented in Chapter 3
shows that the main difference between these two soil deposits is the degree of sensitivity determined
from results of field vane tests. Therefore, the SDMT data obtained at these sites suggests a relationship
between G0/ED and the degree of sensitivity.
Figure 4.14 shows the same information as Figure 4.13 but constrained to G0/ED values less than 30. For
comparison, the range of data reported by Marchetti et al. (2008a) has been plotted in the same figure. It
can be noted from Figure 4.14 that the bulk of the data points reported by Marchetti et al. (2008a) in
clayey soils are within a range of 1.5 to 20, suggesting that SDMT data was obtained in soils with a lower
degree of sensitivity. Also, the data points reported in this thesis fall within the zone of data reported by
Marchetti et al. (2008a).
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4.4.2

Relationship between ID and UD

Lutenegger & Kabir (1988) and Lutenegger (1988) point out that variations in the pore pressure index
(UD) reflect drainage conditions. They also argue that if both the material index (ID) and UD provide an
indication of soil type, a strong relationship between these two parameters is to be expected. Lutenegger
(1988) endeavoured to verify this assumption by plotting ID and UD data points from several sites with
different soil conditions. The data reported by Lutenegger (1988) shows that ID decreases as UD increases.
This reflects the increase in the excess pore pressure due to penetration as a result of the reduction in
permeability as the fines content increases. Similarly, Powell & Uglow (1988b) plotted the ratio between
the closing pressure (p2) and the “lift-off” pressure (p0) versus the material index from DMT data
collected at several clay sites. They identified that the magnitude of the ratio p2/p0 is inversely
proportional to the magnitude of ID.
Figure 4.15 shows the relationship between ID and UD for the sites considered herein. The data in sandy
soils shows less scatter. Also, there is some scatter in the data points corresponding to silty soils
(0.8<ID<1.8) but it is significantly less than that for clayey soils (0.6<ID). It is interesting to note that in
soft sensitive clays (Colebrook, 200th St., Still Creek and Mexico City), UD varies from about 0.6 to 1,
and it appears to remain fairly constant despite the significant reduction in ID below 0.1. Also, the bulk of
the data shows that a trend exists, with increasing UD values corresponding to reducing ID values, with the
exception of the data points collected in Mexico City clay.
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The extensive ground water extraction by pumping from deep aquifers in Mexico City has significantly
modified the hydrostatic pore pressure condition leading to a regional consolidation process, which
results in ground surface subsidence. It is believed that the particular pore pressure conditions in this area
in combination with the high plasticity and structure of Mexico City clay may affect the relationship
between UD and ID. The data presented in Figure 4.15 suggest that UD, measured under hydrostatic
conditions, provides additional information that can be used to complement the ID based soil classification
system of Marchetti (1980). Finally, it can be noted from Figure 4.15 that a good agreement exists
between the data reported in this thesis and the zone delimited by the data points reported by Lutenegger
(1988).
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Figure 4.15 Relationship between ID and UD for research sites and some additional sites.
4.4.3

Proposed new soil behaviour classification chart based upon SDMT data

As described in section 2.3.3.1 of this thesis, Marchetti (1980) suggested a relatively simple DMT soil
classification system to identify the soil type as a function of the material index (ID). Marchetti & Crapps
(1981) proposed a DMT soil classification chart that correlates the material index and dilatometer
modulus (ED), and allows estimation of both soil type and unit weight. Furthermore, Lacasse & Lunne
(1988) assessed the soil classification obtained from this chart for several soils tested by the Norwegian
Geotechnical Institute (NGI). As a result, they modified the original chart slightly in order to include low
ID values (0.01<ID<0.1) obtained in Norwegian soils. In addition, reference unit weights measured in the
laboratory demonstrated that the DMT chart tends to underpredict the unit weight in soft clays. Finally,
Marchetti et al. (2001) argue that the original chart of Marchetti & Crapps (1981) provides a good
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estimate of soil type and a reasonable approximation of the unit weight in “normal” soils. Long (2008)
points out that further work on the assessment of the DMT soil type chart has not been carried out.

Despite the fact that the DMT has been used extensively and has been calibrated in several soil types
around the world, the writer is not aware of any further work aimed at improving the DMT soil
classification system since 1988. Similarly, the potential for combining the material index and the pore
pressure index has not yet been explored, and this is an area that well warrants research. Indeed,
Marchetti et al. (2001) recognize that the pore pressure index can be used to distinguish soils with partial
drainage, such as silts, from free-draining (sands) and non-free draining (clays) soils. Moreover, the
addition of a seismic module to the standard DMT allows determination of shear wave velocities and also
standard DMT measurements.

The SDMT data reviewed in section 4.4.1 and section 4.4.2 of this thesis demonstrated that relationships
exist between the material index (ID), the stiffness ratio (G0/ED), and the pore pressure index (UD). Also,
the trends observed from the data points collected suggest that relationships depend upon the soil type,
stress history, sensitivity and drainage conditions. It seem likely that the combination of these parameters,
i.e. ID, UD and G0/ED, may help to increase confidence in the identification of soil type from SDMT
measurements. Figure 4.16 shows UD plotted against G0/ED for the UBC research sites and also for some
of the additional sites where SDMT data are available.
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Figure 4.16 Relationship between UD and G0/ED for research and additional sites.
In an attempt to ensure consistency of the data presented in Figure 4.16, G0/ED values obtained from a
“single” point calculation are plotted against the corresponding UD value. The rationale behind the use
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single “point” G0/ED values rather than geometrically averaged G0/ED is that C-readings, and hence UD
values, were only measured at depths where seismic downhole tests were performed. Therefore, it is not
possible to calculate the geometric mean of UD over a 3 readings window in the same way as with ED.
Even though the data described in section 4.3 has shown fairly significant differences between geometric
mean and “single” point profiles, the data reviewed indicates that consistent trends exist in both profiles.

It is noted from Figure 4.16 that data points tend to group according to the SDMT stiffness ratio and
“drainage” conditions. For example, data points from sites with predominantly sandy soils (e.g. KIDD 2,
Massey Tunnel and Patterson Park) are grouped in a narrow zone. On the contrary, data points obtained at
soft sensitive fine grained soils, i.e. Colebrook and 200th St., plot above G0/ED of about 5 and UD of 0.6. It
is also observed that silty soils (e.g. Dyke Road) tend to plot within a fairly narrow transitional zone
between sandy and clayey soils.

Figure 4.17 shows the same information as in Figure 4.16 but the data points are grouped according to
their corresponding KD value. It can be seen that the bulk of the data points with KD values higher than
2.3 fall below the dotted line. Following the criterion of Marchetti (1980), this line represents an
approximate boundary between normally consolidated (NC) and lightly (LOC) to overconsolidated (OC)
fine grained soils, i.e. clays and silts.
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Figure 4.17 Relationship between UD and G0/ED as a function of KD.
As shown in Figure 4.18, the same database is plotted as a function of the material index (ID). It can be
observed that the data points tend to group according to their ID and the combination of UD and G0/ED
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provides an insight into soil type as well as stress history. Also, it is possible to identify zones of soil
type following the ID based soil type criterion proposed by Marchetti (1980).
The different trends identified in Figure 4.16 and Figure 4.17 provide the basic framework for the
development of a soil behaviour soil classification system. Figure 4.19 shows a SDMT soil behaviour
type (SBT) chart that represents the first attempt at defining such a system.
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Figure 4.18 Relationship between UD and G0/ED as a function of ID.
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Figure 4.19 Proposed soil behaviour type chart from SDMT data.
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The SDMT-SBT chart can be used as a guide for identification of soil behaviour type from SDMT data.
In addition, this chart provides a quick assessment of soil behaviour based upon the combination of the
stiffness (G0/ED) and “drainage” indicator (UD) for the soil. These parameters are measured in the field,
rather than from laboratory index tests on either disturbed or relatively “undisturbed” samples. Moreover,
the chart extends the application of the seismic flat dilatometer as a tool to identify sensitive fine grained
soils, which seems to be a weakness of the standard DMT soil behaviour type classification. However, the
application of the proposed SDMT-SBT chart still remains limited due to the fact that its database only
contains SDMT data collected in saturated unaged sands, normally (NC) to lightly overconsolidated
(LOC) silts and clays as well as NC to LOC glaciomarine and glaciolacustrine sensitive clay to silty clay.
Further research is required to complement the database with SDMT data on different soils such as aged
sands and highly overconsolidated silts and clays.
4.5

Development and upgrade of DMT empirical correlations

4.5.1

Correlation between DMT parameters and Vs

The SDMT data presented in Figure 4.13 suggest a relationship between G0/ED and ID for the sites
reported herein. On the basis of this relationship and in the absence of SDMT data, it is proposed to
estimate the shear wave velocity (Vs) alternatively from standard DMT measurements with the following
expression:

[

)]

(

 9.81E D 2 + 2.8 I D −1.2 
Vs = 

γ



0.5

Equation 4.1

in which ED is the dilatometer modulus in kPa and γ is the total unit weight of the soil in kN/m3. In the
absence of in situ measurements of the shear wave velocity (Vs), Equation 4.1 can be used to obtain an
estimate of Vs. The application of this empirical correlation remains limited to soils with characteristics
and geological origin similar to those of the database. However, as a first attempt, Figure 4.20 compares
estimated shear wave velocity (Vs) profiles to Vs data obtained from seismic piezocone (SCPTU), Crosshole and Down-hole tests performed at sites located in Canada and Mexico. Likewise, estimates of Vs
from Equation 4.1 at McDonald Farm and Mexico City sites are compared to Vs profiles estimated from
the empirical correlation of Hegazy & Mayne (1995) between Vs and piezocone data.
Vs = (10.1 × log q t − 11.4 )

1.67

(f s

q t × 100)

0. 3
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Equation 4.2

where qt is the corrected piezocone tip resistance and fs is the sleeve friction resistance, both in kPa.
Mayne (2007) points out that Equation 4.2 was derived from a database that includes sands, silts, and
clays, as well as mixed soils type, and thus attempts to be global and not a soil-dependent relationship.

As can be seen from Figure 4.20, the profiles of shear wave velocities estimated from Equation 4.1 at
McDonald Farm and Manzanillo sites are in fairly good agreement with measured Vs values. However, at
the Ecatepec site it is clear that Equation 4.1 tends to overestimate measured Vs values. A review of the
DMT data and soil conditions at these sites indicates that reasonable estimates of Vs can be obtained in
loose to medium sandy soils as well as low to medium plasticity normally consolidated (NC) fine grained
soils with KD values of less than 5. The comparison of measured and estimated Vs profiles for the
Ecatepec site suggests that the proposed empirical correlation may not be valid for high plasticity soft fine
grained soils such as Mexico City clay.
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Figure 4.20 Comparison between Vs profiles estimated from DMT data and results from in situ tests.
Additionally, Equation 4.1 gives better estimates of Vs for the Mexico City site than the CPTU based
empirical correlation of Hegazy & Mayne (1995). However, the comparison between estimated and
measured Vs profiles at the McDonald Farm site indicates that both empirical approaches give fairly good
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estimates of Vs in sandy soils as well as normally consolidated (NC) clayey silt. Finally, Equation 4.1
provides a conservative approximation of Vs from a relatively economic test such as the DMT.
Nonetheless, both local experience and engineering judgement are required to assess estimated values of
Vs, and indeed it is highly recommended to obtain Vs values directly from in situ tests rather than through
empirical correlations.
4.5.2

Correlations between DMT parameters and K0

4.5.2.1 Proposed DMT correlation for estimation of K0 in sand

Baldi, et al. (1986) reviewed results of several DMT calibration chamber (CC) tests performed in Ticino
and Hokksund sands, and suggested a correlation between the horizontal stress index (KD), coefficient of
earth pressure from CC tests (K0), cone tip resistance (qc) and effective vertical stress (σvo’) using a fitting
function of the form:

 q 
K 0 = D1 + D 2 K D + D 3  c 
 σ vo ' 

Equation 4.3

The analysis of Baldi et al. (1986) of the available CC-DMT data with Equation 4.3 yielded values of
0.359, 0.071 and -0.00093 for the coefficients D1, D2 and D3, respectively. However, the magnitude of
these coefficients was slightly modified by Baldi et al. (1986) in order to obtain better estimates of K0
values measured in CC tests performed under constant boundary conditions as well as field data obtained
at the Po river site (see section 2.3.4.2.1). The best fit to field data points was obtained with an expression
of the form:

 q 
K 0 = 0.376 + 0.095K D − 0.00461 c 
 σ vo ' 

Equation 4.4

Baldi et al. (1986) argue that Equation 4.4 represents the best available tentative procedure for estimating
K0 from DMT data obtained in natural, predominantly quartz, uncemented sand deposits. Also, they point
out that any further improvement to the proposed method will require (i) comparison against results of
SBP tests, (ii) assessment of the effect of CC size on DMT measurements and (iii) additional CC tests on
sands with different gradation. Marchetti et al. (2001) recommend the use of Equation 4.4 with the
following values for the last coefficient (qc/σv0’): -0.005 for “seasoned” sand and -0.002 in “freshly”
deposited sand. They also point out that the uncertainty in estimates of K0 values with this empirical
approach is significantly increased when the soil tested has experienced cementation and/or ageing, and
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the inconvenience that the method requires both DMT and CPTU data with a good match between KD and
qc from adjacent tests. Figure 4.21 compares reference K0 values derived from the interpretation of results
of SBP tests, performed in alluvial sandy soils of the Fraser River delta, and estimates from Equation 4.4
with qc/σv0’=-0.005.
1.2
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-10%
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1

1:1
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0.2
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0.8
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Figure 4.21 Comparison between reference K0 reference values from SBP tests and estimates with the
correlation of Baldi et al. (1986).

The data presented in Figure 4.21 clearly show that the correlation of Baldi et al. (1986) significantly
overestimates K0 reference values from results of SBP tests. Therefore, it seems worth exploring the
potential for improvements in estimates of K0 from DMT data by slightly modifying Equation 4.4. The
data collected for this thesis, from adjacent seismic flat dilatometer (SDMT) and lateral stress seismic
piezocone (LSSCPTU) tests at both CANLEX Phase II sites (KIDD 2 and Massey Tunnel), provides an
excellent opportunity for re-evaluating the correlation of Baldi, et al. (1986). This correlation is modified
by calculating for each pair of field data the value of D3 from field measurements using the following
equation:

D3 =

σ vo ' (0.376 + 0.095K D − K 0 )
qc

Equation 4.5

In Equation 4.5, K0 is the estimated coefficient of earth pressure at rest obtained from analysis of SBP
results using curve fitting to the Carter et al., (1986) model (In-Situ Testing Group 1995a, 1995b). Also,
the magnitudes of qc and σvo’ correspond to averages value calculated over a 25 cm window for each
depth at which KD is reported. Table 4.1 and Table 4.2 present a summary of reference K0(SBP) and average
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KD(avg), σvo’ and qc values as well as the magnitude of D3 obtained from Equation 4.5. The several pairs of
values of q t σ vo ' and D3 obtained from the data collected at both CANLEX Phase II sites allow direct
calculation of an average value for the product of the last two terms in Equation 4.3, i.e. D 3 (q t σ vo ') .
Then, in an attempt to improve the correlation of Baldi et al. (1986), the last term in Equation 4.4 is
substituted by D 3 (q t σ vo ')avg , which yields the following expression:

K 0 = 0.132 + 0.095K D

Equation 4.6

This expression has been derived from data collected from in situ tests performed in relatively “young”
(200 to 4000 years) uncemented normally consolidated Holocene sands, composed primarily of quartz
minerals with mica and feldspar. The sand at both test sites, and within the CANLEX target zone, is
subrounded and uniformly graded with a mean grain size (D50) of 0.20 mm and fines content less than 5%
(Wride, et al., 2000).

Figure 4.22 compares K0 reference values to estimates of K0 with the empirical approach proposed in this
section (Equation 4.6). Despite the scatter in the data, estimates of K0 from Equation 4.6 are closer to
reference K0 values, suggesting that the minor improvements in the correlation of Baldi et al. (1986)
might lead to better estimates of K0 in alluvial sandy soils from DMT measurements.
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Figure 4.22 Comparison between reference K0 reference values from SBP tests and estimates with
Equation 4.6.
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Table 4.1 Summary of parameters determined from adjacent SDMT and LSSCPTU tests, KIDD 2.

K0(SBP)

KD(avg)

 qc 


 σ vo '  avg

D3

 q 
D 3  c 
 σ vo ' 

6.25

0.58

5.4

89.7

0.0035

0.3139

7.25

0.53

4.3

42.2

0.0060

0.2554

8.25

0.69

5.2

77.1

0.0023

0.1759

9.25

0.38

3.1

95.8

0.0031

0.2974

10.25

0.38

3.3

97.0

0.0032

0.3138

11.15

0.47

4.1

55.9

0.0069

0.3869

8.30

0.59

5.2

83.1

0.0034

0.2827

9.30

0.56

3.1

91.2

0.0012

0.1122

10.30

0.64

3.3

95.7

0.0006

0.0541

13.00

0.64

3.4

31.8

0.0019

0.0601

Depth
(m)

Table 4.2 Summary of parameters determined from adjacent SDMT and LSSCPTU tests, Massey Tunnel.

K0(SBP)

KD(avg)

 qt 


 σ vo '  avg

D3

 q 
D 3  t 
 σ vo ' 

10.25

0.43

5.9

46.7

0.0109

0.5083

12.00

0.38

2.7

39.8

0.0064

0.2545

13.50

0.38

2.3

31.9

0.0067

0.2133

14.75

0.38

3.8

27.4

0.0132

0.3615

15.75

0.41

2.4

36.0

0.0054

0.1940

17.00

0.39

3.7

70.7

0.0048

0.3412

12.50

0.40

2.4

32.5

0.0063

0.2037

13.50

0.41

2.3

31.9

0.0057

0.1833

15.50

0.45

2.1

29.1

0.0043

0.1250

Depth
(m)
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In an attempt to assess the applicability of Equation 4.6 in different types of soils, Figure 4.23 presents a
database that contains KD and K0 values obtained from the interpretation of results of DMT and SBP tests
carried out at several sites (solid symbols), as well as measured in Calibration Chamber (CC) tests
performed in different well documented sands (open symbols). For comparison, the correlation of Baldi et
al. (1986) and the empirical approach proposed herein are plotted on the same figure.

K0 interpreted from SBP and CC tests

5

4

3

KIDD 2
Massey Tunnel
McDonald Farm
Laing Bridge
Kowloon

KIDD2
Massey Tunnel
(Sully, 1991)
(Cunha, 1994)
(Schnaid, et al., 2000)
Po river
(Ghionna, et al., 1995)
Ticino sand
(Baldi et al., 1986)
Hokksund sand
(Baldi et al., 1986)
Monterey No. 0 sand (Masood, 1990)
Leighton Buzzard sand
(Dr=83%)

Field
data

CC
data

Leighton Buzzard sand (53<Dr<72%)

SBP= Self-boring pressuremeter
CC= Calibration chamber

(Smith, 1993)

Leighton Buzzard sand (25<Dr<32%)
Toyoura sand

(Bellotti et al., 1997)

2

K0=0.376+0.095KD-0.00461(qc/σvo')
(qc/σvo')= -0.005
Lightly
cemented sand
1

K0=0.132+0.095KD

0
1

10

Horizontal stress index, KD
Figure 4.23 Relationship between KD and K0 interpreted from SBP and CC tests.
As can be noted from Figure 4.23, the bulk of the field and CC data plot below about KD ≈ 10. Also, the
correlation of Baldi et al. (1986) tends to overestimate the CC and field data points, whereas with
Equation 4.6 it is possible to estimate K0 measured in the field and CC at low stress ratios (K0<1), with a
standard deviation of 0.15. It is also interesting to note that at KD>10 both correlations give quite similar
estimates of K0 values for dense Leighton Buzzard sand tested at high stress ratios, i.e. K0>2. Marchetti et
al. (2001) point out that a unique correlation between K0 and DMT parameters can not be established
since the coefficient of earth pressure at rest in sandy soils depends upon the effective friction angle (φ’)
and relative density (Dr). Nonetheless, the data shown in Figure 4.23 suggests that in natural
predominantly quartz, and uncemented sand deposits, fairly good estimates of K0 can be obtained from
the empirical correlation proposed in this thesis. Also, the correlation of Baldi et al. (1986) seems to give
good estimates of K0 in lightly cemented sand (Kowloon site) despite the difference in depositional
history. However, more field data is required to assess estimates of K0 with this approach in similar sandy
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soils. Furthermore, the empirical approach given by Equation 4.6 adds to the options available to estimate
K0 from DMT parameters. It also illustrates that the assessment of old correlations in combination with
the addition of more data points significantly improves the reliability of derivation of geotechnical
parameters from empirical correlations to DMT data.
4.5.2.2 Proposed DMT correlation for estimation of K0 in clay

As described in section 2.3.4.1.1 of this thesis, Mayne & Kulhawy (1990) proposed a direct correlation
between flat dilatometer (DMT) data and the coefficient of earth pressure (K0) obtained from
interpretation of results of self boring pressuremeter (SBP) tests (Equation 4.7). The database of Mayne &
Kulhawy (1990) contains information on twelve clay sites tested by SBP and DMT with different stress
states that vary from normally consolidated (NC) to highly overconsolidated (OC). In addition, the
plasticity indices of those clays ranged from 10 to 57, and sensitivities varied from 3.5 to 60.
K 0 = 0.27 K D

Equation 4.7

Mayne & Kulhawy (1990) argue that from a practical standpoint, only a first-order estimate of the in situ
K0 may be required for geotechnical analysis. Therefore, Equation 4.7 represents a practical empirical
approach to obtain fairly good estimates of K0 in a wide variety of clayey soils with different
characteristics and stress conditions. However, the writer is not aware of any recent improvement of this
database or development of new empirical correlations between K0 and DMT data. Indeed, Long (2008)
concludes that a possible weakness of the DMT is that derivation of geotechnical parameters involves the
use of empirical correlations developed some time ago.

In order to overcome this drawback, the database used to develop Equation 4.7 has been updated with
published information on K0 values derived from the interpretation of adjacent SBP and DMT tests,
performed in fine grained soils at several sites from different parts of the world. The new database
contains DMT measurements and reference K0 values obtained from the interpretation of results of total
stress cells (TSC): Strong Pit (Sully, 1991) and Genesee (Chan & Morgenstern, 1986) sites, and results of
self boring load cells (SBLC): Lr. 232 St. (Sully, 1991) and Massena (Huang & Haefele, 1990) sites.
Table 4.3 and Table 4.4 present a summary of these sites including information on the average plasticity
index (PIav), soil type, stress history (OCR) and source of data.
Mayne & Kulhawy (1990) and Lunne et. al., (1990) published simultaneously empirical correlations
between DMT data and K0 reference values obtained from the interpretation of both SBP and TSC. The
first 19 sites listed correspond to those reported in 1990 by both pioneering research groups, whereas the
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remaining sites have been compiled for this thesis from fourteen separate well documented clay and silt
sites that have been described in several publications.

As was done by Mayne & Kulhawy (1990), the data were collected at depths where just SBP, SBLC,
TSC and DMT tests were performed. Figure 4.24 compares the updated KD-K0 database to several DMT
correlations previously described in section 2.3.4 of this thesis. Furthermore, the variability of the data
presented may be attributed to errors in measurement of in situ parameters, interpretation of K0 values
from results of in situ tests, and soil variability. It is interesting to note that the bulk of the data obtained
in normally (NC) to overconsolidated (OC) clays with KD<5 falls within a fairly narrow band delimited
by the correlations of Lunne, et al. (1990) proposed for “young clays”. Also, there is some scatter in data
points with KD<5 but it is significantly less than that of data points with 5<KD<10. It can also be noted
that the correlation of Mayne & Kulhawy (1990) provides a better relationship between K0 and KD despite
the wide range of soil types and stress histories. Additionally, at low KD values, i.e. KD<3, estimates of K0
with this approach are very similar to those from the correlations of Marchetti (1980) and Lunne et al.
(1990).

K0 interpreted from SBP, SBLC and TSC
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Montalto
Gloucester
New Orleans
Sea Island
Drammen
Porto Tolle
Onsoey
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Fucino
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2
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(Fissured HOC)
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(Soft NC)
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(Soft NC)
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"Old clay"
(Glacial Till)
(Soft LOC)
(Fissured HOC)
(Soft LOC)

(Soft NC)
(Stiff OC) Mayne & Kulhawy
(1990)
(Soft NC)
(Soft LOC)
(Sensitive LOC)
(Sensitive OC)
(Stiff OC)
(Soft NC)
(Soft LOC)
(Stiff OC)
(Soft NC)
(Stiff LOC silt)
(Soft NC)
(Soft LOC)

Marchetti (1980)

a=0.38

1
Lunne, et al. (1990)
"young clay"
a=0.34

a=0.28
0
1

10

Horizontal stress index, KD

Figure 4.24 Comparison between K0, obtained from interpreted SBP, SBLC and TSC data,
and several KD based empirical DMT correlations.
The data set presented in Figure 4.24 was analyzed with regression analysis in order to obtain the best fit
line. The correlation coefficient (R), also known as the product-moment coefficient of correlation or
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Pearson's correlation, and the standard error (SE) are used to assess the quality of the fit. In statistics, the
correlation coefficient measures the strength of the linear relationships between two X and Y and ranges
from -1 (for perfect negative correlation) to 1(for perfect positive correlation). Thus, for any given sample
size n, the closer the coefficient of correlation is to ± 1, the stronger the linear relationship between X and
Y. On the contrary, as R approaches 0, the linear relationship between X and Y becomes weaker
(Berenson, et al. 1988). In other words, a higher value of R means a greater reduction in the conditional
variance associated with the linear regression equation, and hence a more accurate prediction of Y based
upon the regression of Y on X (Ang & Tang, 2007). On the other hand, the standard error is used to
measure the amount of variability or scatter around the regression line. It represents the standard
deviation of the observed values around the predicted values, rather than around the mean as in the usual
standard deviation (Berenson, et al. 1988).

Firstly, the regression analysis of 235 data points using the linear function given by Equation 4.7 indicates
a correlation coefficient and standard error of 0.84 and 0.58, respectively. Based upon regression analysis
of the original database consisting of 69 data points, Mayne & Kulhawy (1990) reported 0.82 for the
square of the correlation coefficient (R2) and 0.48 for the standard deviation (SD). For comparison, the
regression analysis of the database presented in Figure 4.24 yields R2=0.7 and SD=0.99. Thus, it is
evident that the larger the data base the larger the scatter and therefore R2 reduces and the standard
deviation increases. However, from a practical standpoint and considering the wide range of different soil
types and the scatter in the data, the correlation of Mayne & Kulhawy (1990) represents a simplified
method that provides reasonable estimates of K0 in fine grained soils.
Alternatively, the data shown in Figure 4.24 suggests that beyond KD=10, the scatter in K0 reference
values increases significantly. It is interesting to note that data points obtained in highly overconsolidated
fissured soils tend to fall outside the proposed limit, suggesting that fissuring significantly affects lateral
stress measurements in these types of soils. Then, regression analysis performed for the data with KD<10
(n=198) give the best fit line of the form:
K 0 = 0.24K D + 0.1

Equation 4.8

As can be noted from Figure 4.25, the standard error (SE) of this fit line is significantly less than that of
Equation 4.7. Also, the correlation coefficient (R) of the latter is slightly higher than that of Equation 4.8,
which at first sight suggests that the correlation of Mayne & Kulhawy (1990) still provides good
estimates of K0. However, due to the fact that the database has been significantly improved by increasing
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the number of data points by 74%, it will be worth verifying with other statistical indicators, if the use of
Equation 4.8 rather than Equation 4.8 for KD<10, may lead to a better estimates of K0.
The coefficient of variation (COV) provides a statistical measure of the dispersion of data points in a data
series around the mean. It represents the ratio of the standard deviation to the mean, and it is a useful
statistic for comparing the degree of variation from one data series to another. For comparison, the
correlations between KD and K0 given by Equation 4.7 and Equation 4.8 indicate a COV of 0.46 and 0.42,
respectively for data points with KD<10. Therefore, the COV and SE of the latter are somewhat less than
those of the correlation of Mayne & Kulhawy (1990).
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Figure 4.25 Proposed relationships between K0, from interpreted SBP, SBLC and TSC data,
and KD from flat dilatometer (DMT) tests.
It has been demonstrated that the correlation of Mayne & Kulhawy (1990) gives reasonable estimates of
K0 despite the fact it was developed some time ago. However, the database has not been upgraded. The
alternative empirical approach derived in this section, from a large database, seems to give relatively
better estimates of K0 for soils with KD<10; but as can be noted in Figure 4.25 the difference between
both fitted relationships is practically negligible, and therefore it seem reasonable that either Equation 4.7
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or Equation 4.8 can be used to estimate K0 in a wide variety of fine-grained soils. In highly
overconsolidated clays, with KD>10, K0 can be conservatively estimated from the correlation of Mayne &
Kulhawy (1990). However, it should be born in mind that both local experience and engineering
judgement are required to assess estimates of K0 from any of these empirical approaches. Finally, the
detailed assessment of the reliability of an “old” empirical correlation and the improvement of the
database used for its development, represent a positive contribution to the upgrade of derivation of
geotechnical parameters from DMT data.
4.6

Summary

4.6.1

Overview

The seismic flat dilatometer (SDMT) is a combination of the standard flat dilatometer (DMT) equipment
with a seismic module for downhole measurement of the shear wave velocity (Vs). The SDMT provides a
simple and cost-effective means for determining the soil stratigraphy, the shear modulus at small strains
(G0) from shear wave velocity (Vs) measurements, as well as estimating deformation and strength
parameters from empirical correlations to DMT parameters.

The performance of the data acquisition system and seismic module of the SDMT has been assessed
through a comprehensive field testing program undertaken at several research sites located in the Lower
Mainland of BC. Field measurements have been critically reviewed in an attempt to explore the potential
of an improved site characterization through a combination of several SDMT parameters.
4.6.2

Assessment of the SDMT module

The SDMT test procedure is relatively simple and the software developed by the manufacturer (Studio
Prof. Marchetti) allows real time handling of seismic and standard DMT data. The software (SDMT
Elab) has the advantage of presenting on the computer screen the magnitude of the interpreted Vs after the
system is triggered and the source waves are generated. Also, the Vs profile can be displayed on the
computer screen and it is updated after each test.

Several problems were experienced with the SDMT data acquisition system when performing Vs
measurements in the field. It was found that the main reason for these problems was a lack of
communication between the seismic module and the data acquisition system. In order to overcome this
problem it is important to ensure that the membrane is in contact with the blade and the sound is on
before performing a seismic test.
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Good agreement was observed between the Vs profiles obtained at several research sites with the seismic
flat dilatometer (SDMT) and those from seismic piezocone tests (SCPTU). Furthermore, the shear wave
velocities measured with the seismic flat dilatometer (SDMT) are likely to be more sensitive to
stratigraphic details because of the 0.5 m depth interval used for Vs determination as opposed to the 1 m
interval typically used in the seismic piezocone test. Consequently, it is necessary to carefully review
each set of seismic traces in order to detect anomalies in the results that may affect the interpreted shear
wave velocity, rather than using the SDMT as a “black box”.
4.6.3

Relationships between SDMT parameters

The analyses of SDMT measurements at research sites have illustrated the potential for an improved soil
characterization through the combination of standard DMT parameters such as: (i) material index (ID), (ii)
dilatometer modulus (ED) and (iii) pore pressure index (UD), and the small strain shear modulus (G0). The
usefulness of the DMT-C closing pressure for soil identification has been shown and therefore it is
strongly recommended to include its measurement in the routine procedure.

The relationships identified between DMT parameters and G0 provide a rational framework for the
development of a new soil type behaviour system based upon SDMT measurements. The proposed soil
classification system based upon SDMT measurements represents a contribution to the current state of the
flat dilatometer, and adds to the options available to identify soil behaviour from in situ measurements.
4.6.4

Improved DMT correlations for estimating Vs and K0

Based upon a comprehensive review of SDMT collected at research and additional sites an empirical
correlation has been proposed for evaluating the shear wave velocity (Vs) in coarse and fine grained soils
from standard flat dilatometer (DMT) measurements. Empirical correlations have also been proposed to
estimate the coefficient of earth pressure at rest (K0) in fine and coarse grained soils from DMT
measurements. The approaches proposed have been derived from updated databases based upon a
comprehensive review of published information in the last 10 years. The proposed empirical DMT-K0
correlations add to the options available for the interpretation of DMT data. Also, from a practical
standpoint K0 values derived from these correlations may be used as a first-order estimate for
geotechnical analysis.
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Table 4.3 Summary of sites tested by both SBP and DMT

No.

Symbol

Site

PIav (%)

Soil type

Reference

1

Drammen

22

Aged NC

Lacasse, et al, 1981; Lunne, et al. 1990

2

Gloucester

28

Sensitive aged NC

Konrad & Law, 1987

3

Haga

18

Sensitive OC

Aas, et al., 1986; Lunne, et al., 1990

4

Hendon

42

Fissured HOC

Windle & Wroth, 1977a

5

Kings Lynn

57

Organic LOC

Wroth & Hughes, 1973

6

Madingley

46

Fissured HOC

Windle & Wroth, 1977b; Lunne, et al., 1990

7

Onsoy

28

Aged NC

Lacasse, et al., 1981

8

Porto Tolle

30

Soft NC

Ghionna, et al, 1981, 1985

9

Sea Island

10

Soft NC

Konrad, et al, 1985

10

Taranto

27

Cemented HOC

Ghionna, et al., 1981, 1985

11

Montalto

34

Intact OC

Ghionna, et al., 1981

12

New Orleans

51

Soft NC

Canou & Tumay, 1986

13

Onsoey

27

Soft LOC

Lunne, et al. 1990

14

Lierstranda

20

Firm NC to OC

Lunne, et al. 1990

15

Bay Mud

49

Soft OC

Lunne, et al. 1990

16

Brent Cross

51

Stiff HOC

Lunne, et al. 1990

17

Cowden

19

Glacial Till

Lunne, et al. 1990
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Table 4.4 Summary of sites tested by both SBP and DMT (Cont.)

No.

Symbol

Site

PIav (%)

Soil type

Reference

18

Bothkennar

39

Soft LOC

Lunne, et al. 1990

19

Canons Park

43

Fissured HOC

Lunne, et al. 1990

20

Fucino

60

Soft LOC

Burghignoli, et al., 1991

21

McDonald Farm

10

Soft NC

Sully, 1991

22

Strong Pit

15

Stiff OC

Sully, 1991

23

Lr. 232 St.

24

Soft OC to NC

Sully, 1991

24

Komatsugawa

20

Soft LOC

Iwasaki, et al, 1991

25

Berthierville

22

Sensitive LOC

Hamouche, et al., 1995

26

Lousieville

45

Sensitive OC

Hamouche, et al., 1995

27

NGES UH

29

Stiff OC

O’Neill & Yoon, 1995; O’Neill, 2000

28

NGES UM

20

Soft NC

Benoît & Lutenegger, 1993

29

Genesee

54

Soft LOC

Chan & Morgenstern, 1986

30

Fraser Farm

22

Stiff OC

Mahbudul, 1993

31

South Boston

28

Soft NC

Ladd, et al., 1998

32

Malamocco

14

Stiff LOC silt

Ricceri, et al., 2002

33

Sungai Besar

70

Soft NC

Wong, et al, 1993

34

Massena

41

Soft LOC

Huang & Haefele, 1990
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Chapter 5
5.1

EVALUATION OF LATERAL STRESS SEISMIC PIEZOCONE

Introduction

Section 2.4 of this thesis summarized the history of development of additional modules to measure lateral
stresses mounted behind cones. It also outlined some of the challenges encountered when attempting to
measure and interpret the lateral stresses and pore pressures on these instruments. This chapter focuses on
the particular experience gained at UBC with such instrumentation.
5.2

Equipment description

5.2.1

Development of the lateral stress module Model II (LSM-II)

Early attempts at UBC to develop a lateral stress module (LSM) were based upon use of a cone friction
sleeve instrumented to also allow measurement of hoop stresses. Campanella et al. (1990) showed that the
lateral stress measured with the instrumented friction sleeve of the UBC lateral stress piezocone Model I
(LSCPTU-I) was sensitive to both axial loads on the friction sleeve and on temperature. Even though
these effects can be calibrated out by making appropriate corrections to the measured data, modifications
to the lateral stress measuring section are required in order to improve data quality and sensitivity. Sully
(1991) suggested that further development work on the lateral stress module should be focused on the
following aspects:
•

Reduce the cross talk effects by re-designing the friction sleeve so that the stress sensitive underreamed section is on the section of the sleeve that is in tension rather than on the main body
which is in compression.

•

Design a thinner instrumented section so that the balance between wall thickness, sensitivity and
durability is improved.

•

Improve the sensitivity of the friction load cell and the lateral stress pore pressure (uLS) transducer
if reliable estimations of coefficient of earth pressure at rest (K0) are to be achieved.

•

Provide accurate high resolution data for both σLS and uLS sensors.

•

Modify the existing LSCPTU-I so that the stress sensing sleeve could be located at varying
distances behind the cone tip.

In an attempt to increase the resolution of the measurements of the lateral stress section, a new
instrumented friction sleeve with a wall thickness of 0.75 mm was designed and built at UBC. However,
the reduction in thickness resulted in lateral stress measurements that were more sensitive to changes in
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temperature and “cross-talk” effects. The use of instrumented friction sleeves for measuring lateral
stresses involves several challenges in both the instrumentation and the robustness of the element in
contact with the soil. As a result, further development work at UBC between 1997 and 2001 resulted in a
new lateral stress module Model II (LSM-II) equipped with a passive sensing element. The new
instrument measures the lateral stress in a similar manner to that described by Bayne & Tjelta (1987) and
Takesue & Isano (2001).
5.2.2

Equipment details

5.2.2.1 Instrumentation

The UBC lateral stress Model II (LSM-II) consists of an external curved pressure receiving plate or load
transfer “button”, with a fine setscrew on its centre and a Honeywell Model 13 compression subminiature
load cell installed inside the body of the instrumented section. The load transfer “button” is mounted flush
on one side of the instrumented section with an O-ring mounted on it to provide a radial seal that prevents
the ingress of both soil and water into the body. Figure 5.1 shows a schematic diagram of the lateral stress
Model II developed and built at UBC.
Existing body

4.8 mm
O-ring
Load transfer
"button"

4.8 mm
Load transfer
"button"

Round machined out of body
for load cell seat Ø 1.02 mm
(Ø 0.040")

Locating pins
Fine thread
setscrew

12.7 mm
O-ring

Existing adapter

Load "button" details
LSM-II

Figure 5.1 UBC Lateral stress module Model II (LSM-II) (after Jackson, 2007).
The instrumented section was originally designed to be mounted on a standard 15 cm2 UBC seismic
piezocone unit. However this unit was not easy to assemble or disassemble and had some instrumentation
problems. Therefore, the new lateral stress module is now mounted behind a standard 10 cm2 UBC
seismic piezocone. A special low angle adaptor located 43.5 cm above the cone tip provides a gradual
transition in diameter from a 35.7 mm to 43.5 mm. The lateral stress sensor is located 69.5 cm behind the
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cone shoulder (19.5D) and the pore pressure developed during penetration is measured by a pore pressure
transducer located 58.5 mm above the lateral stress sensor or 21.1D behind the cone shoulder, where D is
the diameter of the cone.
The eight-channel lateral stress seismic piezocone (LSSCPTU) has a tip area of 10 cm2, a friction sleeve
area of 150 cm2 and allows simultaneous measurement of the following parameters: tip resistance (qc),
pore pressure behind the tip (u2), sleeve friction (fs), pore pressure behind the friction sleeve (u3),
inclination, lateral stress 19.5 diameters behind the tip (σLS), and pore pressure at about 21.1 diameters
behind the tip (uLS) (see Figure 5.2). These channels operate over a 10 V range, and the sensitivity of the
lateral stress sensor is 0.005 V or 1 kPa. Downhole shear wave velocity tests can also be performed using
a seismic module mounted just behind the cone that contains an accelerometer as a receiver of the seismic
waves. The piezocone unit also contains a temperature sensor. However, when the lateral stress module is
attached this sensor is not activated. The effect of temperature on both σLS and uLS sensors is discussed in
section 5.3 of this chapter.

Lateral stress module Model II (LSM-II)
u LS pore pressure
transducer

LSM-II
electronics

Ø4.30 cm
Ø4.35 cm

Adaptor

Seismic piezocone unit (SCPTU)

17.5 cm

Friction sleeve (150 cm²)
u 3 pore pressure

1.3°

Ø3.57 cm
Lateral stress
¨button¨ sensor

5.85 cm
23.5 cm

Ø3.57 cm

13.5 cm

u2 pore pressure

60° 10 cm² tip

SCPTU electronics

8.4 cm
98.8 cm

Scale (cm):
0

5

10

20

Figure 5.2 UBC lateral stress seismic piezocone cone (LSSCPTU).
5.3

Laboratory evaluation of LSM-II measurements

5.3.1

Introduction

The calibrations of load cells and pore pressure transducers of the piezocone unit were performed
according to standard procedures adopted at UBC (e.g. Campanella & Howie, 2005). The lateral stress
module Model II (LSM-II) was calibrated for the following conditions: (i) hydrostatically applied
confining pressure, (ii) temperature sensitivity, (iii) calibration for axial load effect, and (iv) timedependent stability of both σLS and uLS sensors.
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5.3.2

Hydrostatic calibration

The calibration was performed with a calibration chamber fitted over the lateral stress module (LSM-II).
An air line was connected to the cylinder and O-rings were mounted internally on each end of the
calibration device to provide an air-tight seal between the LSM-II and the chamber. Pressure increments
of 138 kPa ( ≈ 20 psi) were used, up to a maximum of 690 kPa ( ≈ 100 psi). The room temperature was
monitored throughout the calibration process and measurements indicate a constant temperature of about
22°C. The hydrostatic pressure was applied in loading and unloading sequences. Figure 5.3 shows the
results of the calibration of both lateral stress and pore pressure sensors.

The calibration factor for the lateral stress sensor (σLS) is 0.0055 V/kPa or 181.8 kPa/V, whereas for the
pore pressure (uLS) is 0.0044 V/kPa or 227.3 kPa/V respectively. The hysteresis effect on the load-unload
response of the uLS sensor is fairly small with an average value of about 0.51% of the full scale (FS). The
maximum hysteresis effect on the lateral stress sensor is about 1 % of FS and requires careful
consideration when assessing the field measurements.
4

LSM-II
Calibration of lateral stress load sensor
Date: May 14 2008
Temperature: 22° C

Volts (V)

3

Calibration of pore pressure sensor
Date: April 17 2008
Temperature: 22° C

2

s=0.0055 V/kPa

s=0.0044 V/kPa

Lateral stress, σLS
Pore pressure, uLS
1

Maximum hysteresis effect on σLS sensor : 1.0 % of *FS
Maximum hysteresis effect on uLS sensor : 0.13 % of *FS
*Full scale

0
0

200

400

600

800

Applied pressure (kPa)

Figure 5.3 Pressure calibration of lateral stress module (σLS and uLS ).
5.3.3

Calibration for temperature effects

The subminiature load cell of the lateral stress sensor is temperature compensated for a range of 15.6°C to
71.1°C (60°F to 160°F). However, in addition to the temperature compensation of the load cell it is
important to check the effect of temperature variations on the baseline of the lateral stress sensor. Prior to
calibration, the cavities of pore pressure transducers for the piezocone (u2 and u3 sensors) and lateral
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stress module (uLS) were saturated according to standard procedures adopted at UBC (Campanealla &
Howie, 2005). The whole piezocone was immersed in a bath of water in order to evaluate the temperature
sensitivity of the lateral stress module. Readings on all channels were taken over a 15 minute period at a
temperature of 21° C, and these measurements were used as reference values for assessment of
temperature effects. After stable readings were recorded on each channel the temperature was rapidly
reduced to 0° C by adding ice. This temperature was kept constant for approximately 25 min. After that,
the temperature was increased in steps by adding hot water and readings on all channels were taken over a
20 min period.

Throughout the calibration process special care was taken to maintain the water level constant and
readings on all channels were taken every 20 seconds. The results of this calibration are presented in
Figure 5.4 and Figure 5.5. They indicate the non linearity of both σLS and uLS sensors. Also, the
magnitude of the baseline shift in the lateral stress is larger than that of the pore pressure. However, the
effect of temperature on both channels is fairly small, so it was judged that a correction for temperature
effects is not necessary. It is recommended to carefully review the shifts in the baselines of these channels
at the end of each sounding in order to assess the temperature effects on field measurements. The
calibration clearly shows that the lateral stress module Model II (LSM-II) is less sensitive to temperature
effects than the lateral stress module described by Campanella et al. (1990) and Sully (1991). Campanella
et al. (1990) reported that the temperature coefficient Bt for the lateral stress channel was +0.0036 V/°C
on cooling for a temperature range from 10 °C and 19 °C. The value of Bt for the new design would be
about +0.0028 V/°C or +0.51 kPa/°C on cooling for a temperature range from 5 °C to 21 °C.
18.2

LSM-II
Temperature calibration
Date: July 26 2008
Average voltage shown for each increment
-3.38

9.1

+5.9 kPa (+0.5% of *FS)
-3.48

0.0

-5.9 kPa (-0.5% of *FS)
-3.58

-9.1

*FS=Full scale
-3.68

-18.2
0

10

20

30

Temperature (°C)

Figure 5.4 Temperature sensitivity of lateral stress (σLS) baseline.
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45.5

LSM-II
Temperature calibration
Date: July 26 2008
Average voltage shown for each increment
-3.75

22.7

+14.1 kPa (+1% of *FS)

-3.85

0

-14.1 kPa (-1% of *FS)
-3.95

-22.7
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Pore pressure, uLS (Volts)

-3.65

*FS=Full scale
-4.05

-45.5
0

10

20

30

Temperature (°C)

Figure 5.5 Temperature sensitivity of pore pressure (uLS) baseline.
5.3.4

Calibration for axial load effect

This calibration was performed in order to assess the variation in zero reading of the lateral stress sensor
due to axial loading of the cone. Due to space limitations of the hydraulic loading frame at UBC the
LSM-II was removed from the seismic piezocone unit. Then, the LSM-II was set up in the calibration
frame and axial load was applied. A total of four load-unload cycles were performed under zero confining
pressure and at constant temperature. Load increments of 1.11 kN ( ≈ 250 lb) were used, up to a
maximum of 11.6 kN( ≈ 2600 lb), and for each increment the load was maintained constant for 1 minute.
The maximum load applied of 11.6 kN is equivalent to a cone tip resistance (qc) of 115.6 bar. Figure 5.6
presents the results of the calibration for axial load effect. The results in Figure 5.6 indicate that the
current design of the lateral stress sensor still remains fairly sensitive to axial loading. For example, the
variation in the zero reading for an axial load of 11.6 kN is 0.33 Volts or 57 kPa, which corresponds to
5.2% of the full scale. Linear regression analysis of the data gave a calibration factor of 0.028 V/kN or
5.1 kPa/kN for loading and unloading. On the basis of these results, the lateral stress data can be related to
the cone tip resistance (qc), and therefore corrected to account for cross talk according to the equation
σ LS = σ LS(m ) − 0.00508q c

Equation 5.1

in which σLS is the corrected lateral stress for cross talk effects, σLS(m) is the measured lateral stress, and qc
is the cone tip resistance. All stresses are in bars.
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LMS-II

-3.30

65.5

Cross talk calibration
Date: August 01 2008
Temperature: 22° C
Average voltage shown for each increment

Lateral stress, σLS (kPa)

Lateral stress, σLS (Volts)

-3.24

54.5

s=0.028 V/kN

-3.36

43.6

-3.42

32.7

-3.48

21.8
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10.9

Maximum axial load effect on σLS sensor : 5.2 % of *FS
-3.60

0

*FS=Full scale
-3.66

-10.9
0

2

4

6

8

10

12

14

Axial Load (kN)

Figure 5.6 Evaluation of cross talk on lateral stress channel due to axial load.
5.3.5

Evaluation of baseline stability

After baselines were taken the piezocone was left at a room temperature of 23° C ±1° and under
conditions of zero axial and hydrostatic loads. The baseline drift over time on all channels was monitored
over a 6.8 hour period, during which time readings on all channels were taken every minute. Figure
5.7and Figure 5.8 show the time-dependent drift of the lateral stress and pore pressure sensors
respectively. The baseline in both channels is fairly stable and with small variations. For instance, the
deviation from the zero point in the lateral stress sensor is ±0.46 kPa or ±0.04% of full scale, whereas in
the pore pressure it is ±0.45 kPa or ±0.07% of full scale respectively. It is observed in Figure 5.7 and
Figure 5.8 that the baselines of both channels are relatively stable.
-3.55

2.74

Baseline drift over time
Date: July 25 2008
Temperature: 22° C
Calibration factor: 181.8 kPa/Volt

-3.56

+0.46 kPa (0.039% of *FS)
0

-0.46 kPa (0.039% of *FS)
-3.57

Lateral stress, σLS (kPa)

Lateral stress, σLS (Volts)

LSM-II

*FS=Full scale
-3.58

-2.74

0

100

200

300

400

Time (min)

Figure 5.7 Evaluation of baseline shift on σLS channel over time.
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0
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0

100

200

300
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Figure 5.8 Evaluation of baseline shift on uLS channel over time.
5.3.6

Discussion of calibration results

Results of laboratory calibrations have shown that the measured lateral stress is fairly sensitive to axial
loads on the cone and on temperature. The effect of temperature variations on lateral stress data is less
than that of the cross talk effect due to axial load. For a temperature range of 5 °C to 21 °C, the maximum
baseline drift recorded was 9.5 kPa, whereas a baseline shift of 57 kPa was observed for an axial load
range from 0 to 11.6 kN. In terms of the full scale of the lateral stress sensor, the baseline shift due to
temperature variations is 0.82%, while for axial load it is 5.2%.

The cross talk effect on the lateral stress sensor due to axial loading of the cone is quite significant. The
lateral stress module was designed to be separated from the body of the penetrometer by providing
clearance at the top and bottom, with the sleeve held in place by several O-rings (see Figure 5.1) as it was
originally also to be a friction sleeve. The “floating” configuration allows the LSM-II to be isolated from
the cone body and therefore from any axial load. However, the interaction between the set screw and the
load cell will be affected by relative movement between the components. This behaviour requires further
study to assess repeatability and to consider design changes to mitigate the effects.

Results of calibrations have demonstrated that in the current design, lateral stress measurements are
sensitive to axial loads acting on the cone and variations in temperature. Both effects can be calibrated out
by making appropriate corrections to the measured data. Equation 5.1 allows correction of measured
lateral stress for the effect of axial loads. However, it is not possible to correct the data for temperature
effects since the LSM-II does not have a temperature sensor. Nonetheless, the results of laboratory
calibrations indicate that the effect of temperature variation on measured lateral stress (σLS) and pore
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pressure (uLS) data is small. The temperature sensor of the piezocone unit could be used to monitor
temperature variations. However, when the lateral stress module (LSM-II) is attached this sensor is not
activated.

Lunne et al. (1997) stated that problems remain with the instrumentation of the lateral stress cone. They
observed that it was difficult to maintain a robust cone while obtaining the required sensitivity of the
readings. The results of laboratory calibrations indicate a good performance of the LSM Model II with the
load transfer “button” configuration providing a balance between the robustness of the cone and the
sensitivity of the lateral stress sensor. However, the results of laboratory calibration indicate that lateral
stress measurements still remain fairly sensitive to axial loads and, to a lesser degree, on temperature.
Also, the load-unload response of the sensor is affected by the friction between the radial O-ring and the
body of the module (see Figure 5.1). As a result, minor improvements in the design are required in order
to reduce the effect of these factors and increase the sensitivity.

Table 5.1 Summary of LSM-II calibration results

Sensor

5.4

Stress range

Calibration factor

Hysteresis

(kPa)

(kPa/V)

(% of FS)

σLS

1170

181.8

1.0

uLS

1406

227.3

0.13

Temperature
sensitivity
(% of FS/°C)

Cross talk due
to axial
loading
(% of FS)

Baseline drift
at 22°C
(% of FS)

0.044

5.2

0.039

(5 to 21°C)

(0 to 11.6 kN)

(0 to 6.8 h)

0.045
(5 to 21°C)

N/A

0.032
(0 to 6.8 h)

Field evaluation of LSSCPTU measurements

The assessment of the field performance of the lateral stress seismic piezocone (LSSCPTU) was
undertaken at one former CANLEX Phase II site. The KIDD 2 site was selected due to the fact that the
soil profile consists primarily of a relatively clean sand deposit underlain by normally consolidated silty
clay as described in section 3.3.3.2. This allowed piezocone (CPTU) and lateral stress data to be collected
under drained and undrained conditions in the same sounding. Additionally, information on lateral stress
conditions was available at this site from the interpretation of results of self-boring pressuremeter (SBP)
tests (In-Situ Testing Group, 1995a).

The objective of the field testing program carried out at the KIDD 2 site were: (i) assess the sensitivity of
lateral stress (σLS) and pore pressure (uLS) sensors to changes in stratigraphy during penetration, (ii)
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monitor the response of σLS and uLS in dissipation mode and (iii) assess the repeatability of LSM-II data
by comparing the results of two adjacent soundings (LSC-01 and LSC-02). It is important to point out
that shear wave velocity measurements were not performed with the LSM-II at this site since testing was
aimed at assessing the performance of the lateral stress module rather than collecting a full set of data.
5.4.1

Testing procedures

Prior to performing each sounding with the lateral stress seismic piezocone (LSSCPTU), all pore pressure
measuring systems, i.e. u2, u3 and uLS, are de-aired and saturated with glycerine according to standard
procedures adopted at UBC (Campanella & Howie, 2005). The cable is connected to the LSSCPTU and
the data acquisition system is started. Baseline voltage readings on all channels are taken with the cone
suspended above the ground and zero load on all channels. The warm up time before baselines were taken
varied between 5 to 10 min. Then, the cone is lowered through the guide/wiper sleeve until the apex of
the cone is at ground level or the reference starting depth in case of a predrilled hole. The verticality of
the cone rods is checked manually in two directions with a level. Also, if downhole shear wave velocity
tests are to be performed, the accelerometer inside the cone is aligned parallel to the axis of the shear
beam, and the distance between the cone and the shear beam is measured. For the UBC research truck the
distance between the rod string and the centre of the shear beam is 1 metre.

The lateral stress seismic piezocone is pushed into the ground at a standard rate of 2 cm/sec and tip
resistance, qc, sleeve friction, fs, pore pressures, u2, u3 and uLS, and lateral stress, σLS, are recorded at
intervals of 2.5 cm. At the end of the sounding, the LSSCPTU is retrieved to the surface and baselines on
all channels are taken again. The comparison of pre and post-penetration baselines allows evaluation and
correction for any drift which may have taken place during the duration of the sounding. During the
sounding, the penetration is stopped at selected depth intervals (usually every metre when rods are being
added) and the rod string is unloaded. In SCPTU soundings, seismic waves are generated at the surface
using a consistent energy by dropping a sledge hammer in a standard manner to strike the end of a steel
beam, which is anchored using the stabilizers of the cone truck. This procedure results in a vertical profile
of vertically propagating shear wave velocities.

At selected depths, penetration is halted in order to perform dissipation tests. The decay of pore pressure
is monitored on u2, u3 and uLS channels at the same time. Likewise, the relaxation of total lateral stress,
σLS, is recorded. Campanella & Howie (2005) recommend removing the load on the rod string prior to
execution of pore pressure dissipation measurement for all piezometer element locations. A detailed and
updated description of the seismic piezocone penetration test (SCPTU) as well as its use, application and
interpretation can be found in Campanella & Howie (2005).
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5.4.2

Repeatability of LSSCPTU field measurements

Figure 5.9a compares the pore pressures (uLS) and total lateral stresses (σLS) recorded with LSM-II in both
tests (LSC-01, LSC-02). It also shows the response of the uLS and σLS sensors before and after pauses in
penetration, where dissipation tests were performed. A remarkably good agreement between the two pore
pressure profiles is evident throughout the soil profile with minor variations below about 22 m depth. It is
also interesting to note that in both uLS and σLS profiles, the distance required to regain the original
penetration values is practically the same after penetration was resumed upon completion of the
dissipation test performed at about 24.25 m depth.
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Figure 5.9 Comparison of LSM-II and CPTU data collected in both tests, KIDD 2 site.

The pore pressure profiles recorded in both tests exhibit similar trends before and after dissipation,
suggesting a good degree of repeatability of the uLS data recorded. On the contrary, the lateral stress
profile shows significant variations above 20 m depth but below this depth, both σLS profiles exhibit
similar trends and even the same response upon completion of dissipation tests. It is considered that the
difference between σLS profiles is caused predominantly by the soil variability and not by problems with
the instrumentation of the LSM-II. The soil variability is illustrated in Figure 5.9b which shows a
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comparison of several qt profiles performed in the same area. In summary, the data collected at the KIDD
2 site demonstrates excellent performance of the LSM-II in terms of repeatability of data recorded.
5.4.3

Assessment of LSM-II baselines shift

The results of laboratory calibration showed that total lateral stress measurements are fairly sensitive to
axial loads and, to a lesser degree, temperature. Likewise, the pore pressure sensor mounted on the lateral
stress module Model II (LSM-II) is fairly sensitive to temperature changes but within an acceptable
range. As previously described, initial baseline voltage readings on all channels of the LSSCPTU are
taken with the instrument suspended above the ground and zero loads on all channels. Once the target
depth is reached, the LSSCPTU is retrieved to the surface and voltage readings on all channels are taken
again under similar conditions. The comparison of pre and post-penetration baselines allows evaluation of
and correction for any drift which may have taken place during the duration of the sounding, and also
allows a preliminary assessment of the performance of the instrumentation of the LMS-II in the field.
Table 5.2 presents a summary of baseline shifts observed in the lateral stress and pore pressure sensors at
the end of each test.

Table 5.2 Summary of baseline shifts of lateral stress and pore pressure sensors of the LSM-II.

Baseline shift

Site
(Date)

Test No.

Lateral stress sensor (σLS)

Pore pressure sensor (uLS)

(Ambient temperature)
(V)

(kPa)

% of FS

(V)

(kPa)

% of FS

LSC-01

0.087

15.9

1.36

0.020

4.6

0.33

(16.7°C)

LSC-02

0.004

0.7

0.06

0.022

4.9

0.35

Massey Tunnel

LSC-03

0.067

12.2

1.04

0.013

3.0

0.21

LSC-04

0.090

16.4

1.40

0.017

3.8

0.27

LSC-05

0.040

7.2

0.62

0.054

12.2

0.87

LSC-06

0.104

18.9

1.62

0.017

3.8

0.27

LSC-07

0.044

8.0

0.68

0.017

3.8

0.27

KIDD 2
(14/06/2008)

(18/06/2008)
(16.6°C)
Patterson Park
(20/06/2008)
(19.3°C)
Colebrook Overpass
(09/07/2008)
(22.4°C)
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The ASTM standard method for performing electronic friction cone and piezocone tests indicates that the
magnitude of the baseline shift should not exceed 1% of full scale output (FS) for the cone tip resistance
and 2% of FS for the friction sleeve (ASTM D 5778). If the magnitude of the baseline shift exceeds these
limits the cone should be cleaned allowed to equalize to the ambient temperature, and a new baseline is
recorded. If this value is in good agreement with the initial baseline, and the difference is within the
specified limits, a load range calibration check is not required. However, if the baseline shift is still not
within the specified criteria the linearity should be checked with a load range calibration. For further
information on the load range calibration the reader is referred to the standard test method ASTM D 5778.

A detailed review of raw data recorded in both tests performed at the KIDD 2 site indicates a baseline
shift of 0.014% to 0.001% of the full scale output (FS) in the total lateral stress channel (σLS), whereas for
the pore pressure channel (uLS) the shift was 0.328% and 0.348% of FS, respectively. It can be noted that
the maximum baseline shift in the σLS sensor occurred in the first test performed at the Colebrook
Overpass site. The magnitude of the maximum shift is 18.9 kPa or 1.62% of the full scale (FS) of the
sensor. The maximum ambient temperature the day when LSSCPTU testing was performed at this site
was about 22°C. Results of laboratory calibrations indicate a temperature sensitivity of 0.044 % of FS/°C.
Then, if the temperature of the ground was assumed to be around 11°C, the reduction in temperature,
when the probe came in contact with the ground, would result in a baseline shift of about 0.48% of FS.
The temperature sensitivity and hysteresis of the sensor result in a total theoretical baseline shift of 1.48%
of FS, which is very close to the recorded value and confirms the results of laboratory calibrations of the
lateral stress sensor.

The maximum baseline shift in the uLS sensor occurred in the test performed at the Patterson Park site. A
maximum baseline shift of 12.2 kPa or 0.87% of FS was recorded. Temperature records indicate a
maximum ambient temperature of 19.3°C the day when the LSSCPTU was pushed at this site. If an
analysis similar to that of the temperature sensitivity of the lateral stress sensor is performed and the
similar assumptions are made, the theoretical baseline shift in the uLS sensor will be about 0.37% of FS.
Then, the addition of the hysteresis of the sensor yields a total theoretical baseline shift of 0.50% of FS,
which is less than the measured value. It is suggested that the difference between measured and calculated
baseline shifts in the uLS sensor at this site was caused predominantly by temperature variations when
penetrating through dense sand layers. Lunne et al. (1997) suggest that the use of a temperature sensor
mounted in the cone body may explain anomalies detected when penetrating through mixed soil deposits,
which is the case of the soil profile at the Patterson Park site. It may also help to understand the
temperature regime before, during and after pauses in penetration. They also point out that temperature
effects are not restricted to the cone; changes in temperature of the data acquisition system can also result
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in zero shifts in the recorded data. Further research is required to investigate these effects on the data
recorded with the LSM-II.

Campanella & Howie (2005) suggest that the zero load error or baseline shift of the cone tip resistance
should, in general, not exceed 0.5% to 1% of the full scale output (FS), and in soft soils the error should
be considerably less than 0.5%. Similarly, as previously discussed, the ASTM standard method (ASTM D
5778) indicates that the change in initial and final baseline values should not exceed 1% of FS for the tip
and 2% of FS for the sleeve. If these recommendations are used to assess the accuracy of the pore
pressure data recorded with the LSM-II, the maximum baseline shift in the uLS sensor is acceptable.
However, the bulk of zero load errors observed in the lateral stress sensor are considerably above the limit
suggested by Campanella & Howie (2005) and the ASTM standard method, and hence minor
improvements in the design are required to reduce the hysteresis effect.
5.4.4

Assessment of penetration measurements

Figure 5.10 and Figure 5.11 present profiles of field measurements recorded with the lateral stress seismic
piezocone (LSSCPTU) at the KIDD 2 site. The locations of pauses in penetration to allow monitoring of
changes in pore pressure and lateral stress with time are also indicated. Firstly, considering the proximity
of the test holes (approximately 3 m), the qt profiles are very similar with the exception of a variation
between 0 m to 7.5 m depth. The difference in qt values within this zone can be attributed to variations in
thickness of the upper layer. Similar variations were identified from the results of piezocone tests
performed at the same site as part of CANLEX (see Figure 3.11). It is observed in both profiles that from
4.5 m to about 22.5 m the penetration pore pressures throughout the sand deposit are close to hydrostatic,
which indicates that penetration was performed under drained conditions.

Whenever excess pore pressures are generated in finer grained soils, uLS is consistently less than u3 which
is less than u2. This is particularly noticeable in the fine grained deposits beginning at a depth of about
22.5 m. The qt values drop rapidly to around 10 bar and large excess pore pressures are recorded in all
channels, which indicate the transition from drained to undrained penetration and from coarse grained to
fine grained soil. The variations in magnitude of pore pressure values from 22.5 m to 25 m are indicators
of interbedding of sand and silt, as indicated by variation in the friction ratio (Rf) profile. Also, below
about 25 m depth, both Rf and pore pressures profiles indicate that soil is fairly homogeneous and
without interbeds.
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Figure 5.10 Results of lateral stress piezocone test at KIDD 2 (Test No. LSC-01).
Pore pressure
(m of water)
0
0

fs (bar)
100 0

50
Drilled out

0.3
Drilled out

σLS (bar)

qt (bar)
0.6 0

100
Drilled out

200 0

5
Drilled out

Rf (%)
10

0

1
Drilled out

u2
u3
uLS

5

Dissipation
test

Depth (m)

10

15

20

25

u0
30

Figure 5.11 Results of lateral stress piezocone test at KIDD 2 (Test No. LSC-02).
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2

In Figure 5.10 and Figure 5.11, the variations in pore pressures measured behind the tip (u2) and behind
the friction sleeve (u3) indicate the presence of large gradients within the zone immediately above the
cone tip. The tip resistance, qt, is clearly more sensitive to the transition from drained to undrained
penetration which occurs at about 22.5 m depth than σLS. Whereas qt drops considerably, σLS continues to
increase with depth with a slope very similar to that of the pore pressure profiles. In sands the ratio
σLS/qt<0.1, whereas in undrained penetration σLS/qt ≈ 0.6. This is not surprising since pore pressure makes
up a significant portion of the measured total lateral stress in undrained penetration, suggesting a good
response of the lateral stress sensor to changes in stress and pore pressure due to enlargement of the hole
as the cone advances.
5.4.4.1 Preliminary assessment of geometry effects on measured data

During penetration, soil in contact with the cone experiences high stresses beneath the tip followed by
rapid unloading as it passes the shoulder of the cone. As discussed in section 2.4.2 of this thesis, the
friction on the cone rods becomes relatively constant beyond a distance of about 10 to 11 cone diameters
(D) behind the cone tip. In the case of the UBC LSSCPTU, the gradual increase in diameter will likely
cause an increase in lateral stress as the soil is displaced outwards again. This is a different condition than
existed at the location of the lateral stress piezocone Model I (LSCPTU-I) tested by Sully (1991).

The tapered section of the lateral stress seismic piezocone (LSSCPTU) is similar to that of the
instrumented sharp cone developed by Ladanyi & Longtin (2005). The sharp cone test (SCT) consists of
pushing a low-angle truncated cone into a smaller diameter predrilled pilot hole. A system of pressure
transducers installed at several levels of the surface of the cone record the resistance of the soil against the
enlargement of the pilot hole due to the cone penetration. Ladanyi & Longtin (2005) point out that taper
angles of 1° to 2° are found convenient for testing saturated clays, because they can cover the most
important portion of the stress strain curve. The taper angle for the adaptor of the LSSCPTU is about 1.3°.
A schematic diagram of the instrumented sharp cone is shown in Figure 5.12.
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Figure 5.12 Schematic diaphragm of the instrumented sharp cone
(adapted from Ladanyi & Longtin, 2005).

Furthermore, the field measurements recorded with the sharp cone are translated into a relationship
between radial pressure and volumetric cavity strain (∆V/V), similar to the expansion curve of a
pressuremeter test. In other words, the sharp cone test is aimed at producing in the soil the expansion of a
quasi-cylindrical cavity similar to that of a pressuremeter test. Typical pressure-expansion curves deduced
from the results of sharp cone tests are illustrated in Figure 5.13.
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Figure 5.13 Example of pressure-expansion curves deduced from results of sharp cone tests
(adapted from Ladanyi & Longtin, 2005).
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The pressuremeter is a cylindrical instrument which can be expanded against the soil. The expanding
section typically consists of a rubber membrane which can be inflated by gas or fluid pressure. The
deformation of the cavity is measured by displacement transducers mounted inside the membrane or by
recording the volume of fluid required to achieve expansion. The pressuremeter unit may be installed in a
prebored hole, may be drilled or jetted in or may be pushed in. The pushed in pressuremeter is a fulldisplacement pressuremeter (FDPM) or cone pressuremeter (CPM). In the CPM, the soil experiences
unloading as it passes the shoulder of the cone and then is reloaded during the subsequent pressuremeter
test which is carried out during a pause in penetration. The Cauchy strain ( ε ) at the wall of an expanding
quasi-cylindrical cavity during a pressuremeter test is given by:

ε=

(r − r )
0

Equation 5.2

r0

where r0 the initial radius of the cavity and r the current radius, which is often referred to as the cavity
strain. In addition, the change in volume of the cavity, or volumetric cavity strain, (∆V V ) due to quasicylindrical cavity expansion is

(

r 2 − r0
∆V
=
V
r2

2

)

Equation 5.3

In Equation 5.2 and Equation 5.3, r0 can be approximated by the cone radius of the lateral stress seismic
piezocone (LSSCPTU) (r0=17.85 mm) and r is the radius at the location where the lateral stress is
measured (r=21.75 mm). Therefore, the enlargement of the hole as the LSSCPTU descends results in a
maximum cavity strain of about 22% and a cavity volumetric strain of about 33%, respectively. Figure
5.14 and Figure 5.15 show the results of CPM tests in overconsolidated clay (Houlsby & Withers, 1988)
and UBC CPM tests in organic normally consolidated clayey silt (Hers 1989), respectively. In Figure
5.14, the expansion curve has reached a limit pressure by the time the cavity has been expanded to 23%
cavity strain. In Figure 5.15, the test does not reach 23% strain but is levelling off at the maximum
expansion of 20%.
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Figure 5.14 Cone-pressuremeter expansion-contraction curve in NC clay
(data from Houlsby & Withers, 1988)
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Figure 5.15 Cone-pressuremeter expansion-contraction curve in NC clayey silt (data from Hers 1989).
Figure 5.16 shows the results of a series of cone pressuremeter (CPM) tests carried out in sand (Withers
et al., 1989; Ghionna et al. 1995). In the figure, the cavity expansion occurs at a fairly constant pressure
beyond a cavity strain of about 15 to 20%.

The expanding sections of the Fugro and UBC CPMs have length to diameter (L/D) ratios of 5 and 10
respectively and the relationship between the maximum pressure measured in PM tests and the theoretical
model of cavity expansion is affected by the L/D ratio of the expanding section, the maximum strain
attained and the stiffness of the soil. Nevertheless, it appears that the lateral stress measured with the
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LSM-II should be of a similar magnitude to a limit pressure measured in a CPM test. Also, the fact that
the enlarged section of the LSSCPTU also works as a friction reducer should not be undervalued.
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Figure 5.16 Example of CPM tests in natural sand deposits.

As shown in Figure 5.2 the diameter of the lateral stress seismic piezocone (LSSCPTU) remains fairly
constant along the lateral stress section, i.e. 43.5 mm, and above the upper pore pressure sensor (uLS) the
diameter of the probe gradually reduces to the initial cone diameter of 35.7 mm. However, the diameter of
the probe where uLS is measured is slightly smaller than that of the section where the lateral stress (σLS) is
recorded. The reduction of 0.5 mm in radius corresponds to a cavity contraction of about 1.2%.

The effect of cavity contraction on the measured pore pressure (uLS) does not exist if there is no excess
pore-water pressure when penetration is under drained conditions, since uLS is equal to the in situ pore
water pressure (u0), i.e. uLS ≈ u0. However, when penetration is under undrained conditions, i.e. uLS>u0, the
cavity contraction results in a decrease of both total lateral stress and the excess pore-water pressure. An
estimate of the likely stress changes can be obtained by consideration of the results of cone pressuremeter
(CPM) tests presented in Figure 5.14 and Figure 5.15. During unloading from maximum expansion, a
contraction of 1.2% results in changes of total stress of 36.9% and 25.6% in normally consolidated clay
and normally consolidated organic clayey silt, respectively. These data suggest that a significant
reduction in total stress and hence of pore pressure will occur due to the unloading induced by the change
in probe diameter between the measurement locations of σLS and uLS. The magnitude of the stress changes
will vary with soil stiffness. As a result, the quantity σLS’= σLS-uLS is likely to be an overestimate of the
true effective lateral stress adjacent to the LSM-II during penetration.
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5.4.5

Assessment of dissipation measurements

Dissipation tests were carried out at various depths for periods of up to just over one hour. The decay of
pore pressures in all channels (u2, u3 and uLS) and the relaxation of total lateral stress (σLS) were
monitored with time and readings on all channels were taken every 20 seconds. In order to assess the
performance of the lateral stress module Model II (LSM-II) in dissipation mode, tests were performed at
similar depths in both soundings.
5.4.5.1 Dissipation data recorded in drained conditions

Figure 5.17 presents and example of total stress relaxation records obtained with the LSM-II at similar
depths in clean sand at the KIDD 2 site. The results of pore pressure measurements during the strain
holding tests indicate that the water table was located on average 1.8 m below ground level at the time
where these tests were performed. The position of water table derived from the pore pressure data
recorded with the LSM-II, i.e. uLS, is in good agreement with that interpreted from u2 and u3
measurements, suggesting a good saturation and response of the pore pressure sensor mounted on the
lateral stress module.

However, the total lateral stress relaxation curves exhibit similar trends but the magnitude of the σLS data
recorded in the first test (LSC-01) is considerably smaller than that of the second test (LSC-02). It is
proposed that the difference is caused predominantly by vertical and lateral soil variability identified by
variations in the piezocone tip resistance profile as illustrated in Figure 5.9b. The strain holding tests
performed in sand with the LSM-II are analogous to results of strain holding test performed with a cone
pressuremeter (CPM) in clean sand. Howie (1991) and Nutt & Houlsby (1995) report that strain holding
phases in CPM tests result in an immediate and gradual decrease of pressure due to stress relaxation.
However, it is interesting to note from Figure 5.17 that the σLS dissipation curves do not indicate the
occurrence of stress relaxation. Instead of decreasing the measured total lateral stress slightly increases
with time with an average increase of 20.1 kPa or 1.7% of full scale of the sensor.
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Figure 5.17 Total stress relaxation data recorded with the LSSCPTU in clean sand, KIDD 2.

Results of laboratory calibration for temperature effects indicate in increase in the voltage of the lateral
stress sensor for temperatures higher than 21°C (see Figure 5.4). The temperature coefficient (Bt) for the
lateral stress would be about +0.0026 V/°C or +0.47 kPa/°C on warming for a temperature range from 21
°C to 30 °C. As mentioned before, in sands the temperature is likely to increase due to friction between
the cone and sand particles. If a temperature increase of 10°C degrees is assumed, the increase in lateral
stress would be 4.7 kPa. Then if the hysteresis of the sensor is added the total stress would be 16.4 kPa,
which is fairly close to the observed value of 20.1 kPa. Therefore, it is believed that the initial increase
and eventual decrease in measured total lateral stress is caused by temperature changes in combination
with the non-linearity and hysteresis of the sensor.

Figure 5.18 shows the variation with time of the normalized lateral stress ratio (σLS/σLS(i)) derived from
the results of dissipation tests, or strain holding tests, performed in sand with the LSSCPTU at the
Patterson Park site. The normalized dissipation curves show an initial increase in measured lateral stress.
After reaching peak values, σLS/σLS(i) decreases at an approximately constant rate, indicating the
occurrence of stress relaxation. Nutt & Houlsby (1995) describe the results of several CPM tests
performed in Dogs Bay Carbonate sand in a large calibration chamber (CC). The results of these tests
indicate stress relaxation gradients (sr) that vary between about 0.02 to 0.07. Furthermore, the data
presented in Figure 5.18 indicates stress relaxation gradients of 0.048 to 0.035 for dissipation tests
performed 5 m and 15 m depth, respectively. Based upon a comparison between laboratory and field data
and neglecting the effect of stress redistribution along the rod string due to unloading on the initial
measurements, the field measurements recorded with the LSM-II are consistent with data reported in
sandy soils, which translates into a fairly good performance of the instrument.
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Figure 5.18 Results from strain holding tests performed with the LSSCPTU at Patterson Park.
5.4.5.2 Dissipation data recorded in undrained conditions

An example of dissipation data recorded in soft clayey silt at the KIDD 2 site is presented in Figure 5.19.
The results of pore pressure dissipation tests indicate that 80% and 89% of dissipation was reach in the
first and second tests, respectively. Also, the uLS dissipation records are similar to each other and exhibit
similar trends. For example, the difference between initial and peak values is only about 16 kPa and the
time required to reach peak in both test is in the order of 0.8 min. It is interesting to note that neither pore
pressure curve decreases immediately upon halting penetration; rather, both curves show a slight initial
increase before decreasing toward in situ values. Sully et al. (1999) point out that this response is typical
of filter locations located behind the tip (u2 or u3) for penetration in overconsolidated soils. Nevertheless,
geological evidence suggests that fine grained sediments of the Lower Mainland of BC have not been iceloaded and therefore are generally normally consolidated (Sully, 1991). In this section, the dissipation
records are only described in qualitative terms and in order to assess the performance of the
instrumentation. However, a more detailed analysis and discussion of dissipation data collected with the
LSSCPTU in fine grained soils at different sites is presented in subsequent sections of this chapter.
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Figure 5.19 Dissipation data recorded with the LSM-II in clayey silt, KIDD 2.

As can be noted from Figure 5.19, reloading of the soil due to the enlarged section of the LSM-II caused a
significant increase in the total lateral stress (σLS) and the pore pressure makes up a significant portion of
measured σLS values in undrained penetration. The horizontal lateral stress acting on the shaft of the
penetrometer 0.01 min after penetration was halted ranges between 683 kPa to 721 kPa, which translates
into a difference of 38 kPa. Similarly, a slight difference of 18 kPa is observed between σLS values
recorded at the end of each test. Furthermore, the dissipation curves plot nearly parallel to each other in
the period from 0.01 min to 3.4 min. However, the results of the first test (LSC-01) show a significant
reduction in gradient between 3.4 min to 8.3 min with almost constant σLS values. After this period, the
original stress relaxation gradient is nearly recovered. The reason for this is not clear, but it may have
been caused by friction developed between the O-ring mounted around the load transfer “button” and the
body of the cone, or by soil particles that penetrated into this interface.

5.4.6

Assessment of lateral stress distribution along the shaft of the LSSCPTU

As mentioned before, the total lateral stress measured with the LSSCPTU (σLS) should be similar to the
maximum pressure measured in a cone pressuremeter (CPM) test due to the increase in diameter at the
location where σLS is recorded. Hughes & Robertson (1984) qualitatively describe the lateral stress
reduction around an advancing cone in sand. They point out that at the shoulder of the cone tip, a large
normal stress reduction occurs as the soil passes the cone shoulder, and hence the lateral stress acting on
the cone sleeve is not very high and is close to the in situ lateral stress. Herein, a similar approach is used
to estimate the lateral stresses that exist on the boundary of the LSSCPTU as it is pushed into sand.
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The effective lateral stress (σh’) acting on the friction sleeve of the LSSCPTU can be conservatively
estimated from the interface friction angle (δ) and measured sleeve friction stress (fs), i.e. σh’=fs/tanδ. At
very large relative shear displacements the friction angle between sand and steel can be assumed to be
approximately 90% of the constant volume friction angle (φcv’) of the interfacing sand (Rinne, 1989). The
constant volume friction angle for the sand deposit at this site is about 31° (In-Situ Testing Group 1995a).
Figure 5.20 presents the estimated distribution of effective lateral stress as a ratio of the effective vertical
(σh’/σv0’) stress plotted against the relative distance to the cone tip (z/D).
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Figure 5.20 Qualitative evaluation of lateral stress distribution along the shaft of the LSSCPTU, KIDD 2.
The data presented in Figure 5.20 indicates that in drained penetration, and when there is no excess porewater pressure, the effective lateral stress acting on the shaft of the LSSCPTU does not remain constant
behind the tip due to the gradual increase in probe diameter. When the cone tip passes an element in the
sand, very high stresses are developed as the sand is pushed out of the path of the cone. Figure 5.20 also
shows that (qt-u0)/σv0’ values are between 54 and 88. As the sand passes the shoulder of the cone, the
sand particles are less constrained and the lateral stresses drop. The lateral stresses estimated from fs
measurements confirm that the average lateral effectives stress on the friction sleeve has dropped to close
to the in situ lateral effective stress. Then, as penetration continues, the diameter of the probe starts to
increase at approximately 13.1D above the cone tip and the sand element is gradually reloaded until a
maximum cavity expansion of 22% is reached at which point the lateral effective stress has increased to
about 3 to 4 times the in situ vertical effective stress.
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In addition, Figure 5.20 shows that the ratio of piezocone tip resistance to measured total lateral stress, i.e.
qt/σLS, is 11 and 21 for estimated relative densities of 40% and 61%, respectively, suggesting that the
effective lateral stress measured at 20.3D behind the tip is dependent on the relative density of the sand.
Schnaid (1990) describes the results of several cone pressuremeter calibration chamber (CC) tests
performed on loose to dense dry Leighton Buzzard sand (16%<Dr<89%). A detailed review of the results
of CC tests of the 10 cm2 cone pressuremeter indicates that the ratio of cone tip resistance to cavity limit
pressure (qc/pL) varies between about 5 and 13. The difference between field and laboratory data may be
attributed to differences in sand properties or the fact that of CC tests were performed on unaged sand
specimens, which is a condition rarely found in natural sand deposits. Further research is required to
investigate these effects.
5.5

LSSCPTU dissipation tests

The analysis and interpretation of dissipation of excess pore pressures due to cone penetration has been
mainly focused on estimation of in situ flow and consolidation characteristics, and have been addressed
by various researchers (e.g. Tortensson, 1977; Randolph & Wroth, 1979; Baligh & Levadoux, 1980;
Gillespie & Campanella, 1981; Baligh & Levadoux, 1986; Teh 1987; Campanella & Robertson, 1988;
Burns & Mayne, 1998; Sully, et al., 1999; Mayne, 2001; Imre et al., 2008). However, the interpretation of
the variation with time of both pore pressure and total lateral stress measured by lateral stress modules is
fairly limited and is constrained by the particular geometry of the probe used and to specific soil
conditions (e.g. Takesue & Isano, 2001). This section presents a description of the results of both pore
pressures and lateral stress dissipation data recorded with the lateral stress seismic piezocone (LSSCPTU)
in soft fine grained soil deposits at the KIDD 2 and Colebrook Overpass sites. This section also includes a
brief discussion of data recorded when penetration of the LSSCPTU was resumed after each dissipation
test and during pauses or rod “breaks” in the penetration process.
5.5.1

Analysis and discussion of dissipation data

Dissipation tests were carried out with the lateral stress seismic piezocone (LSSCPTU) at several research
sites located in the Lower Mainland of British Columbia. The interpretation of data recorded in fine
grained soils provides an insight into the changes of both pore pressure and total lateral stress around the
probe. As previously discussed in section 5.4.4.1of this thesis, the pore pressure measured above the
lateral stress sensor (uLS) is likely to be less than the pore pressure at a maximum cavity expansion due to
the fact that the diameter of the probe at the location where uLS is measured is slightly smaller that that of
the section where the total lateral stress (σLS) is recorded. The reduction in radius corresponds to a cavity
contraction of about 1.2%. As a result, the magnitude of the interpreted effective lateral stress on the shaft
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of the LSM-II (σLS’= σLS-uLS), does not represent the true change in effective lateral stress due to cavity
expansion during penetration or when dissipation tests are performed.

Figure 5.21 and Figure 5.22 present the changes with time of pore water pressure (uLS) as well as total
(σLS) and estimated effective (σLS’=σLS-uLS) lateral stresses recorded in marine soft normally consolidated
(NC) clayey silt (KIDD 2 site) and lightly overconsolidated (LOC) soft sensitive marine silty clay
(Colebrook Overpass site). As can be seen from these figures, there are similar patterns between all
dissipation curves. Firstly, the total lateral stress (σLS) remains fairly constant for the first few seconds
and then decreases significantly during consolidation. Secondly, after penetration is halted the pore
pressure measured above the lateral stress sensor (uLS) rises to reach a maximum value in a period of
between about 60 s to 215 s, and then reduces monotonically towards hydrostatic values.

The curves of effective lateral stresses (σLS’) shown in Figure 5.21 and Figure 5.22 show that after an
initial drop, σLS’ increases gradually and after partially completed consolidation, i.e. U<100%, σLS’ values
are much greater than estimates of initial stress. Additionally, the pore pressure dissipation and total
lateral stress relaxation curves recorded in fine grained soils with the lateral stress module Model II
(LSM-II) are very similar in shape, and exhibit similar trends to those reported by Baligh et al. (1985),
Lehane & Jardine (1994), Takesue & Isano (2000) and Ladanyi & Longtin (2005).
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Figure 5.21 Variations of pore pressure and lateral stress during dissipation, KIDD 2
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Figure 5.22 Variations of pore pressure and lateral stress during dissipation, Colebrook Overpass

These researchers performed dissipation tests for periods of up to 4 days with instrumented full
displacement probes capable of monitoring simultaneously the dissipation of excess pore pressure and
total lateral stress relaxation with time. The results of these tests indicate that after consolidation the final
effective lateral stress (σLS-f’) increases to values far greater than estimates of the initial effective lateral
stress. They also indicate that the lateral effective stress drops during the initial stages of dissipation
before increasing again towards a final value.

For example, Figure 5.23 presents a set of pore pressure (uLS) and total lateral stress (σLS) dissipation data
obtained with the Japanese lateral stress cone (J-LSC) described by Takesue & Isano (2000). It can be
noted from Figure 5.23 that the pore pressure increases rapidly and reaches a maximum value in
approximately 0.25 min before dissipating towards equilibrium. The magnitude of σLS reduces during
consolidation to a final value that is considerably larger than that estimated from the results of SBP tests.
Furthermore, the initial value of effective lateral stress, i.e. σLS’=σLS-uLS, immediately after penetration is
halted, is very close to the in situ horizontal effective lateral stress estimated from the interpretation of
results of SBP tests but then falls to a minimum before increasing to a final value considerably above the
estimate of in situ lateral effective stress.
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Figure 5.23 Variation of total lateral stress and pore pressure with time measured with the J-LSC in soft
lightly overconsolidated alluvial clay (data from Takesue & Isano, 2000).

Similarly, Ladanyi & Longtin (2005) report results of a dissipation test, or strain holding test as named by
them, performed in high plasticity stiff clay with the instrumented sharp cone (ISC) previously described
in section 5.4.4.1 of this thesis. The dissipation data recorded with the ISC indicates that total lateral
stress relaxation was over after about 10 hours, whereas dissipation of excess pore pressure continued for
up to 20 hours, and the effective lateral stress did not reach equilibrium during the period of monitoring.

Even though the geometry of the LSSCPTU is different from that of the J-LSC, the dissipation curves
recorded with the former exhibit similar trends to those reported by Takesue & Isano (2001), suggesting
that the instrumentation of the lateral stress module is performing well. However, it must be borne in
mind that the magnitude of σLS’=σLS-uLS derived from LSSCPTU measurements is not representative of
the true change in effective lateral around the total lateral stress sensor.

Figure 5.24 and Figure 5.25 present the excess pore pressure measured at all locations, i.e, ∆u2, ∆u3 and
∆uLS, normalized by the corresponding estimated effective vertical stress (∆u/σvo’) at Colebrook Overpass
and KIDD 2 sites, respectively. The ratio ∆u/σvo’ has been chosen in order to compare data recorded with
the LSSCPTU to the results of dissipation tests performed at Colebrook Overpass by Weech (2002). The
results of dissipation tests indicate that at the uLS location, 80% dissipation of excess pore pressure was
achieved at the KIDD 2 site, whereas at the Colebrook Overpass site 72% of dissipation was reached. As
mentioned before, the execution of these tests was aimed at evaluating the performance of the LSSCPTU
rather than achieving equilibrium readings in all channels.
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Figure 5.24 Variation of normalized pore pressures with time, Colebrook Overpass.
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Figure 5.25 Variation of normalized pore pressures with time, KIDD 2.
The normalized pore-water pressure dissipation data recorded at u2, u3 and uLS locations at the Colebrook
Overpass site show a delay in the response to pore pressure changes followed by a rise in pore-water
pressure values to a peak before dissipation commences. According to the classification by Sully et al.
(1999) of the idealized pore pressure dissipation response around a piezocone, the uLS, u2 and u3 curves in
Figure 5.24 are classified as type III response, typical of filters located behind the cone tip (e.g. u2 and u3)
for cone penetration in overconsolidated soils (Sully et al., 1999). In Figure 5.25, the u2 and u3 curves
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decrease monotonically, typical of a normally consolidated soil, whereas the uLS response is more typical
of overconsolidated soils. Therefore, the dissipation of excess pore-water pressure measured at the uLS
location is inconsistent with those recorded at u2 and u3 locations, respectively.
The results of dissipation tests at the Colebrook Overpass site described by Weech (2002) are presented in
Figure 5.26. They show a consistent increase from the penetration values to a peak value during the early
stages of the test at both u2 and u3 locations. In Figure 5.24 and Figure 5.26, both showing Colebrook
data, the initial values of ∆u/σv0’ at the u2 are very similar. The values at the u3 location show some
scatter but are again of a similar magnitude. However, it is interesting to note that ∆u(peak)/σv0’ at u2 is 2.3
to 2.4 for the piezocone but is only 1.9 for the LSSCPTU. At u3, ∆u(peak)/σv0’ is 1.8 to 2.0 for the piezocone
and only 1.6 for the LSSCPTU. This suggests that the different geometry of the LSM may be affecting
the initial pore pressure distribution and hence the dissipation regime around the u2 and u3 locations. The
fact that the times required to reach peak pore pressure (∆u(peak)/σv0’) at the u2 location were about 0.7
minutes for the LSSCPTU and 0.5 to 0.75 minutes for the piezocone but 2 minutes at u3 for the
LSSCPTU compared to only 0.92 to 1.5 minutes for the piezocone may be another indication of geometry
effects.
Whittle et al. (2001) analyzed the excess pore pressure distribution and resulting dissipation around a
tapered probe in Boston Blue Clay and compared modelled dissipation curves to field data. Their analysis
confirms that the initial excess pore pressure regime and observed dissipation behaviour are complex and
very dependent upon probe geometry. Numerical modelling of the LSSCPTU would improve our ability
to interpret the data shown in Figure 5.24 and Figure 5.25.
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Figure 5.26 Variation of normalized pore pressures with time at u2 an u3 filter locations, Colebrook
Overpass (data from Weech 2002).
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5.5.2

Effect of dissipation and pauses in penetration on measured data.

The pore pressures and total lateral stress profiles recorded at the KIDD 2 site indicate that a significant
amount of movement was required in order to recover the original penetration values (see Figure 5.10 and
Figure 5.11). Campanella & Robertson (1988) argue that the amount of movement required to regain the
original penetration values appears to vary with soil type and can range from about 2 cm to 50 cm, and
that no clear explanation has been proposed to clarify these large differences. Alternatively, they suggest
to either remove or clearly identify the pauses in the penetration when presenting piezocone data.

The data gathered with the UBC LSSCPTU permits an examination of the pore pressure response when
restarting pushing after a dissipation phase. Figure 5.27 and Figure 5.26 present data from KIDD 2 and
Colebrook, respectively. They are profiles of measured pore pressures at the u2, u3 and uLS locations as
well as of σLS showing the response of the sensors before, during and after substantial pauses in
penetration. The location of the dissipation and of short pauses required to allow addition of additional
rods are indicated on the figures. The location of the cone tip during the long pauses in penetration is also
shown. The response of each sensor depends on its location relative to the cone tip and on the soil type.
For example, the post dissipation responses at the u2, and u3 locations are very different at KIDD 2 than at
Colebrook. In both cases, the penetration pore pressures return to what would have been measured during
steady penetration (i.e. with no dissipation) by about 0.45 m to 0.6 m or 12-17 cone diameters beyond the
cone tip location during the dissipation. The same is true of σLS. The uLS measurement does not recover
as quickly.

Insight can be gained by examining the post dissipation response in detail. As can be seen from Figure
5.27 and Figure 5.26, u2 begins to increase immediately the cone starts moving again whereas both u3 and
uLS appear to decrease before beginning to increase again and recover steady penetration values. The post
dissipation response in the zone close to the cone tip is likely due to the soil in this region being denser
and stiffer than it would have been during steady penetration. It thus has less tendency to generate pore
pressure than in its virgin state. The soil in this zone has a different stress history than the rest of the
stratum and so a different pore pressure response in this reconsolidated zone is to be expected as the pore
pressure response at u2 and u3 is known to be affected by stress history. The observed response of uLS
requires a different explanation.

As noted earlier, the uLS pore pressure element is located on a sloping surface behind the lateral stress
sensor as the LSM tapers back down to the standard cone rod diameter. Consequently, when penetration
resumes, the wall of the cavity is unloaded and the soil may not even be in contact with soil during the
initial phases of penetration. This explains the reduction in uLS in both cases when penetration resumes
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after the long dissipation and also the increases in uLS observed during rod breaks thereafter. It is clear
that the pore pressure element needs to be relocated in a redesigned instrument so that true measurements
of the effective lateral stress on the LSM-II can be made during penetration.
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Figure 5.27 Effect of dissipation and rod “breaks” on penetration measurements (LSC-01), KIDD 2.
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5

5.6

Summary

5.6.1

Overview

The use of instrumented friction sleeves for measuring lateral stresses involves several challenges in both
the instrumentation and the robustness of the external element in contact with the soil. In an attempt to
overcome the major drawbacks of this type of design, a new lateral stress module (LMS-II), equipped
with a passive sensing element rather than an instrumented friction sleeve, was designed and built at
UBC. The LSM-II is mounted on a standard 10 cm2 UBC seismic piezocone (SCPTU). The lateral sensor
is located 69.5 cm behind the cone shoulder (19.5D) and the pore pressure developed during penetration
is measured by a pore pressure transducer located 58.5 mm above the lateral stress sensor or 21.1D
behind the cone shoulder, where D is the diameter of the cone.

The use of additional sensors such as a lateral stress module complements the information typically
recorded from a seismic piezocone tests, i.e., qc, u2, fs and Vs. Herein, the combination of the SCPTU with
LSM-II is termed as the lateral stress seismic piezocone (LSSCPTU). The eight-channel LSSCPTU
allows simultaneous measurement of the following parameters: tip resistance (qc), pore pressure behind
the tip (u2), sleeve friction (fs), pore pressure behind the friction sleeve (u3), inclination, lateral stress 19.5
diameters behind the tip (σLS), and pore pressure at about 21.1 diameters behind the tip (uLS). Also,
downhole shear wave velocity (Vs) tests can be performed with a seismic module mounted just behind the
cone that contains an accelerometer.

The diameter of the LSM-II is larger than that of the SCPTU, so that the addition of a special low angle
adaptor provides a gradual transition in diameter from 35.7 mm to 43.5 mm. Furthermore, the diameter of
the cone remains fairly constant along the lateral stress section, and above the upper pore pressure sensor
(uLS) the diameter of the probe gradually reduces to the initial cone diameter of 35.7 mm. However, it was
found that the diameter of the probe where uLS is measured is slightly smaller than that of the section
where the lateral stress is recorded. The reduction of 0.5 mm in radius corresponds to a cavity contraction
of about 1.2%. The effect of cavity contraction on the measured pore pressure (uLS) does not exist if there
is no excess pore-water pressure when penetration is under drained conditions, i.e. uLS=u0. However,
when penetration is under undrained conditions, i.e. uLS>u0, the cavity contraction results in a decrease of
both total lateral stress and the excess pore-water pressure. Consequently, it is likely that the pore
pressure measured at the LSM-II is less than the pore pressure at a maximum cavity expansion in
undrained penetration.
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5.6.2

Laboratory and field assessment of LSSCPTU data

The performance of the instrumentation and design of the LSM-II was assessed through a comprehensive
laboratory and field testing program. Firstly, laboratory calibrations were performed for the following
conditions: (i) hydrostatically applied confining pressure, (ii) temperature sensitivity, (iii) calibration for
axial load effect, and (iv) time-dependent stability of both lateral stress (σLS) and pore pressure (uLS)
sensors. Secondly, field data recorded in two adjacent soundings performed at the KIDD 2 site was
reviewed in order to: (i) assess the sensitivity of lateral stress (σLS) and pore pressure (uLS) sensors to
stratifications during penetration, (ii) monitor the response of both σLS and uLS sensors in dissipation
mode and (iii) assess the repeatability of recorded LSM-II data by comparing results of the two adjacent
soundings.

Results of laboratory calibrations have shown that both lateral stress and pore pressure sensors are fairly
sensitive to temperature variations but within acceptable ranges. Also, it was found that axial loading on
the cone caused an output voltage on the lateral stress channel. The cross-talk effect due to axial load is
higher than that caused by temperature variations. Both effects could be calibrated out by making
appropriate corrections to the measured data. Unfortunately, it is not possible to correct the data for
temperature effects since the LSM-II does not have a temperature sensor and the thermistor mounted on
the seismic piezocone unit is not activated when the LSM-II is attached. Moreover, in an attempt to
account for axial load effects an equation was proposed to correct the measured lateral stresses.

The result of LSSCPTU testing performed at the KIDD 2 site indicate that the lateral stress profile shows
variations in soil stratigraphy just as the qt profile does. Additionally, it has been demonstrated that in
clean sands the effective lateral stress acting on the shaft of the LSSCPTU does not remain constant
behind the tip and rather increases due to reloading of the soil caused by the tapered geometry of the
probe. On the contrary, in fine grained soil when penetration is undrained the pore pressure makes up a
significant portion of the measured total lateral stress.

The magnitude of penetration pore pressures recorded at the three sensor locations, i.e. u2, u3 and uLS, gets
progressively smaller as the cone advances, suggesting a reduction in hydraulic gradients once away from
the cone shoulder. A comparison of field measurements recorded with the LSSCPTU in adjacent
soundings at the KIDD 2 site indicates a good degree of repeatability between data sets, suggesting a
good performance of the instrumentation of the LSM-II regardless the inherent soil variability observed at
this site.
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The review of dissipation data recorded in fine grained soils suggests a remarkably good performance of
the pore pressure sensor of the LMS-II. On the contrary, the total lateral stress relaxation data recorded in
coarse grained soils indicate that early portions of dissipation curves seem to be affected by stress
redistribution along the rod string due to unloading. Consequently, when presenting LSSCPTU
dissipation data careful attention to detail is required to identify anomalies in the curves and distinguish
whether they were caused by equipment characteristics or by the actual soil behaviour. Failure to
recognize these effects will likely yield inconsistent conclusions about the dissipation data recorded with
the LSSCPTU.
5.6.3

Interpretation of LSSCPTU data collected at research sites

5.6.3.1 Dissipation measurements

Dissipation tests were performed in fine grained soils at the KIDD 2 and Colebrook Overpass sites for
periods of a bit more than one hour to 3.1 hour. The decay of pore pressures in all channels (u2, u3 and
uLS) and the relaxation of total lateral stress (σLS) were monitored with time. The pore pressure dissipation
and total lateral stress relaxation curves recorded with the lateral stress module Model II (LSM-II) are
very similar to those measured with several instrumented full displacements probes (Baligh et al., 1985;
Lehane & Jardine, 1994; Takesue & Isano, 2000; and Ladanyi & Longtin, 2005).

A crude comparison of data recorded at each site indicates that the uLS and σLS dissipation curves exhibit
similar trends. Furthermore, the dissipation records show that the total lateral stress (σLS) remains fairly
constant for the first few seconds and then decreases significantly during consolidation. On the contrary,
after penetration is halted the pore pressure measured above the lateral stress sensor (uLS) rises to reach
maximum values in a period between about 60 s to 215 s, and then reduces monotonically towards
hydrostatic values. According to the classification of idealized pore pressure dissipation response of Sully
et al. (1999), the uLS dissipation curves recorded with the LSM-II are classified as type III response.
The dissipation data recorded at u2, u3 and uLS locations at the Colebrook Overpass site show a delay in
the response to pore pressure changes followed by a rise in pore-water pressure values, which is a typical
response of data recorded in overconsolidated soils. Results of laboratory tests indicate a slight degree of
overconsolidation in the upper 10 m of the soil at this site. Also, the data measured at the uLS location at
the KIDD 2 site exhibit a similar trend. However, the dissipation curves at the u2 and u3 dissipate
monotonically immediately after penetration was halted, suggesting that soils is normally consolidated.
Geological evidence suggests that fine grained sediments of the Lower Mainland of BC have not been
ice-loaded and therefore are generally normally consolidated (Sully, 1991). A preliminary explanation to
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the observed behaviour is proposed. It is suggested that the “dilative” pore-water pressure dissipation
response observed at the uLS location is likely to be caused by drainage from the zone slightly deeper
below the sloping surface (high pressure) to the zone where the diameter of the probe is slightly reduced
(low pressure) and the pore pressure sensor is located.

The pore pressures (u2, u3 and uLS) and total lateral stress (σLS) profiles recorded at the KIDD 2 and
Colebrook Overpass sites show that at the end of dissipation tests, when penetration is resumed, a
significant amount of movement is required in order to recover the original penetration values. The postdissipation responses observed at both sites are very similar despite the fact that the duration of the test
performed at the Colebrook Overpass was longer than that at KIDD 2. The amount of movement required
is on average 45 cm for u2, 53 cm for u3, 337 for uLS and 69 for σLS, respectively.

When the cone starts moving again u2 immediately begins to increase whereas both u3 and uLS appear to
decrease before beginning to increase again and recover penetration values. It is believed that the
magnitude of u2 and u3, before the original pore pressure values are recovered, may be caused by the
dilative response of the reconsolidated soil located between the u3 sensor and within the influence zone
below cone tip. On the contrary, the significant amount of penetration required to recover original uLS
values may be partially associated with the apparent dilative response of the soil between the lateral stress
module and the influence zone below the cone tip. Also, the uLS pore pressure element is located on a
sloping surface behind the lateral stress sensor and when penetration is resumed the soil approaching is
unloaded, which results in a decrease of both total lateral stress and excess pore pressure.
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Chapter 6
6.1

SUMMARY AND CONCLUSIONS

Overview

The performances of the seismic flat dilatometer (SDMT) and lateral stress seismic piezocone
(LSSCPTU) have been assessed through a comprehensive testing program carried out at several research
sites. Field measurements were recorded in a fairly wide range of different soil types such as alluvial
coarse grained soils and glaciomarine fine grained deposits. In each case, the instruments were being
assessed for the first time in Lower Mainland soils. The former has been introduced commercially only
relatively recently whereas the latter is still in the research phase. For each probe, the instrumentation was
subjected to detailed assessment before the data were interpreted to assess soil behaviour.

The results of field tests performed by the author with the SDMT and LSSCPTU confirm the strong link
between the imposed strains due to probe geometry and the stress and pore-water pressure increments in
the surrounding soil. Also, it has been demonstrated that stresses around full displacement probes such as
the SDMT and LSSCPTU, are very dependent upon small changes in geometry, and therefore
standardization of equipment and transducer location is essential for consistent measurement of
parameters and for derivation and use of empirical correlations. Cavity expansion approaches can provide
a basis for interpreting in situ penetration test data but its application requires the use of empirical
coefficients. In addition, the use of more powerful tools such as numerical modelling would improve the
interpretation of data recorded with full displacement probes.
6.2

Seismic flat dilatometer (SDMT)

The data presented represents the first critical examination in Lower Mainland soils of the newlyintroduced SDMT, in which shear wave velocity is measured in the same sounding as the conventional
DMT parameters. The only difference from the standard flat DMT is that a seismic module comprising
two geophones mounted 0.5 m apart is added above the flat blade to allow Vs to be measured using a true
interval technique. Proprietary software supplied with the instrument calculates Vs in real time. The
usual DMT procedure was altered to take readings at 0.25 m intervals of depth instead of the more
conventional 0.20 m. This was found to be operationally efficient and also simplified data assessment and
interpretation.

Several problems were experienced with the SDMT data acquisition system when performing Vs
measurements in the field. It was found that the electrical continuity between the control unit and the
DMT blade is essential for a good transmission of signals from the seismic module to the surface. In
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order to overcome this problem it is important to ensure that the membrane is in contact with the blade
and the sound is on before performing a seismic test. Also, it is important to ensure that there is good
electrical contact between the ground cable and the rod string, rather than on a rusty part of the pushing
ram.

Several comparisons between the shear wave velocities (Vs) determined by the SDMT and seismic
piezocone (SCPTU) indicate that SDMT values are likely to be more sensitive to stratigraphic details
because of the 0.5 m depth interval used for Vs determination as opposed to the 1 m interval used in the
SCPTU tests. The results of SDMT tests performed at research sites and flat dilatometer (DMT) and
SDMT measurements at different sites located in western Canada, Mexico and Italy have been used to
develop the databases presented in this thesis. The analyses of SDMT measurements at research sites
have shown the potential for an improved soil characterization through the combination of standard DMT
parameters such as: (i) material index (ID), (ii) dilatometer modulus (ED) and (iii) pore pressure index
(UD), and the small strain shear modulus (G0). The usefulness of the DMT-C closing pressure for soil
identification has been shown and therefore it is strongly recommended that it be included in the routine
procedure.

The review of field measurements from SDMT tests suggests that it is possible to enhance site
characterization in terms of soil stratigraphy by combining standard SDMT data with the pore pressure
index (UD). The relationships identified between DMT parameters and G0 provide the theoretical
framework for the development of a new soil type behaviour system based upon SDMT measurements
(see Figure 4.19). The proposed chart should be only used as a guide to estimate soil behaviour type from
SDMT data. Further improvement work and local experience may be required to adjust this chart to soils
with different geological origin and therefore provide a better local correlation.

Based upon a comprehensive review of SDMT collected at research and additional sites an empirical
correlation has been proposed for evaluating the shear wave velocity (Vs) in coarse and fine grained soils
from standard flat dilatometer (DMT) measurements (Equation 4.1). Moreover, the data reviewed
indicates that Vs can be conservatively estimated from the proposed DMT-Vs correlation in sands, silts
and low to medium plasticity clays, whereas Vs appears to be significantly overestimated in sensitive high
plasticity soft soils such as Mexico City clay. Additionally, the comparison of estimates of Vs with the
proposed DMT correlation to those from fairly recent CPTU based expression, demonstrates the
advantage of the proposed approach. However, until this correlation becomes established for a wider
range of soils, local experience and engineering judgement are required to assess estimates of Vs with this
correlation.
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While the flat dilatometer has been widely used to estimate several geotechnical parameters, there is a
significantly higher degree of confidence in this instrument as a tool for estimation of coefficient of earth
pressure at rest (K0). However, reliable estimates of K0 from DMT data entirely depend upon the choice
of appropriate correlations, which were developed some time ago. In this thesis, empirical correlations
have been proposed to estimate the coefficient of earth pressure at rest (K0) in fine and coarse grained
soils from DMT measurements (Equation 4.6 and Equation 4.7).

The approaches proposed have been derived from updated databases based upon a comprehensive review
of published information in the last 10 years. The proposed empirical DMT-K0 correlations represent an
upgrade in interpretation of DMT data and add to the options available to estimate geotechnical
parameters from DMT measurements. Also, from a practical standpoint K0 values derived from the
proposed approaches may be used as a first-order estimate for geotechnical analysis.
6.3

Lateral stress seismic piezocone (LSSCPTU)

The use of additional sensors such as a lateral stress module (LSM) complements the information
typically recorded from a seismic piezocone test (SCPTU). Herein, the combination of the SCPTU with a
new LSM Model II (LSM-II), developed and built at UBC, is termed as the lateral stress seismic
piezocone (LSSCPTU). The LSSCPTU allows simultaneous measurement of the following parameters:
tip resistance (qc), pore pressure behind the tip (u2), sleeve friction (fs), pore pressure behind the friction
sleeve (u3), inclination, lateral stress 19.5 diameters behind the tip (σLS), and pore pressure at about 21.1
diameters behind the tip (uLS). Also, downhole shear wave velocity (Vs) tests can be performed with a
seismic module mounted just behind the cone that contains an accelerometer.

The analysis of LSSCPTU field data collected in saturated fine grained soils, has illustrated that cavity
contraction, caused by the slight reduction in probe diameter above the lateral stress sensor, significantly
affects the magnitude of measured pore-water pressure recorded at this location. A preliminary
explanation to the observed behaviour is proposed. The initial increase in pore pressure observed at the
uLS location is likely to be a result of drainage from the zone slightly deeper below the sloping surface
(high pressure) to the zone where the diameter of the probe is slightly reduced (low pressure) and that
drainage from the tip as suggested by Sully et al. (1999) does not affect the dissipation response recorded
at this location.

The main drawbacks of the current design of the LSM-II are the cross talk effect and the reduction in
diameter at the location where pore pressure is measured above the lateral stress sensor. The cross talk
effect on the lateral stress sensor due to axial loading of the cone is quite significant, and therefore minor
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improvements in the current design are required to reduce its magnitude. Consequently, it is
recommended to machine the upper section of the LSSCPTU in order to maintain a constant diameter
throughout the lateral stress module, and therefore eliminate any uncertainty associated with minor
variations in probe geometry. Also, the pore pressure element needs to be relocated in the redesigned
instrument so that true measurements of the effective lateral stress on the LSM-II can be made during
penetration and dissipation.

The lateral stress seismic piezocone (LSSCPTU) represents a promising tool for an improved site
characterization. However, the results of laboratory calibrations and field measurements have shown that
the hysteresis and non-linearity of the sensor may slightly affect measured lateral stresses. Consequently,
further improvement work on the LSSCPTU should be focused on exploring means to reduce this effect
to less than 1% of the full scale output. Additionally, extreme attention to detail is required to review the
results of LSSCPTU tests in order to identify which anomalies among recorded data are due to soil
behaviour and not to equipment characteristics or testing procedures.
6.4

Suggestions for further research

6.4.1

Seismic flat dilatometer

The soil classification system based upon SDMT measurements proposed in this thesis represents a
contribution to the current state of the flat dilatometer, and adds to the options available to identify soil
behaviour from in situ measurements. However, it is highly recommended to collect more SDMT data in
different soil types in order to assess the reliability of this approach, and therefore promote its application.
Also, the combination of the small strain shear modulus (G0) with DMT parameters may provide means
to identify unusual soil conditions (e.g. cementation and/or ageing). Additional SDMT tests should be
carried out to increase the database developed.

The DMT based empirical correlations proposed in this thesis increase our confidence in the derivation of
geotechnical parameters from DMT data. Correlations have been available since the introduction of the
DMT as a site investigation tool to estimate several geotechnical parameters. The work described herein
represents a first step to update some of those correlations. It is recommended to perform further research
to improve the interpretation of DMT data.
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6.4.2

Lateral stress seismic piezocone

Wroth (1975) and Schmertmann (1985) pointed out that the in situ lateral stress represents a key
condition that should be considered in both site investigation and any geotechnical analysis. It is
recognized that reliable estimates of in situ lateral stress can be obtained from the interpretation of results
of self-boring pressuremeter (SBP) tests and push-in total stress cells (TSC). Alternatively, the in situ
lateral stress can be estimated from empirical correlations to piezocone (CPTU) or flat dilatometer (DMT)
data. Attempts have been also made to estimate the in situ lateral stress through the interpretation of
lateral stress cone data by empirical correlations and cavity expansion methods (Tseng, 1989; Sully 1991;
Takesue & Isano 2001). Indeed, the results reported by Sully (1991) and Takesue & Isano (2001) are
encouraging, and therefore it is recommended to perform further interpretation of the data recorded with
the LSSCPTU for estimation of in situ stress conditions.

The use of numerical modelling would improve the interpretation of data recorded with the LSSCPTU in
terms of the distribution of strains, stresses and pore-water pressures generated during penetration. as well
as consolidation and stress relaxation during pauses in the penetration. Whittle et al. (2001) describe the
results of numerical analysis of the pore pressure dissipation around a tapered probe using a non-linear
coupled consolidation analysis, with effective stress parameters characterized by the MIT-E3 model.
Similarly, Vyazmensky (2005) analyzed the pore-water pressure dissipation data reported by Weech
(2002) using the critical state Nor-Sand constitutive model coupled with the Biot formulation. The results
of his analyses demonstrated that a fully coupled NorSandBiot modelling framework provides good
estimates of pore pressure dissipation in fine-grained soils. It is hoped that the use of numerical
approaches, may improve our understanding of soil behaviour around a full displacement tapered probe.

The ultimate axial compression load capacity of a single pile can be estimated by either indirect methods
based upon fundamental soil parameters or directly from results of in situ tests such as piezocone and flat
dilatometer. When the majority of the pile resistance is made up shaft friction the state of lateral and shear
stresses at the interface between the pile and soil primarily control the shaft resistance. On this basis, it
seems worthwhile to explore the applicability of LSSCPTU data for the development of a direct design
method for piles installed in fine and coarse grained soils.
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