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Abstract

Abstract

The cone penetration test (CPT), togethéh its recent variation (CPT)Jhas become the

most widely used Hsitu testing technique for solil profiling and geotechnical characterization.

The knowledge gained over the last decades on the interpretation procedures in sands and clays

is certainly wide, whilst very few contributis can be founds regards the analysis of CP)(u

data in intermediate soils.

Indeed, it is widely accepted that at the standard rate of penetnatroBQ mm/s), drained
penetration occurs in sands while undrained penetration occurs in clays. Howpue)em

arise when the available interpretation approaches are applieshe measurements in silts,

sandy silts, silty or clayey sands, since such intermediate geomaterials are often characterized by

permeability values within the range in which partiedinage is very likely to occur. Hence, the

application of the available and wellst abl i shed i nterpretatmon pr
darddé clays and sands, may result in invalid
This study aims at providing a betterdemstandig on the interpretation of CPTthta in

natural sand and silt mixtures, by taking into account two main aspects, as specified below:

1) Investigating the effect of penetration rate on piezocone measurements, with the aim of
identifying drainage onditions when cone penetration is performed at a standard rate. This
part of the thesis has been carried out with reference to a specific CPTU database recently
collected inaliquefactionpronearea Emilia-Romagna Regiaritaly).

2) Providing a betteinsight into the interpretation of piezocone tests in the widely studied silty
sediments of the Venetian lagoon (Italy). Research has focused on the calibration and verif
cation of some sitgpecific correlations, with special reference to the estimaterapress
bility parameters for the assessment of lemgn settlements of the Venetian coastad d

fences.
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Chapter 1 Introduction

CHAPTER 1: INTRODUCTION

1.1.Background

The cone penetriain tests (CPT/CPTu) are widelysedin situ testing devicesor site cha-
acterization. The basic measurements obtained are the cone penetration resgigtdheesleeve
friction (fs) and in the case of CPTu, the pore water pressijre§uring CPT at standard pen
tration rate of 20 mm/s, it isell accepted that fully drained conditions prevail for sasid
fully undrained conditions prevail for clays. However, CPT interpretation in intermediate soils,
including silty soils and a large variety of mixed soil types, is a rather complicated nask si
patially drained conditions may pertain at 20 mm/s. Hence, interpreting properties ofenterm
diate soils with methods developed for eitdeained or undrained penetoat, may inducen-
correct estimates of soil parameters.

In recent years, the isswé partial drainage conditions during cone penetration tests has
been tackled by several researchers (e.g. Schetagd., 2004; Randolph and Hope, 2004;
Schneideetal., 2007), all emphasizing that the preliminary evaluation of drainage conditions is
of crucial importance in order to properly interpret the in situ soil response.

As observed by Randolph and Hope (20@4impleand effectiveprocedure to analyse the
effect of partial drainage on piezocone measurements and to detect the transition point from
undrained to partially drained and drained responses is to conduct penetratiam difstsent
penetration rateg.he influence of permtion rate and soil drainage conditions (horizontaf-coe
ficient of consolidation) on the consolidation conditions can be captured by thdimensional
penetration rate (Finnie and Randolph, 19943, v-d/c,,, wherev is the velocityd is the diane-
ter of the cone and, is the coefficient of consolidation. Normalization pénetration rate and
CPTU measurementcounts for data at different depths and enablégeriwe trend curves of
cone penetration resistance and excess pore water preBsaned conditions prevail during
slow penetration, whereas undrained conditions prevail duapg penetration.Within this
context, experience has been mainly accumulated in centrifuge tests using laboratory-reconst
tuted samples (kaolin clay and siltyag). However, there have been less contributions based on
results from field tests and full size penetrometers (e.g. &ial., 2008; Tonni and Gottardi,
2009; Schnaieétal., 2010; Suzuketal., 2013.

Over the last decades, the silty soils of the Viandagoon (Italy) have been thoroughty i
vestigated. The analysis of the large amount of data collected over the last years at the Treporti
test site (Venice), confirmed the great potential of cone penetration test asiannrethod, &
pecially for statigraphic profiling of the predominantly silty sediments of the Venetian lagoon.

However, the experience gained on the interpretation of piezocone data also revealed significant
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limitations of the existing approaches for the characterization of suahesadiof the Venetian
lagoon, thus suggesting a critical review of empirical and theoretical formulations in relation to
their applicability to such soils (Tonni and Gottardi 2011). Indeed, due to the essentially silty
nature of such subsoil, partial draige is very likely to occur during cone penetration at the
standard penetration rate (20 mm/s). Accordingly, more suitablepstafic correlations, with
special reference to compressibility properties, have been recently proposed (e.getabnni
2010; Tonni and Gottardi, 2011; Bersairal., 2012; Tonni and Simonini, 2013).
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1.2.Aims and objectives

The aims of this research ameprovide a better insight into CPThased geotechnical aha

acterization of intermediate sof{lsilts, sandy silts, silty or clayey sands), taking into account that

in such intermediate materials partial drainage conditions are very likely to occur during cone

penetration. This will be attained by the following objectives:

T

Execution of a set of piezone tests with various penetration rates in silty sand deposits of
the EmiliaRomagna Region (Italy).

Interpretation of such cone penetration data, together with a number of associated dissip
tion test measurements, according to advanced procedurefiyrgmeposed in the litex

ture.

Interpretation of a set of offshore piezocone tests assembled over the last years at the three
Venetian lagoon inlets (ltaly), carried out prior to the recent construction of some coastal
structures along the coastlin€lassification of Venetian sediments from piezocone srea
urements has been performed using somekmelvn classification charts.

Prediction of the longerm response of Venetian coastal defences using-diomasional
settlement method in conjunction with eacendary compression coefficient profile dete
mined bythe available offshorpiezocone tests and based on a formulation recently cal
brated on field data from a Test Site located in the Venetian lagoon area.

Modelling of the longterm response of Venetiamoastal defences using a finite element a
proach in conjunction with an appropriate constitutive formulation, specificallydedefor
simulating the creep behaviour of soft soils (Vermeer and Neher, 1999); calibration of the
constitutive parameters ugisomeCPTU-based empirical correlations developed within the
research project carried out at the Treporti Test Site.

Validation of the approach comparing the estimated settlements with vertical displacement
measurements provided by a very accurate mangaystem, based on an advancedhtec

nique known as Persistent Scatterer Interferometry.
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1.3.0utline of the thesis

Chapter 1introduces the background of the research, objectives and outline of the thesis.
Chapter 2 presents a review regarding the cgemetration test (CPT) interpretation.

Chapter 3 presents the results of a field testing prograof cone penetration test o
ducted at different penetration raiasliquefactionprone silty sand deposits of thgnilia-
RomagnaRegion(ltaly). Such resus are interpreted according to advanced proceduhes.
drainage (backbone) curves obtained, relating the variation of the normalized penetration r
sistance or excess pore water pressure with the normalized penetration rate are used to ide
tify the degreef drainage.

1 Chapter 4 introduces a brief description of the interventions for safeguarding Venice from
high tides.It describes the geological characteristics of Venice lagoon soil and thelgeotec
nical investigation carried out during the last decadebkenarea, with special reference to
the in situ piezocone campaigns performed at the Treporti Test Site (TTS).

1 Chapter 5 presents the characterization of Venetian silty soils from CPTU carried out at the
TTS: soil classification and assessment of soipprties.

1 Chapter 6 extends the investigation and presents a new database of offshore piezocone tests
carried out near the three lagoon inlets, in relation to the construction of some ceastal d
fences.The stratigraphic condition dhe lagoon basin in thedlifferent areas derived,as
well as the relevant geotechnical parameters of the different soil withsspecial reference
to compressibility propertied.he longterm response of such structures is also performed
using a 1D settlement method usingio sitespecific empirical correlations recently ieal
brated on Treporti field data to determine the secondary compression coefficient profile. F
nally, the approach is validated comparing the estimated settlements with those measured by
advanced technias.

1 Chapter 7 presentsa review of the Soft Soil Creep (SSC) model formulation tedru-
merical results of the modalg of the longterm response of Venetian coastal defenses u
ing the finite element code PLAXIS. The SSC model is used for simulatirgyebp beha
iour of such soils and the results are compared with settlement measurements provided by
advanced techniques.

f Conclusions.
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CHAPTER 2: CONEPENETRATION TEST

2.1 Introduction

Over the last few decades, the electronic cone penetration test (CPT) has been established as
one of the most widely used in situ methods for site characterization. The CPT major advantages
are:

1 Quick and near continuous priafg

1 Repeatable and reliable data

1 Economical

1 Strong theoretical background for interpretation

These advantages have led to a continuous increase in the use and application of the CPT

worldwide. Nevertheless, the CPT may also have some disadvantages:
1 Skilled operators needed
1 No soil sampling
1 Relatively high fund investment
1 Can be restricted in gravel/cemented soils

Despite it is not possible to get soil samples during the test, it is possible to obtairsthem u
ing CPT pushing equipment. As recommentigdRobertson and Cabal (2012) in the Guide to
Cone Penetration Testing, it is convenient to first perform several CPT soundings to define the
stratigraphic profile and obtain initial estimates of geotechnical parameters and then proceed

with selective sanimg.

Cone rig with hydraulic pushing system

 — - :
Cone Penetration Test (CPT)

l + ASTM D-5778 Field

Test Procedures
+ Continuous push at

20 mmv's Electronic Penetrometer

+ Add rods at 1-m E S e

vertical intervals oS ancRon

< 1!
.
-
4" A o) -
o T T fs = sleeve friction resistance
‘ Sl enlargement T r
s
ul T o —» Uy, = porewater pressure
a i .

; S = measured tip resistance
Readings taken Mg V 4 P

every 1 orS cm M q¢ = total cone tip resistance

Figure 2.1.CPT per ASTM D 5778 Procedures (from Mayne, 28Dp7
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Important developments have been carried out in the experimental and theoretidal know
edge of the process of the CPT penetration and the effect of soil parameters. Since real soils are
very complex materials and difficult to be welptured in a simple model, seampirical co-
relations tend to dominate in practice even though nedrrlgra well supported by theory
(Robertson, 2012).

2.2 Test equipment and Procedures

A CPT system consistd the following components: an electrical penetrometer, a hydraulic
pushing system with rods, depth recorder, cable or transmission device and data acqussition sy
tem. Most systems used nowadays include pore pressure measurements (i.e., CPTu)s-The mea
ure of the sheawave velocity (Robertsoat al. 198@) is also becoming popular (i.e., SCPTu)
and provides a useful insight into correlations between CPT results and soils modulus. Therefore,
it is common to see a profile combining cone penetratgistanced), sleeve frictionfg) and
pore pressureuf and sometimes sheaave velocity Vs). Furthermore, if dissipation tests are
performed, the consolidation characteristics can be evaluated.

The penetrometers are usually available in two starsizes: (1) with a base area of 10°cm
(diameter = 35.7 mm) and (2) with a base area of 1%5(diameter = 44 mm). Whereas the- 10
cn? size is the original standard size, thectd version has been found by numerous comme
cial companies to be stronger foutine profiling.

Depending on the typesf soils being testedhe porous filter is usually located at the apex
or midface (; position) or at the shouldeuy position) just behind the cone tip. It can be also
positioned behind the sleevs; position).

The u, position is required by international standards for the proper correction of measured
cone tip resistance to total resistance (Campanella and Robertson, 1988). The effect of the amb
ent pore pressure acting on the shoulder just behind the conenahe ends of the friction
sleeve is often referred to as the unequalamed effect (Campanelkt al. 1982). Whilst many
commercial cones have equal ear@a friction sleeves, the unequal @mda effect is always
present for the cone resistance aad to be corrected.

This correction can be important in séifte grained soils wherg. is low compared to the

high pore water pressuutg due to the undrained penetration:

g =0, +u,(1- a) (2.1)
wherea is the net area ratio determined from laboratory calibration. It typically ranges between
0.70 and 0.85. In sandy soils, whegas large relative to pore water pressusethis correction

may be insignificant.
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Despite the increasing popularity of th&Tu, on orshore testing the accuracy and prec
sion of pore pressure measurements are not always reliable and repeatable due to loas of satur
tion of the pore pressure element (Robertson, 2009). Before each cone penetration test, the p
rous element and seor must be saturated with silicon oil or glycerin (Camparetld., 1982)
and sometimes with grease. However, for onshore projects the cone often penetrates some meters
through unsaturated soil before it reaches saturated soil. In this case, thereopegsure se
sor may be dsaturated because of suction if the unsaturated soil is either clay or dense silty
sand. Although the loss of saturation has been minimized by the use of viscous liquids, it has not
totally removed the problem.

An additional conplication is when the cone penetrates through saturated dégpsansdi or
very stiff overconsolidated clay. In this way, due to the dilative nature of the soil; theas-
ured can become negative causing loss of saturation in the sensor.

Although it maybe difficult to evaluate when the cone is fully saturated, in groundicond
tions where the soil is mainly soft and the water level is close to the surface it is possiBle to o
tain good poe water pressure measurements (Robertson, 2012).

Despite pore presselmeasurements for onshore testing may be less reliable than cene resi
tance, it is suggested to obtain them. Pore pressure measurements allow correcfionue
equal end area effects and provide a qualitative evaluation of drainage conditiongtoutesy
and helps in evaluating soil classificati(Robertson, 2012)in addition, dissipation tests allow

evaluating consolidation characteristics.

Cross
A sectional area
(top) Ast

Friction sleeve
surface area As

Cross
sectional area
(bottom) Asp

Cross
sectional area

Figure 2.2: Unequal end area effectdmction sleeveand cone tiggffrom Robertson and Cabal, 2010)
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It is well-known that sleeve frictiofy measurements are in general less reliable in campar
son to cone resistance in most soft fgrained soils. The inaccuracyfymeasurement is mainly
due to the unequal end area effects, surface roughness daé¢hie,dblerance in dimensions-b
tween the cone and sleeve and load cell desidrcalibration (Lunne and Anderse2007).

I n t he #aet®OcOne designb bena popular because tife improved robustness.
In suldraction cones thé; is derived by shtracting the tip load from the total tip forceupl
sleeve. Nevertheless, in dtdxtion cone designs any zero load instability of the load cells results
in a loss of accuracy in the calculated sleeve friction in soft soils. Hence, for accurate steeve fr
tion measurements in soft soils, it is recommended that cones have independent load cells
(Robertson, 2012). Figure 2.3 shows designs for cone penetrometers usngepiarated load
cells or sulraction load cells.

With good quality control (surfac@ughness, zero load readings and tolerances) and design
(independent load cells and equal end area friction sleeve), accuracy in sleeve frictioe-measur
ments could be obtained (e.g. Robertson, 2009). However, sleeve friction measurements will be

in generdless accurate than cone resistance in softdnaghed materials (Robertson, 2009).

Sleave load call

Sleave load call Ceone + sheove
load call
Poirt koad call
overoad

protection device

Cone load call
Thread

Caone load call
Cone load cell

Scil seal

h/_ /W#M”W WI”MIIIIIII”’ \llmlll-l_"-

Figure 2.3: Design foCPTs:a) Tip and sleeve friction load cells in compression, b) Tip load cell in compression
and sleeve friction load cell in tension,stibtration type load cell design (Lunretal., 1997; Robertson and Cabal,
2012)
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2.3 CPT interpretation

2.3.1 Soll type

The parameters obtained from piezocone penetration tests (CPTu) are commonly bsed to o
tain soil stratigraphy and identification of soil type. Thas been carried out using charts that
associate measured parameters to soil type.

Pioneer charts using cone resistagcand friction ratioR; (=fs /g.-100%) were proposed by
Schmertman (1978) and Douglas and Olsen (1981). However, the original d@osed by
Robertsonet al. (1986), based oy and R: (Figure 2.4), became very popular. This nhon
normalized chart defines 12 soil behaviour type (SBT) zones and uses the corrected sone resi
tanceq;, which is nearly equal tq. in coarsegrained soils but in soft fingrained soils the @i
ference among them would increase.

The normalized chart proposed by Robertson (1990) uses normalized cone ref)stance

=(q, - S,0)/s") and normalized friction ratid=, (=|f /(q, - 5,,)]@00%) and defines 9

zones. The difference between this early charts proposed by Robertson led him to suggest an u
date on the first chart (e.g. Robertson, 2018s is shown in Figure 2.5. As can be seen, both are
dimensionless and define 9 SBT zones.

These CPJbased classification charts are termed as Soil Behaviour Type (SBT) charts,
since the cone responds to the in situ mechanical behaviour of the soil and not to classification
based on grain size distribution and gdsticity carried out on diturbed samples (e.g. Unified
Soil Classification System, USCS). Although GPdsed SBT often agrees well with USCS

based classification, differences arise when classifying mixed soils (e.g. Robertson 2009).

100 T T 3
11 b , .
4 Zone Soil Behavior Type
— B
Q“_’ i 1 Sensitive fine grained
g 2 Organic material
o 10 E 3 Clay
(4] = 4 Silty Clay to clay
o 7 i D B
S ] 5 Clavey silt to silty clay
@ 3 . 6 Sandy silt to clavey silt
@ 7 Silty sand to sandy silt
5 1E 3 8 Sand to silty sand
S C 4 9 Sand
O , 10 Gravelly sand to sand
2 s 11 Very siiff fine grained*
. ‘ 12 Sand to clavey sand*

01‘— . L

1 2 3 4 5
Friction ratio (%)

8 *Overconsolidated or cemented

(=]
~

Figure 2.4: SBT by Robertsatal. (1986a)
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SBT plot SBTn plot

Cone resistance, qo/pa
Normalized Cone Resistance, Qtn

1
Normalized Friction Ratio, Fr (%)

1
Friction Ratio, Rf (%)

SBT zone Proposed common SBT description
1 Sensitive fine-grained
Clay - organic soil
Clays: clay to silty clay
Silt mixtures: clayey silt & silty clay
Sand mixtures. silty sand to sandy silt

Sands. clean sands to silty sands
Dense sand to gravelly sand
Stiff sand to clayey sand*
Stiff fine-grained*
* Overconsolidated or cemented

Figure 2.5: Updated SBT charts based a)}nomalized and b) normalized CPT (Robertson 20 Rbbertson,
2012)

R=R - N e N LU FENy LN (]

The normalized cone paramet&s, F; (%) andB, proposed by Robertson (1990) toiest

mate soil behaviour type aegpressed as follows:

Qu=(a - 5,0)/5" (2.2)
Fo=f /(g - 5,,)]G00% (2.3)
Bq = (uz - uo)/(Qt - SV0)= DJ/(qt - Svo) (2-4)
wherge stthe in situyistheia éitu effective verticallstresstisrthe ;s | a6

situ hydrostat i w(=uwagicethe exxesepors presaurea nd @

As mentioned in Robertson (2009), the tépmis used, instead @, to make reference to a
stress exponent for stress normalization equal to 1. Further detati®ss normalization will be
provided in the following paragraphs.

The normalization recommended above was based on theoretical work by Wroth (1984).
Robertson (1990) proposed two SBT charts based on €}hef, (%) or Qu- By (Figure 2.6),
but suggested that tl@g;- F, (%) chart is in general more reliable.

10
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There have been other Ciased classification charts proposed by other authors sudh as O
sen and Mitchell (1995), Eslami and Fellinius (1997) and Zhang and Tumay (29883crp-
tion of these charts will not be reported here.

The boundaries between zones in @e F, (%) chart are defined by the Soil Behaviour
Type indexl., wherel. is the radius of the essentially concentric circles. Robertson and Wride
(1998) modifiel the definition of the soil behaviour type index, originally identified by Jefferies
and Davies (1993), to apply to the Robertson (1990) chart. In thidywveys defined as follows:

I, =((347- 109Q )? +(log F, +1.22%* (2.5)
The contours of; on theRobertson (1990Q::- F chart are shown in Figure 2.7.

As Jefferies and Davies (1993) suggested, the SBT ikdmuld also be used to definme
pirical correlations that vary with soil type. Hence, the SBT inideg widely recognized as a
powerful concept.

1000~ T .
:
100}
Qt
Increasing
OCR
10 e
= 3
Increasing
sensivity o
N
1 . ] !
-0.4 0 0.4 0.8 1.2
Ba
Figure 2.6 : Normalized CPT Soil Behaviour Type (SBTn) c@arB, (SBT zones based on Figure 2.5) (Reber
son, 1990)
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Figure 2.7: Contours of soil behaviour type indean SBTnQ,- F, chart (SBT zones based on Figure 2.5) (Reber
son, 2009)

Jefferies and Davies (1991) suggested a modified SBTn chart that included piezawetric i
formation directly using(1-B,). Jefferies and Been (2006) noted that it was better t@Q(lse
By)+1, which proved to be useful when dealing with soft sensitive soils vidlgerel. However,
the application of the updated chart (Figure 2.8) can be problematic in very soft soils due to loss
of accuracy iy, Furthermore, loss of saturation would alsmplicate the use of this chart. The

material type index., which defines the soil type zone boundaries in the chart, is expressed as:

I, =/347- 1og(Qlt- B,)+1)f +(1.22+I0g(F))? (2.6)
Robertson and Wride (1998) and the update by Zledaf) (2002), proposed normalized

cone parameter using a variable stress expongatt varies with SBTn:

Qn =[( - 540)/ P)(Pat5"0)" 2.7)
where (g, - 5,,)/ p, is the dimensionless net cone resistaffpe/s',,)" is the stress normakz
tion factor andp, is the atmospheric pressure. Zha@l (2002) suggested that the stressoexp
nent could be calculated using the soil behaviour type ihgdexd that index should be obtained

using Q.

Although there have been several publicati@isanget al., 2002; Idriss and Boulanger,
2004; Cetin and Isik, 200T¢garding the appropriate stress normalization, only that proposed by
Robertson (2009) is briefly described herein. A detailed description can be found in Robertson
(2009).He suggested the lfowing approach that allows for variable stress exponent hveind

effective overburden stress:
n=0.3810_+0.05s",/p,)- 0.15 (2.8)
wherenO 1 .
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Figure 2.8: Soil type classificatid@(1-By)+1 - F, chart Jefferiesand Been2006)

dimensionless penetration resistance, Q (1- Bg) + 1

For most finegrained soils, the stress exponent will be equal to 1. On the other hand, when
in situ vertical stresses are not high, the stress exponent will range from 0.5 to 0.9 for most
coarsegrained soils, wheas at high in situ vertical effective stress (> 1 MRag¢nds toward 1

for most soils.
The Schneider et al. (2008) chart. Assessment of data-pQ /,cBpace

Schneideetal. (2008) proposed a classification chart (Figure 2.9) in tern@apfi/ U &nd
stated that assessment of dataQhop/ (o &pace was superior 1Q-B, space. Their studyof
cused on separating the influence of overconsolidation @@R( from that of partial consbl
dation on normalized piezocone parameters, which both tendrease the normalized core r
sistanceQ and decrease the pore pressure paranBgideading to the potential overlap of soil
types inQ-By classification charts and uncertainty in assessing whether penetration is drained,
undrained or partially drained ¢Bneideret al, 2008).

For offshore projects in general, and onshore projects with sofgfaieed soils and ground
water level close to the surface, the proposed chart can be very Mssfeiitheless, for onshore
projects where the CPTu pore presstogld not be reliable due to loss of saturation of the cone

sensor, the application of the chart can be problematic (Robertson 2012).
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Figure 2.9: Soil classification chart according to the approach proposed by Scletald&2008)

2.3.2 Drained CPT penetration

During cone penetration at standard rate=(2 cm/s), fully drained conditions prevail for
coarsegrained soils and most of the geotechnical parameters are based on drained behaviour.

2.3.2.1Stiffness

The use of the seismic CPT (SCPT) allodisect measurement of shearave velocityVs.
The shear wave velocity is measured during pauses in the CPT using a downhole technique,
leading toa continuous profile o¥..

Although direct measurement Wf is preferable to estimates, where they can notlbe o
tained, relationships with cone penetration resistance and soil behaviour typé& iteleke us-
ful. Based on SCPT profiles, Figure 2.10 shows a set of contours of normalizedvakieae-
locity Vg developed by Robertson (2009) on ®g-F, chart, for Fblocene and Pleistocene age

and mostly uncemented soils. TWg is expressed as:

Va =V,(Pa/5",)** (mis) (2.9)
The contours of/y in Figure 2.10 are related @, (Robertson, 2009):

Vv, =(a.Q.)" (2.10)

Or VS = [aVS(q[ - SV)/ F)a]a5 (211)

whereUsis the sheawave velocity cone factor that can be estimated using:

a, = 1d0.55lc+1.68) (m/S)z (2.12)
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Figure 2.10: Contours of normalized sh&ave velocity Vs on normalized SBT®,,-F, chart (Robertson, 2009)

The Vs is a direct measure of the small strain shear modbjend is determined using the

equation:

G, = V7 (2.13)
where} is the mass density of the soil.
Using theVg contours anch = 0.5 for most coarsgrained soils), Robertson (2009) defined

a small strain shear modul@,, for young, uncemented soils:

G, =(r / p,)quos¥:2%9 |dgy - 5 ) (2.14)

Wherep, is the atmospheric pressure aripk is expressed in (s/f)

Being Gy the maximum shear modulus for small strains, it should be soften to an appropriate
strain level for design purposes. As Robertson (2009) stated, for some applications engiineers r
qguire the estimat e EG.f The Yoowmgdss tonbedduddruuss i

modulusG by the following relationship:

E'=201+u)G (2.15)
wher e t he PgrasgssdrondoGl tor0a8tfor most Goils in drained conditions.eFher
fore,E60 ~ GXor rhost coarsgrained soils.

Following Fahey and Carter (1993), a simple approach to estimate the amount of softening

can be used:

GIG,=1- f(a/q,)’ (2.16)
wheref andg are constants that depend on soil type and stress higtsrihe applied loady,:

is the ultimate or failure load arglqy; is the degree of loading. Fahey and Carter (1993) and
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Mayne (2005) recommended tHat 1 andg = 0.3 are appropriate values for uncemented soils
that are not highly structurated. For low to moderate degreesdinl (0.20.3), the ratidG/ Gy
ranges from 0.30 to O0.38. In this way, the Yc
solutions is approximately 6 0.85.

For low risk projects, Robertson (2009) suggested to estiftate f or uncement ed,
nately silicabased soils of either Holocene or Pleistocene age (Whe2.6) using the follav-

ing equation:

E'=08(r / p,)d10°%%9| g, - 5.,) (2.17)
2.3.2.2In situ state

Robertson and Campanella (1983) showed that relative density is not a reliabietpata
evaluate the in situ state due to variations in compressibility for sands. Sands withrhigh co
pressibility result in lower cone resistance for the same relative density compared with sands
with low compressibility.

Research has shown that the estairametey (Been and Jefferies, 1985), based on critical
state conditions, is a relevant parameter suitable to describe the in situ state of sands. According
to Been and Jefferies, the state paramgterdefined as the difference between the cuwverd
ratio (€) and the critical state void ratie;] at the same effective stress. YAfinks the effects of
void ratio and effective stress in a unigue way, it seems to be an appropriate index for describing
soil behaviour compared to the relative dgnsit

Beenet al. (1986; 1987) first investigated the possibility of evaluagngsing CPT/CPTu.

They considered a number of calibration chamber test results primarily on clean sands, so as to
develop a simple method for assessing the soil state.

Furtherresearch has shown that the inverse problem of evaluating the state from GPT mea
urements is complex and depends on several soil parameters. Jefferies and Been (2006) show
how the inverse problem can be aided using numerical modelling. A detailed desafpthe
evaluation of soil state using CPT is provided in Jefferies and Been (2006).

Based on a large amount of data, including field and chamber test as well as analyt
cal/numerical results, Robertson (2009) estimated contours of state paramete6Bii ni@-

F: chart for uncemented Holocene age soils.

Based on a large database of liquefaction case histories, Robertson and Wride (998) su

gested a correction factdf; to correct the normalized cone resista@geto an equivalent clean

sand value@, ¢9.
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Figure 2.11: a) Contours of clean sand equivalent normalized cone resiQtancg,based on Robertson and Wride
(1998) liquefaction method (Robertson, 2009) and b) Contours of estimated state paydoreteicemented Hok
ceneagesoils (Robertson, 2009)

The correction factor, which is a function of grain characteristics (combined influence of
fines content, mineralogy and plasticity), is applied when1.64. Robertson (20bp observed
a strong similarity between the contswf the clean equivalent cone resista@gg:s (Figure
2.11a) and the contours of (Figure 2.1b). Accordingly, the following simplified and appriex
mate relationship to estimate the state parameter for a wide range of sandy soils was proposed:
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Yy =0.56- 0.33log Q,, ., (2.18)

2.3.2.3Shear strength

Robertson and Campanellla (1983) suggested a correlation to estimate the peak friction angle
(té) for wuncemented, unaged, moder ately compr
calibration chamber test results.

e 3 0 (2]
tanf'= iélog%%§+ 0.29 (2.19)
268 ¢S~ v,
Kulhawy and Mayne (1990) suggested an alternate relationship for clean, rounded, unc
mented quartz sands, and assessed the relationship using field data:

f'=17.6+11log(q,) (2.20)

Where qtl = (qt / patm)/(s IVO/ patm)o.s'
Jefferies and Been (2006) showed a strong link betwemmd-:6 f or a wi de r ang
Accordingly, it ispossible to linkQy cswithtd u s i n g :

f'=f,,-48 (2.21)
wheret § is the constant volume or critical state friction angle depending on mineraloy (Bo
ton, 1986), usually about 33 degrees for quartz sands but can be as Higldegrees for bl
espathic sand. Hence, substituting Equation (2.18) into (2.21), the relationship b@tyweand

L becomes:

f'=f' ,+158409Q, . |- 2688 (2.22)

The advantage of using Equation (2.22) is that it includes the imporécain characte
istics and mineralogy, that are reflected @ and soil typgRobertson, 201).

2.3.2.4Brief introduction to soil liquefaction evaluation: The Robertson and Wride (1998)
method

Most of the existing work on soil liquefaction has been rel&edyclic softening, mainly
cyclic liquefaction. Cyclic liquefaction requires undrained cyclic loading, such as earthquake
loading. Deformations during cyclic loading will depend on the magnitude and duration of the
cyclic loading, the density of the s@hd the extent to which shear stress reversal develops. If
extensive shear reversal occurs, the effective stress state can reach the point of essentially zero
effective stress. When the condition of essentially zero effective stress is reached, larga-defor
tions can result. However, when cyclic loading stops, the deformations generally stabilize
(Robertson and Wride, 1998).

Cyclic liquefaction can take place in almost all saturated caaeseed soils provided the

magnitude and duration of the cyclic laaglis sufficiently large. Fingrained soils can alsau
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dergo cyclic softening if the applied cyclic shear stress is close to the undrained shear strength.
However, deformations in this case will be generally small due to the cohesive strength at low
effective stress (see Robertson and Wride, 1998; Robertson and Cabal, 2012 for details).

Prof. Seed and his amorkers developed an exhaustive Sf8Bed approach to estimate the
potential for cyclic liquefaction for level ground conditions due to earthquaidng. The p-
proach requires an estimation of the cyclic stress ratio (CSR) profile induced by a design eart
guake and the cyclic resistance ratio (CRR) of the ground. If CSR > CRR, cyclic liquefaction can
occur.

Seed and Idriss (1971) developed a simgdifmethod to estimate CSR based on thei-max
mum ground surface accelerati@y{y) at the site. The expression for CSR is given by:

t S o]
CSR= - =065 > (2.23)
S0 € 9 &5 gd

where(, is the average cyclic shear stregss the acceleration due toayity, G andil @ are

the total and effective vertical overburden stress, respectivelyqaadh stresseduction factor
which is dependent of depth. The stress reduction coefficjewtas originally introduced by
Seed and Idriss (1971). More recently, Idriss and Boulanger (2004) proposed the folloa4ng rel

tion:

o

%1012 11265|naei1—+51338§
(; 7 —

5P>

= eXpg (2.24)
[0

e+ 106+ 0. 118S|n +514

4 @ a?— 208'\/'

wherez is depth in metres and is moment magnitude. As the uncertaintyrinncreases with

(g el ededed ]

increasing depth, Equation (2.24) should only be applied for depths less than about 20 m.

The approach based on the SPT has many problems, mainly due to the inconsistent nature of
the SPT (Robéson and Wride, 1998). On the other hand, due to the continuous, reliabks and r
peatable nature of the CPT, several correlations have been proposed to estimate CRR (e.g.
Robertson and Campanella, 1985; Stark and Olson, 1995; Idriss and Boulanger, 2003).

Based on discussions at the National Center for Earthquake Engineering Research (NCEER)
workshop held in 1996, Robertson and Wride (1998) recommended the following CP@a-correl

tion for sand:

3
qC C . S
CRR, :932(17)03 +0.08 if 50 (q@\)es< 160 (2.25)
CRR,; =0. ssseww 0.05 it (Geines < 50 (2.26)
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where (lcin)cs IS the normalized cone penetration resistargpe\)( corrected to an equivalent
clean sand value. The normalized cone resistéogg) is obtained by a simple iterative stress
normalization procedure that depends on the soil behaviour type index (see Robertson and
Wride, 1998 for details). More recently, Robertson (2009) updated the stress normalizdtion to a
low for a variation othe stress exponent with SBTn indgxand effective overburden stress (see
Section 2.3.1).

Figure 2.12 shows the recommended correlation (updated by Roberston, 2009). The field o
servation data used to compile the curve plotted in the figure were batiesl following:
0 Holocene age, clean sand deposits;
Level or gently sloping ground;
Magnitude M = 7.5 earthquakes;

Representative average CPT values for the layer examined;

o O o o

Depth range from 1 to 15 m, 85% for depths < 10 m

0.60

Robertson & Wride (1998)
0.50

0.40

e Liq
© No Lig

CSR7 s

0.30

0.20

0.10

0.00
0.0 50 100 150 200

Qtn,cs

Figure 2.12: CRRsfrom CPT nomalized clean sand equivalent cone resistance (updated by Robertson, 2009) (fi
ure from Robertson and Cabal, 2012)
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As Robertson and Wride (1998) remarked, attention should be paid when extrapolating CPT
correlation to conditions outside the above. Hogvethe correlation can be conservative when
applied to all measured CPT values in variable deposits, where a small amount of data could
show possible liquefaction.

Based on the approach suggested by Robertson and Fear (1995), Robertson and Wride
(1998) poposed estimating an equivalent clean sand using a correctionkaatdhe following

way:

(Gn )es = KeGaan (2.27)
where the correction factt. is a function of the soil behaviour type indgxThe methodology
proposed byRobertson and Wride (1998) to estimate GRirom CPT is summarized in Figure
2.13.

As Robertson and Wride (1998) suggested in their work, iher2.6, samples should be
obtained and evaluated using other criteria (e.g. Marcetsan 1990).

Finally, the factor of safety against cyclic liquefaction is given by:

CR
FS:ﬁMSF (2.28)
CSR

whereMSFis the Magnitude Scaling Factor to convert the @RBr M = 7.5 to the equivalent
CRR for the design earthquake. Idriss (1999) recommended the following expressitstfor

MSF = 6.9exp5‘e'TM8- 0.058 (2.29)
(; -

MSF 1.© (2.30)
At any depth, if CSR is greater th#ime estimated CRR (adjusted to the same magnitude),

cyclic softening (liquefaction) is possible (Robertson and Wride, 1998).
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2.3.3 Undrained CPT penetation

It is generally accepted that at the standard penetration rate, undrained penetration occurs in
fine-grained soils and most of the geotechnical parameters are based on undrained behaviour.

2.3.3.1In situ state and undrained shear strength

The in situ statdor fine-grained soils is usually defined in terms@ER The OCRIis de-

fined:

S
OCR=—*% (2.31)
S vO

wherel fis the maximum past effective consolidation stressCathe present effective owe
burden stress. This definition is appropriate for mechanically overconsolidated soils where the
removal of overburden stress has been the only changeithdaveexperienced. Nevertheless,
for cemented or aged soils tB€Ris the ratio of the yield stsstl wandl @.

Kulhawy and Mayne (1990) suggested the wealbwn method to estimat®CR and yield
stress in finegrained soils:

OCR=k(q, - 5,)/5",=kQ, (2.32)
or
s =k(g - s,0) (2.33)

wherek is the preconsoli@ion cone factor.

Kulhawy and Mayne (1990) showed that an average valke=d3.33 can be assumed, with
a range varying from 0.2 to 0.5. Higher valuek afe recommended in aged, heavily overco
solidated clays. The Kulhawy and Mayne approach is vati@f< 20.

Ladd and Foott (1974) empirically developed the following relationship, relating the peak
undrained shear strengwith OCR

5/5'0=(8/5"s0Jocra(OCR" = S(OCR" (2.34)
The peak undrained shear strengtls estimated using:
S = (a4 - 5.0)/ Ny (2.35)
' _éqt B SVO 6 —
ors,/s Vo—ngll N.)=Q, /N, (2.36)
¢ vo T+

whereN; is the cone factor that varies from 10 to 20, with an average of 14. For norntally co

solidated finegrained soil, the undrained shear strength réq]ais‘vo) ranges from 0.2 to

OCR=1

0.3 (Jamiolkowsketal., 1985), with an average value of 0.22 in direct simple shear.
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According to this, usind\ linked to soil sensitivity vid,; and assuming = 0.25,: & 26°
andm = 0.8 for most sedimentary clays, silts and organic-@ireened soils, Robertson (2012)

suggested:

OCR=(2.625+1.75logF. ) **(Q,)*** (2.37)
Based on the assumption that the sleeve friction measures the remolded shear strength of the

soil, §y) = f, (e.g., Lunneet al 1997), the remolded undrained shear strength ratio is expressed

as:

S /S0 = T/ 5" =(F.Q,)/100 (2.38)
By combining Equations (2.36) and (2.38), assuniigg= 14, soil sensitivity can be ést

mated:

S =s/s =71F, (2.39)

In this way, Robertson (2009) represented the remolded shear strength ratio contours on the
normalized SBTn chart (Figure 2.14). As sensitivity increases, the contours move toward region
1, i denti fi #Bndgrasi mMe ds eniiltsov.e However, a-s Robe

tours of (a,(r)/s'vo) should be interpreted as guide, as any lack of accuragyrirasurements

will influence the result.

1000 —
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Figure 2.14: Contours of remolded undrained shear strength( ] /S'VO) and trends in the OCR and soihse
sitivity on SBTn chart (Robertson, 2009)
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As recommended by Robertson, for moderate to high risk projectspsitdic correlations
should be developed based on consistent values of the undrained shear resistand®@Rd the

2.3.3.2Constrained modulus

The onedimensional constrained tangent modulMs,(Lunneet al 1997), is used to est

mate settlements at the end of primary consolidation:

=t = 1+&)Ii0e, (2.40)

n‘l/ Cc/r
wherem, is the equivalent oedometer coefficient of compressibiédyis the initial void ratio

andCg is the compression index, eith@ysor C;, depending o .

Existing correlations betweevt and cone resistance typically have the form:

M=a,(q-s,) (2.41)
whereUy is the constrained modulus cone factor.

Mayne (200@) showed thatl, varied with soil type and net cone resistance with values
from 1 to 10, with low vales applying to soft clays. Robertson (2009) suggestedijhadries
with Qi and proposed the following simplified correlation:

Whenl; > 2.2 (finegrained soil) use:
a, =Q, whenQn,O 14 (2.42)

a, =14 whenQy,> 14 (2.43)

Whenl. < 2.2 (coarsgrained soil) use:

a,, =0.0310055-1%9| (2.44)
Robertson (2009) remarked that estimaie$/ can be improved with further information
such as plasticity index and natural water content, whgean be lower in soils with high water

content and in organic soils.

2.3.3.3Coefficient of consolidation from monotonic dissipation tests

In a CPTu test performed saturated clays and silts, large excess pore water pressures are
generated during penetration of piezocone. Once penetration is stopped, these excess pressure:
will decay with time and finally reach equilibrium conditions which correspond to hydmstati
values (Mayne 2002).

How rapidly the pore pressures dissipate depends on the perme&péisywell as the hor
zontal coefficient of consolidatiorcy). In silty sands excess pore pressures may dissipate in a

few minutes whereas fat plastic clays naggsipate in 2 o 3 days.
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Strain Path Solution for Type 2 CPTu Dissipation
(after Teh and Houlsby, 1991)
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Figure 2.15: Modified time factors far monotonic porewater dissipations (May@602)
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During cone penetration th@imary direction of pore water flow is horizontaésulting in
the rate of dissipation being more controlleg the horizontal coefficient of consolidatioa,
than by the vertical coefficient of consolidatian,

Soft to firm clays and silts will generally show monotonic pore pressure decays (readings
always decrease with time). In these cases, the strainmedttod (Teh and Houlsby, 1991) may

be used to determireg:

_Tre,

Ch
t50

(2.45)

whereT is the modified time factor, is the probe radiug; (= G/s)) is the rigidity index and is
the measured time usually taken at 50% equalization. For the particular case of 50% @f consol

dation,T" = 0.245 for the type 2 of piezocone element (shoulgler
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2.4 Partially drained conditions on cone penetration testing

Drained or undrainedonditions are required depending on desired measurements of interest
for design (i.e., drained or undrainednsoi/l
termedi atebdbsoils such as cl ayey s anethBontestd s
is a difficult task since partially drained conditions are likely to exist at the standard penetration
rate of 2 cm/s.

However, the fact that the penetration velocity affects the cone resisgghagr s u-c h 6 i
medi at ed soi | swherstandards werecprepared fdrehe ERIT (Kinal, 2008).

Hence, correlations developed for sands (drained conditions =at2 cm/s) or for clays
(undrained conditions at= 2 cm/s) will not be suitable for soils in wh partially drained ao-

ditions prevail at standard penetration rate. The uncertainty concerning the degree of drainage
complicates the interpretation of geotechnical parameters.

It is well known that varying the penetration velocity drainage conditdriie advancing
penetrometer can be modified. For soils investigated up to now, the tip resistance of @ advan
ing penetrometer generally increases as the rate of penetration has reduced sufficiently for partial
consolidation to occur. At very high rates penetration, where conditions are fully undrained,
viscous effects dominate and cause the tip resistance to increase with velocity. Hence, there is a
transition point from undrained to partially drained conditions where viscous and partiai-consol
dationeffects equalizeshowinga minimum resistance (Chumeg al, 2006).

The influence of penetration velociyand soil drainage properties (horizontal coefficient of
consolidation) on the consolidation conditions can be captured by a normalized Veldeity
fined by Finnie and Randolph (1994):

y=va (2.46)

c,
wherev is the penetration velocity] is the penetrometer diameter aggdis the coefficient of
consolidation. Finnie and Randolph (1994) suggested transition pbivits 8.01 for drainede-
sponse and > 30 for fully undrained response.

The majority of research to date has been mainly carried out in laboratory using centrifuge
tests and reconstituted specimens clays (e.g., Heusé, 2001; Randolph and Hope, 2004;
Chunget al, 2006; Lehanet al, 2009). Schneidegt al (2007) tested normally consolidated
and overconsolidated specimens of clay and silty clay. Jaegér(2010) presented the results
of variable penetration rate CPT in an intermediate soil (8&#@, 25% kaolin) performed in
centrifuge. Oliveiraet al (2011) performed centrifuge tests with variable penetration rates in

silty tailings.
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Figure 2.16 shows the results of Jaegieal (2010). They observed th&@ monotonically
decreased as normadiz velocity,V, increased from 0.01 to 160. However, no viscous effects
were observed in their saaolin experimental data. The figure also includes the resuits pr
vided by Schneidest al (2007).

The variation ofQ with V clearly differs for the foural types investigated. Whereas there is
a clear difference in the variation Qfwith V for the normally consolidated kaolin (NC kaolin)
and the lightly overconsolidated silica flebentonite (LOC SFB), the overconsolidated kaolin
(OCR kaolin) and the @rconsolidated silica flodnentonite (HOC SFB) exhibit similar trends.
The normalized velocity at whic® is minimum is approximately 100 for the kaolin and the
SFB soils tested.

By contrast, very few contributions are based on results from field ssakedand full size
penetrometer. Kinet al (2008) performed CPT at various penetration rates ranging from 20 to
0.01 mm/s in saturated clayey silt and silty clay soils. Tonni and Gottardi (2019) showes the r
sults of two piezocone tests carried out at-stamdard penetration rates (15 mm/s and 40 mm/s)
performed in Venetian silty soils (Figure 2.17). Schraidl (2010) presented piezocone results
in gold and bauxite tailings carried out at penetratiorsrabderesponding to 1 mm/s, 2 mm/s and
20 mm/s. Suzuket al (2012) presented the results of piezoconepedbrmedin silty soils at
rates that varied by five order of magnitude from 0.002 mm/s to 20 mm/s. Petilzle(2013)
carried out CPTs at 0.8, 5, 20 and 60 mm/s in silty soils.
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Figure 2.16: Effect of normalized penetration velocity on normalized penetration resistancerativials inter-
mediate soils (75% sand, 25% kaolin mixture) data from Jas@ar(2010) and lightly and heavilywerconsat
dated silica flombentonite (SFB), and normally consolidated and overconsolidated kaolin data from Scenhalder
(2007).(Jaegeet al, 2010)
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Figure 2.17: Comparison between a) cone resistance and b) pore water pressure of adjacE€rtTiigts pe
formed at different penetration rates (Tonni and Gottardi, 2009)

Figure 2.18 shows the results from Kahal. (2008) obtained conducting CPTUs witH-di
ferent penetration rates in two layers. The figure evidences how the cone resistands depe
the penetration rate. For the silty clay layer, the transition from undrained to partially drained o
curs ata penetration rate of 0.2 mm/s, whilst it occurd abm/s for the clayey silt. This Hig
lights the fact that the change in drainage camdits dependent on soil type (Poulsenal,
2011).

Figure 2.18: Effect of penetration rate on averemge penetration resistanggKim et al,, 2008)
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