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ABSTRACT

The flat dilatometer (DMT) and piezocone penetrati@PTU) tests are likely to be among the most
widely used in situ testing methods for soil chégazation and indirect determination of geotechhic
design parameters such as: strength, stiffness)gadaility and compressibility. The flat dilatometeas
proved to be a reliable, robust and adaptable &, the data obtained with this instrument is very
repeatable, and easy to reduce and process. Fudteerthe addition of a seismic module to the saashd
flat dilatometer (SDMT) to measure the shear wastaity (Vs) significantly complements the set of
data typically obtained with a standard DMT tesbnbtheless, the experience in interpreting the
combination between Mand DMT data is fairly limited due to the recemtroduction of the SDMT for
commercial applications. Additionally, the estinoatiof the coefficient of earth pressure at reg) tkas
been the most important application of the DMT siits introduction. However, a potential weaknefss o
the DMT is that the derivation of }ds based upon empirical correlations developedestime ago and

neither improvement work nor upgrade of these agres has been performed in the last 10 years.

Throughout the years several additional sensore l@en developed in order to supplement the data
collected with the CPTU test. Among the wide variet sensor developed, the lateral stress module
mounted behind a piezocone represents a promisoiddr estimation of in situ lateral stress coiulis
from the interpretation of lateral stress penatratiata. However, the popularity of the so calkeral
stress cone has declined over the years due totramts in both the instrumentation and the
interpretation of measured data. Also, the appboadf this instrument remains limited to specsiails
conditions and specific projects. However, the abla experience gained throughout the years in the
development and application of several lateralsstreones in combination with developments in

electronics and understanding of soil behaviowvathe improvement of this type of technology.

This thesis presents the results of a comprehefadosatory and field testing programs performedHzy
author at several research sites located in theeLdainland of BC, undertaken in order to assess th
performance of the seismic flat dilatometer anérklt stress seismic piezocone (LSSCPTU), built and
develop at UBC. Firstly, the analysis of field ma&snents with the SDMT collected at several sitageh
demonstrated the potential for an improved soilratizrization through the combination of DMT
parameters and the small strain shear modulgs Lelditionally the usefulness of the DMT-C closing
pressure for soil identification is shown. On Hasis of several relationships identified from tthéga, a
new soil type behaviour system based upon SDMT ureasents is proposed. Furthermore, empirical
correlations based upon fairly large and updatddbdaes have been developed to estimatand \,

values from DMT parameters.



On the other hand, results of laboratory calibretiand field tests have demonstrated a good pegifaren

of the LSSCPTU. It was also found that the configion of this instrument is less sensitive to
temperature and cross-talk effects due to axialilgathan previous designs of lateral stress madule
The good performance of the design and instrumientatf the new lateral stress module represents a
substantial contribution to the development of thge and technology. Also, penetration and disgipa
data recorded in fine grained soils, with the LS$QPclearly show that the change in effective lakter

stresses induced by a full displacement probdusetion of soil type and probe geometry.
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Chapter 1 INTRODUCTION

1.1 Purpose of study

Over the last few decades the popularity of in $#sting in geotechnical engineering has increased
significantly. The soil response to in situ testicen be interpreted to indicate soil stratigraphg &
allow estimates of soil properties. The advantafjen situ testing over conventional drilling and
sampling approaches is that the effects of samjgieirdance on conventional laboratory testing are
avoided (Eslami & Fellenius, 1997). However, Yu 2D points out that in situ testing is generally an
indirect technique since soil properties can omyobtained from measured responses to in situ bgsts

solving a boundary value problem.

The piezocone penetration test (CPTU) and flatatiteeter test (DMT) are nowadays among the most
popular tools used in geotechnical practice fog sharacterization and estimation of geotechnicél s
parameters. Additionally, several direct foundatiesign methods have been developed from correlatio
to CPTU and DMT parameters (e.g. Bustamante & Giellie1982; Eslami & Fellenius, 1997; Powell et
al., 2001). Both tests offer the advantage of dicoaus profile of measured parameters which allow
interpretation of stratigraphy as well as estimatkegeotechnical parameters such as (i) sheargitren
(i) stiffness, (iii) permeability and (iv) comprability. With advances in instrumentation, adolital
sensors and modules have been incorporated intGRA&J to allow the additional parameters such as
total lateral stresso(s) during penetration and shear wave velocity) (8 be gathered in the same
sounding. The importance of the in situ lateredsst in both site investigation and geotechnicalyais

is well known and consequently much research has determining its value from in situ measurements
with a variety of tools. Indeed, Schmertmann (198&jues that failure to measure and use the in situ

lateral stress can easily result in conservativen@conomical design.

Since its development in 1975 in Italy (Marchett®75), the flat dilatometer has proved to be a very
reliable, adaptable and robust tool for soil chimazation and derivation of geotechnical design
parameters but, it has not found as wide acceptasntee CPTU. Long (2008) points out that a possibl
weakness of the DMT is that derivation of geotechhparameters is based on empirical correlations
developed some time ago. Instead, most researtteddMT has been focused on a better understanding
of the fundamental mechanics of the DMT by usingotktical and numerical approaches. Recently,
however, there has been increased interest insg@fuadditional sensors such as geophones (Fali, e
2006; Bang, et al., 2008) and a resistivity modiang, et al, 2008) mounted above the DMT. The

addition of shear wave velocity {V measurements to the standard DMT provides an roppty to



improve on the existing DMT interpretation procesijr and the potential to identify unusual soil
conditions such as sensitivity, ageing or cememnaflhe new tool is referred to as the Seismic DT
SDMT. In addition, the small strain shear modulGg, obtained from G;pvs2 where p is the bulk
density is now recognized as an important paranietgeotechnical engineering. Recent attempts have
been made to use combinations of CPTU tip resistamzl @ to identify soil characteristics such as

cementation and compressibility (Robertson, etl&@95; Schnaid, et al., 2004).

The idea of mounting a lateral stress sensor behimdip of the penetrometer was first introducedhie

mid 1980’s. Indeed, the development of cones capaifianeasuring lateral stress originated from tee i

that the sleeve friction measured during penetmaticsand should be related to the pre-penetrédienal
stress (Robertson, 1982; Hughes & Robertson, 18bause of the shape of the cone, researchers have
explored the interpretation of lateral stress cda& by cylindrical cavity expansion approacheghm
search for a more fundamental method to estimatentkitu lateral stress from penetration measungsne
(Sully 1991; and Takesue & Isano 2001). Unfortulyatdue to several problems with the instrumentatio
and the interpretation of measured data, the lagtrass cone has not found practical use yet tind i

remains constrained to research activities or apfitin to special projects.

This thesis will investigate the performance of 812MT and a new version of the UBC Lateral Stress

Module in soils of the Lower Mainland soils as ¢olis:

» Assess the capabilities of the SDMT at well-docuteeémesearch sites in the Lower Mainland of
B.C. This includes an attempt to identify relatibips between DMT parameters anglifs order

to develop an improved DMT soil behaviour type sifisation system.

» Describe developments undertaken to improve théitgquad lateral stress measurements using
the lateral stress piezocone developed at UBC asdritbed by Sully (1991). This includes an
assessment of the performance of the redesigned Mdi€al stress module (LSM-II) in the

laboratory and in the field.

The thesis also explores the potential for improsiéel characterization using the additional infotiora
provided by the seismic flat dilatometer (SDMT).drder to achieve these objectives an extensile fie
testing program, using the SDMT has been perforioyathe author at several research sites locatdtein
Lower Mainland of BC. Also, the corresponding SDMa&tabase established has been complemented
with additional SDMT and DMT data collected by athat sites located in western Canada, Mexico and

Italy.



1.2 Thesis organization

Chapter 2 presents a comprehensive review of kegeflat dilatometer (SDMT) and developments in
lateral stress cone technology. The first sectibthis chapter provides a description of the SDMT i

term of equipment description and the reductiorfigfl measurements. This section is followed by a
description of several empirical and semi-empirigpproaches for estimation of in situ lateral stres
conditions in clay and sand from DMT measuremehige second section presents a critical review of
research performed throughout the years on thelafmwent of lateral stress cone technology. The
theoretical framework for the development of instamts capable of measuring the lateral stressgactin
on the shaft of and advancing penetrometer is tbestr Then, the development of lateral stress

measuring sensors over the years is describedamalogical order.

Chapter 3 presents an overview of the geology ef Fhaser River Delta and the Serpentine River
lowland. Additionally, a complete description obearch sites is presented. This includes the twtati
the test site and a detailed soil stratigraphy dagmn data from several in situ test methods dsase

results of laboratory tests performed on relativaidisturbed and disturbed soil samples.

Chapter 4 presents an assessment of the seis@iorddter (SDMT) and describes the results of sévera
SDMT tests performed at research sites. The festien describes the performance in the field ef th
SDMT and the problems encountered when performirgars wave velocity (§ measurements. The
profiles of shear wave velocities obtained from SDRkést are compared to results of other in situ
techniques in common use and conclusions are drElmnsecond section presents a detailed descrjiption
analysis and discussion of field measurements rddawvith the seismic dilatometer (SDMT) at several
research sites. Also, several relationships betvidddii parameters and the small strain shear modulus
(Go) are identified and discussed. Then based upaetteationships and a thorough review of SDMT
data collected at research and additional siteeva 8DMT soil behaviour type chart is proposed.
Additionally, based upon the identified relationshian empirical correlation to estimate the shearew
velocity (Vy) from DMT data is proposed. The last section pres¢he development and assessment of
proposed empirical correlations to estimate thefiobent of earth pressure at rest, in fine andreea
grained soils. The rationale behind the developmémiach correlation is described and estimatas fro

these new methods are discussed.

Chapter 5 presents a detailed description of therdh stress module Model 11 (LSM-II) built and
developed at UBC. Also, results of laboratory aalitons of the LSM-Il are discussed and its
performance is compared to that of similar desightateral stress modules reported in the liteetur

Also, the testing procedures adopted in this thiesishe execution of field tests with the latestiless

3



seismic piezocone are outlined. The next sectiesents the review of field measurements, recortled a
one research site, aimed at assessing the perfoen@rthe instrumentation of the new design during
penetration and in dissipation mode. Based upororapcehensive review of laboratory and field
measurements, minor drawbacks with the currentgdesf the LSM-II were identified. The second
section of this chapter describes the results sdipiation tests performed with the lateral stressnsic

piezocone (LSSCPTU) in fine grained soils.

Chapter 6 presents a summary of major findingsglosion and recommendations for further research.



Chapter 2 LITERATURE REVIEW
2.1 In situ testing using full displacement probes

2.1.1 Stress and pore pressure distribution around faptdcement probes

Sully (1991) presents a comprehensive review adsstrand pore pressure distribution around full-
displacement probes and their application for in sieasurement of lateral stresses. He argued tkat
important to identify factors which affect the meesi values with these methods so that a meaningful
interpretation can be performed. Full displacemprmibes (e.g. total stress cell, piezocone, flat
dilatometer) were developed to introduce repeatdblgrees of disturbance; the problem then becomes
one of relating the measured stress to the pretadion values as opposed to evaluating whethewobr

the soil had been disturbed as in the ideal casedlinstallation of a self-boring pressuremeteBRP$ In

the ideal case for undrained penetration, the patihat lateral stressgi s measured by a full

displacement probe results of two components:

Os =0y A0, Equation 2.1

where gy is the in situ total lateral stress and,, is the total stress increment due to insertionhef
probe. In any particular soil, the magnitudedef, caused by insertion is made up of both stresganel
pressure components and can be expected to bedrétethe displacement caused during penetratian of
probe. Figure 2.1 shows the idealized change ifatieeal stress coefficient (K) for various in siésting
probes. Sully (1991) points out that this simptifi@presentation is instructive but complicated wuthe
fact that for each test method the stress/strathspare very different and even under undrained

conditions a single curve does not exist.

The insertion of a full displacement probe in ctiyes rise to excess pore pressuke)(as the probe
advances and the soil is displaced both verticatlgy horizontally. Cavity expansion methods indicate
that the magnitude ahu depends upon the location of the pore pressugsumement and upon soil
parameters such as: shear modulus (G), in sitedral effective stressrfy), undrained shear strength
(sy), sensitivity (9 and overconsolidation ratio (OCR), etc. In terofssoil response to undrained

loading, the excess pore pressure componentstdase probe, i.e. within the plastic zone, are:

Au=Au,, +Au, Equation 2.2



whereAuy is the excess pore pressure caused by changles ottahedral normal stress akdl is the

excess pore pressure resulting from changes iodiahedral shear stress.

Earth pressure coefficient
K:(Ih'/ov'

Legend:

SPT: Standard penetration test

FDPMT: Full-displacement e ——
pressuremeter test

DMT: Flat dilatometer test
CPT: Cone penetration test

TSC: Total stress cell

Ko(SBP)
SBP:  Self-bored
pressuremeter test
Negative Positive
Relative displacement Relative displacement

In situ
(at rest)

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

Under the cone tip, the largest effect on the ntageiof the pore-water pressure is created by asaing

the mean normal stress. However, along the shathefpenetrometer, the shear stresses induce a
significant portion of the excess pore pressurabse the octahedral normal stresses acting orotiee ¢
tip experience stress relief (Kim, et al., 2007gviy expansion methods consider both the octahadch

shear induced pore pressure components in an ealpitanner (Vesic, 1972; Mayne & Chen 1994).

It has also been established that a gradient & piassure exists around a penetrating cone (Roinegt
al., 1986) and that this gradient can be qualiéivelated to changes in normal and shear stresstee
soil moves around the cone tip. Figure 2.2 sugdhataneasurement of the gradient around a pemgjrat
cone should provide information related to thesstrdistribution during undrained penetration inycla
The data shown in this figure indicate that thé sounloaded and intensively sheared as it patses

cone tip and that the effect of unloading is maanpunced as the stiffness of the soil increases.
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Figure 2.2 Conceptual pore pressure distributiogaiinirated soil during CPT based on field

measurements (adapted from Robertson et al. 1986)

On the other hand, in clean sands the penetratmreps of full displacement probes can be congidase
drained and therefore no large excess pore pressargenerated. Gillespie (1990) demonstrates that,
irrespective of relative density {Dfor o' <200 kPa, the excess pore pressures behindplardizero or
negative of static equilibrium from the rapid urdo®y that occurs due to the cone geometry in this
region. Furthermore, pore pressures on the fateeofone are approximately equal to hydrostafiittefr
compressibility effects do not occur. As a respétnetration pore pressures provide little inforovatin

terms of stress changes along the probe in coaag®ed soils.

Campanella & Robertson (1981) and Hughes & Rober{d884) examined the possible variation of
lateral stress around a penetrating cone with pespechanges in measured sleeve frictioh (fhe
results of CPT tests performed in sands indicatekked increase in between 10 cm and 25 c¢cm behind
the cone tip, whereas for larger distances (greager 25 cm, or 3, whereD is the cone diameter), i
essentially constant. Hughes & Robertson (1984ysstgd the existence of high stress gradientslagsimi

to the pore pressure gradients for clays, as the ¢tip approaches and passes a soil element. & oth



words, soil is unloaded but intensively sheareit passes the tip of the penetrometer. This isereed

further in section 2.4 of this chapter.

Marchetti (1979) suggests that the disturbanceezhdaring flat plate penetration (i.e. flat dilateter) is
less than that associated with a cone, simply basdte lower apex angle at the tip (20° for the Dad
opposed to 60° for the CPT). Studies on the pet@traf long wedges by Baligh (1975) confirm this
observation. However, Sully (1991) points out ttiet model tests reported by Baligh (1975) are 2D in
nature and are misleading since the 3D effect neéqmenetration are not considered. He also ardnas t
the generally available flat penetrometers canm®tcbnsidered as infinitely long and hence the
deformation may lie somewhere between the 2D anad8Blizations. Results of 3D strain path analysis
performed by Huang (1989) demonstrate that theiffce between the strain fields for cone and plate
penetrometers are more than expected solely fr@xr apgle variations. The results of this analyks a
suggest that the stress behind the cone tip shmutdgher than that behind a DMT tip due to thgdar
disturbance caused by insertion of the probe. S{ilB91) concludes that several methods exist to
evaluate the stress distribution around full disptaent probes (e.g. cavity expansion, strain patfg.

validity of each approach depends upon both sop@rties and probe geometry.
2.2 Seismic piezocone (SCPTU)

2.2.1 Equipment

The standard piezocone has a conical tip with aap8% angle, is 10 ¢nin cross-section, has a 150Tm
friction sleeve and pore pressure can be measundéitgdpoenetration at one or more locations on @r ne
the cone tip. A seismic module containing an acoehbeter is mounted just behind the piezocone unit.
For the work described herein, the pore pressuseemeasured at the position just behind the shoulder
of the cone and thesuposition, just above the friction sleeve. The position is the optimum
measurement location to allow correction of the suead value of tip resistance ) dor the effects of

water pressure on unequal end areas of the consitig the expression:
9. =q.+ Uz(l—an) Equation 2.3

In Equation 2.3 ais the area ratio for the particular cone usedn@mella & Howie (2005) point out
that this correction is especially significant oftsclays, where high-values of pore pressusg #ad low
cone tip resistance {gmay lead to the physically incorrect situationug® ¢.. In clean sand, where no
excess pore pressure is generated, the pore presmu relatively small to the cone tip resistasoe

hence the effect of pore water pressure correctiog is relatively small, i.e., & .



2.2.2 Testing procedure

The cone is pushed into the ground at a standsdf& cm/sec and tip resistancg,sieeve friction, §

and pore pressure,,lare recorded at typical intervals of 2.5 or 5 énthis standard rate of penetration,
the soil response tends to be drained in sandsaimed in clays and clayey silts, and partiallyicked in
soils of intermediate grain size. At selected déptirvals, the penetration is stopped and thestadg is
unloaded. Seismic waves are generated at the swifng a sledge hammer to strike the end of & stee
beam which is anchored using the stabilizers ofcttree truck or drill rig as shown in Figure 2.3.eTh
contact between steel hammer and steel pad triggerslata acquisition system, which records the
horizontal particle motion that arrives at the s@imeter in the seismic module. The signal is digala
against time since triggering on a computer scréée. same procedure is repeated by hitting ther othe
end of the pad, which generates shear waves widrse polarity and produces a mirror image response

at the sensor as schematically shown in Figure 2.3.

First cross-over

SCPTU/v

Figure 2.3 Seismic piezocone penetration test.

Two or more blows on each end of the pad are recbra ensure repeatability of the signals. The é¢ene
then advanced to the next depth interval and theeulure is repeated. Then, the averagevér a given

depth interval can be calculated by an intervdinegue using Equation 2.4.



V, —m Equation 2.4
2 1

L, and L are the slant distances between the sensor rotieand the source beam taking account of the
offset between the vertical axis of the cone stand the source beam. The time intervdk (t-ty), is
the difference between the arrival times of sheawves at two successive depths intervals. Sineehiaid
to accurately pick out the initial arrival of shemaves from the signals, different approaches Heen

developed for definition of the time interval.

The simplest approach, termed the cross-over metisesd the mirror image wave traces plotted over on
another to identify a consistent reference timéiroe marker. The difference in arrival time of anye
markers at two successive depth intervals can éé asAt in Equation 2.4. Usually the first cross-over
schematically illustrated in Figure 2.3 or the nprlk is the selected time marker. A more elaborate
approach uses cross-correlation of the signalshiffirgy one signal by small time steps relativethe
other signal. At each shift the sum of the prodhfcthe signal amplitudes is calculated. The timi#t sh
corresponding to the maximum cross-correlation kenaas theAt between the two depths. The entire

signal or only a part of the signal may be usedHercross-correlation.

2.2.3 Estimation of soil stratigraphy from SCPTU data

The profiles of g fs and y versus depth are interpreted to obtain soil gfrapihy and estimates of stress
history and engineering parameters through empiciecaklations or semi-empirical approaches. Prior to
the interpretation and analysis of SCPTU data imigortant to visually inspect the profiles of SCPTU
field measurements, i.e, & and y, in order to identify trends and layer interfacBampanella & Howie

(2005) provide useful guidelines for a qualitathssessment of profiles of SCPTU field data.

The soil behaviour type classification system (SBTa soil classification system based upon observed
behaviour during penetration of the SCPTU rathantbrain size or plasticity. Several soil classificn

or soil behaviour charts have been proposed byreisers throughout the years (e.g. Schmertmann 1978,
Robertson et al., 1986; Robertson, 1990; Robertsai., 1995; Schnaid, 2004; Schneider et al. 2008)
Generally these charts use a combination of cowmlguitzocone tip resistance)(csleeve friction ¢ and

pore water pressure Jjudata or intermediate parameters such as frictadio (R) or pore pressure

parameter (B.

Mollé (2005) carried out a comprehensive reviewhsf teliability of the CPT/CPTU based charts. He
concluded that the Robertson et al. (1986) and Ratre (1990) charts yield reasonable to good result

10



Long (2008) confirms the reliability of these clsafvr characterization of uniform soft to mediuriff st
clay and uniform sand deposits. Similarly, for imediate soils such as silty clay or clayey sili aandy
silt, the Robertson et al. (1986) charts also waitty well. However, Long (2008) argues that theeem
to be difficulties with the use of these CPTU basbdrts for characterizing peat, organic clay and

laminated soils. Figure 2.4 presents the CPTU basidbehaviour type charts proposed by Robertson e

al. (1986).
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Friction ratio, R (%) Pore pressure ratio, B
Zone Soil behaviour type Zone Soil behaviour type f
R, =| - |x100
1 Sensitive fine grained 7 Silty sand to sandy silt 4
2 Organic material 8 Sand to silty sand B =42
3 Clay 9 Sand ¢ q,-0,
4 Silty clay to clay 10 Gravelly sand to sand
5 Clayey silt to silty clay 11  Very stiff fine grained* :
6 Sandy silt to clayey silt 12 Sand to clayey sand* Overconsolidated or cemented

Figure 2.4 Soil behaviour type classification sgsfeom CPTU data
(adapted from Robertson et al., 1986).

Additionally, there has been a considerable in@eims interest in using ¥in combination with
parameters such asfgpm the SCPTU to identify unusual soil conditiamech as: highly compressible
sands, cemented or aged soils and clays with eftlggr or low void ratio (Robertson, et al., 1995;
Schnaid et al. 2004). More recently, Schneiden.g2@08) proposed new soil type classificationrtha
based on normalized CPTU data. These charts werdaged from a combination of large strain finite
element analyses of undrained cone penetration cavity expansion modelling of pore pressure

generation. The proposed charts have been usedsstigity 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 investigatitmol commonly used in practice to obtain geoteciinic
design parameters. After the standard penetra®®iT) and piezocone penetration (CPTU) tests, the
DMT test is perhaps the third most widely used in $est method for soil characterization and
determination of soil parameters (Long, 2008). DIMT was introduced as a new in situ test method to
investigate the values of soil modulus for the glesif laterally loaded piles (Marchetti, 1975). Idlaetti

(1980) described the application of the flat dila&ter for in situ investigation of soil properties.

He also presented a series of empirical correlatibletween DMT measurements and several
geotechnical soil parameters such as: (i) coeffice earth pressure at resty, Kii) overconsolidation
ratio, OCR, (iii) undrained shear strengtly, &1d (iv) constrained dilatometer moduluspyl These
were developed mainly for Italian soils. March€®006) describes the evolution of the DMT from its
original concept, manufactured in 1974 by S. Matttls L'Aquila University in Italy, to the current

version which has been used in its present forinaésl980.
2.3.2 Equipment description

2.3.2.1 Standard flat dilatometer
The current design consists of a streamlined stssnsteel blade 15 mm thick, 95 mm wide by 240 mm i
length, and a curved cutting edge with an apexeabgtween 24° and 32°. A flexible and expandable

circular thin stainless steel membrane 60 mm imdiar is mounted flush on one face of the blade (se
Figure 2.5).
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Figure 2.5 Geometry of the flat dilatometer (addgtem Powell et al., 1988a).

The DMT blade is connected to a control unit lodateground surface by a pneumatic tube, pre-tiectad
through the steel push rods. A wire conductor ist@ioed within the gas line. The plastic tube afiow
passage of gas pressure and wire threaded thrbagtidstic tube provides electrical continuity frtime
control unit. This unit is equipped with high arwv pressure gauges, a buzzer and vent valves. A gas
tank connected to the control unit supplies the gassure required to expand the membrane. The

working principle of the DMT is illustrated in Figei2.6.

Stainless steel
N

membrane \ &
Sensing disk k :
N

Feeler

Membrane is collapsed

Stainless steel
(Buzzer on)

cylinder — \

Plexiglass

cylinder Membrane is expanding

Electric wire—_| (Buzzer off)

P,  Contact

Plastic insulating
seat

Membrane fully expanded
(Buzzer on)

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

The insulating seat avoids electrical contact betwtte sensing disc and the underlying steel bétyeo
blade. Since the sensing disc is grounded, theraonnhit emits an audio/visual signal when the
membrane is in contact with the sensing disc andnvithe spring loaded stainless steel cylinder makes

contact with the sensing disc when the centre@htembrane has moved 1.1 mm into the soil.
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The blade is pushed into the ground at a conssataf 2 cm/s using a hydraulic ram. At each teatll
(generally 20 to 30 cm depth intervals) penetraimmalted and regulated gas pressure is applied to

displace the membrane into the soil.

The basic DMT test consists of recording two pressyA and B readings) with an optional third
pressure known as the C-reading. The A-readingesponds to the pressure required to overcome the
soil resistance and move the membrane into thewuding soil. At this stage of the test, the memébéra

is flush with the blade. Expansion continues uthi centre of the membrane has moved 1.1 mm against
the soil. At this point, the stainless steel cyinadnakes contact with the sensing disk, compldtes t
circuit and the sound starts again (B-reading). édiately after B is reached the membrane is deflate
and the sound stops. The C-reading is taken bylgldeflating the membrane immediately after B is
reached. The membrane is pushed back by the ekteressure until contact with the blade is re-

established , i.e. flush with the blade, and the&ling is recorded when the sound starts again.

2.3.2.2 Performing the test

The blade is pushed into the ground at a conssataf 2 cm/s using a hydraulic ram. At each teatll

(generally 20 to 30 cm depth intervals) penetrat®malted and regulated gas pressure is applied to
displace the membrane into the soil. The basic DBEE consists of recording two pressures (A and B
readings). The C-reading is not in widespread wgecan 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, B and C pressures, must be corrected to obtan th
corrected pressuresg, ;. and p. The correction is applied to account for the @ffif membrane stiffness
(AA and AB), and the gauge pressure deviation from zegg (hen vented to atmospheric pressure.

The following expressions are used (Marchetti, 3980

Po =A-Z, +DA Equation 2.5
p, =B-Z,-AB Equation 2.6
p, =C-Z,+AA Equation 2.7
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Zy is the gauge pressure deviation from zero wheredeto atmospheric pressureA is the required
suction pressure to overcome the stiffness of teenbmane in free air, i.e. atmospheric pressure, and
bring it in contact with the sensing disc (0.02«0.30 bar), and\B is the external pressure required to
lift the centre of the membrane above its suppod aove it outwards 1.1 mm against only the
atmospheric pressure (0.088<0.80 bar). The corrected A-pressure, is the gasspre required to move
the centre of the membrane horizontally 0.05 mno ithte soil (g). Schmertmann (1988) suggested
extrapolating pto zero displacement to find the soil pressurdarsgahe membrane before the start of
expansion. This extrapolation assumes a lineassss®ain soil response during the test up to the

corrected B-pressure;.prhus the extrapolated pressure at zero displacement is given by
p, =105A - Z,, +AA)- 005(B - Z,, - AB) Equation 2.8

Schmertmann (1988) argued that research by Campaetedlh (1985) using a specially instrumented
DMT blade confirmed that, for the low strain involiyghe assumption of linear extrapolation is aceurat
It is evident that the pressure at zero displaceroemputed with Equation 2.8 results in lower pressur
values, since the expansion curve in reality islinear. Sully (1991) points out that while the oairv
between pand p may closely approximate a linear response, it ispnobably the case for the initial
pressure increase from 0 to 0.05 mm displacement bataabues that the effect may not be important
due to the fact that interpretation of soil paramseefeom DMT data is based on empirical correlations.

Equation 2.8 is now the standard approach to detation of .

(B-Z,-AB)
- =
Actual soil response
between p and p

o ——-"
S
: -
)
g \ Linear extrapolation
S
O P-e

f expansion to A-Z AA occurs

|
|
| “True" R value if nonlinear
|
|
|

|
|
|
|
|
|
|
|
|
i
|
,,,,,,,,,,,, (A-Z #AA) between p and p }
|
|
|
|
|
|
|
|
|
|
|
\

Membrane displacement (mm)

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

The seismic flat dilatometer (SDMT) is a combinataf the standard flat dilatometer (DMT) equipment
with a seismic module for used for downhole measerg of the shear wave velocity JVThe test is
conceptually similar to the seismic cone introdubgdCampanella & Robertson (1984). The SDMT was
first introduced by Hepton (1988), and significamprovements to the equipment were made at Georgia
Tech as described by Martin & Mayne (1997, 1998) Brayne et al. (1999). The current design of the
seismic probe consists of a cylindrical elementgiaabove the DMT blade with two built-in receivers
separated by 0.5 m and so allows determination (afya true interval technique. Foti et al. (2006)
argues that the true-interval test configuratiothviivo receivers avoids the possible inaccuractha
determination of the zero time at the hammer implaat sometimes is observed in the pseudo-interval

one-receiver configuration.

The data acquisition system can be triggered autoatiyg when the hammer blow is sensed at the upper
geophone or externally by contact between the haname the beam. A third option called immediate
triggerring is only used to check the equipment #mel system is automatically triggered from the
computer. A detailed description of these optioas be found in the SDMT software manual provided
by the manufacturer (Studio Prof. Marchetti). Thgnal is amplified and digitized at depth before
transmission to the surface, and it is automaticaliocessed with the software provided by the
manufacturer (SDMT Elab). The shear wave veloch) (is displayed on the computer screen
immediately upon data acquisition. The averagersivase velocity over a 0.50 m depth interval can be

calculated by an interval technique using the foilhg expression:

L,-L
Vv, =H Equation 2.9
2 1

where L, and L are the slant distances between each receivéreiprobe and the source beam taking
account of the offset between the vertical axishef DMT and the source beam. The time interds,
(t-ty), is the delay of the arrival time of the impufsem the first to the second sensor. The time waer
(At), is computed by an interpretation algorithm deped by the manufacturer. A schematic

arrangement of the system is shown in Figure 2.8.
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Figure 2.8 Seismic flat dilatometer test.

2.3.3 Interpretation of SDMT data

Marchetti (1980) used the measurgapd p to derive intermediate DMT parameters which he theed

as indicators of soil behaviour type and of engimgeproperties. Since Marchetti’'s initial publitats,
various investigators have suggested additionaarpaters and procedures designed to improve the
capabilities of the DMT. (e.g. Schmertmann 1988¢dsse & Lunne 1988, Mayne & Kulhawy 1990,
Marchettti, et al. 2001). In fact, since its intuation in 1980 two international conferences hagerb
devoted to dilatometer testing in the interveninge8ades (Edmonton 1983 and Washington 2006) and
substantial contributions, in terms of equipmentadi@ment and data interpretation, have been fhédis

in several journals as well as national and int@wnal conferences.

The corrected pressureg, p, and p, are combined to calculate the intermediate DMTapesters: (i)
material Index @), (ii) horizontal stress index @, (iii) dilatometer modulus (§), and (iv) pore pressure

index (W) (Lutenegger & Kabir, 1988) using the followingpe&ssions:

Equation 2.10
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D T Equation 2.11
E, =347(p, - p,) Equation 2.12
-u
U, = M Equation 2.13
(Po - U,

in which u is the estimated equilibrium pore water pressang,o,, is the estimated effective vertical

stress.

2.3.3.1 Estimation of soil type

Ip and W can assist in identification of soil type. Mardh¢1980) suggested that the soil type can be
identified as a function of the material index)(hs summarized in Table 2.1. Marchetti et al. (32001
point out thatd tends to indicate silt as clay and vice versa,amixture of clay and sand will generally
be described as silt. They also argue that the prrgsure index (§) seems to be a parameter that can be
interpreted to detect the difference between tlsads. For instance, Marchetti et al. (2001) sutgpes
value of U, = 0 for permeable soils (sands)0.7 for impermeable layers (clays) ang hétween 0 and
0.7 for soils within the silts region (0.6x{1.8).

Table 2.1 Soil behaviour type based piiMarchetti, 1980)

Soil Type Material Index f)
Peat or sensitive clays p<d0.1
Clay 0.1<p<0.35
Silty clay 0.35<})<0.6
Clayey silt 0.6<$<0.9
Silt 0.9<h<1.2
Sandy silt 1.2<1.8
Silty sand 1.8<3.3
Sand 5>3.3
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2.3.3.2 Interpretation of soil state and engineering proesr

The flat dilatometer can also be used to estimameghnical parameters such as: undrained shear
strength, § overconsolidation ratio, OCR, and coefficienteafth pressure at resto.MMayne & Martin
(1998) present a comprehensive review of severapaoative studies, modified relationships, and new
DMT correlations for estimation of several geotachhparameters. The paper of Mayne & Martin
(1998) is widely recommended as an excellent ratere@locument. Alternatively, the report by Mardhett
et al. (2001) on the DMT provides general guidelioa the interpretation and derivation of DMT data
using the original correlations proposed by Martit{&080).

The horizontal stress indexyKis empirically related to the coefficient of dapressure at rest gKand it
is also used in the estimation of the overconsttidaratio (OCR) and the undrained shear strengjh (
In normally consolidated (NC) clays without ageisggucture or cementation pKwill be in the range of

1.8 to 2.3. Higher values ofgsuggest higher overconsolidation in fine graingitss

The dilatometer modulusphbs used to determine the constrained modulggMwhich is the vertical
drained confined (one-dimensional) tangent modwdtisy,,. This modulus is the inverse of the
coefficient of volume change (jm which is used to estimate the one-dimension&rdetion due to
consolidation settlement. dr is calculated by applying topEthe correction factor | which is a
function of the material indexd) and horizontal stress index{K Marchetti et al. (2001) point out that
Rw varies mostly in the range of 1 to 3. The use,@rd K to determine R recognises the influence of
soil type and stress level onplyk and the use of fJrecognises the different stress-strain charadesist
different soils (McPherson, 1985).

Finally, the pore pressure index parametey, fiovides insight into the drainage conditiongtaf soil.

For free-draining layers, such as clean sands,DINH test is performed under perfectly drained
conditions and the excess pore pressw@ (s practically zero throughout the test. Hengez w.
However, in layers that are not free-draining, tlays, the test is undrained. The excess poresymes
generated during DMT insertion will partially dipate before membrane expansion begins. Additional
excess pore pressures will be generated during marakexpansion and contraction resulting in excess

Au when the C-reading is taken, and consequenthy,p

2.3.4 Estimation of in situ lateral stresses from SDMTasw@ements

The flat dilatometer has been widely used to egérttze coefficient of earth pressure at res),(khough

estimates are based upon empirical correlationsldegd some time ago. Mayne & Martin (1998) point
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out that the original empirical correlations propddy Marchetti (1980) have proved useful but that
statistical trends used for its development wengvdd from fairly limited databases with informatio
mainly on ltalian soils. Several researchers hagessed the validity of the original correlatioris o
Marchetti in different soils and have proposed meapirical approaches for estimation offom DMT
data. This section provides the reader with a sumpmmiathe most common empirical and semi-empirical
approaches for estimation of from DMT data. The description of these approadies 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 ¢figient of earth pressure ¢K was proposed by

Marchetti (1980). The horizontal stress indexiK related to KK through the empirical correlation given

by

K 047
K, :(1_;) -06 Equation 2.14

The basis for this correlation was a direct conymari between pairs of values of Kand Ky from
experimental results from nine clay sites in Italgd two sand sites in Italy and Saudi Arabigv&lues

in clays were empirically obtained from the overmalidation ratio (OCR) and the plasticity index)(PI
using the empirical correlation suggested by Brooke Ireland (1965). Additionally, results of
calibration chamber (CC) tests on sands were usedfarence values. Since referengevlues were
not measured directly in the field, the referenatugs may not represent the true in situ lateralsst
state. This correlation is based mainly upon expenital data on uncemented, insensitive soils theg h
not experienced aging, thixotropic hardening or eetation. Marchetti (1980) concludes that Equation

2.14 can be used for quantitative estimatesqif IKoils within the limitations above mentioned.
Throughout the years several researchers (e.gskack Lunne 1988; Powell & Uglow 1988a, 1988b;
Lunne et al. 1990; Mayne & Kulhawy 1990) have assdghe validity of Marchetti’s correlation and

have proposed slightly modified versions of Equati®.14 based on empirical or semi-empirical

reasoning (see Figure 2.9 to Figure 2.11). Inadks, the relationships take the same general forma

K,=aK,"+b Equation 2.15
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Table 2.2 summarizes the a, b and m parametetbdee studies. However, Marchetti et al. (2001)i@arg
that the original k-K, correlation (Equation 2.14) gives reasonable edgs of kg, especially
considering the inherent difficulty of precisely as@ring this parameter and that, in many applinatio

even an approximate estimate qfriday be sufficient.
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Figure 2.9 Relationship between Knd K for old U.K. clays (adapted from Powell & Uglow988a).
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Table 2.2 Summary of empirical and semi empiriggdraaches to estimate, ikom Kp in clay

Reference a m b Notes
K, reference values derived from
Marchetti (1980) 0.8 0.47 -0.6 the empirical correlation of
Brooker & Ireland (1965)
0.44 K, reference values derived from
Lacasse & Lunne ' TSC, HF, SBP and FVT
0.34 to N/A . o
(1988) 0.64 m=0.44 high plasticity clays
' m=0.64 low plasticity clays
Powell & Uglow for “young” U.K. clays, less thar
0.34 0.55 N/A
(1988a, 1988hb) 70 000 years old
Statistical relationship based
0.27 1 N/A upon SBP data collected in
Mayne & Kulhawy Europe and North America
(1990) Fissured clay - Bx= 0.9
1 Insensitive clay - Bx= 1.5
e | 047 0.6 tive clay - P
(Bk) Sensitive clay - B,=2
Glacial till - g,=3
0.34 | a=0.34
. “young” clay -
N/A Sy/ov'<0.7
Lunne et al. (1990) to 0.54
a=0.68
0.68 “old” clay -
s/oye>0.7
15-PIl) 05 s, values determined
Sully (1991) 0.34 0.55 . )
Pl Ouw' Jour from DMT correlations
Semi empirical method
A=1-(CGJC,) is plastic volumetric strain ratio
sng | Cs G = swelling and compression indexes
Mayne & Kulhawy 2K A L
K, =([-sing) ——2>— I,= rigidity index (1=G/s,)
(1990) sing(Inl, +1) . o
' A =0.8 for low to medium sensitivity clays
A =0.9 for highly structured or cemented clays

HOC = Highly overconsolidated

Pl = Plasticity Index

SBP = Self-boring pressuremeter

TSC = Total stress cell

HF = Hydraulic fracturstte
(1)’:
FVT = Field vane tests
o= Effective vertical stress

S Undrained shear strength

23

Effective peak

friction angle



2.3.4.1.2 DMT dissipation tests

It has been argued that it is also possible toyaart pore pressure dissipation tests with the DMTow
permeability soils, i.e. clays and silts. The exgesre pressure generated by the blade insertssipdies
over a longer period of time than that of a staddaMT test, which is approximately 1 minute. The
results and interpretation of a DMT dissipatiort &a® aimed at estimating the magnitude of thatin s
coefficient of consolidation (f and hydraulic conductivity ¢k of a soil deposit in the horizontal plane.
Overall, the test consists of stopping the blade specific depth, then monitoring over time theageof

the contact total horizontal stress acting on tlnbrane. Upon achieving the desired test depth and
depending upon the test method, either the dectyeoh-reading or “lift off” pressure, or the C-thag

is monitored over time until constant values ar&inled. Also, the pressures A, B and C recorddden
field are corrected to account for the effect oimbeane stiffness, and zero gauge offset when venoted

atmospheric pressure.

The DMT-A method consists of taking a time sequenicd-readings avoiding the expansion required
for the B-reading. Upon execution of the test tekeay of the A-reading is plotted against the Idbai

of time. Marchetti et al. (2001) recommend stoppimg test once the curve has flattened sufficiesdly
that the contraflexure point is clearly identifiethe time at this point is used for interpretatmfnthe
tests. On the contrary, the DMT-C method consistperforming, at different times, one cycle of
readings A-B-C and plotting the decay curve of @ieeadings taken at the end of each cycle. Maiichett
et al. (2001) point out that the method relies uplom assumption that the corrected C-pressure is
approximately equal to the pore pressure in thefacing the membrane. The DMTz#nethod is very
similar to the former. The decay curve of the Adiags is plotted rather than the C-readings, arddht

is stopped after 50% dissipation of the A-readisgachieved. However, if time is not a constraint is

recommended that the test should be continued 1006 dissipation.

Marchetti et al., (1986) suggest the possibilityre€ording the A-pressure with time during a stop i
penetration and plotting this value versus log tiffflee method is aimed at estimating the effectiterhl
stress acting on the shaft of vertical driven piteslay after dissipation of the excess pore pnesdue to
installation. The time-dependent decay of the abet A-reading may be used to estimate the
reconsolidated horizontal effective stress aftargpetion, which can be useful for an effectiveestr
analysis for vertical driven pile design. The tdsscribed by Marchetti et al. (1986), later namedha
DMT-A dissipation test, consists of monitoring ttiecay of the A-reading until equilibrium is reached
Results of several DMT-A tests reported by Mardhett al., (1986), Powell & Uglow (1988b),
Lutenegger & Miller (1993) and Lutenegger (2006dicdate that the time required to achieve 100%

dissipation depends upon the soil type and mayndbeorder of several hours up to a few days.
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Furthermore, Lutenegger (1990, 2006) suggestdibdDMT can be used as a push-in total pressure cel
to obtain a measure of the reconsolidated latéreds §.) after dissipation of excess pore pressures due
to blade penetration. Results of several DMT-Ad¢xtrformed at several sites in very soft to veify s
fine grained soils indicate that the reconsolidatimefficient of lateral stress:K(o-Uo)/ oy, Obtained
after o, reaches equilibrium is very close to referengevilues. The results of several DMT-A tests
described by Lutenegger (1990, 2006) and Lutene§g®filler (1993) are encouraging and seem to
demonstrate the usefulness of this method to etitha@ coefficient of earth pressure at rest i sof
medium clays. Nonetheless, the writer is not avedi@ny recent assessment of this method, which is a

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 theffodent of earth pressure at restjKand the
horizontal stress index (X is mainly based upon data obtained in clay sdilserefore, it is not
surprising that estimates ofyKvith this method are not representative of thoSsamdy soils. In an
attempt to improve the estimation of K sandy soils, Schmertmann (1982, 1983) propaseahalytical
approach to estimate this parameter in uncemerdadssbased on results of a limited number of
calibration chamber tests. The proposed relatignisatween K Kp and the effective friction anglé?)

is given by the following expression

_ 40+23K, -86K , (1-sing, ') +1521-sing, ) - 7171-sing,,)

Ko 192-7171-sing, )

Equation 2.16

whered,y is the angle of shearing resistance as determryyestandard triaxial compression tests (also
referred to agh’). The method by Schmertmann (1982, 1983) is iliditoned due to the sensitivity to
different values ofp'. Also, in Equation 2.16 previous knowledgeddfis required but the magnitude of
this parameter is usually unknown a priori. Schmertmé®83) and Marchetti (1985) developed this
idea and introduced the idea of incorporatig@s|a function of Kandd’ into the correlation equation.
Marchetti (1985) concludes that the-#-Kp correlation still requires further verification thiresults

from CC tests and field data.
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————— Schmertmann (1983)
Schmertmann (1983)
modified by Marchetti (1985)
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Figure 2.12 Comparison between Schmertmann’s andh#i’s correlations for estimation ofkn
sands (adapted from Marchetti 1985).

Baldi et al. (1986) made further adjustments toapproach based on a function of Kp, and ¢/o, of

the form:

K,=D,+D,K, + D{%} Equation 2.17

Vo

Table 2.3 presents a summary of the correlationpgsed by Baldi et al. (1986) to estimatg fkom
DMT data in natural uncemented predominantly queasd@nd. Jamiolkowski & Robertson (1988)
continued this line of research. All of the deriveslationships proved extremely sensitive to small
changes in the input parameters. Marchetti et2801) recommend the use of Equation 2.17 with the
fitting parameters used to fit the results of C&geun under BC1 conditions and the Po river datd,

with g /o, '= -0.005 in “seasoned” sand, and -0.002 in “frestdyposited” sand. The uncertainty in

estimates of K from these empirical approaches is significantlyéased when the soil explored has
experienced cementation and/or ageing, which regulégs more complex soil structure that can not be
mimicked in CC tests.
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Table 2.3 Empirical relationships betweepnafd Ky in sand proposed by Baldi et al. (1986).

Database ») D, Ds R Notes
All CC data ]
Overestimates fvalues from CC tests
(BC1, BC2,BC3| 0.359 0.071 | -0.00093 0.744 N
performed under BC3 boundary conditions
and BC4)
Adjusted to fit results of CC tests performed
CC data »
(BC-1) 0.376 0.095 | -0.00172 0.802 under BC1 boundary conditions, but

overestimates |Kfor Po river sand

Field calibrated using &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 = g¢,=constantgy =constant oy= Vertical stress
BC-2= ¢=¢=0 on, = Horizontal stress
BC-3 = g¢,=constantg,=0 e,= Vertical strain
BC-4 = ¢,=0, 0, =constant en= Horizontal strain

2.4 Lateral stress modules mounted behind cones

2.4.1 Introduction

There have been several attempts to estimate thituimateral stress by measuring and interprettireg
lateral stress acting on an advancing cone (Humst®85; Bayne & Tjelta, 1987; Tseng, 1989; Masood,
1990; Sully, 1991; Takesue & Isano, 2001). Theedéht designs of lateral stress cones can be divide
into two categories: (a) instrumented friction skeand (b) passive sensing elements. Both apmsach
have been attempted at UBC. The location of ttexdhstress measuring section with respect tdiphe
of the cone has varied from one design to anofftg@s section provides the reader with an overviéw o
the development of different lateral stress cohasdre considered to represent landmarks in tbgress

of this type of device.

2.4.2 Background and theoretical framework

The friction sleeve measurement on the canés bbtained by dividing the load registered om fitiction

sleeve load cell by the surface area of the frictteeve (150 cmon a standard 10 énrone) and
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represents the average shear stress acting ometheesThe average stress,ghould be related to the

normal effective stress on the friction sleesg,through the relationship:

f,=0,'tand Equation 2.18

whered is the angle of friction between the friction sleeand the soil. However, the zone immediately
behind the cone tip is known to be one in whiclréhere high gradients of stress and pore pressute a

so the true stress distribution on the sleeve likelg to be uniform.

The lateral stress at the surface of a cone peanetss is not constant with respect to distance lokethia

tip. Indeed, Campanella & Robertson (1981) showeat the friction sleeve resistance in medium
(D,=60%) to very dense sand B0%) varies as a function of the distance behidone tip. Their
field measurements using friction sleeves locatedaaying distances behind the cone tip indicated a
significant increase in;between 10 and 25 cm behind the tip as shown iar€ig.13. However, beyond
about 40 cm or about 10 to 11 cone diametB)sbehind the tip, the magnitude qfi$ fairly constant
regardless of the density of the sand. This sugdhat instrumentation designed to monitor lateraisst

during penetration should be placed at leaBt i6hind the cone tip.
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Figure 2.13 Friction along shaft during cone peat&in in sand

(adapted from Campanella & Robertson, 1981).

Campanella & Robertson (1981) suggest that thedlstress on the cone rods remains constant for any

particular relative density beyond a distance ofuablD (D=diameter of the cone) behind the tip.
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Between the cone tip and R2behind the tip, the friction sleeve measurementldide recorded in an
area of highly variable stresses. Also, at thiafion dimensional tolerances of the componentdef t
cone may have unacceptable effects on the measaleks, i.e., a slightly undersized friction sleevay
promote a larger stress reduction while an ovedssteeve may reduce the unloading effect. Alsdrstra

rate effects near the tip and rotation of princigteésses may be important.

Robertson (1982) reviewed the calibration chamlag¢a df Baldi et al. (1982) and attempted to estmat
with Equation 2.18 the average effective latere¢sst over the length of the cone friction sleevee T
results of these analyses indicate that the madmitf the estimated lateral stress measured during

penetration varies from 1 to 7 times the pre-peiein lateral stress.

Furthermore, the first attempt to directly meadine lateral stress during cone penetration was rbgde
Huntsman (1985) at University of California at Beldy (UCB). Huntsman (1985) assessed the effect of
increased lateral stress optlgrough a review of results of calibration chamfie€) tests performed by
Villet (1981), Jamiolkowski (1982) and Schmertm&hf78). Figure 2.14 shows the relationship between
the ratios of the cone tip resistance measuredrunigle lateral stress conditions, i.e. overconstéd, to
that measured under normally consolidated (NC) itimm$ (GiocyOcnc), Versus the ratio of the

corresponding lateral stress coefficients for thaseconditions (KdKnc).
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Figure 2.14 Effect of increased lateral stresspresistance (adapted from Huntsman, 1985).

Huntsman (1985) noted that the data shown in Figur4 indicate that a unique relationship betwden t
lateral stress and tip resistance is not feasiDle.this basis, he concludes that reliable and direc

estimates of the effective lateral stress fromdiee tip resistance are not possible. As an aligede
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explored the possibility of using for the same purpose. The relationship betweesltdwve friction and
imposed horizontal boundary stress for laborat@lbration chamber tests reported by Jamiolkowski
(1982) is presented in Figure 2.15. Huntsman (1888Jies that the dashed lines on Figure 2.15 stigges
that there is a relationship between friction séeemeasurements and horizontal stress boundary
conditions at different relative densities. Inde€dmpanella et al. (1990) suggest that the trueledion

representing “in ground” conditions probably liesrewhere between the two data sets.
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Figure 2.15 Influence of relative density @i relationship from CC test data

(adapted from Huntsman, 1985).

Huntsman (1985) and Huntsman et al. (1986) condluaiethe data shown in Figure 2.14 and Figure 2.15
demonstrate that the friction sleeve measurememare sensitive to lateral stress than the cone tip
resistance. They also suggest that a measuremehe oformal stress will offer a better correlation
lateral stress than the cone friction sleeve aldhes assumption relies on the dependence of tbigofn
resistance upon the coefficient of frictiqu) (@t the interface between the sleeve surfacelanddil. This

is for a cone of constant diameter.

Several studies into soil behaviour around a patiefy cone (e.g. Gillespie 1981, 1990; Hughes &
Robertson 1984) have demonstrated the existeneegef gradients of both stresses and pore pressures
the vicinity of the cone tip. These gradients aiienprily related to the geometry of the equipmeénts

the change in geometry at the base of the tip saadarge normal stress reduction as the soil pabse
cone shoulder. The qualitative evaluation of strdsdribution around a penetrating cone in sand
proposed by Hughes & Robertson (1984) showed thHteabase of the cone tip a large normal stress

reduction occurs as the soil passes the shoulderHigure 2.16).
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Figure 2.16 Qualitative evaluation of stress disttion around an advancing cone in sand
(adapted from Hughes & Robertson, 1984).

The amount of this reduction with respect to porespures was first experimentally evaluated by
Gillespie (1981). He concluded that in saturatee frained soils, the decrease in pore pressutbeup
shaft is due to changes in total stresses, andhbsé changes represent the transition from aisph®

a cylindrical cavity expansion. Similarly, Salgad®93) points out that a stress rotation takesepiathe
neighbourhood of the tip of the penetrometer. Farrttore, Campanella et al. (1990) pointed out theat t
lateral stress measured at a location away fromtifhemay more closely represent conditions of
cylindrical cavity expansion, whereas stress chamgar the tip may cause significant deviation fthen

cylindrical cavity expansion condition.

The insertion of a cone into the ground generatessses and/or pore pressure increments in the
surrounding soil due to the imposed strains. Thgmtade of these increments will depend upon tlile so
characteristics, probe geometry and penetratiom vaso, the nature of those increments will depend
upon whether the penetration process is drainattaimed, or partially drained. The magnitude oédat
stress acting on the shaft of an advancing cong fepresents the pre- and post-penetration state of

stresses. The relationship between the pre angpastration lateral stresses is

0, =0,,+tA0,'tu, +Au=0,,+Ao, Equation 2.19

In Equation 2.1% 5 is the total lateral stress measured by the cepé,s the initial in situ effective

lateral stressAc 'y is the increase in effective lateral stressistthe equilibrium pore pressure afid is
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the change in pore pressure caused by undraingdrtially drained deformation of the soil. For dred
penetrationAoy = Aoy, whereas for undrained penetratidny, = Ao+ Au. Sully (1991) points out that

it is generally assumed that no change in effecsivess occurs but this neglects the effect of rshea
induced pore pressure. He indicated that the adtfimal to initial lateral stress could be congeldto an
amplification factor (As), i.e. A.s= o.s/ ono. He demonstrated that the magnitude and variatiotne

amplification factor depend upon both probe geoynatid soil characteristics.

2.4.3 Lateral stress modules

The original UBC lateral stress module was an imsanted friction sleeve comprising a friction skeev
with a reduced wall thickness, instrumented withaigat gauges bonded to its inside so that the
circumferential or hoop strain of that section wasasured. Instruments have also been developedh whic
measure the stress using a passive sensing elelifege typically consist of an external pressure-
receiving plate that is flush with the body of t@ne and transfers the normal stress acting oghat of

the penetrometer to an internal sensor. This seqgbimvides an overview of the development of
instrumentation developed for measurement of ttezdhstress acting on the shaft of an advancimg.co
The basic characteristics of lateral stress modiésigned to be mounted behind cones that have been

reported in the technical literature are summarin€table 2.4.

2.4.3.1 Instrumented friction sleeves

Huntsman (1985) describes the laboratory and fattal stress sensing penetrometers (LSSCP) osed f
his research. The laboratory model (LSSCP-I) wamdified version of the acoustically damped electri
cone penetrometer designed and used by Tringak3Y1Fhe seven-channel laboratory cone had a tip
area of 10 ch a friction sleeve area of 150 €rand was designed to independently measure: tip
resistance (g, friction resistance {, acoustic emissions near the tip, lateral steggzroximately 1
diameter behind the tip, pore pressure immedidiehind the tip (1), lateral stress around 9 diameters

behind the tip, and pore pressure at about 10 deambehind the tip.

The lower lateral stress measuring section which lveated approximately one diameter behind the con
tip, consisted of a section of the friction sleewachined (from the inside) to a wall thickness ¢#50
mm. The circumferential strain of this section wasasured by means of electric resistance straigegau
bonded to the inside of the machined friction steéihis measurement was calibrated against hydiosta
pressure acting on the exterior surface of theidncsleeve. The upper lateral stress measurintjosec
contained a thin-walled section with circumferelhtiariented strain gages similar to that in thevéo

section of the friction sleeve. Also, a pore presswansducer, which was similar to the one beltfired
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tip, was mounted just above the upper lateral ssestion. Figure 2.17 shows a schematic diagraimeof

laboratory LSSCP-I.

Lateral stess lower

measuring section \ St. gauges
Microphone A

St. gauges

i |

:=é

Tip

Pore pressure Lateral stess upper
transducer Friction sleev measuring section

LPore pressure
transducer

Figure 2.17 Schematic diagram of laboratory latstt@ss sensing cone penetrometer (LSSCP-I)

(adapted from Huntsman, 1985).

The field penetrometer (LSSCP-Il) was a modificataf the design used for the laboratory cone. The

principal changes in the second design were:

* The capacity of the load cells for measuring tid &rction resistance was increased.

* The microphone and acoustic dampening elements oveitéed.

» A thermistor was mounted on the friction sleeve adgacent to the lateral stress sensing strain

gages to monitor the effect of temperature onatgy.

* In both lateral stress measurement sections, tiaénsgjages were connected to form a half

Wheatstone bridge. This configuration allowed th&rument to be less temperature sensitive.

« The upper pore pressure sensor was removed.

» The radial orientation of the lower pore press@mssr was moved to an axial orientation.

* An electronics section was mounted immediately abthe upper lateral stress measurement

section.

The six-channel field cone allowed simultaneous sueament of: tip resistancecfgfriction resistance

(fs), pore pressure immediately behind de tiy), (iateral stress and temperature approximatehaheter
behind the tip, and lateral stress at about 9 diammédehind the tip. The LSSCP-II is shown in Fgur

2.18.
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Figure 2.18 Schematic diagram of field lateralsgreensing cone penetrometer (LSSCP-II)

(adapted from Huntsman, 1985).

The design of the LSSCP-II was sensitive to cralis¢ffects on the friction sleeve, and susceptible
damage under high hydrostatic pressure or gravebweriered during penetration. In an attempt to
overcome these problems the lateral stress seatiotie LSSCP- Il were redesigned by Tseng (1989).
The improvements in the design resulted in anunstnt with insignificant cross-talk effects and aren
robust design less susceptible to damage (Mas®@&8)1Furthermore, the new design allowed the dater
stress to be measured in a different manner franuked by Huntsman (1985), and therefore falts int
the category of passive sensing elements. A complescription of the measurement principle of the
LSSCP-IIl is given in section 2.4.3.2.

Campanella, et al. (1990) described the first modiéhe lateral stress piezocone (LSCPTU-I) devetbp
and built at the University of British Columbia. @hnstrument consisted of two separate measuring
systems: a standard UBC piezocone unit (CPTU) dategal stress module (LSM-I). The eight-channel
piezocone had a tip area of 15 °cra friction sleeve area of 225 €rand allowed simultaneous
measurement of the following parameters: tip rasist (@), pore pressure on the faceg)(ar behind the

tip (up), sleeve friction @@, pore pressure behind the friction sleevg &nd temperature. The lateral stress
module consisted of an instrumented friction sleaated 69.9 cm behind the tip. This section was
designed to independently measure lateral striessyesfriction, pore pressure, and temperaturepibes
the fact that two temperature sensors were lodatéite LSCPTU-I only the temperature at the positio
of the lateral stress module was recorded wherdhe was in this configuration. The transducer eang
were 7.5 V for all the channels with the exemptidrihe lateral stress channel, which operated oh 1

full scale. The geometry of the LSCPTU-I cone iswh 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 LSCPTtéported by Campanella et al. (1990) indicated that
lateral stress measurements were sensitive toeadh loads on the friction sleeve and on tempeeatu
However, they argued that these effects can bérasdd out by making appropriate corrections to
measured data. For example, a temperature senstled in the sleeve allowed for temperature
compensation to both lateral stress and frictieew measurements. Also, Sully (1991) suggested) usi
a thinner instrumented section in order to increghsesensitivity. However, the use of a thinnettisac
may result in an instrument more sensitive to ctaliseffects and temperature variations, and resluc
the robustness of the equipment. Finally, Campaneilal. (1990) suggested that the actual +7 kPa

resolution of the lateral stress channel couldniggroved by refining signal processing.

2.4.3.2 Passive sensing element approach

Bayne & Tjelta (1987) describe the development application of different multi-element piezocones
for investigation of a site located at the NortraS&he lateral stress piezocone (LSCPTU) described
consisted of a module designed to measure simuoltashethe total lateral stress acting on the sbiatie
penetrometer, and pore pressure and sleeve frigtidi@ mm and 140 mm above the lateral stress senso
respectively. This module was attached to a 3 oblari® cni piezocone unit capable of measuring tip
resistance (g, pore pressure at the tip,J@nd sleeve friction {f. The lateral stress module was placed at
distances between 1 and 3 m behind the piezocaheTine total lateral stress was measured by a load
cell with two active faces set on opposite sideshefelement and flush with its face. Each actaeef
was circular with a projected area of 403 fire. approximately 11.3 mm in diameter. The loall was

a spool shaped post instrumented with foil gauges.

Tseng (1989) redesigned the lateral stress sectibiise cone developed by Huntsman (1985) in an
attempt to overcome the weaknesses of the previastsumented friction sleeve approach. The
improvements in the design resulted in an instrumgth insignificant cross-talk effects and a more

robust design less susceptible to damage. The esigrd measured the lateral stress using two lateral
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stress sensors locateD And 7. behind the tip, wherB is the cone diameter. The lower pore pressure
sensor was located immediately behind the tjp dnd the upper sensor was locatedaoghind the tip.

A schematic diagram of the lateral stress senstiredE SSCP-I11l is shown in Figure 2.20.
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Figure 2.20 Schematic illustration of the lateteéss measuring system of the LSSCP-III
(adapted from Tseng, 1989).

As shown in Figure 2.20, the lateral stress seat@mnsisted of a double stainless steel ring corditn
comprising an outer active ring and an inner passing. Four identical steel curved pieces, 1.3 mm
thick, were joined together with a polyurethane poond to form the outer flexible ring. The cavity
created between the active ring and the innerwiag covered with a rubber membrane and sealedfat bo
ends by two sealing rings. A strain gauged stasngsel diaphragm, 6.3 mm in diameter, was installe
on the inner ring and functioned as a pressuresdizcer. The cavity formed between the membrane and
the inner ring was filled with de-aired water. Sation of the fluid was critical to the performanufethe
measuring system. Masood (1990) suggested modiisato the above design but no further work

appears to have been done on it.

Takei & Isano (199) and Takesue & Isano (2000, 20fdscribed a lateral stress cone exclusively
designed to measure the lateral stress acting @shhft of a cone during penetration. The cone was
developed with a relatively simple structure andhwparticular attention to ease of field use. The
Japanese lateral stress cone (J-LSC) consistedpobltee with the same diameter and tip shape as a
standard penetrometer, i.e. apex angle of 60° @ndréa of 10 cf The J-LSC was equipped with a
lateral stress sensor, two pore pressure transslacer one biaxial inclinometer (Figure 2.21). Tive f
channel configuration of this equipment allowed dianeous measurements of: (i) pore pressure behind
the tip, (ii) lateral stress ZDLbehind the tip, pore pressure R2.6ehind the tip, and inclination in the x

and y directions. The lateral stress acting oncthree was transferred to an internal load cell tghoan
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external curved pressure-receiving plate in dicecttact with the soil. As shown in Figure 2.21, phate
was located 2.14D behind the tip.

u, pore pressure
transducer

u, pore pressure

Inclinometer (x, y)
transducer

- rEas
i

Lateral stress
transduce
@ 18.4

Porous filte

Cone @ 35.

Porous filter
— =36

7/[

Unit: mm

34-5:?*«5 jﬂ#

30.9 300

Figure 2.21 Japanese lateral stress cone (J-L8@pted from Takesue & Isano, 2001).

A second model of lateral stress cone, termedcéidn-lateral stress cone (J-FLSC), was described b
Takesue (2001). The new device was capable of megdine lateral stress acting on the penetrometer
shaft and the pore pressure behind the laterasssensor at two different locations along the bradt.
Also, the friction between the penetrometer andl was measured by an instrumented friction sleeve
located between the two lateral stress sectiomktraninclination of the probe was monitored witbualt

in inclinometer. The diameter of the J-FLSC wasstant along the probe. Instruments of 36 mm and 44
mm diameter were developed. A schematic diagratheflapanese friction-lateral stress cone is shown
in Figure 2.22.

Lateral stress transducer (& 18- Instrumented friction Lateral stress transducer(& 18.4)
Pore pressure transdu sleeve Pore pressure transducer
\ — @=36 mm
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Figure 2.22 Japanese friction-lateral stress cd#d.GC) (adapted from Takesue, 2001).
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2.4.3.3 Review of instrumentation

The principle of measurement of lateral stress resddeveloped by Huntsman (1985) and Campanella,
et al. (1990) was based upon measurement of the $wain generated in instrumented sections of the
cone that are in direct contact with the soil. Rssof laboratory calibrations and field experience
demonstrated that this type of design was sensttvéoth cross talk effects on the sleeve and to
temperature effects, and was susceptible to pHydamaage. Takesue & Isano (2001) argued that with
this type of instrument, damage to the instrumesittion directly affects lateral stress measurémen
Masood (1990) reported fairly good performanceha field of the double ringed design by Tseng
(1989). However, the main drawback in that desigis the damage to the membrane when soil particles

penetrated between it and the active ring.

The lateral stress module described by Takesuea&ol42000, 2001) consisted of a measuring system
that was not in direct contact with the soil. Artegral circular receiving plate transferred theeexal
pressure to an internal load sensor. Results afolsyatic and temperature calibrations reportednieynt
indicated good performance of the lateral streas@e A nonlinearity and hysteresis of about 0.481%
full scale (FS) and a temperature coefficien @ 0.056% FS/°C were obtained for the lateradsgr
sensor respectively. Results of laboratory calibrat confirmed that axial and frictional loads agton

the lateral stress module did not affect measurésneh either lateral stress or pore pressure. The

configuration of this type of sensor reduces thk af damage to the instrument.
2.5 Summary

2.5.1 Seismic flat dilatometer (SDMT)

The SDMT is a conventional flat DMT with an addeddule to allow measurement of shear wave
velocity (Vs). This capability was added in response to denfeord industry and due to advances in
understanding of the importance of small strainash@odulus in geotechnical engineering and, in
particular, in geotechnical earthquake engineerifigere are still few data available to allow assent

of possible improvements in site characterizatiati the DMT due to this added capability. This thes
explores if the addition of shear wave velocitystandard DMT data can provide additional useful

information for an improved site characterization

The DMT expands the soil in a horizontal directéord so is likely to be greatly influenced by thesiitu
lateral stress. The information reviewed indicdled estimation of the lateral stress or the coeffit of

earth pressure at rest JKfrom DMT data in both clay and sand is mainly dzthsupon empirical
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correlations to DMT parameters such as Kilternatively, K can be estimated in sand by combining
DMT and CPT parameters, i.epland @, however the successful application of this apgho@quires
and accurate match between results of both testddition, by performing DMT-A dissipation tests i
clay is it possible to estimate directly the tdtkral stress in the field, rather than throughpieical
correlations to DMT data. Nonetheless, this apgrdamot very practical since long testing periags
required, and therefore its application still rensaconstrained to special projects. This thesisrewisit
some of existing correlations to estimatgftbm DMT parameters in an attempt to assess esfmnaith

these approaches.

2.5.1 Lateral stress cone

The development of cones capable of measuringalastress originated from the idea that the sleeve
friction measured during penetration in sand shdwdd related to the pre-penetration lateral stress
(Campanella, et al., 1990). There have been sewatteinpts to estimate the in situ lateral stress by
measuring and interpreting the lateral stress @aimthe shaft of an advancing cone (Huntsman, ;1985
Bayne & Tijelta, 1987; Tseng, 1989; Masood, 1990lyS4991; Takesue & Isano, 2001). The different
designs of lateral stress cones developed canwigediinto two categories: (a) instrumented frigtio
sleeves and (b) passive sensing elements. Thageraf measurement of the former is based upon the
strain generated in an external part that is ieaficontact with the soil, whereas in a passivesiagn
element the measuring element consists of a syst#éiman internal load transducer and an external

pressure receiving plate in direct contact withgbi Both approaches have been attempted at UBC.

The information reviewed indicates that laterales$r measuring sections based upon instrumented
friction sleeves are more susceptible to physi@hage than passive sensing elements. In addition,
laboratory and field data have shown that instruseifriction sleeves are more sensitive to botlalaxi
loads on the friction sleeve (cross-talk effect)l do temperature than passive sensing elements. Thi
thesis describes a new lateral stress cone builtdameloped at UBC. The lateral stress sensor £igns

a passive sensing element similar to that describe®ayne & Tjelta (1987) and Takesue & Isano
(2001). The performance of the new instrumensgeased through a comprehensive laboratory amt fiel

testing program.
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Table 2.4 Main characteristics of lateral stressesaeviewed

o Diameter of | Location of lateral
Principle of Pore pressure
Cone the probe stress sensor Reference
measurement ) . sensor
(mm) behind the cone tig
u, and
Friction sleeve with usat 1M
LSSCP-| ) 35.7 D and © _ Huntsman (1985
strain gauges behind the cone
tip
Friction sleeve with
LSSCP-II ) 35.7 Dand © U Huntsman (1985
strain gauges
Double steel ring
) ) ) uand ysat
configuration with _ Tseng (1989)
LSSCP-lII ] 35.7 Dand 7.® 6.3D behind the
strain gauged ) Masood (1990)
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Chapter 3 DESCRIPTION OF TEST SITES AND TESTING PROGRAM

3.1 Introduction

Seismic flat dilatometer tests (SDMT), lateral ssreseismic piezocone (LSSCPTU) and seismic
piezocone (SCPTU) soundings were performed at iffierent test sites located in the Lower Mainland
(LM) of B.C. The locations of the UBC research sitge shown in Figure 3.1. The soil conditions at
these test sites cover a fairly wide range of dffé soil types that include: stiff overconsolidh{®©C)

silt and silty clay, soft normally (NC) to lightlgverconsolidated (LOC) silty clay, NC silt to sarsli,

and loose to dense sand. Also, ConeTec Investigatiad. (Canada), TGC Geotechia (Mexico) and
Diego Marchetti (Italy) provided access to addiibBDMT and flat dilatometer (DMT) data collectad a
several sites. This information has been used tapt@ment the SDMT and DMT databases presented in

this thesis.

North Vancouver,

N

Burrard Inlet Q;\Qé‘

English

Burnaby

Vancouver

Fraser River

North Arm e = O
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Island \ & Eraser RIVEY
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(Lulu Island) Surrey Overpass
Dyké Road
2 Colebrook Langley
@% Tunnel {Overpass
esthalic 2
w@%ﬂ Patterson

Delta Park

99

*Not to scale Boundary Bay

Figure 3.1 Location of test sites.

This chapter presents an overview of the geologyhefarea, followed by a detailed description afhea
test site, which provides information on locatieail stratigraphy and basic geotechnical parametérs

in situ testing program performed at each resesitehis described in terms of type of test and maxn
depth reached. A summary of the additional SDMT &MT data collected at other sites is also
presented. The soil profiles presented for eaghssimmarize the results of site characterizatioriech

out over several years. The data reported in thépter provide the reader with an updated source of
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information which might be useful as a referenaefdiother research on in situ testing in soilsha tM
of B.C.

3.2 Geology

The Fraser River Lowland underlies the southertspalr Greater Vancouver. It extends 150 km east of
the Strait of Georgia along the course of the Fré&3eer. The development of the Fraser River Delta
began about 11 000 years ago once the ice haatextiréom the area. The base of the Delta consists
Tertiary sedimentary bedrock overlain by Pleistecateposits of glacial till and glacial outwash.
Sediments of the modern Fraser River delta are goifynHolocene. They reach a maximum known
thickness of 305 m and overlie Late Pleistoceneigignic sediments (Monahan, et al. 1995; Monahan
& Levson, 2001).

As described by Monahan & Levson (2001), the Frdgiger Delta deposits can be subdivided into
bottomset, foreset and topset beds. Bottomset de@oe up to 120 m thick and generally consissilbf
and clay. Foreset deposits, overlie the bottonss®d, consist of sandy silts that are locally intedssl
with sand-dominated units up to 30 m thick. In fantthe southern part of the delta, sand-dominated
units are abundant, whereas they are found locedbr the top of the foreset elsewhere. Finally, the
topset overlies the foreset and thins westward foeer 30 m at the head of the delta to less tham 20

the western margin of the dyked upper delta pl@ime topset is dominated by a lower massive sand
facies that is generally 8 to 30 m thick and itgyior has been interpreted to represent a complex of
distributary channel deposits (Monahan et al, 1998 massive sand facies is gradationally ovetigin

an interbedded sand and silt facies and an orgshidacies that together record the upward facies

progression from channel to floodplain deposits.

In the Fraser delta, the principal channel envirents are distributary and tidal channel. Based upon
borehole data, Monahan et al. (1993) concludetti@entire delta plain, with the exception of pats
the western tidal flats and the subaqueous dehin,phas been reworked by distributary channel
migration, which has eroded the original tidal filsibagueous delta plain and in most places theetop
delta front deposits. They conclude that most af tthannel migration occurred in a tidal flat
environment, as a result of the interaction ofltatad fluvial processes and due to the high propomf

sand in the sediment load.

To the east of the Fraser River Delta lies thengblarea where the Langley-Cloverdale basin is éatat
The sediments are Pleistocene glacial and postagjldhe earlier glacial deposits consist of deseeds

and gravels. The overlying post-glacial sedimergseha glaciomarine origin having been deposited
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during a period when the Fraser River became danipéck. The soft clayey silts are known locally as
Capilano or Fort Langley sediments. Horizons ofeiibedded sand are common throughout, the

frequency of which die out towards the west (Sull§91).

The subsoils in the western region of the SerpenRiver lowland are Salish sediments, post-glacial
deposits of the Quaternary period that were lairdbetween 10,000 and 5,000 years ago (Armstrong,
1984). These materials include sediments depositeeh the sea level was significantly higher than
today. The depositional process of these sedimamiisthe lack of evidence of any unloading (e.g.
erosion), suggests that these soils are normalhgalmated. However, there is a possibility of tigh
overconsolidation in the upper soil layers as alted changes in the sea level and/or fluctuatiohthe

groundwater table. Figure 3.2 shows the surfiotmliggy of Quaternary deposits in the Fraser lowland
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3.3 Description of test sites
3.3.1 200"Street Overpass, Langley

3.3.1.1 Site location and description

The site is situated within the area of the 2@reet Overpass at Trans-Canada Highway No. 1, in
Langley, B.C.. As shown in Figure 3.3 the test aselbcated within the area delimited by the former
westbound exit ramp, and approximately 500 m nagtitvof the former UBC research site described by
Sully (1991).

88 Ave.

< Former UBC
/\fQ research site

Figure 3.3 Location of 200Street Overpass test site.

*Not to scale

3.3.1.2 Stratigraphy

Figure 3.4 presents the soil profile at the tet&t a6 well as basic geotechnical parameters. Therge
soil stratigraphy consists of a very stiff overooidated silt crust transitioning to lightly
overconsolidated soft sensitive silty clay with asional sand lenses underlain by hard Vashon Drift
(tilh. The soil was deposited in a marine envir@mnhduring the retreat of Vashon ice between 11,000

and 13,000 years ago.

Classification testing by Zergoun et al. (2004) &ully (1991) indicates the silt to be generally of
medium plasticity with some zones of low and hidasgpcity. Sully (1991) reports natural wateryjw
contents in the range of 31% to 72%. Also, avetadges of 47% were obtained for the liquid limit_fw
and 27% for the plasticity index (PI), respectivaBelow the desiccated crust, liquidity indicesgea
from 1.0 to 1.42. The liquidity index (LI) is andex parameter which relates the water contenteo th
liquid limit (w_) and plastic limit (w) of the soil. Zergoun et al. (2004) report resoldield vane shear

tests (FVT) that indicate sensitivities of 2.6 t8 @ith an average of 4.1. They also noted a slightard
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ground water gradient close to the till surfacem8asurface regrading work has been carried outist t

location since the original field work by Sully @B which may have altered the stress history 8ligh
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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 southebdbwntown Vancouver, in south Surrey B.C. The test

site is situated under the King George Highway @&Arpass over Colebrook Road and the adjacent BC
Railway (BCR) right-of-way, and north of its intecdion with Highway 99 (Figure 3.6).

[
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o L
N i
I Test ared
Serpentine Fen
Serpentine‘,v Nature Resﬁ )

River

152 St

King George Hwy.

—40 Avem % 40 Ave:

Nlcomekl
*Not to scale River

140 St.:~

Figure 3.6 Location of Colebrook Overpass test site

This site is located within the Serpentine Riveofl plain, and therefore the ground is fairly flging at
or slightly below the mean sea level (MSL), and rbodrained. The ground surface elevation at the

former test site described by Weech (2002) lieewealea level, varying between -1.1 m and -1.3 m.

3.3.2.2 Stratigraphy

Figure 3.7 presents the soil stratigraphy at théelfook overpass site. Also, the profiles of index
parameters and basic soil properties reported @vigus investigations are included. Typical CPTU
profiles at the test area are shown in Figure 8. results from previous site investigations (Goad &
deBoer, 1987; Crawford & Campanella, 1991; Dola®dQ2 Crawford, et al. 1994; and Weech, 2002)
indicate that the general soil stratigraphy at@oéebrook overpass consists of a 0.6 m thick laydill
overlying in some areas a 0.2 m to 0.3 m thickdafdirm to stiff peat that overlies the marinepdsits.
The peat deposit is underlain by a layer of firmyely silt interbedded with seams of fine sand taga
silt which extends to about 2 m in depth. Belovs thayer, the soil is predominantly soft silty chaith
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considerable inclusions of organic matter (e.gsgga and plant stalks) with the thickness of tyed
being about 1 m. Dolan (2001) reports a pore wsdtrconcentration of 20 g/l for a sample retrieired
the soft silty clay layer. Terzaghi et al. (199&port a pore water salt concentration of 25 g/l dor
postglacial marine deposit in Norway (Drammen cle§imilarly, Sridharan et al. (2002) report salt
concentrations between 0.45 to 30 g/l for the swdtine clay of Ariake Bay in Japan. Therefore, ihee
water salt concentration reported by Dolan (20QGgssts that soil at this site was deposited ialia s

water environment.

The surficial soils are underlain by a thick depadi marine soft clayey silt to silty clay, contaig
occasional shells and shell fragments underlaia byff layer of sand and gravel. The deposit ofinga
sediments extends to a depth of at least 35 m b#slevformer pile test site, based upon the strapigy
reported by the MoTH (1969) and the tip depthshaf piles on either side of the site. Crawford &
Campanella (1991) indicate that the marine silt afad/ deposit along the overpass alignment is
reasonably uniform, with average values of 45%tHer natural water content (v 36% for the liquid
limit (w.), and 11% for the plasticity index (PI). Similariweech (2002) reports for this deposit the
following average values of index properties;242%=3, w =40%=4, and Pl around 13.5%=4.5.

Weech (2002) points out that field measurementk pikkzometers located within the upper 10 m of the
silt and clay deposit indicate that the water tablgpically around 0.7 m below the ground surfaared

that there is an upward hydraulic gradient betwg#nand 10%. He argues that the upward gradient is
likely a result of groundwater recharge from théang area (just north of the site), which seepfoim

the more permeable sand and gravel underlying tmnmsilt and clay. The position of the groundwate

table is subjected to seasonal changes with amadubdrop to as low as 1.4 m below ground surface.

The high sensitivity values {Sof the fine-grained marine soil deposits at Codel (10<$<70) and
200" St (2<%<9) may be due to the reduction in salinity by hiag caused by upward gradients.
Mitchell & Soga (2005) point out that leaching casifittle effect on fabric but the interparticledes are
changed, which results in a decrease in undistusbedr strength of up to 50 percent, and suchga lar
reduction in remoulded strength that quick claynfer Therefore, the large increase in interparticle

repulsion is responsible for the deflocculation digpersion of the clay upon mechanical remoulding.
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Figure 3.8 CPTU and SCPTU profiles at Colebrookrpass site
(data from Crawford & Campanella, 1991; and We2@dR).

Figure 3.9 shows that the location of the siteetbfty Crawford & Campanella (1991) is slightly difnt
than those of the sites tested by Weech (2002)fantfloTH (1969). Even though the soil stratigraphy

this site is fairly homogeneous, the sensitivity) (@ofiles shown in Figure 3.8 are quite different,
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suggesting a different soil fabric or structurehatse sites. In addition, the differentv@lues reported at
this site may be associated with the type of vasexland the test procedures. It is believed thvat3o
values reported by Weech (2002) are associated swithdisturbance caused by construction of the

foundation for the overpass.
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Figure 3.9 Approximate location of previous sitedstigations performed at the Colebrook Overpdss si

(adapted from Vyazmensky, 2005).
3.3.3 CANLEX Phase Il sites

3.3.3.1 Background

The Canadian Liquefaction Experiment (CANLEX) was extensive collaborative research project
aimed at studying the phenomenon of soil liqueferctiThe main objectives of the project were to:
develop test sites to study sand characterizatienelop and evaluate undisturbed sampling techajque

calibrate and evaluate in situ testing methods,antdin an improved understanding of soil liqudtatt

The project was divided into four phases and bothitu testing and laboratory testing on undistdrbe
and reconstituted samples were performed at etehPiase Il of CANLEX was carried out at two sites
located in the Fraser River Delta Region, whichtaeeB.C. Hydro Kidd 2 Substation and the south end
of the Massey tunnel. Both sites are located imRiand, B.C. and consist of natural deposits of éfras
River sand. The soil conditions at the target deatiyes set by CANLEX management consist of natural
deposits of Fraser River sand that are reasondéincuniform, loose and free draining. Wride et al
(2002) describe the in situ testing program per@mnat the CANLEX Phase Il sites and present a

summary of the interpretation of the results. A endetailed description of the analysis, calculatod
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correction procedures of the in situ tests canooed in the CANLEX Phase 1l reports by the UBC In-
Situ Testing Group (1995a, 1995b).

3.3.3.2KIDD 2 Substation, Richmond

3.3.3.2.1 Site location and description

The site is located at the northern margin of tresér River Delta in Richmond, B.C.; in the vicyntf

the B.C. Hydro KIDD 2 Substation that is locatedsteaf the Oak Street Bridge and close to the
intersection of No. 4 Road and River Road. The gdrautline of the site plan and location of thenfier
CANLEX test area is shown in Figure 3.10.
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Figure 3.10 KIDD 2 former CANLEX test area (adapbern In-Situ Testing Group, 1995a).

3.3.3.2.2 Stratigraphy

As described by Monahan, et. al. (1995), threetigtepphic units can be recognized at the test site
beneath a thin gravel fill (Figure 3.11). The fitstit consists of laminated silt and very fine savith
organic laminae. The thickness of this layer isegally between 2 m and 5 m, but it thickens dowmwar
to at least 9 m in a linear trend across the stibetavhere it includes interbeds of medium sanide T
second unit, where the CANLEX test and samplingezeas located, is generally between 3.6 m to 12.5
m thick, and consists of medium to coarse sands gianules, pebbles and silt clasts. The last unit
consists of normally consolidated light grey claysift with scattered shells. This layer thickens
southward from 10 m to 30 m across the substatidrsharply overlies Pleistocene deposits. Thesttsst

is situated approximately 360 m from the North Aofnthe Fraser River. At this location, the tidal
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fluctuations have a significant influence on theerilevel, and therefore the position of the waédie

changes throughout the day.
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Figure 3.11 Soil profile at KIDD 2 site (data frdamSitu 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 Deasridlan the south side of the North Arm of the Fraser
River and south of the city centre of Vancouver.shswn in Figure 3.12 the former CANLEX Phase |l

site is located near the south end of the Masseydluand close to the southern portal, along tisecea

side right-of way on Highway 99.
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Figure 3.12 Massey Tunnel former CANLEX test a@dapted from In-Situ Testing Group, 1995b).

3.3.3.3.2 Stratigraphy

As shown in Figure 3.13 the test site is coverea@ 2y2 m sand fill that overlies deltaic depositkjch

can be subdivided into three units as suggesteéddmnahan et al. (1995). The first unit extends ttepth

of about 4.9 m and consists of laminated sandyldgey silt with scattered organics. This layer is
underlain by Unit 2 where the soil is predominasdyd (generally <10% fines) with a thickness afudb
26.8 m. The sand between 4.9 m to 17.1 m (Suba)it@ntains occasional interbeds of medium sand,
fine sand to silt with woody organic laminae antysilay. The CANLEX target zone was located within

this layer.

The Subunit 2a is underlain by a deposit of medsamd with some granules and pebbles that extends to
a depth of about 21.4 m (Subunit 2b). Then, Sub2@i{21.4 m to 31.7 m) consists mainly of fine to
medium sand with locally abundant silt and conoretlasts and shells. Unit 3 consists primarilysidtf
interlaminated and interbedded with very fine sand silty clay. Finally, the test site is locaterbt]
about 250 m from the South Arm of the Fraser RiVéwerefore, the ground water conditions are also

affected by tidal fluctuations in a similar wayiaghe KIDD 2 site.
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Figure 3.13 Soil profile at Massey Tunnel site édfabm 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 safitdowntown Vancouver, in Delta B.C., at the
intersection of Ladner Trunk Rd. and Highway 17g(Fe 3.14). The park is located on the Fraser River

Delta and within the area of a former horse raaekirAs shown in Figure 3.14 the test site is s#ttian

the southern section of the park near the accessanod 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 pnésé in Figure 3.15. Daniel (2003) notes that teeegal

soil stratigraphy at this site consists of a tlaiyelr of silt to silty clay overbank deposits overtysand to
silty sand deltaic and distributary channel degosithe interpretation of in situ measurements and
laboratory results reported by Daniel (2003) intisahat the soil column consists of a thin layfdillan

the order of 1 m thick overlying a 1.30 m thick dayof sensitive fines with traces of organics. The
sensitive soil layer is underlain by a depositraéibedded silt and silty fine grained sand whixteeds

to about 7.35 m in depth. Below this layer the soihsists of compact medium grained to fine grained
sand with occasional silt laminations to a deptlalmdut 14.50 m. This layer is underlain by inte et
dense fine grained sand and silt that extends éombximum depth reached of 28.80 m. Results of
piezocone (CPTU) dissipations tests indicate thatwater table was on average 0.4 m below ground
surface at the time of investigation. Figure 3.i€spnts the results two CPTU soundings that aesgddc

within the area where the current site investigatias performed.
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Figure 3.15 Soil profile at Patterson Park sitegdeom Daniel, 2003).

u, (m of HO) f, (bar) q, (bar) Soil
0 25 5 750 Description
Ll b b
Pre-Bored

*CPTU-01 |
---- *CPTU-02
-y |

| *Data from g
Daniel (2003)

T e e N L

Sensitive fines,
trace organics -

Interbedded silt and |
silty fine grained
sand. Decreasing -
fines with depth

Compact medium |

grained sand with

occasional silt
laminations

| Compact, fine grained

sand with occasional
silt laminations 7

Interbedded compact t|
dense, fine grained |
sand and silt

Figure 3.16 CPTU profiles at Patterson Park siga@rom 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 Vaneownd north of the South Arm of the Fraser River,
in close proximity to the intersection of No. 3 Riaand the east end of Dyke Road in Richmond, BE. A

shown in Figure 3.17 the test site is situatedtraghthe alignment of the south dyke trail.

3
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Gilbert Rd-

South dyke

Garden City R@IZJ'

No. 3 Roal

" South Arm Testarea L

Fraser River

= Woodwards
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*Not to scale

Figure 3.17 Location of Dyke Road test site.

3.3.5.2 Stratigraphy

Figure 3.18 shows the stratigraphy at the test wite profiles of index parameters and strength
parameters. The description of several sampleveeed at boreholes drilled by the City of Richmand
at this site indicates that the soil stratigraphyhes site consists of an upper 3.5 m thick layecoarse
grained dyke fill material. The upper layer is uridi@ by a channel fill deposit of silt, clayeytsdnd
sandy silt with thin sandy silt beds, organic laagrand rare shells, which extends to about 19 aejith.
Below this depth and to about 23 m in depth, thkispredominantly fine to medium sand with soriie s
laminae and interbeds. This layer is underlainngydame stratigraphic sequence observed throuti®ut
channel fill deposit, and extends to the maximurptideof 30.6 m reached in previous field work
performed at this site.

As described by Sanin & Wijewickreme (2006), dataf laboratory tests indicate that the upper phrt o

the channel fill deposit are relatively uniform apidow plasticity. For this layer, they reportedesage
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values of 37.2% for the natural water content)(v80.4% for the liquid limit (W), and 4.1% for the
plasticity index (PI) respectively. Results of seanalyses on disturbed samples retrieved at if@s s
indicate that the channel fill silt deposit corsisf silt with average fines content of 93.2%. Alssults

of CPT and SCPTU tests performed by the City ohRiond in 2002 at the test site are shown in Figure
3.19.
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Figure 3.18 Solil profile at Dyke Road site (datanirSanin 2005 and Sanin 2008).
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Figure 3.19 CPTU and SCPTU profile at the test(sitea from Sanin, 2008).

57



The test site is located just 22 m from the Soutin &f the Fraser River. Therefore, it is not siging
that tidal fluctuations exert a strong influencetbe position of the water table, so that its lmrats not

constant and varies throughout the day.

3.4 Field testing program

A comprehensive field testing program was perforogdhe author at 6 UBC research sites located in
the Lower Mainland of B.C. (see Figure 3.1). TaBlg provides a summary of the type of in situ tests
performed at each research site. At four sites, ¢haracterization work consisted of soundings
performed with the seismic flat dilatometer (SDMmmediately adjacent to a sounding with the UBC
lateral stress seismic piezocone (LSSCPTU) destiib€hapter 5 of this thesis. The typical separati
between tests was on average 2 m. At the remasiiag, the field work consisted primarily of SDMT
tests. Field testing was carried out using thsitin testing research vehicle developed by the &rsity

of British Columbia (Campanella & Robertson, 198ahd equipment provided by ConeTec
Investigations Ltd.

ConeTec Investigations Ltd. (Canada), TGC Geote&im de C.V. (Mexico) and Diego Marchetti

(Italy) provided access to additional DMT and SDMata that covers a wide range of in situ

measurements in different types of soil. A sumnadrhis information is presented in Table 3.2.
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Table 3.1 Summary of in situ tests performed byaihor at research sites.

Max. depth | Dissipation
Site Test Type Test No.
(m) tests
SDMT 03 16.15 x
200" St. Overpas
SCPTU 01 16.30 x
SDMT 07 15.00 x
Colebrook SDMT 08 10.25 x
Overpass LS-SCPTU LSC-06 20.68 x
LS-CPTU LSC-07 20.65 4
SDMT 01 23.91 x
SDMT 02 24.00 x
KIDD 2 Substation LS-CPTU LSC-01 30.00 4
LS-CPTU LSC-02 30.00 v
SCPTU 01-598D 24.90 x
SDMT 05 20.00 x
Massey Tunnel LS-CPTU LSC-04 20.00 4
LS-SCPTU LSC-03 20.00 v
SDMT 09 20.00 x
Patterson Park

LS-SCPTU LSC-05 20.00 v
SDMT 04 15.00 x

Dyke Road
SDMT 06 15.00 x

SDMT: Seismic flat dilatometer SCPTU: Seismic peane
DMT:  Flat dilatometer LS-CPTU: Lateral stress pieane
LS-SCPTU:  Lateral stress seismic piezocone
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Table 3.2 Summary of additional SDMT and DMT data.

Source Site Location Test Type Max. depth Soil type
(m)
SDMT 12.50
Sandy silt and silty
FMC Calgary, AB SDMT 13.00 _
clay till
SDMT 20.00
HC High Prairie, SDMT 25.00 Soft to firm silty clay
AB
] Silty sand and soft
— SDMT 29.90 _
g clayey silt
I5 Richmond, .
2 Sea Island DMT 11.00 Silty sand
7 B.C.
g
= Silty sand and soft
3 DMT 20.00 _
s clayey silt
c
5 — .
S Maple Ridge, Silt with occasional
113B SDMT 19.40 sand |ayers and
B.C.
marine clay
Port . .
Soft silt to medium
Lougheed Hwy Coquiﬂam, SDMT 20.50 .
and dense silty sang
B.C.
Still Creek Rd. | Burnaby, B.C| DMT 14.00 Soft sitthay to clay
£ DMT 37.25
O o Chicle & o ' High plasticity
o 2 Mexico City ) ]
F 9 Azafran DMT 37.80 Mexico city soft clay
3 .
o B _ . DMT 47.00 Interbedded sands,
o § Treporti Venice, Italy i d silty ol
A g DMT 45.40 silts and silty clays

SDMT: Seismic flat dilatometer
DMT: Flat dilatometer
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Chapter 4 EVALUATION OF SEISMIC FLAT DILATOMETER

4.1 Introduction

The first section of this chapter presents an assest of the performance in the field of the system
developed for the acquisition and interpretationsbéar wave velocity measurements with the DMT
seismic module. Also, the\profiles obtained at several research sites wighsieismic flat dilatometer
(SDMT) are compared to \Mata from other in situ testing techniques suclthasseismic piezocone
(SCPTU).

The second section, presents a description of @kalts of seismic flat dilatometer (SDMT) testing
performed in coarse and fine grained soils at esearch sites located in the Lower Mainland ofigrit
Columbia. The field measurements obtained at reBestes from SDMT tests have been summarized for
ease of description and comparison. Complete psofibntaining in situ measurements and intermediate

parameters for all research sites are presentédpendix A of this thesis.

The last two sections of this chapter describe regvelationships identified from SDMT and DMT data
collected at research and additional sites listed'able 3.1 and Table 3.2. Then, based upon these
relationships, a new SDMT based soil behaviour system is proposed and a hew empirical correlation
for estimation of shear wave velocity JMrom DMT data is proposed. Similarly, existing @ncal
approaches for estimation of the coefficient otle@ressure at rest {Kin both sand and clay from DMT

parameters are carefully reviewed and new empicicaklations are proposed.
4.2 Assessment of the seismic DMT module

4.2.1 Data acquisition system

The downhole seismic flat dilatometer test (SDMToyides a simple and cost-effective means for
determining the soil stratigraphy, the shear magldt small strains from shear wave velocity)(V
measurements, as well as estimating deformatiorsaedgth parameters from empirical correlations to
DMT parameters. The SDMT test procedure is relbtigdmple and the software developed by the
manufacturer allows real time handling of seisnmd atandard DMT data. The software (SDMT Elab)
has the advantage of presenting on the computeersdhe magnitude of the interpreted after the
system is triggered and the source waves are dgederalso, the V 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 (Studi@i Rtarchetti) allows triggering of data acquisitio

in three different ways: (i) automatic, (ii) extatnand (iii) immediate. Further information on the
description of these options can be found in sec#i.2.4 of this thesis. In the work reportedliis t
thesis, the first two methods were used. Severablpms were experienced with the SDMT data
acquisition system when performing ¥heasurements in the field. For example, when kiearsbeam
was hit for the first time an error was displayexdtioe computer screen (CHECK SUM ERROR) and data
was not recorded. The CHECK SUM error means thatctmmunication between the seismic module

and the data acquisition system is not correct,iamady be a result of the following factors:

1. The membrane is not in contact with the blade &edouzzer is off before switching the system
to seismic mode.
The pneumatic-electric cable is broken or damaged.
The ground cable is not in good contact with tresrand/or control box.
The cables of the seismic module are not well coteteto the blade or the isolation of these

connections has been damaged.

In order to overcome the first problem, it is imiamt to ensure that the membrane is in contact tlith
blade and the sound is on before performing themdeitest. However, if the buzzer is off after the
membrane returns to the A position the blade shbalghushed a little bit further down until the sdun
begins again. The electrical continuity betweendtetrol unit and the DMT blade is essential fgoad
transmission of signals from the seismic modul¢hto surface. Therefore, it is necessary to endiae t
there is good electrical contact between the grauaide and the rod string, rather than on a rusty qf

the pushing ram.

It was also noticed that the automatic trigger welsienced by external vibrations (e.g. CPT truek o
nearby traffic) when the seismic test was performedhallow depths (e.g. less than 2 m). If thithes
case, the truck should be turned off for the skalloeasurements. Once the probe is deep enough,
vibrations will not affect the automatic triggerowever, if the problem continues it may be eithee tb

the alternating current of the power supply of thenputer or due to the high frequency of the exern
source (e.g. compaction plates or rollers). Then&srproblem can be solved by substituting the cderpu
power supply by a direct current power source. fdsponse of the external trigger can also be affiect
by the alternate current power supply of the compund therefore the same solution procedure ghoul

be followed.

Marchetti (2008) points out that at a certain deg#nerally around 15-20m, according to soil s&ffg),

the automatic trigger will not recognize the haminigrany more. In this case, the first thing toisldo
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increment the sensitivity parameter and retry. dabmatic trigger will then work for some more nastr
until it is incapable of generating a trigger signehich may lead to immediate triggering. Therefoat
this stage of the test it is necessary to switchexternal trigger. By careful observation of these
procedures, shear wave velocities can be gathewgidly during pauses in penetration. The average
production rate is on average 7 to 9 m/hour depgndin the experience of the operator and soil

conditions.
4.2.2 Evaluation of \{ measurements

4.2.2.1 Coarse grained-soils

Figure 4.1 shows the profiles of shear wave vekxineasured with downhole seismic tests performed
using the SDMT at sites with predominantly coarssrged soil deposits, i.e. KIDD 2, Massey Tunnel
and Patterson Park. For comparison at both CANLEBASE |l sites (KIDD 2 and Massey Tunnel) the
results of seismic cone penetration tests repdoiedn-Situ Testing Group (1995a, 1995b) are also
included. Similarly, at the Patterson Park sites thsults of SDMT tests are compared tovelues
obtained using the seismic piezocone (SCPTU) deesitiin Chapter 5 of this thesis.

As can be noted from Figure 4.1(a), thepvbfiles measured at the KIDD 2 site show a refaiskgood
agreement between both SDMT tests. The shear weleeity (V) increases slightly from about 89 m/s
at 2 mto 147 m/s at 5 m and then increases tdue @i 190 m/s at 9.5 m depth. Below this depth tand
about 24 m depth Mstays approximately constant with average valiesd 8 m/s to 227 m/s. However,
as illustrated in Figure 4.1(a), from 19.5 m tor@4/ values vary between about 220 m/s and 277 m/s.
The shear wave velocity profiles determined froem3DMT tend to be higher than those reported fer th
CANLEX target zone. This may be attributed to saéeiability as indicated by the variability of eplues

shown in Figure 3.11.

Moreover, at the Massey Tunnel site the agreememtden the Yprofile determined by the SDMT and
that from the Y CANLEX profile is remarkably good. However, Figutel(b) shows that below about 15
m depth \ values obtained from the SDMT test are on avesdightly larger than those reported by In-
Situ Testing Group (1995b). The difference may bebated to lateral and vertical soil variability

between soundings below about 15 m depth.
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Figure 4.1 Summary of SDMT J\fmeasurements in coarse-grained soils compare@R3 8 data.

Figure 4.1(c) shows that the, @rofile obtained from SDMT tests is very similarthat from the results

of lateral stress seismic piezocone (LSSCPTU) .tddtsvever, the SDMT Y profile shows more

variations over the full depth, suggesting that esults are likely to be more sensitive to stradpic

details because of the 0.5 m depth interval use¥ foetermination as opposed to the 1 m intervalén th

LSSCPTU test.

4.2.2.2 Fine grained-soils

Figure 4.2 presents a summary of profiles of skheame velocities () measured with downhole seismic

tests performed using the SDMT at sites with pradantly fine-grained soil deposits, i.e. Colebrook

Overpass, Dyke Road and J0Gtreet Overpass. For comparison, the results isfnie piezocone

(SCPTU) and lateral stress seismic piezocone (L8 Rests are included in the same figure.
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Figure 4.2 Summary of SDMT fmeasurements in fine-grained soils compared tol&8GHata.

At the Colebrook Overpass site; profiles were determined from results of seismiatdmeter (SDMT)
and lateral stress seismic piezocone tests (LSSEHAigure 4.2(a) compares the pfofiles determined
with both tests methods. All Mrofiles exhibit similar trends with the exceptioh a minor variation
between about 4.5 m to 8 m depth, where highevalues were measured in the second SDMT test
(SDMT-08). The difference in Walues may be attributed to the higher stifinesthe soil at this depth

associated with a higher degree of overconsolidgtee Figure 3.7).

Figure 4.2(b) shows that at the Dyke Road siteetia good agreement between the shear wave tyeloci
profiles determined by the seismic flat dilatomet8DMT) and the seismic piezocone (SCPTU) test
performed at this site in previous investigationbe profiles of shear wave {Mvelocities from both
SDMT tests are very similar with the exception lgjtg variations between about 3.5 m and 4.5 mldept
The variation in \{ may be attributed to lateral soil variability. [pée the fact that the CPTU and
SCPTU penetration data presented in section 3.8f3Hs thesis indicate a very thin layering as thite,

the results of SDMT and SCPTU tests show thahbteases gradually from 135 m/s at 5 m to ab@ait 1

m/s at 14.5 m. These data suggests that the layefiect would be averaged by thedeasurements.

As can be seen from Figure 4.2(c) the profileshefas wave velocities determined by the SCPTU aed th

SDMT at the 208 Street Overpass are very similar with the exceptib a variation at 8.4 m. To
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investigate the reasons for this difference, theesmaaces were examined closely. Figure 4.3 stibw/s
recorded waves at depths of 7.9 m to 8.9 m. Ativahd 8.9 m, the initial portions of the shear veaae
very similar and would correlate well during crassrelation. However, at 8.4 m, the early partshef
waves are very different and would not correlatd.viisxamination of the seismic flat dilatometer fileo
shown in Figure 4.4 does not indicate anything uausHowever, the SCPTU profile presented Figure
4.5 indicates the presence of a sand lens at &bun depth. It is likely that the early portionfstioe

waves close to a sand lens are being affectedflegtions from this lens.
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Figure 4.3 Recorded shear wave traces from the SBMiT depths 7.9 to 8.9 metres, JBtreet

Overpass.

On the basis of this observation, it is suggeshed the early portions of the waves close to tins k&t

8.4 m depth are affected by reflections from theddans. It is also interesting that at 12.8 m halbw
about 15.4 m depth, MWalues from SDMT tests are higher than those fB@PTU tests. It is considered
likely that reflections from the clayey silt lensdatill affected \{ measurements at these depths. Over the
full depth, the SDMT values are likely to be moensitive to stratigraphic details because of tizen®.
depth interval used for Metermination as opposed to the 1 m interval coniynoesed in the SCPTU.
This illustrates that it is necessary to reviewebaty each set of seismic traces in order to detec
anomalies in the results that may affect the imetgal shear wave velocity, instead of using the $dl

a “black box”. It also illustrates the advantagésusing combinations of in situ tests to delinestd

stratigraphy and soil properties.
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4.3 Description of SDMT data

In situ test measurements can be interpreted toedsbil behaviour type and site stratigraphy ptoothe
analysis of field data for estimation of geotechhiparameters. The description and analysis oftin s
test results from standard dilatometer (DMT) telséss been extensively researched and has been
addressed by various researchers (e.g. Marchetti.,e2001). However, the benefits of the additiona
information obtained in the seismic dilatometer KD test have received limited attention since the
introduction of the equipment for commercial apgtions is fairly recent (Foti, et al., 2006). Indethe
interpretation of SDMT data has been mainly focusedrelationships between small strain shear
modulus (@), dilatometer modulus @} and constrained dilatometer modulusp(lY) (e.g. Marchetti, et

al, 2007; Marchetti, et. al., 2008a; Marchettiakt2008b).

The configuration of the commercial version of DEIT seismic module allows determination of &t

0.5 m intervals. In the work described in thissisg DMT measurements were taken at 0.25 m.
Therefore, it has been possible to calculate thie (&¢/Ep) from either averagedBralues over a 3
readings window, or by using the #alue obtained in the interval over which thewdlue was obtained,
herein termed a “single” point calculation. Thesptts correspond to the mid-point between the two
receivers. k values above and below this depth correspond d@oldbations of the upper and lower
receivers installed in the seismic DMT module. Tiiggnitude of E represents the response of the soll
adjacent to the membrane, wheregséflects the average shear wave velocity of thenf zone within

the upper and lower receiver.

Eslami & Fellenius (1997) discussed the use ofagiag of the cone tip resistance)(tp determine an
average value of .qepresentative of the failure zone below and abitreepile toe. They argue that
filtering the cone data is necessary, becausenéan were produced from the unfiltered data, oooasi
unrepresentative high and low values would havéspraportionate influence. Two types of averaging
techniques can be used: arithmetic and geomethiey Ppoint out that the former is only useful whgge
values are uniform, i.e. very uniform soils, ancertfore filtering is necessary in most cases.
Alternatively, Eslami & Fellenius (1997) suggestttha filtering effect can be achieved directly by
calculating the geometric average aof vwplues rather than using an arithmetic averageo,Athe
geometric mean is closer to the dominant valuepaesed to the arithmetic average. On the badlE®f
argument, this section also discusses the differdseiween @Ep profiles obtained from geometric

average values off-obtained over a 3 readings window, and thosedoagen “single” point values.

68



4.3.1 CANLEX Phase Il sites

4.3.1.1KIDD 2

A summary of SDMT profiles for the two soundingsread out at the KIDD 2 site is presented in Figure
4.6. The dilatometer material index)Iprofiles of both tests indicate that the surficizaterials are
mainly silty clay to silt, and that from 3 m to 22 the soil is predominantly silty sand with occasib
lenses of sandy silt. Despite the fact that SDM3tstevere carried out about 2.5 m apart, the soll
classifications differ slightly from one test toetlother. Nonetheless, thg parameter clearly identifies
the transition from sand to clay below about 22Ais0, both pore pressure indexJUprofiles show
clearly the changes in soil stratigraphy by ideii the transition from permeable {60) to
impermeable (0<pk0.7) layers.

The material index §) soil classification is in fairly good agreemenithwthe soil profile previously
described in section 3.3.3.2.2 of this thesis. H@arethe results of laboratory index tests on sampl
recovered within the CANLEX target zone, i.e. 7 onlf7 m, indicate an approximate average fines
content of <5% (Wride, et al., 2000). The apparsnsinterpretation of soil type withpl when
interpreting DMT data in sandy soils, was recogiiiby McPherson (1985). He concluded that soll
classification based upop fends to predict a finer soil than really exi€s. the other hand, the results in
Figure 4.6 show that the DMT soil identificatiomdae complemented with the pore pressure indgy, (U

which indicates the effect of undrained and draiD&tll' penetration.

In the sand deposit, Kvaries from 1.3 to 7.4 with an average value 8ft8. 4.1, whereas in the clay
layer below 22 m depth,Kvaries between 1.8 and 2.4. Marchetti (1980) axdgbat a I in clay above
about 1.8 to 2.3 indicates the presence of ovesalatation or of a structured soil. Based upors thi
criterion, the kg profile suggests the soil is close to normallysmidated below about 22 m depth and
unlikely to be structured. In addition, despite teatter in bothpl and Ky profiles the dilatometer

modulus (k) profile recorded in both tests is very similar.

The G/Ep profile shown in Figure 4.6 gives an average valugbout 2.3 in the sandy silt, silty sand and
sand, indicated by$1.2 and =0, i.e a “permeable” layer., In fine grained sdils, Irb<1.2 and >0,
the magnitude of gEp is considerably higher. Also, it is noted from Uig 4.6 that there is practically
no distinction between the “single” point and getimemean profiles of @Ep in these fairly
homogeneous coarse grained soil deposits. Howavehe stratified fine grained soils located below
about 22 m depth, the scatter in/Ep values is larger than in the coarse grained sgilso, it is

interesting to note that small variations in meadushear wave velocities significantly affect the
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magnitude of the small strain shear modulu&zfﬂf) and therefore the ratiog&p. The G/Ep profiles
presented in Figure 4.6 suggest that in stratiiieel grained soil deposits, a smoother profile bsamed

when the geometric mean is used rather than al&Sipgint 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 resafitseismic dilatometer tests are shown in Figure
4.7. The dilatometer material index)brofile indicates the presence of silty sand wittew interbeds of
silty clay and silt above 5 m depth, underlain bgdominantly silty sand to the maximum depth oh20
Wride et al. (2000) report approximate averagesfio@ntent in the CANLEX target zone of <5%. Hence,
the DMT soil behaviour type profile provides a gaondication of soil type at this site. The poregmare
index (W) profile clearly shows that the sand deposit é fdraining. However, below about 16 g i
slightly above zero, which indicates that pore sues is generated during penetration and hasnsill

fully dissipated when the DMT expansion beginsisHuggests an increase in fines content.

The horizontal stress index gKprofile provides indication of an upper overcdidated crust and, below
about 1.8 m, Kvaries from 2.1 to 8.5. It is observed that thatdineter modulus @ profile closely

mimics the shape of Kand appears to increase gradually with depth.
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Figure 4.7 SDMT profile, Massey Tunnel.

In addition, the GEp profile indicates that the “single” point baseafde is more sensitive to lowFE
values than that based upon geometrically aver&g#sh values. From the latter, it is observed that for
the data obtained at this site, the ratigBs varies from 1.4 to 3.1 with an average of 2.3doits with

Ip>1.2 and Y =0. This is the same average value ¢Bs obtained at the KIDD 2 site for sandy soils.

4.3.2 Patterson Park

A summary of intermediate DMT parameters and reswfitseismic dilatometer tests is shown in Figure
4.8. The material indexd) profile indicates the presence of a thin layesitiff sand which is underlain
by silt to clayey silt to sandy silt to 2.5 m depithe DMT soil profile is very similar to that reped by
Daniel (2003), which has been previously describezection 3.3.4.2. The interpreted high valuebath
horizontal stress index @X and dilatometer modulus g within the upper 0.50 m suggest that the
material may corresponds to traces of discontinuoagement. Below about 2.5 m, thg profile
indicates a deposit of silty sand to sandy silt thdends to about 17.8 m depth. The transitiomfsilty
sand to interbedded silty clay and silty sand iected below about 18 m.
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Figure 4.8 SDMT profile, Patterson Park.

Marchetti et al. (2001) suggest that in “permealigjers =0, whereas in “impermeable” layers
Up=0.7, and g values between 0 and 0.7 corresponds to “intermegiermeability” layers. On the basis
of this criterion, the pore pressure index)yrofile suggests that above 4 m depth the sailois free
draining and of intermediate permeability. From 4anabout 12 m depth, the pore pressure indexlprofi
is approximately constant withgla: 0, which suggests that the silty sand layer isitpable”. Then, from
12.5 m to 20 m depth the magnitude of the poresprresindex increases slightly from 0.05 at 12.5%m t
0.23 at 20 m with a maximum value of 0.32 at 19entHl.

It is interesting to note from Figure 4.8 that tleprofile indicates a silty clay lens at 11 m depth.
However, the correspondingpWarameter at this depth indicates the presence fideadraining soil
(Up=0). The piezocone pore pressure profiles reportedaniel (2003) indicate at this depth pore
pressure values below hydrostatic suggesting tegepce of dilative soils such as dense sand bfisaf

grained soil (see Figure 3.16).

In addition, from 0.75 m to about 16.5 m, thg grofile fluctuates considerably in magnitude betwe
about 2.5 and 11.7. The variation ig Kalues throughout the soil profile may be an iathc of changes
in gradation and density. From 16.5 m to 17.75 mtliek, stays approximately constant at about 4.3.
From 17.75 m to 20 m depth, it drops off to an agervalue of 1.8. Based upon the criterion propbsed
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Marchetti (1980) and neglecting the zones in thanity of the sand lenses,pKsuggests that the

interbedded silty clay to clay is normally consatigld below about 18 m.

The G/Ep profile obtained at Patterson Park is very simitathat obtained at the KIDD 2 site. At first
glance, it is noted that in stratified fine grainedils a smoother &, profile is obtained when
geometrically averaged values are used rather“tiagle” point based calculation. Figure 4.8 shatnest

in soils with b>1.2 and Y=0, the calculation method does not affect the magdei of G/Ep. From
2.5 m to about 17.5 m,fEp varies between 1.1 and 2.8 with an average ofvih@reas for the upper

and lower stratified fine grained soil depositsrage values of 5 and 7.5 are obtained, respectively

4.3.3 Colebrook Overpass

Figure 4.9 presents a summary of intermediateatiilater parameters and results of shear wave welocit
measurements from SDMT tests. Theptofile indicates a surface crust of sand to gfesiét overlying
clay to 15 m depth. The pore pressure index) {@fofile from 3.3 m to 11 m is approximately caarst
with an average value of 0.66 indicating that tlaiger is “impermeable” according to the criterion
proposed by Marchetti et al. (2001). This confirtihat the soil behaviour type is clay. The DMT soil
classification is in fairly good agreement with thal profile at this site previously describedsiection
3.3.2.2 of this thesis (see Figure 3.7).

The horizontal stress index gKprovides a good indication of the extent of tlesidcated crust. Below
about 2.5 m and to 11.75 m depth; iK relatively constant and generally above 2.3gssting slight
overconsolidation or structure. However, from 12anl5 m the K values vary between 1.8 and 2.3
which indicates that the soil is normally consdi@haccording to the criterion proposed by Marchett
(1980).
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Figure 4.9 SDMT profiles, Colebrook Overpass.

Crawford & Campanella (1991) and Crawford et a@94) carried out consolidation tests on relatively
undisturbed samples for this site and reportedegabf preconsolidation pressureg’) that are close to
the interpreted in situ vertical effective stresg’j, suggesting that soil is normally consolidatedat
depth of about 18 m. Weech (2002) argues thaetdata may not be representative of the true aértic
yield stress of the soil due to sampling disturlgariostead, he proposed that the overconsolidasito
(OCR) decreases with depth and is 1.5 or less balmut 9 m based upon the interpretation of fieldev
test (FVT) and piezocone (CPTU) data (Ladd & De&r@603). An inconvenience of the method used
is that its calibration requires a proper matchafgcorresponding FVT and CPTU data. Also, the
selection of an appropriate value for the ratjgo(s’) for a normally consolidated state requires previous
knowledge of plasticity and/or local experienceeTrief discussion presented above demonstrates tha
an appropriate interpretation of the horizontadsdrindex (I§) profile provides the engineer with a quick

and direct insight into the stress history, i.e RD@ soft fine grained sails.

In addition, Figure 4.9 clearly shows that thg/Eg profile from geometrically averaged values is
smoother than that from “single” point values. TBgEp data shows that both profiles based upon
“single” point values are more sensitive to vada$ in the dilatometer modulus j)E Furthermore,

Go/Ep increases rapidly from about 9.6 at 1.5 m to 71.atm where it drops off to an average value of

49 and stays approximately constant at 44 to 7 pthdd hen, from 7.5 m to 14.5 the/&p varies from
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about 25 to 47. It is interesting to note that higllues of G/Ep appear to be associated with soft

sensitive fine grained soils.

4.3.4 Dyke Road

A summary of seismic flat dilatometer (SDMT) prefil for the Dyke Road site is presented in Figure
4.10. The SDMT soundings were carried out about 2part. The soil type obtained by the material
index (b) classification indicates the presence of a cofisand to sandy silt that extends to about 1.5 m
depth, underlain by interbedded silty clay, sildailty sand identified by slight variations in tpere
pressure index (§) profile. The interpreted stratigraphy based upT measurements is in general

agreement with the soil profile previously reporétdhe test site (see Figure 3.18).

The horizontal stress index gKprofile indicates that soil is heavily over-congalied to about 2 m,
where it drops off and stays approximately constami above 2.3 to 3.5 m depth, with suggests
overconsolidation or structure. From 3.8 m to 15Kp,values gradually decrease with depth and are
generally below 1.8 with an overall average of 10h the contrary, K values below or above these
limits indicate that either horizontal stressesntd correspond to simple unloading or that the dfay
cemented, or both. Sanin (2005) reports valuesretgmsolidation pressures,( that are close to the
interpreted vertical effective stress,{), which suggests that soil at the sampled locegtis normally
consolidated (NC).

The low K, values obtained at this site suggest that soil mayunderconsolidated, i.e. is still
consolidating okr,'<oy,'. Underconsolidation can result from conditionglsas: (i) deposition at a rate
faster than consolidation, (ii) rapid drop in theoundwater table, (iii) insufficient time since the
placement of a fill or other loading for consolidatto be completed, and (iv) disturbance that eaus
structural breakdown and decrease in effectivesst(dlitchell & Soga, 2005). Sanin (2006) points out
that soil at the test site originates from a retdsi recent channel deposit in the Fraser RivetdDdls a
result, it is believed that the lowpKvalues obtained at this site may be caused by stnikcture

breakdown due to the DMT blade penetration and/ttumg age of the soil deposit.
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Figure 4.10 SDMT profiles, Dyke Road.

The G/Ep profiles presented in Figure 4.10 show similandiseto those obtained at Colebrook Overpass
site (see Figure 4.9). Firstly, the profiles obtairfrom geometrically averaged values are smodatizar
those from “single” point values. Secondly, desphe fact that both shear wave velocities profiles
increase gradually with depth and without sharprdases in magnitude, slight variations in the
dilatometer modulus @, clearly affect the magnitude of the ratiglEp when “single” point values are
used. Finally, it is noted from Figure 4.10 thatEg varies approximately from about 2.6 to 18.8 fdtysi
clay to sandy silt soils, i.e. 0.33<11.8, and soils where the pore pressure indey (dries between
about 0.1 and 0.6 with the bulk of the data arou3d respectively.

4.3.5 200" Street Overpass

Figure 4.11 shows the results of a seismic piezogmmetration test. The interpreted soil profilevael
from the non-normalized Soil Behaviour Type (SBV¥tem of Robertson et al., (1986) indicates the
presence of silt, clayey silt and clay (3<SBT<5)ab3.5 m depth, underlain by sensitive fines (SBT=
extending to a depth of about 15.2 m. Zergoun .f28004) describe the results of field vane shesist
that suggest an average sensitivity of 4.1 forstife fine grained layer. Furthermore, two sandtyasid

clayey silt lenses are indicated at 9.4 m and @Rdepth respectively.
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Also, the SBT profile shows that soil is classifiagl clayey silt to silt from 15.2 m to 16.3 m, wer
refusal to penetration was encountered, indicayetidh cone tip resistance)gThe cone tip and friction
ratio (R) profiles provide a good indication of the extasitthe desiccated crust. Furthermore, the
penetration pore pressure)is constant and around zero from 0 m to 3 m depkiere it picks up and
keeps increasing with depth to a value of aboun5&f water at 16 m. Likewise, the profile indicates
that from 0 m to 4.5 m the soil is overconsolidatesl indicated by relatively high galues, and below
4.5 m the tip resistance increases gradually wiptld suggesting that soil is normally to lightly

overconsolidated.
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Figure 4.11 SCPTU profile, 20Gtreet Overpass.

The summary of intermediate dilatometer parametacsresults of seismic dilatometer (SDMT) tests is
presented in Figure 4.12. The material index pedii{) indicates a surface crust of silt overlying ctay

16 m depth. Thepl profile and dilatometer modulus {Eshow the presence of two silty clay lenses at
9.7 m and 12.4 m, respectively. Also, the pore qaumassindex (i) shows a similar trend to that of the
piezocone penetration pore pressueg. (m other words, b is very close to zero to 2.9 m depth, then it
increases to 0.67 at 4.9 m and stays approximatelgtant at about 0.73 to 15.9 m depth where pgiro
off to 0.38 at the contact with till. The agreembatween the SDMT and SCPTU classification profiles
is very good. However, it should be kept in mindttin the SDMT tests readings are taken normally
between 0.2 m to 0.3 m intervals in comparisonht® ®.05 m intervals commonly used for SCPTU
soundings. As a result, the interpreted soil gfragihy from SDMT measurements is not as detailed as

that from piezocone data.
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Based upon Marchetti's (1980) criterion, the haniad stress index () profile indicates an

overconsolidated crust that extends to about 4depth. Then, Kdecreases from 4.4 at 4.7 m to 2.4 at
12.2 m where it increases and stays approximatehstant at 3 to 15.9 m depth, suggesting slight
overconsolidation or structure. Data reported bilyS{1991) and Zergoun et al. (2004) confirms the

presence of an upper heavily overconsolidated (@@3t and a lower lightly OC layer of fine grained

soil.
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The G/Ep profiles, i.e. “single” point and geometric megmnesented in Figure 4.12 increase gradually
with depth from about 2.7 at 1.4 m to 20 at 15.68apth. Furthermore, both profiles are very simiéh

the exception of variations at 8.4 m and below &lidu4 m depth. As discussed previously, shear svave
may have been affected by reflections from denstenads (sandy silt lens and till), and therefdne t
magnitude of GEp would also be affected. The geological origimess$ history and plasticity of both
soft fine grained soil deposits at J0Gtreet Overpass and the Colebrook overpass ayesumilar.
However, the data presented in Chapter 3 indidaa¢ the main difference between these two soil
deposits is the degree of sensitivity. The SDMTadabtained at both sites indicates thatEe is
significantly higher at Colebrook Overpass than28f" Street, suggesting a possible relationship

between sensitivity and the ratig/Bp.
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4.4 Relationships between SDMT parameters

Marchetti et al. (2007) introduced the relationgdbgiween the material index)land the ratio @Ep as a
potential indicator of soil type. Similarly, Luteyger (1988) endeavoured to establish a relationship
between 4 and the pore pressure indexpflas a potential indicator of soil type and highted the
usefulness of the DMT C-reading to determine swdtgyraphy. The SDMT data collected at several
research sites allows exploration of the combimatibstandard DMT parameters such gsH, and U,

and the small strain modulus {G obtained from shear wave velocity JVimeasurements, for an
improved soil characterization. This section présench relationships and describes the developaient

a new soil behaviour type chart based upon SDMTsorements.

4.4.1 Relationship between bnd G/Ep

The addition of ¥ measurements to the standard dilatometer testtadtie options available to assess
soil behaviour. There has been a considerableaserin interest in usings¥nd the small strain shear
modulus G, in combination with penetration parameters sy from the SCPTU to identify unusual
soil conditions (Schnaid et al. 2004). Previousestigators have investigated the potential use of
combinations of @ and seismic dilatometer (SDMT) parameters and hattempted to establish
correlations between DMT intermediate parameteds\aor G, (Sully & Campanella, 1989; Marchetti et
al. 2008a, 2008b). Such studies have suffered thestdck that V or G values were measured in
adjacent soundings and so were not necessarilggeprative of the soil tested by the DMT expansion.

The new SDMT allows more focussed study of thekdiomships.

Marchetti et al. (2008a) describe several relatigpss between the small strain shear modulug), (G
material index (@), dilatometer modulus @ horizontal stress index @ and vertical drained
constrained modulus (). The database used contains information on difiesoil types collected at
several sites located mainly in Italy but also pai®, Poland, Belgium and USA. The data points isbns
of relatively “uniform” soil profiles where valuesf Gy, Ip, Ep, Kp and Myt differ less than 30% from
their arithmetic average. Marchetti, et al (200&ognize that @Ep varies between about 1.5 and 3 in
sandy soils §>01.8), whereas in silty soils (0.6<11.8) it varies from 2.5 to 13, and 3 to 25 in slay

(Ip<0.6), respectively. They also note that for allssGy/Ep decreases aspincreases.
Figure 4.13 shows the relationship betweefEgand | for the research sites and the additional sites

listed in Table 3.1 and Table 3.2 . It is noted BgE, is higher in clays than in sands with a transition

that corresponds to silty soils. This reflects lihwe values ofAp= p-po, and hence E during undrained
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expansion in soft clays compared to its value airgrd expansion in silts and sands. The data shaiv

Go/Ep varies from 1 to 4 in sands while in silty soilgks increases from 4 to about 15 gglecreases.
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Figure 4.13 Relationship betweenand G/E; for all research sites and some additional sites.

The scatter of @Ep values in clayey soils {£0.6) is significantly greater than in silts andhds It is
also interesting to note from Figure 4.13 the safisdl difference between &p values measured at
200" Street Overpass and those measured at Colebroekp@ss. Indeed, the geological origin, stress
history and plasticity of the soil at both sitee a&ery similar. However, the data presented inp@ra3
shows that the main difference between these twadsposits is the degree of sensitivity determined
from results of field vane tests. Therefore, thavBDdata obtained at these sites suggests a redaijon

between GEp and the degree of sensitivity.

Figure 4.14 shows the same information as Figuk® But constrained to4E&p values less than 30. For
comparison, the range of data reported by Marcbetl. (2008a) has been plotted in the same figure
can be noted from Figure 4.14 that the bulk ofdata points reported by Marchetti et al. (2008a) i
clayey soils are within a range of 1.5 to 20, sstjgg that SDMT data was obtained in soils witloadr
degree of sensitivity. Also, the data points réguabiin this thesis fall within the zone of dataoepd by
Marchetti et al. (2008a).
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Figure 4.14 Relationship betwegnand G/Ep constrained to gy <30

4.4.2 Relationship between and U,

Lutenegger & Kabir (1988) and Lutenegger (1988npaiut that variations in the pore pressure index
(Up) reflect drainage conditions. They also argue thhbth the material index £} and U, provide an
indication of soil type, a strong relationship beem these two parameters is to be expected. Lugeneg
(1988) endeavoured to verify this assumption bytiplg Ir and U, data points from several sites with
different soil conditions. The data reported bydnégger (1988) shows thatdecreases asplincreases.
This reflects the increase in the excess pore prestue to penetration as a result of the redugtion
permeability as the fines content increases. SilyjlRowell & Uglow (1988b) plotted the ratio betare
the closing pressure {pand the “lift-off’ pressure () versus the material index from DMT data
collected at several clay sites. They identifiedttihe magnitude of the ratio/p is inversely

proportional to the magnitude of. |

Figure 4.15 shows the relationship betwegard U, for the sites considered herein. The data in sandy
soils shows less scatter. Also, there is some escait the data points corresponding to silty soils
(0.8<Ih<1.8) but it is significantly less than that foagey soils (0.6<). It is interesting to note that in
soft sensitive clays (Colebrook, Jbst., Still Creek and Mexico City), dvaries from about 0.6 to 1,
and it appears to remain fairly constant despiestnificant reduction inplbelow 0.1. Also, the bulk of
the data shows that a trend exists, with increadigalues corresponding to reducingvialues, with the

exception of the data points collected in MexictyClay.
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The extensive ground water extraction by pumpimgnfideep aquifers in Mexico City has significantly
modified the hydrostatic pore pressure conditioadieg to a regional consolidation process, which
results in ground surface subsidence. It is betighat the particular pore pressure condition$iis area

in combination with the high plasticity and strugtof Mexico City clay may affect the relationship
between g and b. The data presented in Figure 4.15 suggest thatméasured under hydrostatic
conditions, provides additional information thahdse used to complement theblased soil classification
system of Marchetti (1980). Finally, it can be mbfieom Figure 4.15 that a good agreement exists
between the data reported in this thesis and the delimited by the data points reported by Lutgeeg
(1988).
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Figure 4.15 Relationship betwegnand U, for research sites and some additional sites.

4.4.3 Proposed new soil behaviour classification chasedaupon SDMT data

As described in section 2.3.3.1 of this thesis, dfatti (1980) suggested a relatively simple DMT soi
classification system to identify the soil typeaafinction of the material index,jl Marchetti & Crapps
(1981) proposed a DMT soil classification charttticarrelates the material index and dilatometer
modulus (), and allows estimation of both soil type and wmgight. Furthermore, Lacasse & Lunne
(1988) assessed the soil classification obtainewh fthis chart for several soils tested by the Noree
Geotechnical Institute (NGI). As a result, they rfied the original chart slightly in order to incla low

Ip values (0.01<0.1) obtained in Norwegian soils. In additiorference unit weights measured in the
laboratory demonstrated that the DMT chart tendsnierpredict the unit weight in soft clays. Figall
Marchetti et al. (2001) argue that the original rehaf Marchetti & Crapps (1981) provides a good
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estimate of soil type and a reasonable approximaifathe unit weight in “normal” soils. Long (2008)

points out that further work on the assessmertt@fXMT soil type chart has not been carried out.

Despite the fact that the DMT has been used extelysand has been calibrated in several soil types
around the world, the writer is not aware of anyttfar work aimed at improving the DMT soil
classification system since 1988. Similarly, théeptial for combining the material index and theepo
pressure index has not yet been explored, andigha&n area that well warrants research. Indeed,
Marchetti et al. (2001) recognize that the poresguee index can be used to distinguish soils wattigd
drainage, such as silts, from free-draining (sara®) non-free draining (clays) soils. Moreover, the
addition of a seismic module to the standard DMdved determination of shear wave velocities and als

standard DMT measurements.

The SDMT data reviewed in section 4.4.1 and sectidr? of this thesis demonstrated that relatigrshi
exist between the material index)(Ithe stiffness ratio (§Ep), and the pore pressure indexJUAlso,

the trends observed from the data points collestegjest that relationships depend upon the sad, typ
stress history, sensitivity and drainage conditidhseem likely that the combination of these paeters,

i.e. b, Up and G/Ep, may help to increase confidence in the identifica of soil type from SDMT
measurements. Figure 4.16 showsplbtted against gEp for the UBC research sites and also for some

of the additional sites where SDMT data are avéslab
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Figure 4.16 Relationship betweeR bnd G/Ep for research and additional sites.

In an attempt to ensure consistency of the datsepted in Figure 4.16,&p values obtained from a

“single” point calculation are plotted against tmresponding b value. The rationale behind the use
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single “point” G/Ep values rather than geometrically averagetEgis that C-readings, and hencg U
values, were only measured at depths where setbmmiohole tests were performed. Therefore, it is not
possible to calculate the geometric mean gfdver a 3 readings window in the same way as with E
Even though the data described in section 4.3 hhasrs fairly significant differences between geonaetr

mean and “single” point profiles, the data reviewaticates that consistent trends exist in botliilps

It is noted from Figure 4.16 that data points témdyroup according to the SDMT stiffness ratio and
“drainage” conditions. For example, data pointsrireites with predominantly sandy soils (e.g. KIDD 2
Massey Tunnel and Patterson Park) are groupedanraw zone. On the contrary, data points obtaated

soft sensitive fine grained soils, i.e. Colebrook 200" st., plot above @Ep of about 5 and pof 0.6. It

is also observed that silty soils (e.g. Dyke Rott)d to plot within a fairly narrow transitional

between sandy and clayey sails.

Figure 4.17 shows the same information as in Figuié but the data points are grouped according to
their corresponding Kvalue. It can be seen that the bulk of the datatpavith Ky values higher than
2.3 fall below the dotted line. Following the criten of Marchetti (1980), this line represents an
approximate boundary between normally consolidéite) and lightly (LOC) to overconsolidated (OC)
fine grained sails, i.e. clays and silts.
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Figure 4.17 Relationship betweeR bind G/Ep as a function of K.

As shown in Figure 4.18, the same database isepl@ts a function of the material indey)(llt can be

observed that the data points tend to group aaugpridi their § and the combination of dJand G/Ep
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provides an insight into soil type as well as strkistory. Also, it is possible to identify zonefssoll

type following the } based soil type criterion proposed by Marche@B().

The different trends identified in Figure 4.16 aRidure 4.17 provide the basic framework for the
development of a soil behaviour soil classificateystem. Figure 4.19 shows a SDMT soil behaviour

type (SBT) chart that represents the first atteatgtefining such a system.
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Figure 4.18 Relationship betweep bnd G/Ep as a function ofyl.
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Figure 4.19 Proposed soil behaviour type chart f8I0MT data.
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The SDMT-SBT chart can be used as a guide for iiitzation of soil behaviour type from SDMT data.
In addition, this chart provides a quick assessméisbil behaviour based upon the combination ef th
stiffness (GQ/Ep) and “drainage” indicator (§) for the soil. These parameters are measuredeirfighd,
rather than from laboratory index tests on eithistudbed or relatively “undisturbed” samples. Moren

the chart extends the application of the seisnaicdilatometer as a tool to identify sensitive fgrained
soils, which seems to be a weakness of the stamidiidsoil behaviour type classification. Howevdret
application of the proposed SDMT-SBT chart stilheéns limited due to the fact that its database onl
contains SDMT data collected in saturated unagedissanormally (NC) to lightly overconsolidated
(LOC) silts and clays as well as NC to LOC glaciomaand glaciolacustrine sensitive clay to siligyc
Further research is required to complement thebdagawith SDMT data on different soils such as aged

sands and highly overconsolidated silts and clays.
4.5 Development and upgrade of DMT empirical correlagio

45.1 Correlation between DMT parameters and V

The SDMT data presented in Figure 4.13 suggestiaicieship between @Ep and | for the sites
reported herein. On the basis of this relationgmg in the absence of SDMT data, it is proposed to
estimate the shear wave velocity(dlternatively from standard DMT measurements \hih following

expression:

v, { 9'81ED[2+ 2'8(|D_1'2)]:|05 Equation 4.1
Y
in which B is the dilatometer modulus in kPa ands the total unit weight of the soil in kN7min the
absence of in situ measurements of the shear weleeity (Vs), Equation 4.1 can be used to obtain an
estimate of \{ The application of this empirical correlation r&ms limited to soils with characteristics
and geological origin similar to those of the datsd However, as a first attempt, Figure 4.20 @oey
estimated shear wave velocityJ\profiles to \{ data obtained from seismic piezocone (SCPTU), £ros
hole and Down-hole tests performed at sites locatedanada and Mexico. Likewise, estimates of V
from Equation 4.1 at McDonald Farm and Mexico Giites are compared tos grofiles estimated from

the empirical correlation of Hegazy & Mayne (198&jween V and piezocone data.

V, = (10.1xlogq, —-114)**'(f./q, x100*® Equation 4.2
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where @ is the corrected piezocone tip resistance arid the sleeve friction resistance, both in kPa.
Mayne (2007) points out that Equation 4.2 was @erifrom a database that includes sands, silts, and

clays, as well as mixed soils type, and thus attertgpbe global and not a soil-dependent relatignsh

As can be seen from Figure 4.20, the profiles @fastwave velocities estimated from Equation 4.1 at
McDonald Farm and Manzanillo sites are in fairlpgdagreement with measuredwalues. However, at
the Ecatepec site it is clear that Equation 4.Htdp overestimate measuredwalues. A review of the
DMT data and soil conditions at these sites indigdhat reasonable estimates gfcdn be obtained in
loose to medium sandy soils as well as low to nmadiasticity normally consolidated (NC) fine graghe
soils with K, values of less than 5. The comparison of measanedestimated {/profiles for the
Ecatepec site suggests that the proposed empmooalation may not be valid for high plasticityftsiine

grained soils such as Mexico City clay.

V., (m/s) V., (m/s)
0 500 0 400 800 0 150 300
0 O L ‘ L L - O ‘ _'
B g 7 —— Down-hole - Silty sand E ===~ OC crust
1 + Softsilt 1 O DMT(Eq. 41) | . rosEEs
1 : ] ] T S
| 5 | i i o% |
5 . 8 . 5 %§_; 1
4 | S . b
. - l l - /8' .
1 { Medium | ;4 ]| ] J é’% 5 ,
b - to coarse| - - q 642‘ b
10 1 sand 1 1 10 é.: 1
1 il ] ] il 5 | soft LOC
— | i 15 + R | {*’ | silty
E ] | | Medium . 0 | clay
< 15 . . 1 tofine | 15 % 1 pL =250
S 1 20 1 sand . 4 4 e
o 1 1 1 1 1
. 1 softNC i i i o 1
20 4 clayey . . 20 <= 1
1 1 silt 25 ] . % 1
: 1 PLF10 1 1 1 { ]
. - - ‘, .
4 i i l B é i
25 1 30 1 25 @
] —— scPTU ] ] 1 ——— Cross-hole ]
| -~ DMT (Eq. 4.1) il ] 1 1 - oMM Eq.41 ]
1 -=- CPTU(Eq.4.2) ] 35 | ] 1 ==-- CPTU(Eq.42) |
30 1 1 1 1 1 30 1 1
a) *McDonald Farm ¢) “Manzanillo b) *Ecatepec
(Vancouver, B.C)) (Mexico) (Mexico City)
*Data from Sully (1991) *Data from Luna (2008) * Data from Pantoja (2008)

Figure 4.20 Comparison betweenprofiles estimated from DMT data and results fiomsitu tests.

Additionally, Equation 4.1 gives better estimatésv/gfor the Mexico City site than the CPTU based
empirical correlation of Hegazy & Mayne (1995). Hoxgr, the comparison between estimated and

measured Yprofiles at the McDonald Farm site indicates tath empirical approaches give fairly good

87



estimates of Yin sandy soils as well as normally consolidate@)Nlayey silt. Finally, Equation 4.1
provides a conservative approximation of Wom a relatively economic test such as the DMT.
Nonetheless, both local experience and engine@roigement are required to assess estimated values o
V,, and indeed it is highly recommended to obtaivalues directly from in situ tests rather tharotlgh

empirical correlations.
4.5.2 Correlations between DMT parameters and K

4.5.2.1 Proposed DMT correlation for estimation of id sand

Baldi, et al. (1986) reviewed results of several Db&libration chamber (CC) tests performed in Tacin
and Hokksund sands, and suggested a correlatisreéetthe horizontal stress indexyjKcoefficient of
earth pressure from CC tests)Kcone tip resistance Jgand effective vertical stress,{’) using a fitting

function of the form:

1
Vo

K,=D,+D,K, + D{f—cj Equation 4.3
The analysis of Baldi et al. (1986) of the avaakllC-DMT data with Equation 4.3 yielded values of
0.359, 0.071 and -0.00093 for the coefficients D, and 03, respectively. However, the magnitude of
these coefficients was slightly modified by Baldiad (1986) in order to obtain better estimateKegf
values measured in CC tests performed under canstandary conditions as well as field data obtéine
at the Po river site (see section 2.3.4.2.1). Tdst fit to field data points was obtained with apression

of the form:

o

K, =0.376+0.095 —0.0046{‘1—2} Equation 4.4
Baldi et al. (1986) argue that Equation 4.4 repressthe best available tentative procedure fonesgtng
Kofrom DMT data obtained in natural, predominanthada, uncemented sand deposits. Also, they point
out that any further improvement to the proposedhoe will require (i) comparison against results of
SBP tests, (ii) assessment of the effect of CC@zBMT measurements and (iii) additional CC tests
sands with different gradation. Marchetti et al0G2) recommend the use of Equation 4.4 with the
following values for the last coefficient {&.0'): -0.005 for “seasoned” sand and -0.002 in “filgsh
deposited sand. They also point out that the taicgy in estimates of Kvalues with this empirical

approach is significantly increased when the ssitad has experienced cementation and/or ageidg, an
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the inconvenience that the method requires both RKI CPTU data with a good match betwegrakd

g. from adjacent tests. Figure 4.21 compares refer&poalues derived from the interpretation of results
of SBP tests, performed in alluvial sandy soilshef Fraser River delta, and estimates from Equatién
with gJa¢'=-0.005.
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Figure 4.21 Comparison between referengeskerence values from SBP tests and estimatestinath
correlation of Baldi et al. (1986).

The data presented in Figure 4.21 clearly show ttiatcorrelation of Baldi et al. (1986) significgnt
overestimates Kreference values from results of SBP tests. Thegefit seems worth exploring the
potential for improvements in estimates of fikom DMT data by slightly modifying Equation 4.%he
data collected for this thesis, from adjacent siidfat dilatometer (SDMT) and lateral stress séism
piezocone (LSSCPTU) tests at both CANLEX PhasédsgKIDD 2 and Massey Tunnel), provides an
excellent opportunity for re-evaluating the cortigla of Baldi, et al. (1986). This correlation idified

by calculating for each pair of field data the walf D; from field measurements using the following

equation:

D, = 2w 0376+ S'OQSKD ~K,) Equation 4.5

In Equation 4.5, Kis the estimated coefficient of earth pressure st abtained from analysis of SBP
results using curve fitting to the Carter et al986) model (In-Situ Testing Group 1995a, 1995bkaAl
the magnitudes of.cand oy, correspond to averages value calculated over ar@5vindow for each

depth at which I§ is reported. Table 4.1 and Table 4.2 present a suynohaeference lsgryand average
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Kbavgy 0vo and g values as well as the magnitude afdbtained from Equation 4.5. The several pairs of
values ofq,/o,," and D) obtained from the data collected at both CANLEX $2hH sites allow direct
calculation of an average value for the producthef last two terms in Equation 4.3, i.g(qt/cw‘).

Then, in an attempt to improve the correlation ofdBat al. (1986), the last term in Equation 4.4 is

substituted by, (q,/o,,").... which yields the following expression:

avg’

K, =0.132+0.09%K Equation 4.6

This expression has been derived from data codeftten in situ tests performed in relatively “yoting
(200 to 4000 years) uncemented normally consolitiatelocene sands, composed primarily of quartz
minerals with mica and feldspar. The sand at beth sites, and within the CANLEX target zone, is
subrounded and uniformly graded with a mean griam (©s,) of 0.20 mm and fines content less than 5%
(Wride, et al., 2000).

Figure 4.22 comparesgieference values to estimates gfidth the empirical approach proposed in this
section (Equation 4.6). Despite the scatter indam, estimates of gfrom Equation 4.6 are closer to
reference K values, suggesting that the minor improvementthén correlation of Baldi et al. (1986)

might lead to better estimates of i§ alluvial sandy soils from DMT measurements.
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Figure 4.22 Comparison between referengeckerence values from SBP tests and estimates with

Equation 4.6.
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Table 4.1 Summary of parameters determined fromcadi SDMT and LSSCPTU tests, KIDD 2.

Depth oo | Ko [ L J by D{%}
(m) ' g .
6.25 058 | 54 89.7 0.0035|  0.3139
7.25 053 | 43 42.2 0.0060|  0.2554
8.25 069 | 52 771 0.0023|  0.1759
9.25 038 | 3l 95.8 0.0031|  0.2974
1025 | 038 | 33 97.0 0.0032|  0.3134
1115 | 047 | 41 55.9 0.0069|  0.3869
8.30 059 | 52 83.1 0.0034|  0.2827
9.30 056 | 3.1 91.2 0.0012|  0.1122
1030 | 064 | 33 95.7 0.0006|  0.0541
1300 | 064 | 34 31.8 0.0019|  0.0601

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

Depth Koser) | Kbavg [c?_lj D3 D{%}
(m) Yo Javg v

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 0.194Q
17.00 0.39 3.7 70.7 0.0048 0.3412
12.50 0.40 2.4 325 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
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In an attempt to assess the applicability of Equedi.6 in different types of soils, Figure 4.23gaats a
database that containg lind Kyvalues obtained from the interpretation of resoftBMT and SBP tests
carried out at several sites (solid symbols), ali a&® measured in Calibration Chamber (CC) tests
performed in different well documented sands (ogpgnbols). For comparison, the correlation of Balkdi

al. (1986) and the empirical approach proposedmare plotted on the same figure.
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Figure 4.23 Relationship betweeR Knd K interpreted from SBP and CC tests.

As can be noted from Figure 4.23, the bulk of fke@dfand CC data plot below aboug ¥10. Also, the
correlation of Baldi et al. (1986) tends to overeate the CC and field data points, whereas with
Equation 4.6 it is possible to estimatgdeasured in the field and CC at low stress rgkgs1), with a
standard deviation of 0.15. It is also interestingnote that at K>10 both correlations give quite similar
estimates of Kvalues for dense Leighton Buzzard sand testedjhtdtress ratios, i.e.@€2. Marchetti et

al. (2001) point out that a unique correlation edw ks and DMT parameters can not be established
since the coefficient of earth pressure at resamdy soils depends upon the effective frictioneu(y’)

and relative density (@ Nonetheless, the data shown in Figure 4.23 siggthat in natural
predominantly quartz, and uncemented sand depdsity, good estimates of Kcan be obtained from
the empirical correlation proposed in this the8iso, the correlation of Baldi et al. (1986) seeimglive
good estimates of Kin lightly cemented sand (Kowloon site) despite thifference in depositional

history. However, more field data is required teess estimates ofKvith this approach in similar sandy
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soils. Furthermore, the empirical approach giverehyation 4.6 adds to the options available toredt
Ko from DMT parameters. It also illustrates that #ssessment of old correlations in combination with
the addition of more data points significantly iropes the reliability of derivation of geotechnical

parameters from empirical correlations to DMT data.

4.5.2.2 Proposed DMT correlation for estimation of i clay

As described in section 2.3.4.1.1 of this thesiayive & Kulhawy (1990) proposed a direct correlation
between flat dilatometer (DMT) data and the coddfit of earth pressure (K obtained from
interpretation of results of self boring pressureanéSBP) tests (Equation 4.7). The database ofigldy
Kulhawy (1990) contains information on twelve ckites tested by SBP and DMT with different stress
states that vary from normally consolidated (NC)highly overconsolidated (OC). In addition, the

plasticity indices of those clays ranged from 181pand sensitivities varied from 3.5 to 60.

K, = 027K, Equation 4.7

Mayne & Kulhawy (1990) argue that from a practidalnglpoint, only a first-order estimate of the inusit
Ko may be required for geotechnical analysis. Theegfeiquation 4.7 represents a practical empirical
approach to obtain fairly good estimates of K a wide variety of clayey soils with different
characteristics and stress conditions. Howeverwttiter is not aware of any recent improvement of thi
database or development of new empirical correlatimtsieen lsand DMT data. Indeed, Long (2008)
concludes that a possible weakness of the DMTaisdharivation of geotechnical parameters involves th

use of empirical correlations developed some time ago.

In order to overcome this drawback, the databasd teselevelop Equation 4.7 has been updated with
published information on Kvalues derived from the interpretation of adjaceBPSand DMT tests,
performed in fine grained soils at several sitesnfrdifferent parts of the world. The new database
contains DMT measurements and referengedues obtained from the interpretation of resaftsotal
stress cells (TSC): Strong Pit (Sully, 1991) anahéaee (Chan & Morgenstern, 1986) sites, and resiilts
self boring load cells (SBLC): Lr. 232 St. (Sul§i991) and Massena (Huang & Haefele, 1990) sites.
Table 4.3 and Table 4.4 present a summary of thésgiacluding information on the average plasticity

index (P,), soil type, stress history (OCR) and source ¢é.da

Mayne & Kulhawy (1990) and Lunne et. al., (1990)blrhed simultaneously empirical correlations
between DMT data andgeference values obtained from the interpretatioboth SBP and TSC. The
first 19 sites listed correspond to those repoimet®90 by both pioneering research groups, whetteas
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remaining sites have been compiled for this th&si® fourteen separate well documented clay artd sil

sites that have been described in several pulditsati

As was done by Mayne & Kulhawy (1990), the dataenveollected at depths where just SBP, SBLC,
TSC and DMT tests were performed. Figure 4.24 coegpthe updated <K, database to several DMT
correlations previously described in section 2 4his thesis. Furthermore, the variability of ttiata
presented may be attributed to errors in measureofein situ parameters, interpretation of Walues
from results of in situ tests, and soil variabilityis interesting to note that the bulk of theéadabtained

in normally (NC) to overconsolidated (OC) clayswkp<5 falls within a fairly narrow band delimited
by the correlations of Lunne, et al. (1990) propofe “young clays”. Also, there is some scattedata
points with Ko<5 but it is significantly less than that of dat@ims with 5<ky<10. It can also be noted
that the correlation of Mayne & Kulhawy (1990) piges a better relationship betweepatd K, despite
the wide range of soil types and stress histoAdslitionally, at low Ky values, i.e. IK<3, estimates of K
with this approach are very similar to those frdra torrelations of Marchetti (1980) and Lunne et al
(1990).

6 T T T T T T

- 4+ Hendon (Fissured HOC) <] McDonald Farm(Soft NC) | -
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Figure 4.24 Comparison betweeg ldbtained from interpreted SBP, SBLC and TSC data,

and several Kbased empirical DMT correlations.

The data set presented in Figure 4.24 was analyitbdegression analysis in order to obtain the fies

line. The correlation coefficient (R), also knowa the product-moment coefficient of correlation or
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Pearson's correlation, and the standard error 48E)ised to assess the quality of the fit. Insttes, the
correlation coefficient measures the strength eflihear relationships between twoandY and ranges
from -1 (for perfect negative correlation) to 1(fuerfect positive correlation). Thus, for any gisample
size n, the closer the coefficient of correlatisnid + 1, the stronger the linear relationship betw&emnd

Y. On the contrary, as R approaches 0, the linelatiorship betweernX and Y becomes weaker

(Berenson, et al. 1988). In other words, a higMne/of|R| means a greater reduction in the conditional

variance associated with the linear regressiontemyaand hence a more accurate predictioN based
upon the regression of on X (Ang & Tang, 2007). On the other hand, the standardr is used to
measure the amount of variability or scatter arotmel regression line. It represents the standard
deviation of the observed values around the predigtlues, rather than around the mean as in the us

standard deviation (Berenson, et al. 1988).

Firstly, the regression analysis of 235 data paistag the linear function given by Equation 4.didgates

a correlation coefficient and standard error o#ia8d 0.58, respectively. Based upon regressidysiga
of the original database consisting of 69 data tgpiklayne & Kulhawy (1990) reported 0.82 for the
square of the correlation coefficient}jRand 0.48 for the standard deviation (SD). For ganson, the
regression analysis of the database presentedgimeFi4.24 yields &0.7 and SD=0.99. Thus, it is
evident that the larger the data base the largerstatter and therefore’ Reduces and the standard
deviation increases. However, from a practicaldp@mt and considering the wide range of differswit
types and the scatter in the data, the correlatiollayne & Kulhawy (1990) represents a simplified

method that provides reasonable estimates,@f Khe grained soils.

Alternatively, the data shown in Figure 4.24 suggebat beyond K=10, the scatter in Kreference
values increases significantly. It is interestiogibte that data points obtained in highly overotidated
fissured soils tend to fall outside the proposedt)isuggesting that fissuring significantly affedateral
stress measurements in these types of soils. Tegression analysis performed for the data witk 0

(n=198) give the best fit line of the form:
K, = 024K, + 01 Equation 4.8

As can be noted from Figure 4.25, the standard €88} of this fit line is significantly less thahat of
Equation 4.7. Also, the correlation coefficient @)the latter is slightly higher than that of Etjoa 4.8,
which at first sight suggests that the correlatafnMayne & Kulhawy (1990) still provides good

estimates of K However, due to the fact that the database has significantly improved by increasing
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the number of data points by 74%, it will be wovtrifying with other statistical indicators, if these of
Equation 4.8 rather than Equation 4.8 fg<K0, may lead to a better estimates gf K

The coefficient of variation (COV) provides a sttitial measure of the dispersion of data points data
series around the mean. It represents the rattbeotandard deviation to the mean, and it is dulise
statistic for comparing the degree of variationnfrone data series to another. For comparison, the
correlations betweenXand Ky given by Equation 4.7 and Equation 4.8 indica@®Q¥V of 0.46 and 0.42,
respectively for data points withpK10. Therefore, the COV and SE of the latter araesghat less than
those of the correlation of Mayne & Kulhawy (1990).
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| O Taranto (Cemented HOC) @ Lr.232 St (Soft NC) 1 , |
/\ Kings Lynn (Organic LOC) 3t Komatsugawa (Soft LOC) i //
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Figure 4.25 Proposed relationships betwegrfiém interpreted SBP, SBLC and TSC data,
and Ky from flat dilatometer (DMT) tests.

It has been demonstrated that the correlation offda& Kulhawy (1990) gives reasonable estimates of
Ko, despite the fact it was developed some time agweder, the database has not been upgraded. The
alternative empirical approach derived in this isectfrom a large database, seems to give relgtivel
better estimates of Kfor soils with K;<10; but as can be noted in Figure 4.25 the diffezebetween
both fitted relationships is practically negligibbnd therefore it seem reasonable that eithertioué. 7
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or Equation 4.8 can be used to estimatgikK a wide variety of fine-grained soils. In highly
overconsolidated clays, withg&10, K, can be conservatively estimated from the cor@tatif Mayne &

Kulhawy (1990). However, it should be born in mititat both local experience and engineering
judgement are required to assess estimates, fifokd any of these empirical approaches. Finallg th
detailed assessment of the reliability of an “okthpirical correlation and the improvement of the
database used for its development, represent diveosiontribution 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 combinatif the standard flat dilatometer (DMT) equipment
with a seismic module for downhole measuremenhefshear wave velocity (/ The SDMT provides a
simple and cost-effective means for determiningsié stratigraphy, the shear modulus at smalirsira
(Go) from shear wave velocity ¥ measurements, as well as estimating deformatiwh sairength

parameters from empirical correlations to DMT pastars.

The performance of the data acquisition system s@isimic module of the SDMT has been assessed
through a comprehensive field testing program ua#len at several research sites located in the Lowe
Mainland of BC. Field measurements have been all§iceviewed in an attempt to explore the poténtia

of an improved site characterization through a doatibn of several SDMT parameters.

4.6.2 Assessment of the SDMT module

The SDMT test procedure is relatively simple angl sbftware developed by the manufacturer (Studio
Prof. Marchetti) allows real time handling of seisrand standard DMT data. The software (SDMT
Elab) has the advantage of presenting on the canpateen the magnitude of the interpretgdftér the
system is triggered and the source waves are dgederalso, the V profile can be displayed on the

computer screen and it is updated after each test.

Several problems were experienced with the SDMTa datquisition system when performing V

measurements in the field. It was found that thenmreason for these problems was a lack of
communication between the seismic module and tke aequisition system. In order to overcome this
problem it is important to ensure that the membrnane contact with the blade and the sound is on

before performing a seismic test.
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Good agreement was observed between therdfiles obtained at several research sites wighseismic

flat dilatometer (SDMT) and those from seismic pieane tests (SCPTU). Furthermore, the shear wave
velocities measured with the seismic flat dilatcene(SDMT) are likely to be more sensitive to
stratigraphic details because of the 0.5 m dep#rval used for Ydetermination as opposed to the 1 m
interval typically used in the seismic piezoconst.teConsequently, it is necessary to carefullyergv
each set of seismic traces in order to detect aliesria the results that may affect the interpretbdar

wave velocity, rather than using the SDMT as acklbox”.

4.6.3 Relationships between SDMT parameters

The analyses of SDMT measurements at researchhsitesillustrated the potential for an improved soi
characterization through the combination of stadd@¥ T parameters such as: (i) material indey, ((ii)
dilatometer modulus @ and (iii) pore pressure index £)) and the small strain shear modulug)(Ghe
usefulness of the DMT-C closing pressure for sdéniification has been shown and therefore it is

strongly recommended to include its measuremethteimoutine procedure.

The relationships identified between DMT paramet@nsl G provide a rational framework for the
development of a new soil type behaviour systenedbagpon SDMT measurements. The proposed soil
classification system based upon SDMT measuremeptesents a contribution to the current statéef t

flat dilatometer, and adds to the options availablelentify soil behaviour from in situ measurertsen

4.6.4 Improved DMT correlations for estimating, ®¥nd K

Based upon a comprehensive review of SDMT colleetiecesearch and additional sites an empirical
correlation has been proposed for evaluating tkarsivave velocity ( in coarse and fine grained soils
from standard flat dilatometer (DMT) measuremeBisipirical correlations have also been proposed to
estimate the coefficient of earth pressure at (Kgj in fine and coarse grained soils from DMT
measurements. The approaches proposed have begaddéom updated databases based upon a
comprehensive review of published information ie thst 10 years. The proposed empirical DMT-K
correlations add to the options available for theerpretation of DMT data. Also, from a practical
standpoint k values derived from these correlations may be useda first-order estimate for

geotechnical analysis.
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Table 4.3 Summary of sites tested by both SBP avidl D

No. Symbol Site Rl (%) Soil type Reference
1 3@ Drammen 22 Aged NC Lacasse, et al, 1981; Lunra, 4890
2 Eﬂ Gloucester 28 Sensitive aged N( Konrad & Law, 1987
3 v Haga 18 Sensitive OC Aas, et al., 1986; Lunnel. e1990
4 —|— Hendon 42 Fissured HOC Windle & Wroth, 1977a
5 JAN Kings Lynn 57 Organic LOC Wroth & Hughes, 1973
6 <> Madingley 46 Fissured HOC Windle & Wroth, 1977bnibe, et al., 1990
7 O Onsoy 28 Aged NC Lacasse, et al., 1981
8 ﬂ Porto Tolle 30 Soft NC Ghionna, et al, 1981, 1985
9 D Sea Island 10 Soft NC Konrad, et al, 1985
10 |:| Taranto 27 Cemented HOC Ghionna, et al., 1981, 1985
11 7,"( Montalto 34 Intact OC Ghionna, et al., 1981
12 I:I':',:l New Orleans 51 Soft NC Canou & Tumay, 1986
13 * Onsoey 27 Soft LOC Lunne, et al. 1990
14 O Lierstranda 20 Firm NC to OC Lunne, et al. 1990
15 A Bay Mud 49 Soft OC Lunne, et al. 1990
16 \V4 Brent Cross 51 Stiff HOC Lunne, et al. 1990
17 X Cowden 19 Glacial Till Lunne, et al. 1990
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Table 4.4 Summary of sites tested by both SBP avid [Cont.)

No. Symbol Site Rl (%) Soil type Reference

18 A Bothkennar 39 Soft LOC Lunne, et al. 1990

19 } Canons Park 43 Fissured HOC Lunne, et al. 1990
20 ZCZ 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 X:E Komatsugawa 20 Soft LOC Iwasaki, et al, 1991
25 4 Berthierville 22 Sensitive LOC Hamouche, et al939

26 -(:D- Lousieville 45 Sensitive OC Hamouche, et al., 1995
27 4 NGES UH 29 Stiff OC O’Neill & Yoon, 1995; O'Neill, 2000
28 ¢ NGES UM 20 Soft NC Benoit & Lutenegger, 1993
29 3# 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 v Malamocco 14 Stiff LOC silt Ricceri, et al., 2002

33 }K Sungai Besar 70 Soft NC Wong, et al, 1993

34 ’ Massena 41 Soft LOC Huang & Haefele, 1990
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Chapter 5 EVALUATION OF LATERAL STRESS SEISMIC PIEZOCONE

5.1 Introduction

Section 2.4 of this thesis summarized the histbiderelopment of additional modules to measureadhte
stresses mounted behind cones. It also outlined sinthe challenges encountered when attempting to
measure and interpret the lateral stresses andopeseures on these instruments. This chapterdeaus

the particular experience gained at UBC with sigtriumentation.
5.2 Equipment description

5.2.1 Development of the lateral stress module Model8NI-I1)

Early attempts at UBC to develop a lateral stresdute (LSM) were based upon use of a cone friction
sleeve instrumented to also allow measurement @b Btresses. Campanella et al. (1990) showedhbat t
lateral stress measured with the instrumenteddrictleeve of the UBC lateral stress piezocone Mbde
(LSCPTU-I) was sensitive to both axial loads on ttietion sleeve and on temperature. Even though
these effects can be calibrated out by making gpjai@ corrections to the measured data, moditinati

to the lateral stress measuring section are redjiirerder to improve data quality and sensitiviully
(1991) suggested that further development workhenlateral stress module should be focused on the

following aspects:

* Reduce the cross talk effects by re-designingrib#dn sleeve so that the stress sensitive under-
reamed section is on the section of the sleeveishat tension rather than on the main body
which is in compression.

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

* Improve the sensitivity of the friction load celichthe lateral stress pore pressugg)(transducer
if reliable estimations of coefficient of earth gsere at rest (i are to be achieved.

» Provide accurate high resolution data for hgthand ys sensors.

* Modify the existing LSCPTU-I so that the stresssseg sleeve could be located at varying

distances behind the cone tip.

In an attempt to increase the resolution of the smeanents of the lateral stress section, a new
instrumented friction sleeve with a wall thicknedg€.75 mm was designed and built at UBC. However,

the reduction in thickness resulted in lateralssrmeasurements that were more sensitive to chamges
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temperature and “cross-talk” effects. The use atrimented friction sleeves for measuring lateral
stresses involves several challenges in both thuimentation and the robustness of the element in
contact with the soil. As a result, further develemt work at UBC between 1997 and 2001 resulted in
new lateral stress module Model II (LSM-Il) equipp&ith a passive sensing element. The new
instrument measures the lateral stress in a simigamer to that described by Bayne & Tjelta (1987)
Takesue & Isano (2001).

5.2.2 Equipment details

5.2.2.1 Instrumentation

The UBC lateral stress Model Il (LSM-II) consistisam external curved pressure receiving plate ad lo
transfer “button”, with a fine setscrew on its gerdnd a Honeywell Model 13 compression submingatur
load cell installed inside the body of the instrumeel section. The load transfer “button” is mourftagh

on one side of the instrumented section with aimn@+mounted on it to provide a radial seal thawpris
the ingress of both soil and water into the bodgufe 5.1 shows a schematic diagram of the lattrass
Model Il developed and built at UBC.

Existing body

A\

4.8m

48m
O-ring Load transfer

"button”
Il

O-ring

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

Load transfer
"pbutton"

%

\

Locating pins

Fine thread
setscrew

N
\

12.7m

N

N0

Load "button" details Existing adapter

Figure 5.1 UBC Lateral stress module Model Il (L3IM¢after Jackson, 2007).

The instrumented section was originally designedéomounted on a standard 15%cadBC seismic
piezocone unit. However this unit was not easysgemble or disassemble and had some instrumentation
problems. Therefore, the new lateral stress moiuleow mounted behind a standard 10° dBC
seismic piezocone. A special low angle adaptortémtd3.5 cm above the cone tip provides a gradual

transition in diameter from a 35.7 mm to 43.5 mihe Tateral stress sensor is located 69.5 cm behend
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cone shoulder (190 and the pore pressure developed during penetratimeasured by a pore pressure
transducer located 58.5 mm above the lateral séaxssor or 210 behind the cone shoulder, whé&és

the diameter of the cone.

The eight-channel lateral stress seismic piezo¢b88CPTU) has a tip area of 10 %ra friction sleeve
area of 150 cmand allows simultaneous measurement of the follgwiarameters: tip resistance)(q
pore pressure behind the tip,)usleeve friction ¢, pore pressure behind the friction sleeve),(u
inclination, lateral stress 19.5 diameters behhelttp ©@s), and pore pressure at about 21.1 diameters
behind the tip () (see Figure 5.2). These channels operate ov@r\arange, and the sensitivity of the
lateral stress sensor is 0.005 V or 1 kPa. Downslodar wave velocity tests can also be performid) us

a seismic module mounted just behind the conectiratiins an accelerometer as a receiver of thmgeis
waves. The piezocone unit also contains a temperagnsor. However, when the lateral stress maslule
attached this sensor is not activated. The effetdgroperature on both_s and ys sensors is discussed in

section 5.3 of this chapter.

Lateral stress module Model Il (LSM-Il)  Adaptor Seismic pepne unit (SCPTU)
( Y e A
| ULgPore pressure | } - | U, pore pressure
| |_tSMT|| ! transducer — @4.30 cm ‘}<—17.5 cm—»“ Friction sleeve (150 cm2 ) 2
electronics ; —@435cm 130 | uz pore pressu !
,,,,, : N |
= i | [ [ i B S i D
I
@3.57 ¢ I o :
5.85 cm | Lateral stress  93.57 cm— 13.5 cm—L——J ! 60° 10 cm? tip
“button” sensor I
| 235 cm 8.4 cm~e— SCPTU electronics |
! 98.8 cm !
Scale (cm):
0 5 10 20
e == e =]

Figure 5.2 UBC lateral stress seismic piezocone ¢b§SCPTU).
5.3 Laboratory evaluation of LSM-Il measurements
5.3.1 Introduction
The calibrations of load cells and pore pressuamstlucers of the piezocone unit were performed
according to standard procedures adopted at UBfC Gampanella & Howie, 2005). The lateral stress
module Model 1l (LSM-Il) was calibrated for the foWing conditions: (i) hydrostatically applied

confining pressure, (i) temperature sensitivitii) (calibration for axial load effect, and (iv) ntie-

dependent stability of both sand ys sensors.
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5.3.2 Hydrostatic calibration

The calibration was performed with a calibratiommiber fitted over the lateral stress module (LSM-II
An air line was connected to the cylinder and @sirwere mounted internally on each end of the
calibration device to provide an air-tight seaviztn the LSM-1I and the chamber. Pressure incresnent
of 138 kPa €20 psi) were used, up to a maximum of 690 kR4Q0 psi). The room temperature was
monitored throughout the calibration process andsueements indicate a constant temperature of about
22°C. The hydrostatic pressure was applied in fgadind unloading sequences. Figure 5.3 shows the

results of the calibration of both lateral streisd pore pressure sensors.

The calibration factor for the lateral stress setfsgs) is 0.0055 V/kPa or 181.8 kPa/V, whereas for the
pore pressure (y) is 0.0044 V/kPa or 227.3 kPa/V respectively. Tigsteresis effect on the load-unload
response of the_ysensor is fairly small with an average value aiwt).51% of the full scale (FS). The

maximum hysteresis effect on the lateral stressmeis about 1 % of FS and requires careful

consideration when assessing the field measurements

- LSM-1I

_| Calibration of lateral stress load sensor 7" 15=0.0055 V/kPal
;| Date: May 14 2008 "z
Temperature: 22° C

- Calibration of pore pressure sensor
- Date: April 17 2008

S

E > | Temperature: 22° C $=0.0044 V/kPa
=

>

-<-- Lateral stressy, g
A Pore pressure, y |

Maximum hysteresis effect an, sensor : 1.0 % of *FS _|

Maximum hysteresis effect on,sensor : 0.13 % of *FS |
*Full scale

[ T T T [ T [ T

0 200 400 600 800

Applied pressure (kPa)

Figure 5.3 Pressure calibration of lateral stresdute g sand uys).

5.3.3 Calibration for temperature effects

The subminiature load cell of the lateral stresseeis temperature compensated for a range of@3®b
71.1°C (60°F to 160°F). However, in addition to tieenperature compensation of the load cell it is
important to check the effect of temperature vaoet on the baseline of the lateral stress seRsmn to

calibration, the cavities of pore pressure transdudor the piezocone {land 4 sensors) and lateral
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stress module (¢) were saturated according to standard procedutegted at UBC (Campanealla &
Howie, 2005). The whole piezocone was immersedtath of water in order to evaluate the temperature
sensitivity of the lateral stress module. Readimg®ll channels were taken over a 15 minute peataal
temperature of 21° C, and these measurements wagd as reference values for assessment of
temperature effects. After stable readings wererted on each channel the temperature was rapidly
reduced to 0° C by adding ice. This temperature kegs constant for approximately 25 min. After that
the temperature was increased in steps by addingdter and readings on all channels were takenave

20 min period.

Throughout the calibration process special care ta#en to maintain the water level constant and
readings on all channels were taken every 20 sacorite results of this calibration are presented in
Figure 5.4 and Figure 5.5. They indicate the nowdrity of botho.s and ys sensors. Also, the
magnitude of the baseline shift in the lateralssris larger than that of the pore pressure. Horyele
effect of temperature on both channels is fairlyabnso it was judged that a correction for tempeea
effects is not necessary. It is recommended tduireeview the shifts in the baselines of thebarnels

at the end of each sounding in order to assesdethperature effects on field measurements. The
calibration clearly shows that the lateral stresglabe Model Il (LSM-II) is less sensitive to tempture
effects than the lateral stress module describe@ampanella et al. (1990) and Sully (1991). Camieane
et al. (1990) reported that the temperature caefftcB; for the lateral stress channel was +0.0036 V/°C
on cooling for a temperature range from 10 °C a@d@. The value of Bfor the new design would be
about +0.0028 V/°C or +0.51 kPa/°C on cooling feemperature range from 5 °C to 21 °C.

-3.28 ‘ ‘ 18.2

- LSM-1I .

_| Temperature calibration L

Date: July 26 2008 L
—_ -| Average voltage shown for each increment L —
L 338 o1 ©
e} L o
S 1 L2
N— _ [ 2]
%) +5.9 kPa (+0.5% of *FS) i1

—

5 &
7 %)
8 £
= n
o - -5.9 kPa (-0.5% of *FS) = =
© L —_
© 3.58 — - 91
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-3.68 T T T T T T T -18.2
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Figure 5.4 Temperature sensitivity of lateral str@ss) baseline.
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Figure 5.5 Temperature sensitivity of pore presgurg baseline.

5.3.4 Calibration for axial load effect

This calibration was performed in order to asskesvariation in zero reading of the lateral stresssor
due to axial loading of the cone. Due to spacetditiuins of the hydraulic loading frame at UBC the
LSM-II was removed from the seismic piezocone ufiten, the LSM-Il was set up in the calibration
frame and axial load was applied. A total of fonmd-unload cycles were performed under zero corgini
pressure and at constant temperature. Load inctsn@nl.11 kN &£250 Ib) were used, up to a
maximum of 11.6 kN€ 2600 Ib), and for each increment the load was ramiatl constant for 1 minute.
The maximum load applied of 11.6 kN is equivalenatcone tip resistance. epf 115.6 bar. Figure 5.6
presents the results of the calibration for axiad effect. The results in Figure 5.6 indicate tfinat
current design of the lateral stress sensor stillains fairly sensitive to axial loading. For exdenphe
variation in the zero reading for an axial loadl&f6 kN is 0.33 Volts or 57 kPa, which correspotuals
5.2% of the full scale. Linear regression analgdishe data gave a calibration factor of 0.028 VN
5.1 kPa/kN for loading and unloading. On the bathese results, the lateral stress data canlétedeo

the cone tip resistanceJgand therefore corrected to account for crossaatording to the equation

O s =0 g(m ~—0.00508), Equation 5.1

in whichoys is the corrected lateral stress for cross taka${ o, sm) is the measured lateral stress, and q

is the cone tip resistance. All stresses are ia.bar
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Figure 5.6 Evaluation of cross talk on lateralsdrehannel due to axial load.

5.3.5 Evaluation of baseline stability

After baselines were taken the piezocone was lefh aoom temperature of 23° C +1° and under
conditions of zero axial and hydrostatic loads. Bhseline drift over time on all channels was nareit

over a 6.8 hour period, during which time readingsall channels were taken every minute. Figure
5.7and Figure 5.8 show the time-dependent driftthed lateral stress and pore pressure sensors
respectively. The baseline in both channels idyfatable and with small variations. For instanites
deviation from the zero point in the lateral stresasor is +0.46 kPa or £0.04% of full scale, wheri@

the pore pressure it is £0.45 kPa or +0.07% of $akile respectively. It is observed in Figure 51d a

Figure 5.8 that the baselines of both channelsadagively stable.
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Figure 5.7 Evaluation of baseline shift @ channel over time.
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Figure 5.8 Evaluation of baseline shift g ahannel over time.

5.3.6 Discussion of calibration results

Results of laboratory calibrations have shown thatmeasured lateral stress is fairly sensitivaxial
loads on the cone and on temperature. The effetgngperature variations on lateral stress datass |
than that of the cross talk effect due to axiatlldéor a temperature range of 5 °C to 21 °C, theinmam
baseline drift recorded was 9.5 kPa, whereas dibasshift of 57 kPa was observed for an axial load
range from 0 to 11.6 kN. In terms of the full scafethe lateral stress sensor, the baseline shéttd

temperature variations is 0.82%, while for axiadat is 5.2%.

The cross talk effect on the lateral stress setigerto axial loading of the cone is quite significaThe
lateral stress module was designed to be sepafiadedthe body of the penetrometer by providing
clearance at the top and bottom, with the sleeleihelace by several O-rings (see Figure 5.1} a&s
originally also to be a friction sleeve. The “floag” configuration allows the LSM-II to be isolatém
the cone body and therefore from any axial loadvéir, the interaction between the set screw aad th
load cell will be affected by relative movementveeen the components. This behaviour requires furthe

study to assess repeatability and to consider designges to mitigate the effects.

Results of calibrations have demonstrated thathén durrent design, lateral stress measurements are
sensitive to axial loads acting on the cone andhtrans in temperature. Both effects can be caidaraut

by making appropriate corrections to the measuigd. dEquation 5.1 allows correction of measured
lateral stress for the effect of axial loads. Hogmet is not possible to correct the data for terafure
effects since the LSM-Il does not have a tempeeasansor. Nonetheless, the results of laboratory

calibrations indicate that the effect of temperatuariation on measured lateral stresss)(and pore
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pressure (i) data is small. The temperature sensor of theopze unit could be used to monitor
temperature variations. However, when the latarakss module (LSM-II) is attached this sensor it no

activated.

Lunne et al. (1997) stated that problems remaih e instrumentation of the lateral stress coreyT
observed that it was difficult to maintain a robasnhe while obtaining the required sensitivity bét
readings. The results of laboratory calibratiortidate a good performance of the LSM Model Il vitib

load transfer “button” configuration providing aléace between the robustness of the cone and the
sensitivity of the lateral stress sensor. Howetleg, results of laboratory calibration indicate ttzeral
stress measurements still remain fairly sensitovextial loads and, to a lesser degree, on temperatu
Also, the load-unload response of the sensor ectdtl by the friction between the radial O-ring &émel
body of the module (see Figure 5.1). As a resultomimprovements in the design are required ireord

to reduce the effect of these factors and incréessensitivity.

Table 5.1 Summary of LSM-II calibration results

Cross talk due

o | Temperature ) Baseline drift
Stress range Calibration factor | Hysteresis o to axial
Sensor sensitivity ) at 22°C
(kPa) (kPa/V) (% of FS) loading
(% of FSFC) (% of FS)
(% of FS)
0.044 5.2 0.039
OLs 1170 181.8 1.0
(5to 2rC) (Oto11.6 kN)| (0to6.8h)
0.045 0.032
Us 1406 227.3 0.13 N/A
(5to 2rC) (0to 6.8 h)

54 Field evaluation of LSSCPTU measurements

The assessment of the field performance of therdhtstress seismic piezocone (LSSCPTU) was
undertaken at one former CANLEX Phase |l site. KHeD 2 site was selected due to the fact that the
soil profile consists primarily of a relatively ele sand deposit underlain by normally consolidaitg
clay as described in section 3.3.3.2. This allopeedocone (CPTU) and lateral stress data to beatetd
under drained and undrained conditions in the ssoneding. Additionally, information on lateral stse
conditions was available at this site from theriptetation of results of self-boring pressurem¢gsP)
tests (In-Situ Testing Group, 1995a).

The objective of the field testing program carried at the KIDD 2 site were: (i) assess the sevitsitof

lateral stressofs) and pore pressure (@) sensors to changes in stratigraphy during petatra(ii)
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monitor the response of s and ys in dissipation mode and (iii) assess the repédtabi LSM-1l data
by comparing the results of two adjacent sound{h§C-01 and LSC-02). It is important to point out
that shear wave velocity measurements were nobipeed with the LSM-II at this site since testingswa

aimed at assessing the performance of the lateesissmodule rather than collecting a full setatbd

5.4.1 Testing procedures

Prior to performing each sounding with the latstatss seismic piezocone (LSSCPTU), all pore pressu
measuring systems, i.e;, Ws and uys, are de-aired and saturated with glycerine acogrtth standard
procedures adopted at UBC (Campanella & Howie, pODBe cable is connected to the LSSCPTU and
the data acquisition system is started. Baselinege readings on all channels are taken with trec
suspended above the ground and zero load on ahel® The warm up time before baselines were taken
varied between 5 to 10 min. Then, the cone is ledi¢hrough the guide/wiper sleeve until the apex of
the cone is at ground level or the reference agudiepth in case of a predrilled hole. The vertigaif

the cone rods is checked manually in two directiith a level. Also, if downhole shear wave velgcit
tests are to be performed, the accelerometer irtheleone is aligned parallel to the axis of theash
beam, and the distance between the cone and thelstwm is measured. For the UBC research truck the

distance between the rod string and the centreeotthear beam is 1 metre.

The lateral stress seismic piezocone is pushedtioground at a standard rate of 2 cm/sec and tip
resistance, g sleeve friction, § pore pressures,,uus and ys, and lateral stressy s, are recorded at
intervals of 2.5 cm. At the end of the sounding, LISSCPTU is retrieved to the surface and basetines

all channels are taken again. The comparison o&pdepost-penetration baselines allows evaluatmh a
correction for any drift which may have taken plabk&ing the duration of the sounding. During the
sounding, the penetration is stopped at selectpthdetervals (usually every metre when rods aiade
added) and the rod string is unloaded. In SCPTUd&iogs, seismic waves are generated at the surface
using a consistent energy by dropping a sledge feanmma standard manner to strike the end of d stee
beam, which is anchored using the stabilizers @fcthne truck. This procedure results in a verficafile

of vertically propagating shear wave velocities.

At selected depths, penetration is halted in otdgrerform dissipation tests. The decay of porsguee

is monitored on 4 U; and ys channels at the same time. Likewise, the relaratiototal lateral stress,
oLs, IS recorded. Campanella & Howie (2005) recommiardoving the load on the rod string prior to
execution of pore pressure dissipation measurefoef! piezometer element locations. A detailed an
updated description of the seismic piezocone patietrtest (SCPTU) as well as its use, applicatiod

interpretation can be found in Campanella & Hovia@(s).
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5.4.2 Repeatability of LSSCPTU field measurements

Figure 5.9a compares the pore pressurge} &nd total lateral stresses §) recorded with LSM-I11 in both
tests (LSC-01, LSC-02). It also shows the resparfidbe ys ando, s sensors before and after pauses in
penetration, where dissipation tests were perforrAea@markably good agreement between the two pore
pressure profiles is evident throughout the safif@ with minor variations below about 22 m depiths

also interesting to note that in bothswand o s profiles, the distance required to regain the ioaly
penetration values is practically the same aftametration 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-Il and CPTU data azikel in both tests, KIDD 2 site.

The pore pressure profiles recorded in both testsbi similar trends before and after dissipation,
suggesting a good degree of repeatability of thedata recorded. On the contrary, the lateral stress
profile shows significant variations above 20 m tteput below this depth, bott, s profiles exhibit
similar trends and even the same response uponletompof dissipation tests. It is considered ttnet
difference between s profiles is caused predominantly by the soil Maitity and not by problems with

the instrumentation of the LSM-Il. The soil variltyi is illustrated in Figure 5.9b which shows a
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comparison of several grofiles performed in the same area. In summasey diata collected at the KIDD

2 site demonstrates excellent performance of thd-LU3n terms of repeatability of data recorded.

5.4.3 Assessment of LSM-II baselines shift

The results of laboratory calibration showed tlogltlateral stress measurements are fairly seadit
axial loads and, to a lesser degree, temperatikewise, the pore pressure sensor mounted on tin@ala
stress module Model Il (LSM-II) is fairly sensitive temperature changes but within an acceptable
range. As previously described, initial baselindtage readings on all channels of the LSSCPTU are
taken with the instrument suspended above the dramad zero loads on all channels. Once the target
depth is reached, the LSSCPTU is retrieved to tifase and voltage readings on all channels amentak
again under similar conditions. The comparisonrefand post-penetration baselines allows evaluation
and correction for any drift which may have takdacp during the duration of the sounding, and also
allows a preliminary assessment of the performaricine instrumentation of the LMS-II in the field.
Table 5.2 presents a summary of baseline shiftereed in the lateral stress and pore pressure iseato

the end of each test.

Table 5.2 Summary of baseline shifts of laterasgrand pore pressure sensors of the LSM-II.

Site Baseline shift
(Date) Test No. Lateral stress sensarg) Pore pressure sensog {u
(Ambient temperature
V) (kPa) % of FS V) (kPa) % of F$
KIDD 2 LSC-01 0.087 15.9 1.36 0.020 4.6 0.33
(14/06/2008)
(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
(18/06/2008)
(16.6°C) LSC-04 | 0.090 16.4 1.40 0.017 3.8 0.27
Patterson Park
(20/06/2008) LSC-05 0.040 7.2 0.62 0.054 12.2 0.87
(19.3°C)
Colebrook Overpass | | sc-06 | 0.104 18.9 1.62 0.017 3.8 0.27
(09/07/2008)
(22.4°C) LSC-07 | 0.044 8.0 0.68 0.017 3.8 0.27
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The ASTM standard method for performing electrdriition cone and piezocone tests indicates that th
magnitude of the baseline shift should not exce¥dot full scale output (FS) for the cone tip remiste
and 2% of FS for the friction sleeve (ASTM D 577Bthe magnitude of the baseline shift exceedsdhe
limits the cone should be cleaned allowed to egaalb the ambient temperature, and a new basaline i
recorded. If this value is in good agreement with initial baseline, and the difference is withive t
specified limits, a load range calibration checkdd required. However, if the baseline shift if st
within the specified criteria the linearity shout@ checked with a load range calibration. For fmth

information on the load range calibration the reasleeferred to the standard test method ASTM 857

A detailed review of raw data recorded in bothggmtrformed at the KIDD 2 site indicates a baseline
shift of 0.014% to 0.001% of the full scale out@e®) in the total lateral stress channgk), whereas for
the pore pressure channeldjuthe shift was 0.328% and 0.348% of FS, respdgtiecan be noted that
the maximum baseline shift in thes sensor occurred in the first test performed at Gmdebrook
Overpass site. The magnitude of the maximum sift8.9 kPa or 1.62% of the full scale (FS) of the
sensor. The maximum ambient temperature the danwsSSCPTU testing was performed at this site
was about 22°C. Results of laboratory calibratiodigcate a temperature sensitivity of 0.044 % of°’ES
Then, if the temperature of the ground was assutmdik around 11°C, the reduction in temperature,
when the probe came in contact with the ground,laveesult in a baseline shift of about 0.48% of FS.
The temperature sensitivity and hysteresis of émsar result in a total theoretical baseline sifift.48%

of FS, which is very close to the recorded valug eonfirms the results of laboratory calibratiofighe

lateral stress sensor.

The maximum baseline shift in thestsensor occurred in the test performed at the BBatidPark site. A
maximum baseline shift of 12.2 kPa or 0.87% of F& wecorded. Temperature records indicate a
maximum ambient temperature of 19.3°C the day wihenLSSCPTU was pushed at this site. If an
analysis similar to that of the temperature sevigjtiof the lateral stress sensor is performed ted
similar assumptions are made, the theoretical imesshift in the ys sensor will be about 0.37% of FS.
Then, the addition of the hysteresis of the segiids a total theoretical baseline shift of 0.50¢4-S,
which is less than the measured value. It is sugddbat the difference between measured and eddcll
baseline shifts in the g sensor at this site was caused predominantly tmpeéeature variations when
penetrating through dense sand layers. Lunne €1297) suggest that the use of a temperature senso
mounted in the cone body may explain anomaliescteElevhen penetrating through mixed soil deposits,
which is the case of the soil profile at the Pattar Park site. It may also help to understand the
temperature regime before, during and after pauspsnetration. They also point out that tempegatur

effects are not restricted to the cone; changésmperature of the data acquisition system canratsat
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in zero shifts in the recorded data. Further nesess required to investigate these effects ondiua
recorded with the LSM-II.

Campanella & Howie (2005) suggest that the zerd kexaor or baseline shift of the cone tip resistanc
should, in general, not exceed 0.5% to 1% of thiesfiale output (FS), and in soft soils the ertooidd

be considerably less than 0.5%. Similarly, as jasly discussed, the ASTM standard method (ASTM D
5778) indicates that the change in initial andlflveseline values should not exceed 1% of FS ®tith

and 2% of FS for the sleeve. If these recommendsitare used to assess the accuracy of the pore
pressure data recorded with the LSM-II, the maximbeseline shift in the y sensor is acceptable.
However, the bulk of zero load errors observedhelateral stress sensor are considerably abouartite
suggested by Campanella & Howie (2005) and the ASS3tsindard method, and hence minor

improvements in the design are required to reduedysteresis effect.

5.4.4 Assessment of penetration measurements

Figure 5.10 and Figure 5.11 present profiles dfifreeasurements recorded with the lateral strasege
piezocone (LSSCPTU) at the KIDD 2 site. The logadiof pauses in penetration to allow monitoring of
changes in pore pressure and lateral stress withdre also indicated. Firstly, considering thexipndy

of the test holes (approximately 3 m), theprpfiles are very similar with the exception oVariation
between 0 m to 7.5 m depth. The difference;imatpes within this zone can be attributed to \aome in
thickness of the upper layer. Similar variationsrevédentified from the results of piezocone tests
performed at the same site as part of CANLEX (ggarE 3.11). It is observed in both profiles thainh

4.5 m to about 22.5 m the penetration pore presshreughout the sand deposit are close to hydiosta

which indicates that penetration was performed udd&ned conditions.

Whenever excess pore pressures are generate@iirgfained soils, d is consistently less than which

is less than 41 This is particularly noticeable in the fine graihdeposits beginning at a depth of about
22.5 m. The gvalues drop rapidly to around 10 bar and largeegss@ore pressures are recorded in all
channels, which indicate the transition from drdit@ undrained penetration and from coarse graioed
fine grained soil. The variations in magnitude ofgpressure values from 22.5 m to 25 m are inglisat
of interbedding of sand and silt, as indicated hyiation in the friction ratio (R profile. Also, below
about 25 m depth, both; Rand pore pressures profiles indicate that sofaidy homogeneous and

without interbeds.
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Figure 5.10 Results of lateral stress piezocorteatdsIDD 2 (Test No. LSC-01).
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Figure 5.11 Results of lateral stress piezocorteatdsIDD 2 (Test No. LSC-02).
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In Figure 5.10 and Figure 5.11, the variations dneppressures measured behind the tipgod behind
the friction sleeve @) indicate the presence of large gradients withimm zone immediately above the
cone tip. The tip resistance,, @ clearly more sensitive to the transition fralmained to undrained
penetration which occurs at about 22.5 m depth shanVhereas gdrops considerably s continues to
increase with depth with a slope very similar tattbf the pore pressure profiles. In sands the rati
o./<0.1, whereas in undrained penetratgg; = 0.6. This is not surprising since pore pressureasak
up a significant portion of the measured totalritstress in undrained penetration, suggestingaal g
response of the lateral stress sensor to change#sess and pore pressure due to enlargement bbtae

as the cone advances.

5.4.4.1 Preliminary assessment of geometry effects on medslata

During penetration, soil in contact with the congeriences high stresses beneath the tip followed b
rapid unloading as it passes the shoulder of thme.cAs discussed in section 2.4.2 of this thehis, t
friction on the cone rods becomes relatively camtsteéyond a distance of about 10 to 11 cone diamete
(D) behind the cone tip. In the case of the UBC LSBT Rhe gradual increase in diameter will likely
cause an increase in lateral stress as the shdptaced outwards again. This is a different ctiowlithan
existed at the location of the lateral stress miene Model | (LSCPTU-I) tested by Sully (1991).

The tapered section of the lateral stress seisn@zopone (LSSCPTU) is similar to that of the
instrumented sharp cone developed by Ladanyi & tian(@005). The sharp cone test (SCT) consists of
pushing a low-angle truncated cone into a smali@mdter predrilled pilot hole. A system of pressure
transducers installed at several levels of theaserdf the cone record the resistance of the gaihat the
enlargement of the pilot hole due to the cone patieh. Ladanyi & Longtin (2005) point out that &p
angles of 1° to 2° are found convenient for tessagurated clays, because they can cover the most
important portion of the stress strain curve. Tapet angle for the adaptor of the LSSCPTU is abdit

A schematic diagram of the instrumented sharp ®skown in Figure 5.12.
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Figure 5.12 Schematic diaphragm of the instrumeskadp cone
(adapted from Ladanyi & Longtin, 2005).

Furthermore, the field measurements recorded vhith gharp cone are translated into a relationship
between radial pressure and volumetric cavity sti@V/V), similar to the expansion curve of a
pressuremeter test. In other words, the sharp wstés aimed at producing in the soil the expansioa
quasi-cylindrical cavity similar to that of a prassmeter test. Typical pressure-expansion curvesadel

from the results of sharp cone tests are illusdratd=igure 5.13.
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Figure 5.13 Example of pressure-expansion curvdsagsl from results of sharp cone tests
(adapted from Ladanyi & Longtin, 2005).
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The pressuremeter is a cylindrical instrument wiiah be expanded against the soil. The expanding
section typically consists of a rubber membranecividan be inflated by gas or fluid pressure. The
deformation of the cavity is measured by displacggni@nsducers mounted inside the membrane or by
recording the volume of fluid required to achiexpansion. The pressuremeter unit may be instatied i
prebored hole, may be drilled or jetted in or maypushed in. The pushed in pressuremeter is a full-
displacement pressuremeter (FDPM) or cone presstieeniCPM). In the CPM, the soil experiences
unloading as it passes the shoulder of the condhamdis reloaded during the subsequent pressueemet
test which is carried out during a pause in petietraThe Cauchy straire() at the wall of an expanding

guasi-cylindrical cavity during a pressuremetet iegiven by:

Equation 5.2

where g the initial radius of the cavity and r the curreadius, which is often referred to as the cavity
strain. In addition, the change in volume of theitya or volumetric cavity strain(AV/V)due to quasi-

cylindrical cavity expansion is

av _ (-7

- Equation 5.3
V r?

In Equation 5.2 and Equation 5.3,can be approximated by the cone radius of thedbastress seismic
piezocone (LSSCPTU) £&£17.85 mm) and r is the radius at the location whitre lateral stress is
measured (r=21.75 mm). Therefore, the enlargemietiteohole as the LSSCPTU descends results in a
maximum cavity strain of about 22% and a cavityunatric strain of about 33%, respectively. Figure
5.14 and Figure 5.15 show the results of CPM tiestsverconsolidated clay (Houlsby & Withers, 1988)
and UBC CPM tests in organic normally consolidattaey silt (Hers 1989), respectively. In Figure
5.14, the expansion curve has reached a limit predsy the time the cavity has been expanded to 23%
cavity strain. In Figure 5.15, the test does naiche23% strain but is levelling off at the maximum

expansion of 20%.
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Figure 5.14 Cone-pressuremeter expansiomiraction curve in NC clay
(data from Houlsby & Withers, 1988)
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Figure 5.15 Cone-pressuremeter expansion-contractiose in NC clayey silt (data from Hers 1989).

Figure 5.16 shows the results of a series of coasspremeter (CPM) tests carried out in sand (\W4the
et al., 1989; Ghionna et al. 1995). In the figuhe, cavity expansion occurs at a fairly constapsgure

beyond a cavity strain of about 15 to 20%.

The expanding sections of the Fugro and UBC CPMe tength to diametel(D) ratios of 5 and 10
respectively and the relationship between the mamirpressure measured in PM tests and the thedretica
model of cavity expansion is affected by th#® ratio of the expanding section, the maximum strain

attained and the stiffness of the soil. Nevertlgl@sappears that the lateral stress measured théth
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LSM-II should be of a similar magnitude to a limitessure measured in a CPM test. Also, the fatt tha

the enlarged section of the LSSCPTU also worksfesten reducer should not be undervalued.
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Figure 5.16 Example of CPM tests in natural sanmbgis.

As shown in Figure 5.2 the diameter of the latsteg¢ss seismic piezocone (LSSCPTU) remains fairly
constant along the lateral stress section, i.& Afn, and above the upper pore pressure sensdrtife
diameter of the probe gradually reduces to th&lribne diameter of 35.7 mm. However, the diameter
the probe where yis measured is slightly smaller than that of tbetisn where the lateral stressd) is

recorded. The reduction of 0.5 mm in radius comwesdg to a cavity contraction of about 1.2%.

The effect of cavity contraction on the measureck piressure (4) does not exist if there is no excess
pore-water pressure when penetration is under ellagonditions, since slis equal to the in situ pore
water pressure ) i.e. Us=U,. However, when penetration is under undrained itiong, i.e. us>uo, the
cavity contraction results in a decrease of bothl fateral stress and the excess pore-water peesido
estimate of the likely stress changes can be addiy consideration of the results of cone presseter
(CPM) tests presented in Figure 5.14 and Figur&.3uring unloading from maximum expansion, a
contraction of 1.2% results in changes of totassrof 36.9% and 25.6% in normally consolidateg cla
and normally consolidated organic clayey silt, exdjvely. These data suggest that a significant
reduction in total stress and hence of pore pressilr occur due to the unloading induced by thargfe

in probe diameter between the measurement locadiong and ys. The magnitude of the stress changes
will vary with soil stiffness. As a result, the quily o.s'= o s-U.s is likely to be an overestimate of the

true effective lateral stress adjacent to the L$blaking penetration.
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5.4.5 Assessment of dissipation measurements

Dissipation tests were carried out at various defih periods of up to just over one hour. The gexfa
pore pressures in all channels, (w and ys) and the relaxation of total lateral stresss) were
monitored with time and readings on all channelsewaken every 20 seconds. In order to assess the
performance of the lateral stress module Modell8M-11) in dissipation mode, tests were performed a

similar depths in both soundings.

5.4.5.1 Dissipation data recorded in drained conditions

Figure 5.17 presents and example of total strdagation records obtained with the LSM-II at simila
depths in clean sand at the KIDD 2 site. The resoitpore pressure measurements during the strain
holding tests indicate that the water table wastkd on average 1.8 m below ground level at the tim
where these tests were performed. The position atEmwtable derived from the pore pressure data
recorded with the LSM-II, i.e. 4, is in good agreement with that interpreted fromamd u
measurements, suggesting a good saturation andnssmpf the pore pressure sensor mounted on the

lateral stress module.

However, the total lateral stress relaxation cuesdsbit similar trends but the magnitude of the data
recorded in the first test (LSC-01) is consideradtyaller than that of the second test (LSC-02)s It
proposed that the difference is caused predominantivertical and lateral soil variability idengfi by
variations in the piezocone tip resistance pradi¢eillustrated in Figure 5.9b. The strain holdiegts$
performed in sand with the LSM-II are analogousetsults of strain holding test performed with aeon
pressuremeter (CPM) in clean sand. Howie (1991)Nutl & Houlsby (1995) report that strain holding
phases in CPM tests result in an immediate andugtadecrease of pressure due to stress relaxation.
However, it is interesting to note from Figure 5that theo,s dissipation curves do not indicate the
occurrence of stress relaxation. Instead of derrgdabe measured total lateral stress slightlyeases

with time with an average increase of 20.1 kPa. @¥dlof full scale of the sensor.
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Figure 5.17 Total stress relaxation data recordédtive LSSCPTU in clean sand, KIDD 2.

Results of laboratory calibration for temperatuifects indicate in increase in the voltage of theial
stress sensor for temperatures higher than 21€Higgire 5.4). The temperature coefficien) Br the
lateral stress would be about +0.0026 V/°C or +®B&/°C on warming for a temperature range from 21
°C to 30 °C. As mentioned before, in sands the &Fatpre is likely to increase due to friction betwe

the cone and sand particles. If a temperature aseref 10°C degrees is assumed, the increasesmallat
stress would be 4.7 kPa. Then if the hystereste®&ensor is added the total stress would be K4
which is fairly close to the observed value of 2kPa. Therefore, it is believed that the initiatri@ase

and eventual decrease in measured total lateesissis caused by temperature changes in combination

with the non-linearity and hysteresis of the sensor

Figure 5.18 shows the variation with time of themalized lateral stress ratio\g/o.s) derived from

the results of dissipation tests, or strain holdiests, performed in sand with the LSSCPTU at the
Patterson Park site. The normalized dissipatiomasushow an initial increase in measured laterabst
After reaching peak valuesygdo s; decreases at an approximately constant rate, atioc the
occurrence of stress relaxation. Nutt & Houlsby 980 describe the results of several CPM tests
performed in Dogs Bay Carbonate sand in a largdérasion chamber (CC). The results of these tests
indicate stress relaxation gradientg ¢hat vary between about 0.02 to 0.07. Furthermthre data
presented in Figure 5.18 indicates stress relaxajimdients of 0.048 to 0.035 for dissipation tests
performed 5 m and 15 m depth, respectively. Baget @ comparison between laboratory and field data
and neglecting the effect of stress redistributgdong the rod string due to unloading on the ihitia
measurements, the field measurements recordedtheth SM-II are consistent with data reported in

sandy soils, which translates into a fairly goodqrenance of the instrument.
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Figure 5.18 Results from strain holding tests pgenfed with the LSSCPTU at Patterson Park.

5.4.5.2 Dissipation data recorded in undrained conditions

An example of dissipation data recorded in sofy@jesilt at the KIDD 2 site is presented in Figbr&9.
The results of pore pressure dissipation testcateithat 80% and 89% of dissipation was reachen t
first and second tests, respectively. Also, thedissipation records are similar to each other extdbit
similar trends. For example, the difference betwieéral and peak values is only about 16 kPa dred t
time required to reach peak in both test is inditer of 0.8 min. It is interesting to note thaitiner pore
pressure curve decreases immediately upon haléngtmtion; rather, both curves show a slightahiti
increase before decreasing toward in situ valueky 8t al. (1999) point out that this responséyjscal

of filter locations located behind the tip,(@r w) for penetration in overconsolidated soils. Nelvelss,
geological evidence suggests that fine grainedrsaulis of the Lower Mainland of BC have not been ice
loaded and therefore are generally normally codatdid (Sully, 1991). In this section, the dissipati
records are only described in qualitative terms a@mdorder to assess the performance of the
instrumentation. However, a more detailed analgsd discussion of dissipation data collected whth t

LSSCPTU in fine grained soils at different sitepiissented in subsequent sections of this chapter.
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Figure 5.19 Dissipation data recorded with the LBM-clayey silt, KIDD 2.
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As can be noted from Figure 5.19, reloading ofsbiédue to the enlarged section of the LSM-II exlia
significant increase in the total lateral strags)(and the pore pressure makes up a significantopootf
measuredr s values in undrained penetration. The horizontwréd stress acting on the shaft of the
penetrometer 0.01 min after penetration was hatiades between 683 kPa to 721 kPa, which translates
into a difference of 38 kPa. Similarly, a slighffelience of 18 kPa is observed betwegs values
recorded at the end of each test. Furthermoregligsipation curves plot nearly parallel to eacteothn

the period from 0.01 min to 3.4 min. However, tlsults of the first test (LSC-01) show a significan
reduction in gradient between 3.4 min to 8.3 mithvélmost constant, s values. After this period, the
original stress relaxation gradient is nearly reced. The reason for this is not clear, but it rhaye
been caused by friction developed between the @miounted around the load transfer “button” and the

body of the cone, or by soil particles that pertettanto this interface.

5.4.6 Assessment of lateral stress distribution alongstiadt of the LSSCPTU

As mentioned before, the total lateral stress nreaswith the LSSCPTUo(s) should be similar to the
maximum pressure measured in a cone pressuren@®df)(test due to the increase in diameter at the
location whereo s is recorded. Hughes & Robertson (1984) qualithtivdescribe the lateral stress
reduction around an advancing cone in sand. Theyt pat that at the shoulder of the cone tip, gdar
normal stress reduction occurs as the soil pakgesone shoulder, and hence the lateral stregsyamti

the cone sleeve is not very high and is closeéarirsitu lateral stress. Herein, a similar appnasaised

to estimate the lateral stresses that exist obdbhedary of the LSSCPTU as it is pushed into sand.
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The effective lateral stress) acting on the friction sleeve of the LSSCPTU dam conservatively
estimated from the interface friction ang &nd measured sleeve friction stregg (fe. oy'=fJtam. At

very large relative shear displacements the fricingle between sand and steel can be assumed to be
approximately 90% of the constant volume frictiogle .,) of the interfacing sand (Rinne, 1989). The
constant volume friction angle for the sand depaisihis site is about 31° (In-Situ Testing Gro@93a).
Figure 5.20 presents the estimated distributioefigctive lateral stress as a ratio of the effectrertical

(on'/0w’) stress plotted against the relative distancdaéocone tip (20).
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Figure 5.20 Qualitative evaluation of lateral strdsstribution along the shaft of the LSSCPTU, KIRD

The data presented in Figure 5.20 indicates thdtamed penetration, and when there is no excass p
water pressure, the effective lateral stress admghe shaft of the LSSCPTU does not remain cahsta
behind the tip due to the gradual increase in pbameter. When the cone tip passes an elemehein t
sand, very high stresses are developed as thesaodhed out of the path of the cone. Figure &l20
shows that (gug)/oo’ values are between 54 and 88. As the sand palsseshoulder of the cone, the
sand particles are less constrained and the latéedses drop. The lateral stresses estimated ffrom
measurements confirm that the average lateralteféscstress on the friction sleeve has droppetose

to the in situ lateral effective stress. Then, asgbration continues, the diameter of the probessta
increase at approximately 18 labove the cone tip and the sand element is grigdebaded until a
maximum cavity expansion of 22% is reached at wipicimt the lateral effective stress has increaeed t

about 3 to 4 times the in situ vertical effectitess.
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In addition, Figure 5.20 shows that the ratio @zoicone tip resistance to measured total lateedssti.e.
g/oLs, is 11 and 21 for estimated relative densitied@¥ and 61%, respectively, suggesting that the
effective lateral stress measured at POb#hind the tip is dependent on the relative dgmdithe sand.
Schnaid (1990) describes the results of severak quessuremeter calibration chamber (CC) tests
performed on loose to dense dry Leighton Buzzand $46%<D<89%). A detailed review of the results
of CC tests of the 10 craone pressuremeter indicates that the ratio of tipresistance to cavity limit
pressure (gp.) varies between about 5 and 13. The differencevdssi field and laboratory data may be
attributed to differences in sand properties orftet that of CC tests were performed on unaged san
specimens, which is a condition rarely found inunalt sand deposits. Further research is required to

investigate these effects.

5.5 LSSCPTU dissipation tests

The analysis and interpretation of dissipation xifess pore pressures due to cone penetration kas be
mainly focused on estimation of in situ flow anchsolidation characteristics, and have been addiesse
by various researchers (e.g. Tortensson, 1977; dhaim Wroth, 1979; Baligh & Levadoux, 1980;
Gillespie & Campanella, 1981; Baligh & Levadoux,869 Teh 1987; Campanella & Robertson, 1988;
Burns & Mayne, 1998; Sully, et al., 1999; MayneQ20Imre et al., 2008). However, the interpretatén
the variation with time of both pore pressure atdltlateral stress measured by lateral stress i@sads
fairly limited and is constrained by the particulgeometry of the probe used and to specific soll
conditions (e.g. Takesue & Isano, 2001). This sectiresents a description of the results of botie po
pressures and lateral stress dissipation datadedavith the lateral stress seismic piezocone (ISR

in soft fine grained soil deposits at the KIDD 2laolebrook Overpass sites. This section also deda
brief discussion of data recorded when penetraifaihe LSSCPTU was resumed after each dissipation

test and during pauses or rod “breaks” in the patieh process.

5.5.1 Analysis and discussion of dissipation data

Dissipation tests were carried out with the latetedss seismic piezocone (LSSCPTU) at severahnese
sites located in the Lower Mainland of British Qolia. The interpretation of data recorded in fine
grained soils provides an insight into the charafdsoth pore pressure and total lateral stressnaktine
probe. As previously discussed in section 5.4.4th@f thesis, the pore pressure measured above the
lateral stress sensor uis likely to be less than the pore pressurerag@imum cavity expansion due to
the fact that the diameter of the probe at thetionavhere ys is measured is slightly smaller that that of
the section where the total lateral stregs)(is recorded. The reduction in radius correspdods cavity

contraction of about 1.2%. As a result, the maglataf the interpreted effective lateral stresshenshaft
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of the LSM-II (o.s'= o s-ULs), does not represent the true change in effetditezal stress due to cavity

expansion during penetration or when dissipatiststare performed.

Figure 5.21 and Figure 5.22 present the changédstimiie of pore water pressure {uas well as total
(oLs) and estimated effective(s'=os-U,s) lateral stresses recorded in marine soft norntahsolidated
(NC) clayey silt (KIDD 2 site) and lightly overcoolidated (LOC) soft sensitive marine silty clay
(Colebrook Overpass site). As can be seen frometfigsires, there are similar patterns between all
dissipation curves. Firstly, the total lateral strdr.s) remains fairly constant for the first few seconds
and then decreases significantly during consobaatiSecondly, after penetration is halted the pore
pressure measured above the lateral stress sangpriges to reach a maximum value in a period of

between about 60 s to 215 s, and then reduces ormocally towards hydrostatic values.

The curves of effective lateral stressess] shown in Figure 5.21 and Figure 5.22 show tifter an
initial drop, o.s’ increases gradually and after partially complatedsolidation, i.e. U<100%; s’ values
are much greater than estimates of initial strésklitionally, the pore pressure dissipation andltot
lateral stress relaxation curves recorded in firengd soils with the lateral stress module Model |
(LSM-II) are very similar in shape, and exhibit dam trends to those reported by Baligh et al. &)98
Lehane & Jardine (1994), Takesue & Isano (2000)Laathnyi & Longtin (2005).

1000

| Site: KIDD 2 o o 1

- Test No. LSC-01 i
- Cone tip depth: 25 m _ —— U (*U=80%) |
800 — Soil type: Soft NC marine clayey silt —6— o5 Us —

I NC= Normally consolidated o5 Us «U= Degree of dissipation

600 — RN, -

400 | =

Stresses (kPa)

- Equilibrium pore -

- pressure (lg\ -

200

0 T T TITT] T T TTTT] T TTTTT] T T 1111
0.01 0.1 1 10 100

Time (min)

Figure 5.21 Variations of pore pressure and lattraks during dissipation, KIDD 2
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Figure 5.22 Variations of pore pressure and latraks during dissipation, Colebrook Overpass

These researchers performed dissipation tests daods of up to 4 days with instrumented full
displacement probes capable of monitoring simutiasly the dissipation of excess pore pressure and
total lateral stress relaxation with time. The fessaf these tests indicate that after consolidatiee final
effective lateral stressr(ss) increases to values far greater than estimatélseoinitial effective lateral

stress. They also indicate that the lateral effecttress drops during the initial stages of datgip

before increasing again towards a final value.

For example, Figure 5.23 presents a set of posspre (us) and total lateral stress ) dissipation data
obtained with the Japanese lateral stress con&C)-described by Takesue & Isano (2000). It can be
noted from Figure 5.23 that the pore pressure asa® rapidly and reaches a maximum value in
approximately 0.25 min before dissipating towardsikbrium. The magnitude of s reduces during
consolidation to a final value that is considerdbhger than that estimated from the results of &&s.
Furthermore, the initial value of effective latesfiless, i.eo s'=0 s-U s, immediately after penetration is
halted, is very close to the in situ horizontakefive lateral stress estimated from the interpiceteof

results of SBP tests but then falls to a minimuroifgeincreasing to a final value considerably abihes

estimate of in situ lateral effective stress.
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Figure 5.23 Variation of total lateral stress andgpressure with time measured with the J-LS®@ih s

lightly overconsolidated alluvial clay (data frorakesue & Isano, 2000).

Similarly, Ladanyi & Longtin (2005) report result§ a dissipation test, or strain holding test amea by
them, performed in high plasticity stiff clay withe instrumented sharp cone (ISC) previously deedri
in section 5.4.4.1 of this thesis. The dissipatiatta recorded with the ISC indicates that totadrkdt
stress relaxation was over after about 10 hoursyeds dissipation of excess pore pressure contiioued

up to 20 hours, and the effective lateral stredsdt reach equilibrium during the period of moriitg.

Even though the geometry of the LSSCPTU is diffefesm that of the J-LSC, the dissipation curves
recorded with the former exhibit similar trendsthose reported by Takesue & Isano (2001), suggestin
that the instrumentation of the lateral stress rned performing well. However, it must be borne in
mind that the magnitude of s'=c s-U.s derived from LSSCPTU measurements is not repretbentaf

the true change in effective lateral around thal fateral stress sensor.

Figure 5.24 and Figure 5.25 present the excessessure measured at all locations, A, Aus and
Au.s, normalized by the corresponding estimated effectertical stress\u/o,,’) at Colebrook Overpass
and KIDD 2 sites, respectively. The rafio/o,, has been chosen in order to compare data recavided

the LSSCPTU to the results of dissipation testéopered at Colebrook Overpass by Weech (2002). The
results of dissipation tests indicate that at thelacation, 80% dissipation of excess pore presaae
achieved at the KIDD 2 site, whereas at the Colgb@verpass site 72% of dissipation was reached. As
mentioned before, the execution of these testsamasd at evaluating the performance of the LSSCPTU

rather than achieving equilibrium readings in athenels.
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Figure 5.24 Variation of normalized pore pressuvitg time, Colebrook Overpass.
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Figure 5.25 Variation of normalized pore pressuvil time, KIDD 2.

The normalized pore-water pressure dissipation @atarded at 4) s and ys locations at the Colebrook
Overpass site show a delay in the response to greisure changes followed by a rise in pore-water
pressure values to a peak before dissipation comesem\ccording to the classification by Sully et al
(1999) of the idealized pore pressure dissipasponse around a piezocone, the w and y curves in
Figure 5.24 are classified as type Il respongacal of filters located behind the cone tip (aigand )

for cone penetration in overconsolidated soils I{Set al., 1999). In Figure 5.25, the and y curves

130



decrease monotonically, typical of a normally cdidsded soil, whereas thedirresponse is more typical
of overconsolidated soils. Therefore, the dissgratif excess pore-water pressure measured at ¢he u

location is inconsistent with those recorded.and y locations, respectively.

The results of dissipation tests at the Colebroe&rfass site described by Weech (2002) are presante
Figure 5.26. They show a consistent increase fl@rpenetration values to a peak value during tHg ea
stages of the test at both and 4 locations. In Figure 5.24 and Figure 5.26, botbvwahg Colebrook
data, the initial values dkul/o,y at the y are very similar. The values at the lacation show some
scatter but are again of a similar magnitude. H@amei is interesting to note thatpeadovw at W is 2.3

to 2.4 for the piezocone but is only 1.9 for theSICFPTU. At 4, Aypeadovo’ is 1.8 to 2.0 for the piezocone
and only 1.6 for the LSSCPTU. This suggests thatdifferent geometry of the LSM may be affecting
the initial pore pressure distribution and heneedissipation regime around theand y locations. The
fact that the times required to reach peak porsspre §,;cafov’) at the y location were about 0.7
minutes for the LSSCPTU and 0.5 to 0.75 minutes ther piezocone but 2 minutes af for the
LSSCPTU compared to only 0.92 to 1.5 minutes fergiezocone may be another indication of geometry
effects.

Whittle et al. (2001) analyzed the excess poregpiresdistribution and resulting dissipation aroand

tapered probe in Boston Blue Clay and compared Heatdissipation curves to field data. Their analys

confirms that the initial excess pore pressuremnegand observed dissipation behaviour are compldx a
very dependent upon probe geometry. Numerical nindedf the LSSCPTU would improve our ability
to interpret the data shown in Figure 5.24 and ileigu25.
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Figure 5.26 Variation of normalized pore pressuvitg time at y an u filter locations, Colebrook
Overpass (data from Weech 2002).
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5.5.2 Effect of dissipation and pauses in penetratiomeasured data.

The pore pressures and total lateral stress psafeorded at the KIDD 2 site indicate that a digant
amount of movement was required in order to rectweoriginal penetration values (see Figure 5rikD a
Figure 5.11). Campanella & Robertson (1988) artpa¢ the amount of movement required to regain the
original penetration values appears to vary witth type and can range from about 2 cm to 50 cm, and
that no clear explanation has been proposed tdycthese large differences. Alternatively, theygeast

to either remove or clearly identify the pausethi penetration when presenting piezocone data.

The data gathered with the UBC LSSCPTU permitsxamé@ation of the pore pressure response when
restarting pushing after a dissipation phase. reigu27 and Figure 5.26 present data from KIDD @ an
Colebrook, respectively. They are profiles of meaduore pressures at the us and ys locations as
well as of o s showing the response of the sensors before, dwimly after substantial pauses in
penetration. The location of the dissipation ahdhwmrt pauses required to allow addition of addidil
rods are indicated on the figures. The locatiothefcone tip during the long pauses in penetrasi@fso
shown. The response of each sensor depends atat$on relative to the cone tip and on the sgkty
For example, the post dissipation responses abttand y locations are very different at KIDD 2 than at
Colebrook. In both cases, the penetration porespres return to what would have been measuredglurin
steady penetration (i.e. with no dissipation) bgwttD.45 m to 0.6 m or 12-17 cone diameters beybad
cone tip location during the dissipation. The sasmeue ofos. The ys measurement does not recover

as quickly.

Insight can be gained by examining the post disisipaesponse in detail. As can be seen from Figure
5.27 and Figure 5.26, begins to increase immediately the cone startamgagain whereas both and

u_s appear to decrease before beginning to increasa agd recover steady penetration values. The post
dissipation response in the zone close to the tipris likely due to the soil in this region beidgnser

and stiffer than it would have been during steaeggtration. It thus has less tendency to gene@e p
pressure than in its virgin state. The soil in thismie has a different stress history than the akgie
stratum and so a different pore pressure respontési reconsolidated zone is to be expected apdie
pressure response at and y is known to be affected by stress history. Theeoked response of 4

requires a different explanation.

As noted earlier, the g pore pressure element is located on a slopingeaibehind the lateral stress

sensor as the LSM tapers back down to the starmdarel rod diameter. Consequently, when penetration

resumes, the wall of the cavity is unloaded andsthiemay not even be in contact with soil durihg t

initial phases of penetration. This explains théurtion in ys in both cases when penetration resumes
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after the long dissipation and also the increasass observed during rod breaks thereafter. It is clear
that the pore pressure element needs to be retbirtateredesigned instrument so that true measunsme

of the effective lateral stress on the LSM-II canrbade during penetration.
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Figure 5.27 Effect of dissipation and rod “brea&s’penetration measurements (LSC-01), KIDD 2.
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Figure 5.28 Effect of dissipation and rod “breaks’penetration measurements (LSC-07), Colebrook

Overpass.
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5.6 Summary

5.6.1 Overview

The use of instrumented friction sleeves for maaguateral stresses involves several challeng&®ih

the instrumentation and the robustness of the mat@lement in contact with the soil. In an atterapt
overcome the major drawbacks of this type of desegnew lateral stress module (LMS-II), equipped
with a passive sensing element rather than anumsinted friction sleeve, was designed and built at
UBC. The LSM-II is mounted on a standard 10*&BC seismic piezocone (SCPTU). The lateral sensor
is located 69.5 cm behind the cone shoulder (IPahd the pore pressure developed during penatratio
is measured by a pore pressure transducer loc&&dndm above the lateral stress sensor or21.1

behind the cone shoulder, whé»as the diameter of the cone.

The use of additional sensors such as a laterassstmodule complements the information typically
recorded from a seismic piezocone tests, ielpdfs and \4. Herein, the combination of the SCPTU with
LSM-II is termed as the lateral stress seismic giene (LSSCPTU). The eight-channel LSSCPTU
allows simultaneous measurement of the followintapeeters: tip resistance.(gpore pressure behind
the tip (y), sleeve friction @), pore pressure behind the friction sleew, (uclination, lateral stress 19.5
diameters behind the tipr(s), and pore pressure at about 21.1 diameters behandip (ys). Also,
downhole shear wave velocity {Mests can be performed with a seismic module neabjust behind the

cone that contains an accelerometer.

The diameter of the LSM-II is larger than that loé ISCPTU, so that the addition of a special lowleang
adaptor provides a gradual transition in diametenf35.7 mm to 43.5 mm. Furthermore, the diamefter o
the cone remains fairly constant along the latstralss section, and above the upper pore pressusers
(u.s) the diameter of the probe gradually reduceseédritiial cone diameter of 35.7 mm. However, it was
found that the diameter of the probe whergia measured is slightly smaller than that of thetisn
where the lateral stress is recorded. The reducti®.5 mm in radius corresponds to a cavity @miton

of about 1.2%. The effect of cavity contractiontba measured pore pressurg(woes not exist if there
iS no excess pore-water pressure when penetratiomder drained conditions, i.e.s®u,. However,
when penetration is under undrained conditionsuig»U,, the cavity contraction results in a decrease of
both total lateral stress and the excess pore-watssure. Consequently, it is likely that the pore
pressure measured at the LSM-II is less than tlre poessure 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 desigheoLSM-1I was assessed through a comprehensive
laboratory and field testing program. Firstly, ledtory calibrations were performed for the follogiin
conditions: (i) hydrostatically applied confiningegsure, (ii) temperature sensitivity, (iif) caibion for
axial load effect, and (iv) time-dependent stapibf both lateral stressy(s) and pore pressure @)
sensors. Secondly, field data recorded in two adiasoundings performed at the KIDD 2 site was
reviewed in order to: (i) assess the sensitivityadéral stresso(s) and pore pressure () sensors to
stratifications during penetration, (ii) monitoretmesponse of both, s and ys sensors in dissipation
mode and (iii) assess the repeatability of recold&bl-1l data by comparing results of the two adjace

soundings.

Results of laboratory calibrations have shown Hwih lateral stress and pore pressure sensorgidse f
sensitive to temperature variations but within @takle ranges. Also, it was found that axial logcdom

the cone caused an output voltage on the lateedssthannel. The cross-talk effect due to axed s
higher than that caused by temperature variati@wsh effects could be calibrated out by making
appropriate corrections to the measured data. timfately, it is not possible to correct the data fo
temperature effects since the LSM-II does not letemperature sensor and the thermistor mounted on
the seismic piezocone unit is not activated when LtBM-11 is attached. Moreover, in an attempt to

account for axial load effects an equation was @seq to correct the measured lateral stresses.

The result of LSSCPTU testing performed at the KIDBite indicate that the lateral stress profileveh
variations in soil stratigraphy just as thepgofile does. Additionally, it has been demonstdathat in
clean sands the effective lateral stress actinghenshaft of the LSSCPTU does not remain constant
behind the tip and rather increases due to relgadfrthe soil caused by the tapered geometry of the
probe. On the contrary, in fine grained soil whemgtration is undrained the pore pressure makes up

significant portion of the measured total latetedss.

The magnitude of penetration pore pressures red@tthe three sensor locations, i.£.ud and ys, gets
progressively smaller as the cone advances, stiggesteduction in hydraulic gradients once awaynfr

the cone shoulder. A comparison of field measurésneacorded with the LSSCPTU in adjacent
soundings at the KIDD 2 site indicates a good degrerepeatability between data sets, suggesting a
good performance of the instrumentation of the LBkegardless the inherent soil variability obsehes

this site.
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The review of dissipation data recorded in fineirggd soils suggests a remarkably good performahce o
the pore pressure sensor of the LMS-Il. On thereoyitthe total lateral stress relaxation data need in
coarse grained soils indicate that early portiohglissipation curves seem to be affected by stress
redistribution along the rod string due to unlogdirConsequently, when presenting LSSCPTU
dissipation data careful attention to detail isuiegd to identify anomalies in the curves and dintish
whether they were caused by equipment characteristi by the actual soil behaviour. Failure to
recognize these effects will likely yield inconsist conclusions about the dissipation data recowdtd

the LSSCPTU.

5.6.3 Interpretation of LSSCPTU data collected at redeaites

5.6.3.1 Dissipation measurements

Dissipation tests were performed in fine graineilssat the KIDD 2 and Colebrook Overpass sites for
periods of a bit more than one hour to 3.1 houe d@acay of pore pressures in all channelsudiand
u_s) and the relaxation of total lateral stresg( were monitored with time. The pore pressure gasin
and total lateral stress relaxation curves recondigdd the lateral stress module Model II (LSM-Iljea
very similar to those measured with several insemited full displacements probes (Baligh et al.,5198
Lehane & Jardine, 1994; Takesue & Isano, 2000;Lad&dnyi & Longtin, 2005).

A crude comparison of data recorded at each giliedtes that the y ando, s dissipation curves exhibit
similar trends. Furthermore, the dissipation resalow that the total lateral stresssf remains fairly
constant for the first few seconds and then deeseagnificantly during consolidation. On the canyt
after penetration is halted the pore pressure medsabove the lateral stress sensgg)(tises to reach
maximum values in a period between about 60 s ® f1and then reduces monotonically towards
hydrostatic values. According to the classificatidridealized pore pressure dissipation responsuby

et al. (1999), the g dissipation curves recorded with the LSM-II alassified as type 1l response.

The dissipation data recorded at i and ys locations at the Colebrook Overpass site showlayde
the response to pore pressure changes followedisg in pore-water pressure values, which is &&yp
response of data recorded in overconsolidated. $ddsults of laboratory tests indicate a slightrdegf
overconsolidation in the upper 10 m of the soilhéd site. Also, the data measured at thelacation at
the KIDD 2 site exhibit a similar trend. Howevehetdissipation curves at the and y dissipate
monotonically immediately after penetration wastdwl suggesting that soils is normally consolidated
Geological evidence suggests that fine grainedmsamdis of the Lower Mainland of BC have not been

ice-loaded and therefore are generally normallysobdated (Sully, 1991). A preliminary explanatitn
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the observed behaviour is proposed. It is suggesiadthe “dilative” pore-water pressure dissipatio
response observed at thg location is likely to be caused by drainage frora #tone slightly deeper
below the sloping surface (high pressure) to theeashere the diameter of the probe is slightly cedu

(low pressure) and the pore pressure sensor itelihca

The pore pressures,(uk and ys) and total lateral stressg) profiles recorded at the KIDD 2 and
Colebrook Overpass sites show that at the end sdigdition tests, when penetration is resumed, a
significant amount of movement is required in ortkerecover the original penetration values. Thstpo
dissipation responses observed at both sites ayesumilar despite the fact that the duration of thst
performed at the Colebrook Overpass was longerttiegtrat KIDD 2. The amount of movement required

is on average 45 cm fop,lb3 cm for y, 337 for ys and 69 foto s, respectively.

When the cone starts moving agagimamediately begins to increase whereas bgthnd ys appear to
decrease before beginning to increase again araeegenetration values. It is believed that the
magnitude of gand 4, before the original pore pressure values arevered, may be caused by the
dilative response of the reconsolidated soil latdietween the gusensor and within the influence zone
below cone tip. On the contrary, the significantoamt of penetration required to recover origingl u
values may be partially associated with the appatéative response of the soil between the latstrass
module and the influence zone below the cone tipoAthe ys pore pressure element is located on a
sloping surface behind the lateral stress senstbmdren penetration is resumed the soil approadising

unloaded, which results in a decrease of both latatal stress and excess pore pressure.
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Chapter 6 SUMMARY AND CONCLUSIONS

6.1 Overview

The performances of the seismic flat dilatometeDNS) and lateral stress seismic piezocone
(LSSCPTU) have been assessed through a compreédasting program carried out at several research
sites. Field measurements were recorded in a faide range of different soil types such as alllvia
coarse grained soils and glaciomarine fine graieposits. In each case, the instruments were being
assessed for the first time in Lower Mainland sdllse former has been introduced commercially only
relatively recently whereas the latter is stiltle research phase. For each probe, the instrutiventzas

subjected to detailed assessment before the datsimterpreted to assess soil behaviour.

The results of field tests performed by the authith the SDMT and LSSCPTU confirm the strong link
between the imposed strains due to probe geomethyree stress and pore-water pressure increments in
the surrounding soil. Also, it has been demondtrttiat stresses around full displacement probds asic
the SDMT and LSSCPTU, are very dependent upon scizinges in geometry, and therefore
standardization of equipment and transducer logai® essential for consistent measurement of
parameters and for derivation and use of empidogielations. Cavity expansion approaches can geovi

a basis for interpreting in situ penetration teatadbut its application requires the use of emailric
coefficients. In addition, the use of more powethdls such as numerical modelling would improve th

interpretation of data recorded with full displa@probes.

6.2 Seismic flat dilatometer (SDMT)

The data presented represents the first criticaiméxation in Lower Mainland soils of the newly-
introduced SDMT, in which shear wave velocity isasered in the same sounding as the conventional
DMT parameters. The only difference from the staddlat DMT is that a seismic module comprising
two geophones mounted 0.5 m apart is added abewiatiblade to allow Yto be measured using a true
interval technique. Proprietary software supphdgth the instrument calculatessVh real time. The
usual DMT procedure was altered to take reading8.2& m intervals of depth instead of the more
conventional 0.20 m. This was found to be operatigrefficient and also simplified data assessnast

interpretation.

Several problems were experienced with the SDMTa datquisition system when performing V
measurements in the field. It was found that tletekal continuity between the control unit ané th

DMT blade is essential for a good transmissionighas from the seismic module to the surface. In
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order to overcome this problem it is important ts@e that the membrane is in contact with theeblad
and the sound is on before performing a seismic #dso, it is important to ensure that there i®go
electrical contact between the ground cable anddtiestring, rather than on a rusty part of thehpus

ram.

Several comparisons between the shear wave veloditt) determined by the SDMT and seismic
piezocone (SCPTU) indicate that SDMT values arelyiko be more sensitive to stratigraphic details
because of the 0.5 m depth interval used fod&termination as opposed to the 1 m interval urseke
SCPTU tests. The results of SDMT tests performetesgarch sites and flat dilatometer (DMT) and
SDMT measurements at different sites located intavasCanada, Mexico and Italy have been used to
develop the databases presented in this thesisaiakyses of SDMT measurements at research sites
have shown the potential for an improved soil ctiarézation through the combination of standard DMT
parameters such as: (i) material indey,((ii) dilatometer modulus (§ and (iii) pore pressure index
(Up), and the small strain shear modulug)(@he usefulness of the DMT-C closing pressuresfat
identification has been shown and therefore itnsngly recommended that it be included in the ireut

procedure.

The review of field measurements from SDMT testggests that it is possible to enhance site
characterization in terms of soil stratigraphy lynbining standard SDMT data with the pore pressure
index (W). The relationships identified between DMT parametand @ provide the theoretical
framework for the development of a new soil typdddour system based upon SDMT measurements
(see Figure 4.19). The proposed chart should beusdd as a guide to estimate soil behaviour g f
SDMT data. Further improvement work and local eigere may be required to adjust this chart to soils

with different geological origin and therefore pige a better local correlation.

Based upon a comprehensive review of SDMT colleetiedesearch and additional sites an empirical
correlation has been proposed for evaluating tlearsiwave velocity (Y in coarse and fine grained soils
from standard flat dilatometer (DMT) measuremerfEgjuation 4.1). Moreover, the data reviewed
indicates that Ycan be conservatively estimated from the prop®&d -V correlation in sands, silts
and low to medium plasticity clays, whereasappears to be significantly overestimated in sivesktigh
plasticity soft soils such as Mexico City clay. ddibnally, the comparison of estimates of with the
proposed DMT correlation to those from fairly recédPTU based expression, demonstrates the
advantage of the proposed approach. However, timsilcorrelation becomes established for a wider
range of soils, local experience and engineeridggment are required to assess estimateg witl' this

correlation.
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While the flat dilatometer has been widely useds$timate several geotechnical parameters, thexe is
significantly higher degree of confidence in thistrument as a tool for estimation of coefficiehearth
pressure at rest K However, reliable estimates of kom DMT data entirely depend upon the choice
of appropriate correlations, which were developeghes time ago. In this thesis, empirical correlagion
have been proposed to estimate the coefficientigheressure at rest {Kin fine and coarse grained

soils from DMT measurements (Equation 4.6 and Eguoat. 7).

The approaches proposed have been derived fromagpdatabases based upon a comprehensive review
of published information in the last 10 years. Theposed empirical DMT-Kcorrelations represent an
upgrade in interpretation of DMT data and add te thptions available to estimate geotechnical
parameters from DMT measurements. Also, from atalcstandpoint K values derived from the

proposed approaches may be used as a first-ortil@ags for geotechnical analysis.

6.3 Lateral stress seismic piezocone (LSSCPTU)

The use of additional sensors such as a laterabsstmodule (LSM) complements the information
typically recorded from a seismic piezocone te§€IREU). Herein, the combination of the SCPTU with a
new LSM Model Il (LSM-II), developed and built atBC, is termed as the lateral stress seismic
piezocone (LSSCPTU). The LSSCPTU allows simultasemeasurement of the following parameters:
tip resistance (g, pore pressure behind the tip)(wsleeve friction @, pore pressure behind the friction

sleeve (4), inclination, lateral stress 19.5 diameters behire tip ¢.s), and pore pressure at about 21.1
diameters behind the tip @). Also, downhole shear wave velocity JMests can be performed with a

seismic module mounted just behind the cone thatiaies an accelerometer.

The analysis of LSSCPTU field data collected irusated fine grained soils, has illustrated thatitgav
contraction, caused by the slight reduction in prdiameter above the lateral stress sensor, signtfy
affects the magnitude of measured pore-water pressecorded at this location. A preliminary
explanation to the observed behaviour is propo§hd.initial increase in pore pressure observetheat t
u s location is likely to be a result of drainage fréne zone slightly deeper below the sloping surface
(high pressure) to the zone where the diameteh@fptobe is slightly reduced (low pressure) and tha
drainage from the tip as suggested by Sully g1899) does not affect the dissipation responserded

at this location.

The main drawbacks of the current design of the LISkre the cross talk effect and the reduction in
diameter at the location where pore pressure issuned above the lateral stress sensor. The cribss ta

effect on the lateral stress sensor due to axalitg of the cone is quite significant, and themefiminor
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improvements in the current design are requiredrdduce its magnitude. Consequently, it is
recommended to machine the upper section of theCPI® in order to maintain a constant diameter
throughout the lateral stress module, and therefdirainate any uncertainty associated with minor
variations in probe geometry. Also, the pore pres@lement needs to be relocated in the redesigned
instrument so that true measurements of the effedtiteral stress on the LSM-II can be made during

penetration and dissipation.

The lateral stress seismic piezocone (LSSCPTU)esemts a promising tool for an improved site
characterization. However, the results of labosatalibrations and field measurements have showan th
the hysteresis and non-linearity of the sensor stightly affect measured lateral stresses. Congglye
further improvement work on the LSSCPTU should deuged on exploring means to reduce this effect
to less than 1% of the full scale output. Additibnaextreme attention to detail is required toiesv the
results of LSSCPTU tests in order to identify whimhomalies among recorded data are due to soil

behaviour and not to equipment characteristicestirtg procedures.
6.4 Suggestions for further research

6.4.1 Seismic flat dilatometer

The soil classification system based upon SDMT mmessents proposed in this thesis represents a
contribution to the current state of the flat alaeter, and adds to the options available to itlesdil
behaviour from in situ measurements. However, highly recommended to collect more SDMT data in
different soil types in order to assess the rdiigtnf this approach, and therefore promote itplagation.
Also, the combination of the small strain shear utasl (G) with DMT parameters may provide means
to identify unusual soil conditions (e.g. cememtatand/or ageing). Additional SDMT tests should be

carried out to increase the database developed.

The DMT based empirical correlations proposed is tiesis increase our confidence in the derivation
geotechnical parameters from DMT data. Correlatimenge been available since the introduction of the
DMT as a site investigation tool to estimate selvgemtechnical parameters. The work described herei
represents a first step to update some of thoselations. It is recommended to perform furtheeegsh

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 the in situ lateral stress represents a key
condition that should be considered in both siteegtigation and any geotechnical analysis. It is
recognized that reliable estimates of in situ Eltetress can be obtained from the interpretatfoesults

of self-boring pressuremeter (SBP) tests and pugbtal stress cells (TSC). Alternatively, the itus
lateral stress can be estimated from empiricaletations to piezocone (CPTU) or flat dilatometeMD)
data. Attempts have been also made to estimaténte@u lateral stress through the interpretatién o
lateral stress cone data by empirical correlataong cavity expansion methods (Tseng, 1989; Sudi19
Takesue & Isano 2001). Indeed, the results repdie&ully (1991) and Takesue & Isano (2001) are
encouraging, and therefore it is recommended ttoperfurther interpretation of the data recordethwi

the LSSCPTU for estimation of in situ stress candi.

The use of numerical modelling would improve thieipretation of data recorded with the LSSCPTU in
terms of the distribution of strains, stresses f@om@-water pressures generated during penetrasomell

as consolidation and stress relaxation during austhe penetration. Whittle et al. (2001) desetfite
results of numerical analysis of the pore pressiigsipation around a tapered probe using a nomiline
coupled consolidation analysis, with effective strgparameters characterized by the MIT-E3 model.
Similarly, Vyazmensky (2005) analyzed the pore-waieessure dissipation data reported by Weech
(2002) using the critical state Nor-Sand constrgitnodel coupled with the Biot formulation. Theuks

of his analyses demonstrated that a fully coupledSsndBiot modelling framework provides good
estimates of pore pressure dissipation in finergmei soils. It is hoped that the use of numerical

approaches, may improve our understanding of stibtiour around a full displacement tapered probe.

The ultimate axial compression load capacity oihgle pile can be estimated by either indirect rodth
based upon fundamental soil parameters or dirécthy results of in situ tests such as piezoconefland
dilatometer. When the majority of the pile resistis made up shaft friction the state of latena shear
stresses at the interface between the pile andogoilarily control the shaft resistance. On thisibait
seems worthwhile to explore the applicability ofSG&PTU data for the development of a direct design

method for piles installed in fine and coarse grdinoils.

142



REFERENCES

Aas. G, Lacasse, S., Lunne, T., and Hoeg, D. 1986.0f in situ tests for foundation design on clay
Proceedings of the Conference of Use of In SitusTiesGeotechnical Engineering, Blacksburg, VA,
USA, pp. 1-30.

Ang A.H.S., and Tang, W.H. 2007. Probability Cortseip Engineering - Emphasis on Applications in
Civil & Environmental Engineering. John Wiley & SarNew Jersey.

Armstrong, J.E. 1984. Environmental and engineeapglications of the surficial geology of the Frase
River Lowland, British Columbia. Canada Geologi8atver, paper 83-23.

ASTM D6635-01. 2002. Standard Test Method for Reming the Flat Plate Dilatometer. Book of
Standards Vol. 04.09.

ASTM D5778-07. 2007. Standard Test Method for Etaut Friction Cone and Piezocone Penetration
Testing of Soils. Book of Standards Vol. 04.08.

Baldi, G., Bellotti, R., Ghionna, V., JamiolkowsK., Marchetti, S. & Pasqualini, E. 1986. Flat
dilatometer tests in calibration chambdrsProceedings of In Situ '86, ASCE Special Confezenit
Use of In Situ Tests in Geotechnical Engineeringrgiviia Tech, Blacksburg, VA, June, ASCE
Geotechnical Special Publication No. 6, pp. 431-446

Baligh, M.M. 1975. Theory of deep site static cpeaetration resistance. MIT Publication No. R-75-56

Baligh, M.M., and Levadoux, J.N. 1980. Pore presgiissipation after cone penetration, Massachusetts
Institute of Technology, Department of Civil Engemig, Construction Facilities Division,
Cambridge, Massachusetts 02139.

Baligh, M.M., Martin, T.R., Azzouz, A.S., and Madn, J.M. 1985. The Piezo-Lateral stress dell.
Proceedings of the 11th ICSMGE, San Francisco34p-844.

Baligh, M.M., and Levadoux, J.N. 1986. Consolidatiafter undrained piezocone penetration. II:
Interpretation. Journal of Geotechnical Engineerth§CE, 112(7): 727-745.

Bang, E.S., Sung, N.H., Park, S.G., Kim, J.H., KiM.S., Seo, D.N., Kim D.S., and Lee, S.H. 2008.
Development and application of a resistivity seisfiat dilatometer testing system for efficient tsof
soil site characterizatiomn Proceedings of the 3rd International Conferenc&ite Characterization,
Taipei, Taiwan, pp. 1247-1253.

Bayne, J.M., and Tjelta, T.l. 1987. Advanced commgirometer development for in-situ testing at
Gulfaks C.In Proceedings of the 19th Offshore Technology Camee, Richardson, Texas, USA,
531-540.

Been, K., Lingnau, B.E., Crooks, J.H.A. and LeaBlt5. 1987. Cone penetration test calibration for
Erksak (Beaufort Sea) sand. Canadian Geotechrdoahdl, 24: 173-177.

Bellotti, R., Benoit, J., Fretti, C., and Jamiolkgkiy M. 1997. Stiffness of Toyoura sand from ditatder
tests. Journal of Geotechnical and Geoenvironmé&mtgineering, 123(9): 836—846.

Benoit, J., and Lutenegger, A.J. 1993. Determiratgral stress in soft clay$n Proceedings of the
Wroth Memorial Symposium, Oxford, UK, pp. 135-155.

143



Berenson, M.L., Levine, D.M., and Rindskopf, D. 898pplied statistics — A first course. PrenticelHa
New Jersey.

Bolton, M.D. 1986. The strength and dilatancy afdsa Géotechnique, 36(1): 65-78.

Brooker, E.W., and Ireland, H.O. 1965. Earth pressual rest related to stress history. Canadian
Geotechnical Journal, 2: 1-15.

Burghignoli, A., Cavalera, L., and Chieppa, V. 19€%eotechnical characterization of Fucino clay.
Proceedings of the 10th European Conference on Medhanics and Foundation Engineering,
Florence, ltaly, Vol. 1. 27-40.

Burns. S.E., and Mayne, P.W. 1998. Monotonic atatatly pore-pressure decay during piezocone tests
in clay. Canadian Geotechnical Journal, 35: 1063310

Bustamante, M., and Gianeselli, L. 1982. Pile BwariCapacity Prediction by Means of Static
Penetrometer CPTIn Proceedings of the 2nd European Symposium on Réioet Testing,
Amsterdam, 493-500.

Campanella, R.G., and Robertson, P.K. 1981. Appimte researchn Proceedings of Symposium on
Cone Penetration Testing and Experience, GeoteadhBitgineering Division, ASCE. October 1981,
pp. 343-362.

Campanella, R.G., and Robertson, P.K. 1984. A deisione penetrometer to measure engineering
properties of soilln Proceedings of the 54th Annual International Megetand Exposition of the
Society of Exploration Geophysics. Atlanta, Georg@a138—41.

Campanella, R.G., Robertson, P.K, Gillespie, DaBd Greig, J. 1985. Recent developments in in-situ
testing of soilsin Proceedings of the 11th ICSMGE, San Francisco, 2/ghp. 849-854.

Campanella, R.G., and Robertson P.K. 1988. Custatis of the piezocone tedts.Proceedings of the
First International Symposium on Penetration Test@rlando, Florida, Vol. 1, pp. 93-116.

Campanella, R.G., and Robertson, P.K. 1989. Udatarpretation of a research DMT. Soil Mechanics
Series No. 127. Department of Civil Engineering,vérsity of British Columbia, Vancouver, BC,
Canada.

Campanella, R.G, Sully, J.P., Greig J.W., and J@ly1990. Research and development of a latesssst
piezocone. Transportation Research Record, 125224.

Campanella, R.G., and Robertson, P.K. 1991. Usdrdarpretation of a research dilatometer. Canadian
Geotechnical Journal, 28: 113-126.

Campanella, R.G., and Howie, J.A. 2005. Guidelioeshe use, interpretation and application of méis
piezocone test data - A manual on interpretatiors@fmic piezocone test data for geotechnical
design. Geotechnical Research Group, Departmeiwf Engineering, The University of British
Columbia, Vancouver.

Canou, J., and Tumay, M. 1986. Field evaluatiodr@nch SBPMT in soft deltaic Louisiana cldy.
Proceedings of The pressuremeter and its marinkcappn. ASTM, Special Technical Publication
950, pp. 97-118.

Carter, J.P, Booker, J.R., and Yeung, S.K. 198&vit¢ expansion in cohesive frictional soils.
Géotechnique, 36(3): 349-358.

144



Chan, A.C., Y., and Morgenstern, N.R. 1986. Meawsare of Lateral Stresses in a Lacustrine Clay
Deposit.In Proceedings of the 39th Canadian Geotechnical &€enfe, Ottawa, Ontario, pp. 285-
290.

Chang, M.F. 1991. Interpretation of overconsolatratio from in situ tests in recent clay deposits
Singapore and Malaysia. Canadian Geotechnical dh@: 210-225.

Crawford, C.B., and deBoer, L.J. 1987. Field obatons of soft clay consolidation in the Fraser
Lowland. Canadian Geotechnical Journal, 24: 308-317

Crawford, C.B. 1990. Comparison of measured sedtigmwith predictions based on laboratory and in
situ tests. Presentation at UBC, Geotechnical Sam3eries, March.

Crawford, C.B., and Campanella, R.G. 1991. Compariaf field consolidation with laboratory and in
situ tests. Canadian Geotechnical Journal, 28:1123-

Crawford, C.B., Jitno, H., and Byrne, P.M. 1994 eTinfluence of lateral spreading on settlements
beneath a fill. Canadian Geotechnical Journal,135:-150.

Cunha, R. P. 1994. Interpretation of self boringspuremeter tests in sand. Ph. D. Thesis, Depatrtvhe
Civil Engineering, University of British Columbi&ancouver, BC, Canada.

Daniel, C.R. 2003. Preliminary report on CPTU, SORahd SPT data collected at Patterson Park. In-situ
Testing Group, University of British Columbia, Vanwer, BC, Canada.

Dolan, K. 2001. An in-depth geological and geotéchinsite characterization study, Colebrook road
overpass, Highway 99A, Surrey, B.C. B.A.Sc. Thddispartment of Civil Engineering, University of
British Columbia, Vancouver, BC, Canada.

Durgunoglu, H.T., and Mitchell, J.K. 1975. Statengtration resistance of soils: | analysis, Il. [Hagon
of the theory and implications for practicken Proceedings of the ASCE Conference on In situ
Measurement of Soil Properties, Raleigh, NC, USAI, X, pp. 151-171.

Eslami, A., and Fellenius, B.H. 1997. Pile capabiyydirect CPT and CPTu method applied to 102 case
histories. Canadian Geotechnical Journal 34(6): 886

Eurocode 7 (1997). Geotechnical design - Part Zidgheassisted by field testing, Section 9: Flat
dilatometer test (DMT). Final Draft, ENV 1997-3, Ap66-73. CEN -European Committee for
Standardization.

Finno, R.J. 1993. Analytical interpretation of tiilameter penetration through saturated cohesive.soll
Géotechnique, 43(2): 241-254.

Foti, S., Lancellotta, R., Marchetti,D., Monaco,aRd Totani, P. 2006. Interpretation of SDMT tésta
transversely isotropic mediumin Proceedings of the 2nd International Conferencettan Flat
Dilatometer, Washington, D.C., pp. 275-280.

Gibson, R.E., and Anderson, W.F. 1961. In-situ messent of soil properties with pressuremeter. ICivi
Engineering and Public Works Review, 56(958): 618-6

Ghionna, V., Jamiolkowski, M., Lancellotta, R., @lella, M., and Ladd, CC. 1981. Performance of
SBPMT in cohesive deposits. Report RD-81/173. FHWA. Department of Transportation.

145



Ghionna, V. 1984. Influence of chamber size andndawy conditions on the measured cone resistance.
Sem. Cone Penetration Testing in the Laboratoryéssity of Southampton.

Ghionna, V.N., Jamiolkowski, M., Lacasse, S., La@C., Lancellotta, R., and Lunne, T. 1985.
Evaluation of self-boring pressuremeter, Norwegsaotechnical Institute, Oslo, Report 159, pp. 1-9.

Ghionna, V.N., Jamiolkowski, M., Pedroni, S., andcBli, S. 1995. Cone pressuremeter tests in Rw riv
sand.In Proceedings of the™dnternational Symposium on Pressuremeter: ThesBreseter and its
New Avenues, Sherbrooke, Québec, Canada, 471-480.

Gillespie, D.G. 1981. The Piezometer Cone Peneftraliest. M.A.Sc. Thesis, Department of Civil
Engineering, University of British Columbia, Vans@u, BC, Canada.

Gillespie, D.G., and Campanella, R.G. 1981. Codatilbn characteristics from pore pressure disgipati
after piezometer cone penetration, Soil MechanmseS No. 47, Department of Civil Engineering,
University of British Columbia, Vancouver, BC, Calaa

Gillespie, D.G. 1990. Evaluating shear wave veloeihd pore pressure data from the seismic cone
penetration test. Ph.D. Thesis, Department of (Bnbineering, University of British Columbia,
Vancouver, BC, Canada.

Gravesen, S. 1960. Elastic semi-infinite mediumnia®d by rigid wall with circular hole. Dansk Selkab
Bygningsstatik, Bygningsstatiske Meddelelsser, @bpgen, Denmark, 30(3): 93-111.

Hamouche, K.K., Leroueil, S., Roy, M., and Lutenegd.995. In situ evaluation ofoh eastern Canada
clays. Canadian Geotechnical Journal, 32: 677-688.

Hepton, P. 1988. Shear wave velocity measurememtsgd penetration testingn Proceedings of
Penetration Testing in the UK, Birmingham, UK: 2Z7B8.

Hers. I. 1989. The analysis and interpretatiorhefdone pressuremeter in cohesive soils. M.A.Sesigh
Department of Civil Engineering, University of Bsih Columbia, Vancouver, BC, Canada.

Hegazy, Y.A., and Mayne, P.W. 1995. Statisticalrelations between ¥Yand CPTU data for different
soil types.In Proceedings of the Symposium on Cone Penetraiésting, Vol. 2, Sweden, pp. 173-
178.

Houlsby, G.T., and Whiters, N.J. 1988. Analysistttd cone pressuremeter test in clay. Géotechnique,
38(4): 575-587.

Howie, J.A., 1991. The interpretation of full-diapkment pressuremeter tests in sand. Ph. D. Thesis,
Department of Civil Engineering, University of Bsih Columbia, Vancouver, BC, Canada.

Huang, A.B. 1989. Strain path analyses for arbjtrdaree-dimensional penetrometers. International
Journal for Numerical and Analytical Methods in Gexhanics, vol. 13, issue 5, pp. 551-564

Huang, A. B., and Haefele, K.C. 1990. Lateral Eatessure Measurements in a Marine Clay.
Transportation Research Record, 1278: 156-163.

Hughes, J.M.O., and Robertson, P.K. 1984. Full ldcsgment pressuremeter testing in sand. Soil

Mechanics Series No. 78. Department of Civil Engiimeg, University of British Columbia,
Vancouver, BC, Canada.

146



Huntsman, S. R., 1985. Determination of in-sitiedak pressure of cohesionless soils by static cone
penetrometer. Ph.D. Thesis, University of Califarat Berkeley, USA.

Huntsman, S.R., Mitchell, J.K., Klejbuk, L.W. Jand Shinde, S.B. 1986. Lateral stress measurement
during cone penetration Proceedings of the Conference of Use of In Sitatdé Geotechnical
Engineering, Blacksburg, VA, USA, 617-634.

Imre, E., Trang, P.Q., Telekes, G., R6zsa, P.,Etyis S. 2008. Evaluation of short non-monotonous
dissipation test datdn Proceedings of the 3rd International ConferenceSaa Characterization,
Taipei, Taiwan, pp. 1035-1041.

In-Situ Testing Group (Department of Civil Engineer University of British Columbia). 1995a.
General site characterization at KIDD 2 site. Reg@ANLEX, Phase I, Activity 3A.

In-Situ Testing Group (Department of Civil Enginee; University of British Columbia). 1995b.
General site characterization at Massey TunneloRe@ANLEX Phase Il, Activity 3A.

Iwasaki, K, Tsuchiya, H., Sakai, Y., and Yamamdto]1991. Applicability of the Marchetti dilatometer
test to soft ground in Japdn. Proceedings of Geo-Coast 91, Yokohama, Japan1Vpp. 29-32.

Jackson, S. 2007. Personal communication
Jamiolkowsky, M. 1982. Personal communication toea K. Mitchell.

Jamiolkowski, M., and Robertson, P.K. 1988. Closadglress. Future trends for penetration testing.
Penetration Testing in the UK, Birmingham, UK: 3242.

Jamiolkowski, M., Ghionna, V.N., Lancellotta, R.nda Pasqualini, E. 1988. New correlations of
penetration tests for design practide. Proceedings of the First International Symposium o
Penetration Testing, Orlando, Florida, Vol. 1, pp3-296.

Jefferies, M.G., Jonsson L., and Been, K. 1987.eEigpce with measurement of horizontal geostatic
stress in sand during cone penetration test pugfilGéotechnique, 37(4): 483-498.

Keaveny, J.M. and Mitchell, K. 1986. Strength ofefigrained soils using the piezocolreProceedings
of Use of In-Situ Tests in Geotechnical Engineerli§CE, New York, pp. 668-685.

Kim, T., Kim, N.K., Tumay, M. T., and Lee. W. 2003patial distribution of excess pore-water pressure
due to piezocone penetration in overconsolidatag. dournal of Geotechnical and Geoenvironmental
Engineering, ASCE, 133(6): 674-683.

Konrad, J., Bozozuk, M., and Law, K. 1985. Studyno$itu test methods in deltaic siih. Proceedings of
the 11th ICSMFE, San Francisco, Vol. 2, pp. 879-886

Konrad, J. M., and Law, K.T., 1987. Undrained shetiength from piezocone tests. Canadian
Geotechnical Journal, 24: 392-405.

Kulhawy, F.H. and Mayne, P.W. 1990. Manual on Eating Soil Properties for Foundation Design,
Report No.EL-6800, Electric Power Research Ingjtifalo Alto, CA, August 1990, 306 p.

Lacasse, S., Jamiolkowski, M., Lancellotta, R., anohne, T. 1981. In situ characteristics of two

Norwegian claysin Proceedings of the 10th ICSMFE, Stockholm, Ro#terdThe Netherlands. Vol.
2, pp. 507-511.

147



Lacasse, S., and Lunne T. 1988. Calibration oftalifeeter correlationsln Proceedings of the First
International Symposium on Penetration Testingato, Florida, Vol. 1, pp. 539-548.

Ladanyi, B., and Longtin, H. 2005. Short- and Iaagn sharp cone tests in clay. Canadian Geotedhnica
Journal, 42: 136-146.

Ladd, C.C., Young, G.A., Kraemer, S.R., and BuiBé. 1998. Engineering Properties of Boston Blue
Clay from Special Testing Programn. Proceedings of sessions of Geo-Congress 98, ABG&on,
MA, USA, pp. 1-24.

Ladd, C.C., and DeGroot, D.J. 2003. Recommendedtipeafor soft ground site characterizatidn.
Proceedings of 12th Panamerican Conference onMisihanics and Geotechnical Engineering and
39th U.S. Rock Mechanics Symposium, Arthur Casatgabecture. Cambridge, Massachusetts,
Vol.1, pp. 3-57.

Lehane, B.M., and Jardine, R.JL. 1994. Displacemédatbehaviour in a soft marine clay. Canadian
Geotechnical Journal, 31: 181-191.

Long, M. 2008. Design parameters from in situ tesissoft ground — recent developments.
Proceedings of the 3rd International ConferenceSita Characterization, Keynote lecture, Taipei,
Taiwan, pp. 89-116.

Luna, O. G. 2008. Personal Communication

Lunne, T., Powell, J.J.M., Hauge, E.A., MokkelboktH. and Uglow, I.M. 1990. Correlation of
dilatometer readings with lateral stress in cldyansportation Research Record, 1278: 183-193.

Lunne, T., Robertson, P.K., and Powell, J.J.M. 1993ne penetration testing in geotechnical practice
Blackie Academic & Professional.

Lutenegger, A.J. 1988. Current status of the Matcligatometer testin Proceedings of the First
International Symposium on Penetration Testinga@to, Florida, Vol. 1, pp. 137-155.

Lutenegger, A.J. & Kabir, M.G. 1988. Dilatometerré&ading to help determine stratigraphn
Proceedings of the First International SymposiunfPenetration Testing, Orlando, Florida, Vol. 1, pp.
549-554,

Lutenegger, A.J. 1990. Determination of In situdrat Stresses in a Dense Glacial Till. Transpantati
Research Record, 1278: 194-203.

Lutenegger, A.J., and Miller, G.A. 1993. Evaluatmfrdilatometer method to determine axial capaafty
driven model pipe piles in clayn Proceedings of Design and performance of deepdfations: piles
and piers in soil and soft rock, Dallas, Texas, U\ 41-163.

Lutenegger, A.J. 2006. Consolidation lateral strem$os in clay from flat Dilatometer test#n
Proceedings of the"2International Flat Dilatometer Conference, WastongD.C., USA, pp. 327-
333.

Mahbudul, A. K. 1993. Strength-deformation behavimi a weathered clay crust. Ph.D. Thesis,
University of Ottawa, Canada.

Marchetti, S. 1975. A new in situ test for the meament of horizontal soil deformabilityn
Proceedings of the ASCE Conference on In situ Messent of Soil Properties, Raleigh, NC, USA,
Vol. 2, pp. 255-259.

148



Marchetti, S. 1979. Contribution to discussion,sB@as 7.In Proceedings of the 7th European Conference
on Soil Mechanics and Foundation Engineering, BaghVol. 4, pp.237-242 and 243-244.

Marchetti, S. (1980). In situ tests by flat dilateter. Journal of the Geotechnical Engineering ivis
ASCE, 106(3): 299-321.

Marchetti, S. and Crapps, D.K. 1981. Flat Dilatoenéflanual. Internal Report of G.P.E. Inc.

Marchetti, S. 1985. On the field determination @fiK sand.In Proceedings of the 11th ICSMGE, San
Francisco, pp. 2667-2672.

Marchetti, S., Totani, G., Campanella, R.G., Ramarf P.K., and Taddei B. 1986. The DMi-method
for piles driven in clayln Proceedings of the Conference of Use of In Sitatdéen Geotechnical
Engineering, Blacksburg, VA, USA, pp. 765-779.

Marchetti, S., and Totani, G. 1989, €valuations from DMTA dissipation curvda. Proceedings of the
12th ICSMGE, Rio de Janeiro, pp. 841-844.

Marchetti, S. 1997. The Flat Dilatometer: Designpligations.In Proceedings of the 3rd International
Geotechnical Engineering Conference, Keynote lect@airo University, Jan., pp. 421-448.

Marchetti, D., Monaco, P., Totani, G. and Calabrésée 2001. The flat dilatometer test (DMT) in soil
investigations. A report by the ISSMGE Committe€1B. In Proceedings of the International
Conference on in situ measurement of soil propertreSitu 2001, Bali, Indonesia, May 2001, 41 pp.

Marchetti, s. 2006. Origin of the Flat Dilatometén Proceedings of the 2nd International Flat
Dilatometer Conference, Washington D.C., USA, pB. 2

Marchetti, D., Marchetti, S., Monaco, P., and Tagtad. 2007. Risultati di prove in sito mediante
dilatometro sismico (SDMT). Memoria per XXIlI Cory@o Nazionale di Geotecnica "Previsione e
controllo del comportamento delle opere” Padovan®bBerme (document in italian).

Marchetti, S., Monaco, P., Totani, G., and Maréh&t 2008a. In Situ tests by Seismic Dilatometer
(SDMT). ASCE Geotechnical Special Publication hamp Dr. John H. Schmertmann. From
Research to Practice in Geotechnical EngineeringP ®lo. 170, Geo-Institute Meeting in New
Orleans March 9 to 12, 2008.

Marchetti, S., Marchetti, D., Monaco, P., and Tat&. 2008b. Experience with seismic dilatometer
(SDMT) in various soil typesin Proceedings of the 3rd International Conference Site
Characterization, Taipei, Taiwan, 1139-1345.

Marchetti, D. 2008. Personal Communication.

Martin, G.K., and Mayne, P.W. 1997. Seismic Flatafdimeter tests in Connecticut valley varved clay.
Geotechnical Testing Journal, 20(3): 357-361.

Martin, G.K. and Mayne, P.W. 1998. Seismic flaatbimeter in Piedmont residual soils.Proceedings
of the 1st International Conference on Site Charagdtion - ISC'98, Atlanta, 2, pp. 837-843.

Mayne, P.W., and Kulhawy, F.H. 1990. Direct andirect determinations of in situ KKin clays.
Transportation Research Record, 1278: 141-149.

149



Mayne, P.W. and Chen, B.S-Y. 1994. Preliminary bration of PCPT-OCR model for clay
Proceedings of the 13th International ConferenceSoit Mechanics and Foundation Engineering,
New Delhi, India, Vol. 1, pp. 283-286.

Mayne, P.W., and Martin, G.K. 1998. Commentary oardhetti Flat Dilatometer Correlations in Soils.
Geotechnical Testing Journal, 21(3): 222-239.

Mayne, P.W., Schneider, J.A., and Martin, G.K. 199®all and large-strain soil properties from séism
flat plate dilatometer testdn Proceedings of Pre-failure Deformation Charadiesof Geomaterials,
Torino, ltaly, 419-425.

Mayne, P.W. 2001. Stress-strain-strength-flow p&tens from enhanced in-situ tedts.Proceedings of
the International Conference on In-Situ MeasurenwnSoil Properties and Case Histories, Bali,
Indonesia, pp. 27-48.

Mayne, P.W. 2005. Integrated Ground Behavior: lin-&nd Lab Tests. Deformation Characteristics of
Geomaterials, Vol. 2 (Proceedings IS Lyon), Tafldfrancis, London: 155-177.

Mayne, P.W. 2007. Synthesis on Cone PenetratiotinfesState-of-Practice. NCHRP Project 20-05;
Task 37-14, Transportation Research Board, Natidnatlemies Press, Washington, D.C.

Masood, T. 1990. Determination of lateral earthspuee in soils by in-situ measurement. Ph.D. Thesis
University of California at Berkeley, USA.

McPherson, 1.D. 1985. An evaluation of the flatthimeter as an in situ testing device. M.A.Sc. ®hes
Department of Civil Engineering, University of Bsth Columbia, Vancouver, BC, Canada.

Miller, G.A, and Tan, N.K. At-rest lateral stressorh pressuremeter tests in an unsaturated soil
calibration chamberln Proceedings of the 3rd International ConferenceSda Characterization,
Taipei, Taiwan, pp. 621-626.

Mitchell, J.K., and Soga, K. 2005. FundamentalsSoil Behavior. 3rd ed., John Wiley & Sons, New
Jersey.

Mollé, J. 2005. The accuracy of the interpretattbrCPTbased soil classification methods for soilsso
MScThesis Section for Engineering Geology, Depantnoé Applied Earth Sciences, Delft University
of Technology. Memoirs of the Centre of Engineerdgology in the Netherlands, No. 242. Report
AES/IG/05-25, December.

Monaco, P., and Marchetti, S. 2007. Evaluatingdigation potential by Seismic Dilatometer (SDMT)
accounting for aging/stress histotg. Proceedings of the 4th International Conferenc&airthquake
Geotechnical Engineering, Thessaloniki, Greece, Y,gbp. 247-252.

Monahan, P.A., Luternauer, J.L., and Barrie, JA9@). A delta plain sheet sand in the Fraser River
Delta, British Columbia, Canada. Quaternary Intgéomal, 20: 27-38.

Monahan, P.A., Luternauer, J.L., and Barrie, JM96). The geology of the CANLEX Phase Il sites in
Delta and Richmond British Columbila Proceedings of the 48th Canadian GeotechnicaleZence,
Vancouver, B.C., pp. 59-68.

Monahan, P.A., and Levson, V.M. (2001). Developmeiht shear-wave velocity model of the near-
surface deposits of southwestern British ColumBianadaln Proceedings of the 4th International
Conference of Recent Advances in Geotechnical Eaatke Engineering and Soil Dynamics, San
Diego, USA.

150



Nutt, N.R.F., and Houlsby, G.T. 1995. Time dependmhaviour of sand from pressuremeter tdsts.
Proceedings of the 4th International Symposium messuremeter: The Pressuremeter and its New
Avenues, Sherbrooke, Québec, Canada, 95-100.

O’Neill, M\W., and Yoon, G. 1995. Engineering Prapes of Overconsolidated Pleistocene Soils of
Texas Gulf Coast. Transportation Research RecditD:181-88.

O’Neill, M.W. 2000. National Geotechnical Experimation Site - University of Houston. National
Geotechnical Experimentation Sites, GeotechnicaécBp Publication No. 93, Benoit, J., and
Lutenegger, A.J., ASCE, USA, pp. 72-101.

Pantoja, A. S. 2008. Personal Communication.

Parkin, A. and Lunne, T. 1982. Boundary effectshia laboratory calibration of a cone penetrometer i
sand.In Proceedings of the 2nd European Symposium on R¢ioet Testing, Amsterdam, Vol. 2, pp.
761-768.

Powell, J.J.M., and Uglow, I.M. 1986. Dilatometeesiing in Stiff Overconsolidated Clay#n
Proceedings of the 39th Canadian Geotechnical @amde, Ottawa, Ontario, pp. 317—326.

Powell, J.J.M., and Uglow, .M. 1988a. The intetption of the Marchetti dilatometer tests in UKyda
Penetration Testing in the UK, Birmingham, UK: ZBE3.

Powell, J.J.M., and Uglow, .M. 1988b. Marchettiatbmeter testing in UK soil$n Proceedings of the
First International Symposium on Penetration Testidrlando, Florida, Vol. 1, pp. 555-562.

Powell, J.J.M., Lunne, T., and Frank, R. 2001. Sempirical design procedures for axial pile capaicit
clays. In Proceedings of the 15th ICSMGE, Istanbul, Turlg94-994.

Powell, J.J.M. 2008. Can we reliably determinaitn horizontal stress from the Cone Pressurenieter
clay soils?.In Proceedings of the 3rd International ConferenceSar Characterization, Taipei,
Taiwan, pp. 1129-1134.

Randolph, M.F., and Wroth, C.P. 1979. An analytalution for the consolidation around a driverepil
International Journal for Numerical and Analytitégthods in Geomechanics, (3): 217-229.

Ricceri G. Simonini P., and Cola, S. 2002. Applitgbof piezocone and dilatometer to charactetize
soils of the Venice Lagoon. Geotechnical and Geo#dEngineering, 20: 89-121.

Robertson, P.K. 1982. In-situ testing of soil waimphasis on its application to liquefaction assesgm
Ph. D. Thesis, Department of Civil Engineering, \émsity of British Columbia, Vancouver, BC,
Canada.

Robertson, P.K., and Campanella, R.G. 1983. Intéapion of cone penetration tests - Part | (sand).
Canadian Geotechnical Journal, 20(4): 718-733.

Robertson, P.K., Campanella, R.G., Gillespie, Dd &reig. J. 1986. Use of piezometer cone data.
Proceedings of the Conference of Use of In SitusTiesGeotechnical Engineering, Blacksburg, VA,
USA, pp. 1263-1280.

Robertson, P.K., Campanella, R.G., Gillespie, Rd By T. 1987. Excess pore pressures and the DMT.

Soil Mechanics Series No. 112. Department of Cianlgineering, University of British Columbia,
Vancouver, BC, Canada.

151



Robertson, P.K. 1990. Soil classification using ¢bee penetration test. Canadian Geotechnical dhurn
27(1): 151-158.

Robertson, P.K., Sasitharan, S., Cunning, J.C.Sags$, D.C. 1995. Shear wave velocity to evallate f
liquefaction. Journal of Geotechnical Engineerid§CE, 121(3): 262-273.

Robertson, P.K., Wride (Fear), C.E., List, B.R.ukdrala, U., Biggar, K.W., Byrne, P.M., Campanella,
R.G., Cathro, D.C., Chan, D.H., Czajewski, K., Film.D.L., Gu, W.H., Hammamiji, Y., Hofmann,
J.A., Howie, J.A., Hughes, J., Imrie, A.S., Konrald, M., Kupper, A., Law, T., Lord, E.R.F,,
Monahan, P.A., Morgenstern, N.R., Phillips, R.,HéicR., Plewes, D., Scott, D., Sobkowicz, J.,
Stewart, R.A., Watts, B.D., Woeller, D.J., Youd,LT.and Zavodni, Z. 2000. The Canadian
Liquefaction Experiment: an overview. Canadian @ebhical Journal, 37: 499-504.

Salgado R. R. 1993. Analysis of penetration restgtdn sands. Ph.D. Thesis, University of Califarat
Berkeley, USA.

Sanin, M. 2005. Cyclic shear loading response abé&r River Delta silt. M.A.Sc. Thesis, Department o
Civil Engineering, University of British Columbi&ancouver, BC, Canada.

Sanin, M. and Wijewickreme, D. 2006. Cyclic shezsponse of channel-fill Fraser River Delta siltil So
Dynamics and Earthquake Engineering, 26: 854-869.

Sanin, M. 2008. Personal Communication.

Schmertman, J.H. 1978. Guidelines for cone petiatréest performance and design. Federal Highway
Administration Report No. FHWA-TS-78-209, Washingt®.C.

Schmertmann, J.H. 1982. A method for determining fifiction angle in sands from the Marchetti
dilatometer test (DMT)In Proceedings of the 2nd European Symposium on Ré¢ioet Testing,
ESOPT-II, Amsterdam, Vol. 2, pp 853-861.

Schmertmann, J.H. 1983. Revised procedure for lediog K, and OCR from DMT's withpl > 1.2 and
which incorporates the penetration measuremenetmip calculating the plane strain friction angle.
DMT Digest No. 1. GPE Inc., Gainesville, FL.

Schmertmann, J.H. 1985. Measure and use of thdunateral stressln The Practice of Foundation
Engineering — a Volume honoring Jorj O. Osterb&rgpartment of Civil Engineering, Northwestern
University, pp. 189-213.

Schmertmann, J.H. 1988. Guidelines for Using thd ,GEPTU and Marchetti DMT for Geotechnical
Design". Report No. FHWA-PA-87-022+84-24 to Penmagia Department of Transportation, Office
of Research and Special Studies, Harrisburg, R#)&, Gainesville, FL.

Schnaid, F. 1990. A study of the cone-pressuremestrin sand. Ph. D. Thesis, University of Oxford,
U.K.

Schnadi, F., Ortigao, J.A.R., Mantaras, F.M., CuriR#&., and MacGregor, |., Analysis of self-boring
pressuremeter (SBPM) and Marchetti dilatomter (DMEpts in granite saprolites. Canadian
Geotechnical Journal, 37: 796-810.

Schnaid, F., Lehane, B. M., and Fahey, M. 2004sitin test characterization of unusual soils. Kegnot

Lecture.In Proceedings of the 2nd International Conferencé&entechnical and Geophysical Site
Characterization, Porto, Vol. 1, pp. 49-74.

152



Schneider, J.A., Randolph, M.F., Mayne, P.W., aathBy, N. 2008. Influence of partial consolidation
during penetration on normalized soil classificatiby piezocone.In Proceedings of the 3rd
International Conference on Site Characterizafl@ipei, Taiwan, pp. 1159-1165.

Smith, M.G. 1993. A laboratory study of the Mar¢hBilatometer. Ph. D. Thesis, University of Oxford
U.K.

Sridharan, A., El-Shafei, A., and Miura, N. 2002.e®hanisms controlling the undrained strength
behavior of remolded Ariake Marine Clays. Marines®#rces and Geotechnology (20):21-50.

Stephenson, B., and Lomnitz, C. 2005. Shear-wala@citg profile at the Texcoco strong-motion array
site, Valley of Mexico. Geofisica Internacional, V&4, Num. 1, pp. 3-10.

Sully, J.P. and Campanella, R.G. 1989. Correlatiomaximum shear modulus with DMT test results in
Sand.n Proceedings of the 12th ICSMGE, Rio de JaneiraziBrVol. 1, pp. 339-345.

Sully, J.P. and Campanella, R.G. 1990. Measurenoéntateral stress in cohesive soils by full-
displacement in situ test methods. Transportatiesedrch Record, 1278: 164-171.

Sully, J.P., and Campanella, R.G. 1991. Effecatdrhl stress on CPT penetration pore pressurgsalo
of Geotechnical Engineering, ASCE, 117(7): 10828108

Sully, J.P. 1991. Measurement of in-situ latere¢sst during full-displacement penetration tests.Ph
Thesis, Department of Civil Engineering, UniversifyBritish Columbia, Vancouver, BC, Canada.

Sully, J.P., Robertson, P.K., Campanella, R.G., &f¢ller, D.J. 1999. An approach to evaluation of
field CPTU dissipation data in overconsolidatedefgrained soils. Canadian Geotechnical Journal,
36: 369-381.

Takei, K., and Isano, T. 1999. Development of arkdtstress condn Proceedings of the 34th Japan
National Conference on Geotechnical Engineerin§; 26, (document in Japanese).

Takesue, K., and Isano T. 2000. Development andicapipn of a lateral stress cone. Annual report
Kajima Technical Research Institute, Kajima Cortiora Vol. 48, 61-66. (document in Japanese).

Takesue, K., and Isano T. 2001. Development antcagipn of a lateral stress corle. Proceedings of
the International Conference on In-situ MeasurenténBoils Properties and Case Histories, Bali,
India, 623-629.

Takesue, K. 2001. In-situ friction test using &tfon and lateral stress measurement cbmBroceedings
of Annual Meeting of the Architectural Institute &dpan. pp. 627-628. (document in Japanese).

Teh, C.1., and Houlsby, G.T. 1991. An analyticaldst of the cone penetration test in clay. Géoteayphmi
41(1): 17-34.

Terzaghi, K., Peck, R.B., and Mesri, G. 1996. $glchanics in Engineering Practice, 3rd edition,nJoh
Wiley & Sons, Inc.

Tseng, Dar-Jen. 1989. Prediction of cone penetratesistance and its application to liquefaction
assessment. Ph.D. Thesis, University of CalifoaniBerkeley, USA.

Torstensson, B.A. 1984. A new system for groundewatonitoring. Ground Water Monitoring Review,
4:131-138.

153



Tringale, P.T. 1983. Soil identification in-situimg an acoustic cone penetrometer. Ph.D. Thesis,
University of California at Berkeley, USA.

Tsang. C. 1987. Research dilatometer testing imdsaand in clayey deposits. M.A.Sc. Thesis,
Department of Civil Engineering, University of Bsth Columbia, Vancouver, BC, Canada.

Vesic, A.S. 1972. Expansion of cavities in infiniseil mass. Journal of the Soils Mechanics and
Foundations Division, ASCE, 98 (SM3):603-24.

Villet, W.C.B. 1981. Acoustic emissions during ttatic penetration of soils. Ph.D. Thesis, Uniugrsf
California at Berkeley, USA.

Vyazmensky A. M. 2005. Numerical modelling of tidependent pore pressure response induced by
helical pile installation. M.A.Sc. Thesis, Departmheof Civil Engineering, University of British
Columbia, Vancouver, BC, Canada.

Weech, C. (2002). Installation and load testindnelical piles in a sensitive fine-grained soil. M3A.
Thesis, Department of Civil Engineering, UniversifyBritish Columbia, Vancouver, BC, Canada.

Whittle, A.J., Sutabutr, T., Germaine, J. T., anafnéy, A. 2001. Prediction and interpretation ofepo
pressure dissipation for a tapered piezoprobe.dgshotque, 51(7): 601-617.

Windle, D., and Wroth, C.P. 1977a. The use of SBRMTetermine the undrained properties of clays.
Ground Engineering, 10(6): 37-46.

Windle, D., and Wroth, C.P. 1977b. In situ measwet® of stiff clays.In Proceedings of the 9th
ICSMFE, Tokyo, Vol. 1, pp. 347-352.

Withers, N.J., Howie, J. Hughes, J.MO., and Robert$.K. 1989. Performance and analysis of cone
pressuremeter tests in sands. Géotechnique, 3B3¥54.

Wong, J.T.F., Wong, M.F., and Kassim, M. 1993. Carigon between Dilatometer and Other In-situ and
Laboratory Tests in Malaysian Alluvial Clayn Proceedings of the 11th Southeast Asian
Geotechnical Conference, Singapore, pp. 275-279.

Wride (Fear), C.E., Robertson, P.K., Biggar, K.Wampanella, R.G., Hofmann, B.A., Hughes, J.M.O.,
Klpper, A., and Woeller, D.J. 2000. Interpretatmhin situ test results from the CANLEX sites.
Canadian Geotechnical Journal, 37: 505-529.

Wroth, C.P. 1975. In situ measurement of initiaésses and deformation characteristics2roceedings
of the ASCE Conference on In situ Measurement df Soperties, Raleigh, NC, USA, Vol. 2, pp.
181-230.

Wroth, C.P., and Hughes, J.M.O. 1973. An instrunfenthe in-situ measurement of the properties of
soft clays.In Proceedings of the 8th ICSMFE, Moscow, pp. 487-494

Yu, H.S., Schnaid, F., and Collins, I.F. 1996. A& of Cone Pressuremeter Tests in Sands. Jooirnal
Geotechnical Engineering, ASCE, 122(8): 623—-632.

Yu, H.S. 2004. In situ soil testing: from mechanics interpretation.In Proceedings of the 2nd
International Conference on Site Characterizatiames K. Mitchell Lecture, Porto, Portugal, 3-38.

154



Zergoun, M., O'Brien, J.A. and Broomhead, D. 200/anscanada Highway — 200th Street Langley
Interchange British Columbia Canada — Part 1: FéksObservationsin Proceedings of the 57th
Canadian Geotechnical Conference

155



APPENDIX A Seismic flat dilatometer (SDMT) profiles

156



WTEEC Yidap e\

T T T T T T T TTTTTTTTIT T T[T ITT TTTTTTTTTITTITITITITITITITT T T T T T T T T T T T T T T T T T T mN
| |
L 3 L L S LL L Lo LL L L 'L
s ”0// ” oK _
L L L N L L L L L L L L+ s
| * | WM [m}
L L L ! L L L L L ,M L L L r W vm .
* ! % 0]
| | [ = .
[ | ! ¢ [ [ [ R ”m R [ b\be\ ° &V& o %
L - L | L L L L Lo L L L el X "
| * | ~® X, In}
L 4 L ! L LoL L M oL Lr oo Mm L
| 1 | L OM/I/\o 2 n__
- - - I = - - - Fo = F = @/ée *x ok
” 1 ” r I
L L L L L L L L L L L P, ik
i I O | Il Il Il b 3
| “ f L MU X%E
I T T I T i O i
i I L Lol i L LT g g
! ‘ Yot
L L L , ¢ L L L L L L L L o o =
Aw ! 4 \ m// XM /W\
‘ S R O T ‘ T ! § oSy
- - " Y -t = r = r - - Ty, %o
| 4 r o w w
L - - | 4 L - L L L L L L %4:/ U
A ! | ‘ 7
L . ” ) L L L L L t,h L L Lo m?/ X W\
L L L , “ L L L L Lo L L _— o
L | L " ’ L L L L L " L L L m\% WMxm\
Wiod 9IpuIS - o-- | 2 ! i % X
[ ueaw | ! \ [ e — 1 - r — L & MA\ S
| oewoss | | Lo | L L L L L | ws ¥
o/ r )
L =l L ! 7 L L | L Lo L L L [ % --- o
i e S L L W | L6 oo
* m | d --e--
|- [ [ | L [ - [ | | | L L L Eo
| pues | Kelo d -
T T T 7 T T T ::i:;:::: ,,,77,;,,,7777 7 MITTTT T TTT T:::, T 7 T T T T T T 7 7 0
08 o 0 ST T S0 O S0 08 09 Or 0Z O O S ot T 10 100 00F 002 0 000% 0002 0
°3f9 N (edW) °3 oy, 9 (s/w) SA Ecppinssaid
Sz _ _ —_ _
2~ WO/ VIN/OLI :MalDd oniT 1d2-09n :bry wWT6¢g -yidap "xepy uoIeIsgns ¢ ppM -uonedo Om D
frieieX: 0] Z00Z/OT/E :2veq WwosT ="1'M /N 0G8T =4 T0-IANG :Buipunos

157



woove yidep e

(w) ydaa

o4dn

T T T T T T T TTTTTTTTIT T T[T ITT TTTTTTTTTITTITITITITITITITT T LLLLSULALLAL SLALLALY AL T T T T T T T T T T T
I . L | L | Il
/,/VQ | I
: R S - S -t -
[N | g
- I | 4 I = I I I I | I - I ™ [c
‘ I S - L - 4
” ¢ f = o
r — r | 4 — r — T — — T — .\m\o\
L - ” M - = = = - = ” - = = \@i:/é
| 4 | onw,
, L
\ S R = RN I T
- - I 4 - - - r - Fo - - -
‘ I S | I l ey
” u ” r <8
i R I R Tl L %
+ + [ D S S FooF FooE . + .
| L | L
L L ! 1L b L S : L L
| * I [ P
i R S T o T . o8
i SRR Ml Ml
= [ , $ - + = . . = | @,,w
L [ " m [ - [ L L L | L L [
B | ” -
| |
r r ” < r [ [ r [ r m.A r r r L
= L ! $ t - ook FooE FooE -
uI0d 8pUIS --@- - | ¢ | [
[ ueaw T ! “v — T 0 -7 T b
| omewoss T | | i L L L L I T LL L L
4 " * " o
= E = L - H - Foor Foor FooLn o---
| L | .,N L | I L | |9 @
",c M " L -
[ [ | [ [ [ [ [ [ [ [ [ [ d --x--
I pues Ke|o
T T T 7 T T T ::i:;:::: ,,,77,,77,,77,, T 7 T MITTTT T TTT T:::, T 7 T T T T T T 7
08 oy ST T G0 O S0 08 09 OF OcC 0 o1 S 0 oO1f T 10 T0°0 00¥ 002 0 000V 0002 0
309 on (edin) °3 % o (s/w) SA (Ecpipinssaid
N
1~ SYIN/Odl -MalDd oniT 1d2-09n :bry WO0E :uidap "xen uoIeIsgns ¢ ppM -uonedo
| EN Z00ztT/| :8ved WwosT ="1'M /N 0G°8T =" A 20-IING :Buipunos

158



WSTIT :Yidap xe N

(w) wde@

T T T T 17 177 TTTTTTTTT TTTT LLLIARALLIY MALALY LA MTTTTT T TTTTTTTTTT T TTIT T T T T T T T T T
. ik )
L L LoJ_.- L L L [ L A oL
; n R
® %, o ,eMD |
r — K — — I r r @Uxu - ST
\ RN ¢ X .
+ L ex O \
L L L * L L L . L L %% L
N X O !
{ ! to
‘ - ‘ ‘ - ‘ R
m,v Vo mea !
‘ o ; ‘ S ‘ ‘ A
xXO |
! | | & :
i Cole i B i i o i
» | | o ,
: S . S ‘ ‘ Bo | o
| | q X .
4 nE P
+ = - & = - F Fooo | - = VB
vl o Wx“ﬁ_ .
¥ I oo !
L L L L L L [ | L L & _ L
i N KL
b i o |
L Lok L L oL L L IS
¢ R x )
¢ L éxo
) L ox !
r r r r r r I r r oxa ¢
» al g |
‘ S - T ‘ ‘ o i o
,_* N | \&Wxn_ \
L L Loy | L | Lo B L % L
N s P A
| * N | \@n M o}
‘ oy ‘ S ‘ o
I i I I X X !
! 1 | | R “x
r r ro * r r r ro I r N —--—Ty X o
| | | o X
jiod 9jbuIs  --e- - I I I d o e,v xx
[ ueaw B mo B [ B r | [ d o--e-- [
ouewos " U:m,w ” Ke|o od --x--
T 17T 7 T 17T ,,,,77,,, TTTT T T 7 MTTTT T TTT i:::, ,,,,77,,,77,,, T T T T 7 T T T T 0
0s 14 T S0 0 §0- 0T 0 o1 S 0 T T0 100 00€ 002 00T 0 000T 00S 0
°3f9 N (edW) °3 oy, 9 (s/w) SA Ecppinssaid
S R - —
RN MIAW/HC/OH -Ma1D X7 39 18UD by wSrTg -ydep xew SSedBAQ 19911S YIOE :uol1edo Om D
s | L /00¢/S0/E 8red wose ="1'Mm

JU/NY00ST = A

£0-LIN@ :Buipunos

159



WO0ST \Yidep xe

T T T 1T 17T TTTTTTT ,\&0 TTTT T TTTTTTTT T T TTTT TS==<_UT T T ST
| g | e X |
| ¥ | o) x o
I | » X !
r roe r r r I r r r r & X o -
[ I el X
. 4 I Mb x ot
| -
I NN I I L -] | el
| AN | @ X |
I * | o, x O
| | | p x !
r mo » r r r | r r r r S X o
I s | el x .
[ 4 N ox ol
1 x .
1 - L L Lo Aw Ll L St ail
'\ al X
” L 4 ” ) d ” o X ot
| \ 1 | el X !
" o * — — — o &l — r — r » x 0— 01
| ,_4 Ry | o M o
o 18] £ 40
r mo » - r r ro I r r - - & X O
o R N R
e [ 4 o X 0 '
! \ | & ox
r ro 4 r r r o g r r r r @ X o m
| _r (RN ® X <
I NN 4 x ol =3
| | [ PX —~
r ST 2 r r r o W r r roor oX o 3
| M (Y% n\sw g
| | | |
i X
I o I i L | | Sl
| N | \,VH\ | g x
| \0 [ ! op\\\@ VMA O
I A - S | | UL
o o | ] X
R NN PXo
| N [ ) g X
r ro * r r r Ty r r r r .%H o
I N I -
[l x’
‘ . I I ! Av l RS
” L d o 90X
| I i T o X
| | | | | R I | | | | d --e-- Anvmx |
” ) - .
| | T T I I -8 X
| K] o=z7 x
pulod abuls --e-- Fo + = Foro v FooF oo R Xk
ueaw ! ] -o7® %
EIDETTEY) | puss el | Keio % Tax
T 17T 7 T 17T ,,,,77,,, TTTT T 1T 7 T T T T T 7 MTTTT T T T 17T 7 T 1T T T T T 7 T T T T 0
0s 14 T S0 0 §0- 0c¢ oT 0 0T S (0)% T 10 T0°0 002 00T 0 000T 00S 0
°3f9 N (edW) °3 oy, 9 (s/w) SA Ecppinssaid
>z R - R
RN SINSYIN/OH :MaID SPnIL 140 0dn By woos -ydep xew "0’d "PUOWIYDTY "Peoy a3AJ -uol1edo m D
fcsvife 1210 8002720/ :ored woss ="L'M /NS 00°OT =" A 70-LIN@ :Buipunos

160



wo00e Yidap e N

T T T 1T T 177 TTTTTTT ,4 TTTT P, T T T T TTT TTTTT ,P,:: T T T T TTTTT T TTTT T TTIT = T T \Wn, LI ON
B! H O
r mo * r r r S r r r r p\u@ xx o
/ " ¢ il / o >0
r ro 2 r r r ro W, o r r r r vw B
v B X, .
” ¢ PN b4 F R
r ro r r r roaogdii| r r r r & % pr
I B AN =~ X 0
h I \ B AR w/ X
r . mo r r r D (R r r r r o X0
o | 1 U R R 4 © \\va u
I 3 L | L I I LT
I g o % o
i L L I | ]
I ¢l ] Q xx 4
| RIEEIE % X i
r ro r r r D r r r r e M -
| | [ | w X W._
I RN X
r mo r r r D (R r r r r @ ¥ -
\ PYREIN & X
| | | | | Loy | | | | < xv_A o
! B AR I g
I [ IR &7 x7 il
r = = T — o gl = r = T e X " 0T s
” | IR $ 11 3
i | i P R ] | g wmx M‘
I | L I L L e 4
| F4<ENIN 9 x 1
| RIEEIE o} ¥ 1
r ro r r r roay o r r r r 3, X o
I R e Nl
L L i | L L LA | B . | L @ﬂﬂ/.a X/x &
" 90 o %
I | | B ENIN W X
r s o — R (A — T — & vw — G
&« I I Vo, I ,uMWNA
| RN | | | | Ry AN | | | | a X |
” SHR N |
et | | [ | [C 3
r % ro r r r rodit r r b r rd o o\ovww
I P4ENIE Y
| | | | | | o | | | | d -e-- z@/ X
wiod ajbuis -e-- | ” quv " o --x-- \@\ww@_ﬁ
r ueaw r " r r r - "W " " " r 3 = = \o\\Q Y
P o
oHiBoss " loues®uis| | Aeio Fooeeenl o e
T 17T 7 T 17T ,,,,77,,,77,,, T ,7 1T 7, T T 7 T MTTTT T i::,, i:::, ,,,,77,,,77,,, T 7 T T 0
o7 S T S0 0 S0- 09 oy (74 0 o1 S 0 o1 T T0 100 00€ 002 00T 0 000€ 00ST 0
°3f9 N (edW) °3 oy, 9 (s/w) SA Ecppinssaid
S - - —
Z < Jdme1y  SPNIL 140 odn By w00@ uidap "xe (Hod UBLIN0S) PULNL ASSSEA :UOIe0] S9N
fcsvife 1210 800270/ :ored wooe ="L'm sW/NJTOG8T = A+ G0-LN@ :Buipunos

161



WO0ST \Yidep xe

T T T T 1T T 1T ,,,,,,,\»ﬂ,,,, T ] TTTTTTTT T T TTTT ,,,TI,I@,VQA,,L.
R ” ot o
| >e | ¢ x ol
roa¥ r r Fo r r r % M 0o
” w, ” _-b% O I
[N | | &I X \
ro % r r ;L r r r R =
| N [y | K S |
I * | | o x o
| w | P » M D_.
™ | ™ ™ B | | ™ B - ~o \ [
oy A Ao
IO I | I S
| .r | | & X |
| | | \\\O X 0O
| » TS | [ X ol
ro _ﬁ — I , — r r //Mxx o
” 4 ” I aw ol
| i | | | | | | gwm W
| * | | $Xx O.
| ! | l oxX
4 | | bx O
| \ | | ¢ x
. 4 r r ro | r r r JQW_M o
” + ” d ox Ol
. | bx o
ro W r r ro { r r r avw =hy
” 4\ ” | e X 0
- L3 - r - | r r q r -0 X Of
| /, | [ I . R R N o X
| » | 4 | ossll X, o
| / I ? TTeeeTX
o * — — o | — r q - R/e x* o—
” ” * ” \&%
! | | @ x
ro r r ro | r r r b Xk
| I e\mx
L i I Ll ILEEEE ¥ A
” ” L d o w_vx,
” ! d o--e-- b %
[ L L Fo L L og s &,/Mk\
| | P
Tw | | * o,w“. X
Huiod aibuis - o-- Lo L L L L o S L
ueaw ! | T e
2118W099 | puesflws| (ke | | | [|TTTTTTmmeee—-- o -~ x
,,,,77,,, ,,,,77,,,,,,, ,,,,77, ,7 T MTTTT T ,,,,77,,,77,,, ,,,,77,,,
0s 14 0 T S0 0 §0- 0c¢ 0T S 0 oO1f T T0 100 00€ 002 00T 0 000T 00S 0
3P0 in (ediv) 3 oy 9 (s/w) °A Edpinssaid
S R - R
2~ SYIN/Odl -MalDd SONIL 140 Odn -6y woos -ydep xew "0’d "PUOWIYDTY "Peoy a3AJ -uol1edo
e r: ] 800c/70/T :8ted WooL="L'M W/NST009T =" A 90-LING :Buipunos

ST

ot

(w) wde@

o4dn

162



W00ST Yidap xe

T
o,
Sex

oo
x5

o
>

oqRTRREITRERY )

RA- mﬁ-’?—‘%&’g\g _-Q_Q_—Q_—Q'?(:

<
_- ‘

N —-— 4
L L L d --e-- WA |
| d --x-- Q%
r uiod 9lpuls  --@-- L | L L ewwm L
ueaw |
omawos ncmw ” feio
T T T T 7 T T T T T T 7 T T T T T T 7 T T T T T TTT i:::, T T T T 7 T T T T T T T T 7 T T T T
00T 0s 0 OT S oT S 0T T T0 100 o00¢ 00T 0 000T 00s 0
93P (ed) °3 oy 9 (s/w) SA Ecpipinssaid
N
Z1< MIAN :Mai1d 7X7 381800 By 00§ dep xe SSedBA0 N00IGR[D :uoned0T
et I8 ] Z002/S0/® -8red WosT ="1L'M {W/NY 08T ="+ Z0-ING :Buipunos

ST

0T

(w) yideq

o4dn

163



WGZOT :yidap Xe\

T T T 1 T 1T 1 717 TTTTT T T 1T TTTT T T T T T T UL T T MITTT T T T T T 1T 1T T T T T T T T T MH
| | | |
" RiE _
r r ro r r ro | r r "
| | | .
! | | _
| | | \
r r ro r r ro I r r r
| | | !
! ” ” _
r r ro r r ro | r r o
| I | .
| | | !
I I I \
r r ro r r ro | r r T
I I | |
| | | N
3 e — - - F e DL ot
ﬂ, ” (>3 _
ﬁ | (uI
H | &
i | Wu !
t ” %
- S - FoE Eot boil 9
' I X ©
g , o 5
L I X =
- = = - - o - - oxO |, - 3
,,_0 I &QWMD ! =~
- J | & !
T g i T T il
* | o0 !
I e - - | Bl
,ﬂ_ | %
i I ex !
|- |- |- ‘_ |- |- |- | |- | %_\
[ | [« o
& * | &u_
‘ ‘ L 1
” ” d o %!
0
” ” d --x-- QX
huiod abuls --e--31 | L L L L \bmx |
ueaw | | - " X
BINENELY I A | & %<
| pues Ke|n © S
,,,,77,,, ,,,,77,,, TTTT ,,77,,, ,,,,7 T T TTTT i:::, ,,77,,, T T T 7 T T 0
00T 0s 0 T S0 0 g'0- 0T S 0 ot S 0T T T0 T0°0 002 00T 0 000T 00S 0
oY) N (ed) °3 ay, q (s/w) SA (eppinssaud
Sl _ _ R
o~ dr/odl \mal) G\ 32 3au0) “@_W_ WwaetT ”—\_HQQU XeN SSedJeN0 YM00ICR | :uoled0T Um D
s e 800¢/S0/® :ered wosT ='L'M

/N 08°ZT ="~

80-LING :Buipunos

164



wo00e Yidap e N

o T UL T o MTTTTT T TTTTTTTT T T T TTT h ON
:::,\,\:::::, ,,m,,,,A\z’, TTTT T T T T T 1T W%O\K\LL”‘A T T T T Wl\,\va_H_
B I i AL S I ,
Y = % f
L o - - - - o | N Sy 2
o SN 4 1
r ro * r r r r S Y r mmu/ X
y ® X
o 3l Fa.
i T i N i > ¥
| ! | o Q\Q X
+ = ¢ = r — = V, i r & VWM ST
Y < E Ay
r Fo ¢+ r r r A W r AN X
| | I w, o o/\® vw
i I I N e
| o ,A o @/DMI wm)
I v €] -9 x
r Fo 4 r r r r S AR I r ® X
I p ,M frfo “a x
| R NRE N ® X
r Fo 1 r r r r Fo ol r 2 Xxx o
" 1 ” A ” ” " @«/u X m
r = + — r — S SR r 2 M ot =
: ) B e 3
r ro ¢ r r r r rorg ] r \Q\uwo
| , R AR o VNA
I | | | R R | ) X
I R A0 o4&
I 1 il %
r Eo ¢ r r r r o r %o
| * Yl | Loy
| | o o X
r ro + r r r r r o r % X
ot Y R
r o ’ = — = r €] r QW K s
| R | I RHE I 133
] {0 €,
‘ I N i e I %3
- 1 <Y
@="" I . T~ le | N .-
T~ I | g
‘ o ‘ pine “ o
| luiod 9lbuis - - e-- . L L o L W ! | d --e-
o_:m&_ww% — | puedTus| | feio R SR o
::7::7::7:: ,,,,77,,, TTTT T T 7 T T T T 7 T MTTTT T T::,, T:::, ,,,,77,,,77,,, T T T 7 T T T 7
0 ST 0T § 0 T S0 0 G'0- 00T 0s 0 o1 S 0 o1 T T0 002 00T 0 0o00v 0002 0
°3f9 N (edW) °3 oy, 9 (s/w) SA Ecppinssaid
e R . — -
RN SYIN/OHl -MalD ST 140-0dn :bry wo0@ -yidep xew Afed UGSIoled -uoied0T]
antisa - [eTaTavde'aY o 2 woro = L'M NS e ar =84 e O m D
nusa | VEHN 8002/90/ -8red = W/NX 0981 = 60-LING -Buipunos

165



APPENDIX B Lateral stress seismic piezocone (LSSGPIrofiles

166



i
]
1

1

‘ I
|
H:o:mn_mﬂmm_w * ﬂ

v

o€

— S¢
— 0¢
o
[¢)
o1 =
=y
—~
3
~
0T
S
0

L L L L - 1sa1 . 1s81
uonedissig * uonedissig *
L L L L Ll % —--— L N —-— L % —-—
1s81 )
t uonedissig * - - + L ST L ®n L n W
= = = = = \\ = = =
neajiuag no pejua no pejuag no pajuag no pejuag no pejug
T 17T 7 T T T T T 7 T T 17 7 T 17 T 7 T 7 T 7 T 7 T 7 T 7 T
0T S 0 002 00T 0 T S0 0 0ST 00T  0S 0 0ST 00T  0S 0 0ST 00T  0S 0
S ) S ST, € 4
(req) 5'o (1eq) b (1eq) °} (0H Jo w) &'n (0H Jo w) n (0H Jo w) “n
N
IS

ONILSAL
nus-u [ DL

19 VIN/OH 2MaID

8002/90/T :81ed

Sonar 1d2-0dn :6iy

wosT ="1'M

woog ‘ydap xew

/N 0G°8T =" A

UOTEANS ¢ PPM :UONeI0T

T0-OST :Buipunos

o4dn

167



(w) ppdaa

nes|ua no paua no paiua no pa|iua no pa|iua
20 T ,o 0 8’0 v.,o 0 T m.,o v.,o 0 14 N, 0 00¢ OLH 0
Slop) b0 °g (%) (req) b
N
‘I~ TaRVIN/OL :Ma10 SpNiY Id0-04n 61y w0'g ‘ydap ‘xew UOTISANS ¢ PP :uoedo
wesogn

800¢2/90/d -°red

wosT ="1'M

JU/NY 0G8T = &

T0-0ST :Buipunos

168



J€

14

0c
o
[¢)

o =
=
—~
E)

0T

S

0

L L L L L 'S L L
|- |- |- Av |- |-
L L L L 1591 < L 1591 L 159)
1sa1 uonedissia * uonedissia * uonedissiq *
uonedissiq * N —-— n — . — n —.—
L L L L s L L e
| nopajua | nopajua | nopajua [ o pajua | mopajua | nopajug
T T T 7 T 7 T T T 7 T T T 7 T T 7 T 7 T 7 T 7 T 7 T 7 T
ot S 00¢ 00T T S0 0ST 00T 0S 0 0ST 00T 0S 0 0ST 00T 0S 0
s1 ) s s1 € 4
(req) >'o (req) b (req) "y (0H Jo w) *™n (0H Jo w) *n (0H o w)°n
N
<~

ONILSAL
nus-u [ DL

T VIN/OH 2MaID

8002/90/T :8req

Sonar 1d2-0dn :6iy

wosT ="1'M

woog ydap xep

AU/NY 0S8 = A

UOTIEISONS ¢ PPM :UOIeI0

20-0ST :Buipunos

o4dn

169



o€

+ - + — + - + + - sz
+ - I — + - + + - oz
L L L L L L L L L O
@
= - - = - = = o1 2
+ - + — + - + + - ot
+ - I — + - + + .-
L L L L L < r L L L
L B L L L A L L L L
[ ngaua [ i o pa|ua N [ o pajua [ [ no pajua [ [ o pa|iua i
T T T T 7 T T T T T T T T 7 T T T T T T 7 T T 7 1T T T 7 T T T 7 T T O
z0 10 0 T 50 0 2T 80 v'0 0 v z 0 002 00T 0
Slof) b0 g (%) (req) b
S
ah 19 VIN/OY ‘MalDd Yonir 1d42-049n by wo0'g Ldap "xew UoIeISgns ¢ PPpM :uonedo]

prteliinl O m D

8002/90/TT -8red wosT="L'M {W/NY0S8T = & 20-03T :Buipunos

170



T T T T T T 1T T T T 1T T T 177 L nrrTr T T T

I
(w) yda@

L L L L L L \ L L — |
\ M =
[ I - [ [ . I .W g
1S9} co_umn_mw_w * co_%g_wuww_m * co_umn_wumm_w *
r [~ uonedssig Foor = For For N =
N —.— N —.— N —. —
[ [ [ [ [ [ ST e €n \\ R n [
1T 7 1T 7 1T T T T 7 T T T T T 7 T T T T T T 7 T T 7T 1T 7 1T 1T T T 7 1T 1T 1T 7 1T 1T O
00E 002 00T 0 oI S 0 002 00T 0o T 50 0 o0z 0T 0 0T- 02 0T 0 0T- 02 o1 0 o1-
(s/w) °A (feq) S'o (1eq) b (1eq) °y (0H Jow) *™n (0H Jo w) *n (0H Jo w) “n
SN
71 SYIN/OAl :MalDd onuT 1d0-049n by wo0'@ :yidep xep PUUN L ASSSEA -uoieao

mogn odn

800¢/90/2 ‘°red woce ="L'M W/NS 06 8T =" & €0-0ST :buipunos

171



or4

\
S
(w) ydag

| — — | AI — m
T 1 71 7 T 1 71 7 T 1 T T T 7 7 T 1 T 7 T 1 71 T 1 T 7 T T 7 T 1 T 7 7 O
oe (014 0T 0 %0 20 0 €0 20 T0 0 20 T0 0 T0- Z 0 002 00T 0
bffo Slop) b0 °g (%)™ (req) b
Nz
dh SYINDH :MaID Soniy Ig0-0dn by wooa@ :ydap “xen PUUN ASSSEA -UOIed0™]

INILSIL
s [ ELL

800¢/90/8 -8red

woce ="1'M

{U/NY058T = &

€0-0ST :buipunos

172



nr 1T

1s8)

<

)
=7
\

L 4

1s91

1s91 r

4

ST

0T

(w) ydeq

uonedissig uonedissig * uonedissig *
[ 159} [ [ [ [ [ ..nA [ [ J [
uonedissig * N —- - N —. — N —.
[ [ [ [ ST [ [ €n [ [ n [
T T 7 T T T T T 7 T 17T 7 T 17T L 7 L L L 7 L T T L 7 L L
ot S 0 00¢ 00T T S0 (014 oT 0 oT- (014 oT 0 0T~ 0c ot 0 0T~
(req) o (req) b (req) ° (0H Jo w) ¥'n (0H Jo w) n (0H Jo w) n
Nl
dab SVYIN/OH :MalD oy 140-049n 61y wo0@  ydsp "xenw pUUN L ASSSEA :uo1ea0 ]

SNILSAL
nus-u [ HIL

8002/90/% :@req

woce ="1'M

AU/NY 0S8 = A

¥0-031 :Buipunos

o4dn

173



W

(w) ydag

174

7 T T T 7 T T T 7 T T T T T T 7 T T T T T T 7 7
v'0 20 0 €0 20 T0 0 20 T0 0 T0- 14 Z 0 002 00T
Slop) b/Sl0 "9 (%)’ (req) b
N
dah SYIN/DE :Ma1D Sonar Ido-odn iy wooad wdsp ‘xew PUUNL ASSSAAl :U0IeD0T

MIDAN | oreeEareq WOCE ="L'M LI/NT0G 8T =4 ¥0-081 :Bupunos




- _._%V

2

I
(w) yda@

Vo

AT
I
Te]

L L L L L L L 0= L L L %
i L L L | | L Pl
co_En_.n.Hmm_M * \ :o_Hmn_.n.u.n..n._mﬁw”_H :o_En_mu.n..n._mﬁw”_H * _M
i I [ I % F % —-— N == M
= FooF co_%a_mumm_w”_H . FooF - L ST _ FE o —— E W H
i no psjjua i i no psjjua i | nes|jua i i no psjjua i i no psjjua ol no psjjua ol 1no psjug i
T 17T 7 T 17T 7 T 17T T T T T 7 T T T T T 7 T T T T T 7 T T T T T T T 7 T T T T T T 7 T T T T T 7 T T O
00¢g 002 00T 0 0T S 0 00¢ 00T 0o T S0 0 08 oy 0 08 oy 0 08 oy 0
(sjw) °A (req) S'o (req) b (req) °) (0OHJow)®n (0HJow) (0HJow) M
N
71 SYINDA :MaiId PN Id0-04dn 6y woo@ :ydap xen S{ed UOSBTRY :UoNeao U m D
sl JE 800¢/90/E -oreq wWoyo ="L'M [N 068 =4 S0-0aT :BuIpuNnos

175



L ==

—_— | |
=

— ]

(w) ydag

o pajiug ngajua o pajuq no pajua o pajua o pajua
T 1 71 T T 7 T T T T 7T T T 7 T T T 7 T T 17T 7 T 17T 7 T T T T T 7 T T T 7 T
09 0e 0 %0 20 0 80 70 0 2T 80 70 0 Z 0 002 00T 0
bffo Slop) b0 °g (%)™ (req) b
Nz
dh SYINDH :MaID NI Id0-04an by wooa@ :ydap “xen Sed UGS TR :Uuonedo

INILSIL
s [ ELL

800¢/90/ -31ed

{U/NY058T = &

G0-OST :Buipunos

odN

176



00¢ 00T

N
AN

INILSIL
nuswr (DL

— 0Z
— ST

)

L @D

=

>

— 0T ~

3

L =
— S
0

0 8 14 0
(yeq) S'o (eq) b (1eq) °y (0H Jo w) S'n (0H Jo w) n (0OH Jo w) n
SYINDA :Ma1D P 1d0-0dn By WSz/°@ :ydap xep SSedeAQ Y00Ige[® :UONeI0T

800¢/.0/® 3red

wooT ="L'M

LU/NY08ZT ="~

90-0ST1 :buipunos

odN

177



(w) ydeq

08 ov

blo

m,_.O\mu_.

,
0 80 70 0

b \2 o

(%)’

(req) o

AN %
ZIN

ENLLSIL
nusw [DH

SVYIN/Odl :Mald

800¢/L0/® 9red

ona 1d2-0dn :6iy

wooT ="1L'M

WG/Z @ uydap "xeN

/N 08°ZT ="~

SSedBAD YO0IR[D UoIed0 ]

90-0ST :Butpunos

178



0c

H — H — H — &t
i i i i i i )
L L L L L L (9]
=l
H — H — H — ot \M
I I I Ll 3
H — H — H — S
. . . . . (.
co_Hma_mw_M * co:mn__w“mm_w * co_Hma_MM_M * co:ma_wymm_w * _
T i i n —.— i i N —.— i n —.— i
[ [ [ STh [ [ en [ n v\
T T T 7 T T T T 7 T T T 7 T T T T 7 T T T T T T 7 T T T T T 7 T T T O
8 14 0 0c 0T 20 T0 08 ov 0 08 ov 08 ov 0
(Jeq) S'o (req) b (1eq) ° (0H Jow) S'n (0H o w) *n (0H 1o w) “n
N
db SYIN/OA :MaI1D o1 140-0dn 6y WS/77@ -ydap xepy SSedBAQ S00ICR[D :uoned0T] UMD
nuisul JE 800¢/0/® :ared wooT ="L'M {U/NY08LT = & /0-0ST1 :Buipunos

179



(w) ywdaq

INILSIL
nusa | JHL

T0 0 80 ¥'0 0 T S0 0 14 Z 0 0c 0T
Slof) bflo g (%)™ (teq) b
SYIN/OH :Mai1Dd ST 1d0-04dn by WSZZ@ yidap "xep SSediBAQ 00ICR[® :U011ed0 ]
8002/L0/® -ared wooT ="L'M U/NY 08°ZT =4 70-09T :6uipunos

180



