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Abstract

The interpretation of measurements from the cone penatragist is still predomi-
nately based on empirical correlations, which can be atiei to the lack of under-
standing of penetration mechanisms, that involve seveesssstrain and shear dila-
tancy close to the probe. Even so, it remains one of the mailyused in-situ tools
for site characterisation, and several methods for digptent pile design have been
developed using CPT data. This research investigates thenss of penetrometers
and the behaviour of layered soils during installation @ly@s using geotechnical cen-

trifuge modelling and cavity expansion analysis.

Two series of centrifuge tests were performed in stratunfigorations of silica sand
in a 180" axisymmetric model, allowing the observation of the indliceil defor-
mation through a Perspex window. The variations of penetratesistance and soil
deformation with penetration depth, soil density, streselland soil layering are ex-
amined from the results of the centrifuge tests. The quadtdbil displacements and
the resulting strains in the axisymmetric model have predidn effective approach
for investigation of penetration mechanisms with soil edattrajectories, strain paths
and rotations of principal strain rate. The effects of laygron both resistance and
soil deformation are shown with dependence of the relaibiepsoperties and pro-
files. The results presented also serve as a base for appiEatf cavity expansion

solutions, back analyses and further studies.

Analytical solutions for cavity expansion in two conceolly arranged regions of soil
are developed using a non-associated Mohr-Coulomb yieldricnn for large strain

analysis of both spherical and cylindrical cavities. Thiigons are validated against
finite element simulations and a detailed parametric stddy® layered effects on

the pressure-expansion curves is performed. To apply th@oped solutions to pen-



etration problems, a simplified combination approach isgested to eliminate the
discrepancy between concentric layering and horizonyarlag. The analytical study
of penetration in two-layered and multi-layered soils isrdfore achieved, with com-

parisons to elastic solutions and numerical simulatioosiged.

The back analyses based on the resistance and soil defomaatiphasise the influ-
ences of small-strain stiffness, soil-probe interfacetitvsh angle, and relative densi-
ty/state parameter. The correlation between the conedigtamce and the pile bearing
capacity is also discussed, and the scale effects are eadrthirough the ground sur-
face effect and the layering effect by the developed cawipaasion solutions. The
penetration mechanisms are summarised from the aspeats sfress-strain history,
particle breakage, soil patterns, and penetration in &i/epils. The layered effects
emphasised in this research indicate that the penetragstance is strongly depen-
dent on the soil properties within the influence zones abodebeelow the probe tip,
and also related to the in-situ stress gradient along thetpsion path. It is also
suggested that correlations from calibration chambes tesing uniform soil and a
constant stress field may not be suitable for direct intéagicen of CPT data. Finally,
the averaging technique for pile design is suggested basttedransition curve of tip

resistance in layered soils with consideration of the setigts.
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Chapter 1

Introduction

1.1 Overview

It has been increasingly significant for geotechnical eegjia to determine parameters
and engineering properties of soil using in situ testinghods, which avoid the diffi-
culties in retrieving undisturbed samples, owing to the itwt@rent merits compared to
laboratory tests: less expensive and less time consumisi@gnA of the most versatile
devices for in situ soil testing, the cone penetration t€RT) has been widely used
in geotechnical engineering practice to obtain soil prefé@d measure in situ soll
properties based on the reliability and repeatability & @PT measurements. The
CPT tool has also been extensively developed for CPT-baseghdesthods for piles
and for evaluation of liquefaction. The analogues betweparetrometer and a dis-
placement pile in both geometry and installation methoderthk study of penetration

mechanisms attractive.

However, over the years, many correlations between CPT mexasuats and soil prop-
erties have been proposed empirically for soil identifaatind classification. Pene-
tration induces large strains within the ground, that hawitable influence on sur-
face structures and subsurface infrastructure. The dgwdistorted soil around the
penetrometer makes the analysis of the mechanical prooeggicated, and the soil
stress/strain history associated with pile/probe iretiaih and the distribution of the
load on the probe are still not well understood. In additwith respect to the fact that
the subsoil always consists of layered deposits (in carttsashomogeneous material),

the layered effects during penetration are not addressédeutly in the literature.
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1.2 Research Aims and Objectives

Since the mechanical behaviour of soil within penetratioybfems is not well under-
stood, this research aims to investigate soil deformatowell as penetration resis-
tance, with particular interests on the layered effectsinifarove the interpretation of
CPT data and the design of pile foundations, it is essentiahtterstand the relation-

ship between soil behaviour and penetrometer response.

In this research, the centrifuge tests and the analytigatcgghes were carried out

with the objectives as follows:

1. to improve the testing methodology for CPT modelling witthe geotechnical

centrifuge;
2. to investigate the penetration resistance with vamatiosoil conditions;

3. to quantify the soil deformation associated with the prpknetration from the

centrifuge tests;
4. to extend the solutions of cavity expansion in two congenegions of soil;
5. to examine the layered effects of CPT by using the proposealytical solutions;

6. to establish correlations between CPT measurements aibeisaviour, and con-

sequently to better understand the penetration mechanisms

1.3 Outline of the Thesis

This thesis consists of eight chapters as outlined belogluding this introduction
(Chapterl). The literature about cone penetration testing in lays@ld is reviewed
in Chapter2. The methods of centrifuge modelling, soil deformation suament
and the theory of cavity expansion for geomechanics are@tsaded in Chaptep.
Chapter3 describes the methodology of the centrifuge testing, wtrerexperimental
apparatus and instrumentation are detailed followed byd#seription of soil model
preparation, testing programme and procedure. The resutentrifuge tests are pre-
sented in Chaptet. The measurements of penetration resistances and thesthdoi
deformation are investigated separately with analyselseofayering effects. In Chap-

ter 5, analytical solutions for cavity expansion in two concentegions of soil are
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proposed for both spherical and cylindrical cavities irsgtaperfectly plastic soils.
After validation with finite element simulations, the patnc study investigates the
influence of soil layering during cavity expansion. One & #pplications of the an-
alytical solutions is the analysis of cone penetration yetad soils, as performed
in Chapter6. The results of layering effects and the thin-layer effests compared
with experimental data, elastic solutions, and numerieaults. Chapter provides
an analysis and discussion related to the outcomes of geareh, and the penetration
mechanisms are summarised for geotechnical design. ¥iGdlaptei8 draws conclu-

sions of the research and provides some suggestions foefugsearch on this topic.
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Chapter 2

Literature Review

2.1 Introduction

The cone penetration test has been in use and undergonenttensedevelopment as
an in-situ geotechnical probing technique for subsurfaqr#oeation since the 1930s.
The high repeatability of the test data and the simplicitythef test procedure have
contributed to make it one of the most popular in-situ toadgdifor soil investi-
gation worldwide. According to the International Referedest Procedure for the
CPT/CPTU (RTP, 1999, the standard cone penetrometer is cylindrical in shape ha
ing a cone in front with a base area of&® and 60 tip apex angle. The friction
sleeve, located behind the conical tip, has a standard &#80om?. The continu-
ous measurements of tip resistangg) @nd sleeve friction fs) are measured simul-
taneously to estimate continuous profile of soil propert@ter sensors can also be
incorporated into the cone penetrometer system to measisrais velocity, electrical
resistivity, PH, temperature, and specific ion concerdratbased on the detection of
pollutants, concentrations, and distributiohBtChell et al, 1999. In brief, three main

aspects of applications of CPT have been concludethbgbg2004) as below:

1. to determine the soil profile and identify the soils présen
2. to interpolate ground conditions between control bolesho

3. to evaluate the engineering parameters of soils and éssise bearing capacity

and settlement of foundations

Despite of the advantages of CPT (e.g. continuous profilegptre faster), it still has

deficiencies, like no sample for inspection and unreliableceEmented soils or soils
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with significant gravel content. From the interpretatiompof view, despite the ad-
vances in equipment design and the variety of tests perfibioyeCPT, a rigorous
theoretical understanding of quantitative interpretatechniques is still not available.
Hitherto, the correlations between test data and soil ptigsestill rely very heavily

on empirical relationships due to the complexity of soil &@bur and the compli-
cated boundary conditions. In addition, the penetratiati@m coupled with the large
strains and significant rotations of soil particles makesdtaluation more difficult,

especially for implication in non-uniform soil depositstivin-situ conditions.

A review of the literature about cone penetration testingrisvided in this chapter.
The methods on analysis of cone tip resistance are firstpebsen Sectior.2 with
assessment of the limitations and advantages of each thewogynterpretation of CPT
data is also described for both cohesionless and cohedige soaddition, the pre-
vious research on penetration in layered soils is coveréll bath experimental and
numerical approaches. The relevant techniques that wiliseel for the experimental
tests are introduced and discussed in Se@iBnwhere previous centrifuge studies on
CPT are also outlined. The development of the cavity expan$ieory and the ap-
plications to geotechnical problems are then presente@aticdh 2.4, with particular

focus on the interpretation of penetration and solutiomsapered media.

2.2 Previous Research of Cone Penetration Test

Generally, cone factors are derived to evaluate the relships between cone resis-
tance and soil properties by experimental and analytigalagrhes. The correlations

can be expressed in Equatich]) for both cohesionless soils and cohesive soils.

e = Ng X O (Cohesionless soils)

OJc = N X Sy + 0o (Cohesive soils) (2.2)

whereNy andN; are the cone factors for sand and clay respectivély 2006; o/,
is the effective vertical stress; is the undrained shear strength asglis the in situ
total stress (either vertical or mean total stress depgnoimthe type of theory used

for cone penetration analysis).
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2.2.1 CPT analysis methods
2.2.1.1 Experimental testing

Calibration chamber testing

Calibration chamber testing is generally accepted as the apgiroach to calibrate and
evaluate in situ testing devices under controlled conalitito correlate the obtained
raw data with the engineering parameters (elglden 1971, Houlsby and Hitchman
1988 Kurup et al, 1994). It has been designed and constructed to develop empirical
but reliable correlations in primarily cohesionless mialsrsince the 1970s. In princi-
ple, the cone penetration test is conducted in a chambet filith soil samples (with
known density and consolidated to desired stresses).stefSchnaid and Houlsby

(1990, the inherent merits of calibration chamber tests can besarised as follows:

¢ Ability to produce soil models similar to natural deposits

e Homogeneity and repeatability of the samples under a widge af relative den-

sities
e Capability of controlling vertical and horizontal stresséshe samples

e Ability to simulate stress and strain history of the sample

The main limitation of calibration chamber testing is thBuance of boundary condi-
tions, which has been investigated Bgrkin and Lunn€1982); Schnaid and Houlsby
(199)); Salgado et al1998; Pournaghiazar et a2012. Effectively, a chamber with
rigid boundaries results in higher penetration resistaviteh needs to be reduced by
a certain correction factor; whereas a chamber with cohstanfining stress releases
the created stress by insertion, especially for tests watisd sand. Hence, the corre-
lations of calibration chamber tests and free-field test® lta be used to correct the
difference caused by the chamber size and boundary comdiffects. For instance,
the ratio of chamber to field penetration resistance would batween approximately
0.5 and 09 for heavily dilatant samples of Ticino sand. Therefore, tbnsiderable
uncertainty about boundary effects would preclude the @isaldoration chamber re-
sults with great confidenceésélgado et al.1998. Another deficiency of calibration

chamber tests is that the effects of stress gradient anchdsurface are not included.
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Centrifuge modelling

Geotechnical centrifuge modelling has the ability of sogldown a full-scale proto-
type model to a small-scale centrifuge model, with repiaabf in-situ stress field.
Particularly, many researchers have conducted centrifuggelling of the cone pene-
tration test (e.gGui et al, 1998, and the repeatability and reliability of CPTs in the
centrifuge have resulted in this method becoming anoth@srofor laboratory testing.
In recent years, centrifuge testing has played an importdetin both verifying and
establishing correlations between cone resistance ahgrepierties.Bolton and Gui
(1993 also noted that it is essential to perform soil tests in #wtrifuge, which pro-
vides the analogous stress field for boundary value probléimss, this is also adopted

in the present study, and more details can be found in Se2tin

2.2.1.2 Analytical solutions

Bearing capacity method

In geotechnical engineering, bearing capacity theory exlus determine the maxi-
mum pressure a foundation can support based on plasti@ynthas developed by
Prandtl(1921). Hence, for the cone penetration process, the failure tdaal deep

circular foundation in soil is assumed to be equal to the cesistance. For the limit
equilibrium method (e.glerzaghj 1943andMeyerhof 1951), different types of fail-

ure mechanisms for deep penetration are selected basedhavidug of soil, and the
collapse load is then calculated by applying the globalldaiim of the soil mass. In
the slip-line method, a yield criterion is introduced togpiastic equilibrium within

the slip-line network region, which could provide more pseaesults.

This approach has been widely used by engineers owing tonggisity. Nevertheless,
it is not appropriate or adequate for the analysis of deeptpa&tiion problems which
should accommodate the cone into the deformed soil ratlzer éldopting a failure
mechanism. In addition, the failure mechanisms are not editvip with the boundary
conditions. The assumption of no deformation of the sogidrplastic soil model)

leads to the largest limitation comparing with the behavmfureal soil.

Cavity expansion method
Based on the early suggestionRithop et al(1945 andHill (1950, cavity expansion

8
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methods are used to predict the tip resistances and shaititiap of cone penetrome-
ters and piles in soil and rockj, 2000. Limit pressures of spherical and cylindrical
cavities obtained at large strains can be related to conetiadion resistance. Based
on the assumption dbibson(1950, Randolph et al(1994 noted that the correlation
between end bearing pressugg)(and limit pressure of spherical cavity expansion

(Rim) is generally accepted, as shown in Equatidr)(
Ob = RAim X (1+tang@ x tana) (2.2)

whereg is the friction angle, and is the angle of the rigid zone at the pile tip. More
details about cavity expansion theory and the applicatigrenetration problems will

be provided in Sectiof.4.

Strain path method

The strain path method, first proposedigligh (1985, provides a systematic frame-
work for the steady state analysis of cone penetration in bothis method, the soil
Is regarded as a viscous fluid with a steady flow past a fixedtpeneter. The ve-
locities of soil particles around the penetrometer werg@pmated by the flow field
of an inviscid fluid. In addition, the strain path method cdsoae used to derive
the normalised pore pressure distribution associatedigtiikel’'s empirical equation
(Au = Aogct+ Ot x AToct, WhereAoyct is the change in octahedral mean normal stress,
ATyt IS the change in octahedral shear stress, @nds a parameter related to the
Skempton’s pore pressure) which showed good qualitativeeagent with field and
laboratory test datareh 1987).

However, the assumptions of the method are based on incssilpleebehaviour of soll
and the flow field is derived from classical fluid mechanicsvdtks well for undrained
cohesive soil, but is not suitable for drained frictional and deep penetration condi-
tions. In spite of its limitations, the strain path method baen used by many authors
to analyse the cone penetration test. The simple pile maakebleen developed by
van den Berd1994) using a perfectly plastic von Mises soil model without ddes-

ation of cone geometry and roughness (EquaZi@h

Ne= 15142 |n§ (2.3)
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In order to take into account of cone geometry, roughnegsrgiress, and anisotropic
in-situ stress effectgeh and Houlsby1991) used a number of methods to extend the

expression using the strain path method, and yielded thenivlg expression:

4 Ir
Ne =3 (1+Inlr) (1.25+ m) +2.4a.—0.2as—1.8A (2.4)

wherelg is the rigidity index,= G/s,, A is the anisotropic in-situ stress parameter,
a. is the roughness at the cone-soil interface, agt the roughness at the shaft-soil
interface @5 is normally taken as identical i@, due to the same material used in the

shaft and cone).

2.2.1.3 Numerical simulations

Finite element analysis
Finite element analysis has been used widely for the studyofechnical problems,
including the cone penetration test. Compared with therspraih method, the advan-

tages of the finite element method are concluded and listéldger (2007):

e The equilibrium equations are fully satisfied without anyiérium imbalance
e The cone geometry can be taken into account in the finite eleapproach
e Capability of controlling vertical and horizontal stresséshe samples

e It can be easily modified for application to frictional-ddat soils

Due to the complexity of soil behaviour with the large steaof cone penetration,
two FE approaches are used to deal with problems of largerdafmn, namely La-
grangean and Eulerean formulationsn den Berd 1994 presented a Eulerean type
model to analyse the cone penetration test in both clay amdl Gagure2.1). How-
ever, no correlation of cone factors and soil propertiestiggs given for analysis or

comparison.

A novel finite element formulation for the analysis of steatigte cone penetration in
undrained clay was developed By et al. (2000 using both the von Mises and the
modified Cam Clay modeldNalker (2007 proposed an explicit finite element model

with an adaptive mesh to simulate the cone penetrationrtastdrained clay. Figure

10
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Figure 2.1 Schematic view of Eulerean approach of cone pegtiget problem; aftevan den Berd1994

2.2 shows the schematic of the model, and EquatiB)(could be used to relate the
cone factor to the soil properties, whexg is the roughness at the penetrometer-soil

interface.
Ne=2.191In(Ir) + 2.275ac2 —1.146a. —0.1867— 1.95A (2.5)

Discrete element method

Recently, in order to simulate the fundamental behaviourafiglar materials, the dis-
crete element method (DEM) proposed®yndall and Strackl979 has been widely
used. Cone penetration has also been simulated sineeg and Ma1994), and
the authors focused their attention on the effect of sailgh@meter interface friction.
Jiang et al.(2006 have carried out simulation of deep penetration in gransials

using a two-dimensional discrete element method.

Figure2.3shows the model of the cone penetration in the DEM analysisdng et al.
(2006. A standard penetrometer with radisof 18mmand apex angle of 60is

11
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Figure 2.2 Schematic of the model with adaptive domainy &ktalker (2007)

described with three rigid walls: frictional tip boundafgictional sleeve boundary,
and frictionless sleeve boundary. The granular material siaulated by 20 types of
disks with an average grain diametkp = 2.925mm Over 10000 particles composed
a ground with a depth and width of Reand 175R, respectively, using a multi-layer

under-compaction method.

The numerical results investigated the tip resistancelampenetration tests and the
penetration mechanisms from the viewpoints of the defaongtattern, velocity fields,
stress fields and stress paths were discussed in detail.it®#@sp main limitation of
DEM to simulate a great number of particles with current P@s résults show some
similarity with that of field and laboratory tests. In additi the obtained penetration

mechanisms are helpful for understanding axisymmetric @Bt

12
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Figure 2.3 The CPT model in the DEM analysis; afteeng et al(2006

2.2.2 CPT in layered soils

Natural soil deposits consist of layers with varying thieka and mechanical proper-
ties. An objective of CPT data interpretation is the delireabf interfaces between
soil layers in order to produce an accurate profile of sulbsertoil features. The in-
terpretation of CPT data in layered soils is complicated leyfttt that readings are
influenced not only by the soil at the location of the cone tipddso by layers of soil

at some distance beneath and above it.

A near continuous data profile is an advantage of the CPT ferpngtation of strati-
graphic details. However, the influence zone effect makénedgion of soil layers
difficult. The size of the influence zones is dependent on thlepsoperties Yang,
2009. Therefore, for penetration in layered soils, the distaracsense a lower layer

differs with the properties of both soil layers and the fe&atistance to the soil in-
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terface. For multi-layered soils, the layered effects beesonore complicated and
iImportant, especially for thin-layer deposits. As a resSORT data (e.gqc, fs) does
not solely represent the soil at the location of cone tip, mnades soil classification
difficult. This can also impact on the ability of CPT to detemmliquefaction potential
of soil zones (e.gRobertson1982 Tseng 1989 Moss et al. 2006.

There has been relatively little research done on the effestiil layering on CPT mea-
surements. A small number of experiments (&rgadwel|] 1976 Silva and Bolton
2004 Xu, 2007 have been carried out that provide observations of thesitian
through soil layers. Numerical simulations (evgn den Berg et 811996 Ahmadi
and Robertsan2005 Xu and Lehang2008 Walker and Yy 2010 have been con-
ducted for the analysis of layered effects and influence aneund soil interfaces.
The first analytical solution for penetration in layeredisevas proposed byreug-

denhil et al(1994), which is an approximate solution for simple linear-atastedia.

2.2.2.1 Guiand Bolton (1999

It was reported byGui and Bolton(1999 that penetrating into a new soil layer has
a significant impact on CPT profile and therefore pile desigs.cAn be seen from
Figure 2.4, the CPT profile can deviate from a uniform soil (ideal respitfile by
detecting the soil lying beneath it, and some distadgki$ required to develop a new
tip resistance once entering a new soil layer. For pile aegsle influence zones are
determined by the surrounding solil profiles, thus the eratibg capacity is signifi-

cantly affected by the soil layering that may be present tieapile tip.

In order to study the effect of penetration depth) (a set of cone uplift tests (i.e. pull-
out tests where the penetrometer is pulled out of the sat @ftpenetration test) in
the centrifuge Gui and Bolton 1998 showed that it takes a distance of about 5 cone

diameters to develop the full resistance of a given sand-.laye

2.2.2.2 van den Berg et al.(1996

van den Berg et al(1996 presented a Eulerean large-strain finite element solution

for penetration in layered soil which is characterized byoa-associated Drucker-

14
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Figure 2.4 Layered effects of development on CPT profildsyr &ui and Bolton(1999

Prager criterion. Large plastic deformations were takématcount by using a mesh-
ing re-adaptivity technique, called Arbitrary Lagrangdawnierean formulation (ALE),
in which nodal point displacements and velocities and nmealtdisplacements and ve-
locities are decoupled. The adopted Eulerean frameworkpeeial case of ALE with
fixed element nodes. For a layered system, the material giep@ear the interfaces
could be modified to subtract the convected stresses aridsstiae to the physical

movement of material particles.

For a material constitutive model, the Drucker-Pragertmag model with isotropic
strain hardening assumption and a non-associated flow reite adopted to model
strength of sand with the yield function and plastic pow@ntiinction as shown in
Equation 2.6). J, is the second invariant of the deviatoric stress tengas, the hy-
drostatic pressurey andk are material strength parametefss a dilatancy factor. In

addition, a von Mises criterion was used to model the undchetay behaviour.

f=4v3h+ap—«k
g=+v3L+Bp (2.6)

A typical cone penetrometer with diameter of BBmwas modelled to penetrate into
the subsoil at a speed otk per second. Two subsoil systems were studied in a qual-
itative nature: ‘clay on sand’ and ‘sand on clay’. The resuitFigure2.5show that

the cone in sand layer can sense the underlying clay layedistance of about B,

whereas it takes aboutbto develop the full resistance for an advancing cone from
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soft layer to sand layer. However, as the author emphasibhednaterial properties
adopted had a great effect on the results and the study wasdynfacused on the

gualitative assessment of the finite element solution iryerkd soil. Therefore, more
precise data should be obtained from in-situ tests and mamaneter studies should

be undertaken to apply to analyse the case of cone penattatio

(a) (b) O clay

+ sand

- = 08 4
g 038 - \ a0
< 7 Clay over sand g i Sand over clay
& ] &
04 4 0.4 -
b O clay 1
B + sand B
a
0 77T r—T-T 77T T T T T T 0 +— L A S AL L A
0 0.04 0.08 012 0.16 0.20 0 0.08 0.16 0%
Displacement (m) Displacement (m)

Figure 2.5 Load-displacement curves for: (a) clay on sabnpsénd on clay; aftevan den Berg et al.
(1996

2.2.2.3 Ahmadi and Robertson (2005

The CPT tip resistancey) in layered soil was simulated by the finite differential
method using the commercial computer program FLAC. The iagezffect for pene-
tration in both sand and clay was investigated using simpiestitutive models. The
Mohr-Coulomb elastic-plastic model was selected as thetitotige law for sand.
The Mohr-Coulomb parameters were tested to model the mexdignbperties of Ti-
cino sand. For constitutive law of clay, the Tresca failuieedon was used with the
undrained shear strength of cla) Due to the undrained behaviour of the clay, Pois-

son’s ratio was taken as4®.

Before the investigation of the thin-layer effects, a nucedranalysis of two-layered
soil was carried out to examine the effects of soil layerimgtiee penetration resis-
tance. Figure2.6 presents the results of numerical simulations. The distémat the
cone senses the approaching layer is larger for penetrffrbondense sand to loose
sand, 45B for subplot (a) and 1B for subplot (b) respectively. The cone resistance

in the clay layer is only slightly influenced by the sand laeth above and below,
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l.e. 17B from subplot (c) and B from subplot (d).
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Figure 2.6 Penetration analysis: (a) loose sand overlyange sand; (b) dense sand overlying loose
sand; (c) medium dense sand overlying soft clay; (d) soft olaerlying medium dense sand (after
Ahmadi and Robertsqr2005

During the analysis of a multi-layer system, different Kmesses of sand layer sand-
wiched by the other two layers of soft clay (assuming thastiveounding layers have
the same soil properties) were carried out to present theldlyer effects. Both dense
sand layer and loose sand layer tests were performed. Fdorther, a thickness of
28B for the middle sand layer was required to develop a steatg-gienetration re-
sistance. Otherwise, the tip resistance would be affeggetid soft clay layer below
before it reaches its true value of tip resistance. For ttierlahe required distance
reduced to B, which is due to the relative density. The results showedl ttietip

resistance and the layering effect (including the thirefagffect) are influenced sig-
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nificantly by the relative stiffness and strength of eaclhtype. As depicted in Figure
2.7,in order to address the problem of the thin dense sand lgy@rdmbedded in soft
clay (OcB), the correct cone resistancgil was defined ag; = Ky x gca, WhereKy

is a correction factor and is a function of the ratio of lay@ckness to cone diameter

(H/B).

q.*

Deposit B

Deposit B

Y4

Figure 2.7 Thin-layer correction fact#y ; after Ahmadi and Robertso(2005

2.2.2.4 Xu (2007

Centrifuge tests of penetration tests in layered soil sasngigperfine silica sand and
kaolin clay) were conducted byu (2007, using jacking model piles ofam 9.5mm
and 16nmin diameter, as shown in Figu&8. The transition from one soil layer to
the other showed that the influence zone in the stronger lagerlarger (about five
times the pile diameter), and the tip resistance was morsitsento be affected by
the weaker soil layer. The scale effect resulted in the gpde reacting more slowly
to changes in solil stratigraphy, and the influence zonesdrthe soil interface were
relatively larger. However, it was expected that the noigeal distance to the interface
(H/B) eliminated the scale effect, and the equations based omnicahresults were
proposed to describe the variation of resistance ratio asalawer soil profiles, accord-

ing only to the resistance ratigdw/dc.s)-
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Figure 2.8 Centrifuge results of pile penetration in lageseils; afterXu (2007

2.2.2.5 Walker and Yu (2010

An analysis of the cone penetration test in multi-layerey elas presented Biyalker
and Yu(2010, using the commercial finite-element code Abaqus/ExplBimilar to
van den Berg et al1996, the von Mises yield criterion and its associated flow rule
were assumed to model the plastic behaviour of elastoplastirained clays. An arbi-
trary Lagrangian-Eulerian scheme and an enhanced hos@igarithm were adopted
to preserve the quality of mesh throughout the numericalksition. The behaviour
of the penetration resistance when a cone passes betwéysw was investigated,
and the distribution of soil deformation around the pemagter provided insights into

the understanding of penetration mechanisms.

Figure 2.9 exhibits the constraints and surface interactions thaewaposed in the
dual-layered soil model. In Abaqus/Explicit, the contalgfoaithm is based on the
concept of a master surface and a slave surface. The irgdnéad kinematic condi-
tion provides the transmission of any contact pressuredmiviwo surfaces. The tie
conditions at the both sides of the interface are necessametent the top layer from
sliding off the bottom layer, to prevent the soil domaingtiph along the interface

and to prevent the soil buckling when the cone passes thdaote
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Figure 2.9 Boundary constraints and interface conditidrth® dual-layered soil model; aft&alker

and Yu(2010

Figure2.10signifies the change of the penetration resistance whermtiewas pushed

from a strong layer to a weaker layer. It was found that theepration resistance was

influenced significantly by both upper layer and lower laygsparently, the distance

of influence depends heavily on the relative strength ofdélyers. The results reveal

that the cone senses the approaching layerlat 2.6 cone diameters above the inter-

face and the influence of the upper layer extends f0~22.2 cone diameters into the

bottom layer respectively.
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Figure 2.10 Penetration resistance in a dual-layeredaftd; Walker and Yu(2010
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The analysis of three layers of clay was also presented éstigate the influence of the
relative strength, asillustrated in Figutel 1. Comparing the two stages when the cone
passes the interfaces, the height of influence of the lagéasger when the penetrom-
eter is pushed through a strong layer into a softer layerohtrast, the lower strong
layer has very little effect on the penetration resistandgle it increases sharply to its

steady-state penetration resistance after the cone pagbesbottom layer.

140

Soil interfaces

T
120 4

100 -

IR =300

IR = 500

| IR = 100-100-100
— IR = 100-300-100
IR = 100-500-100

0 5 10 15 20
Normalised penetration depth, z/dia.

Figure 2.11 Penetration resistance in a multi-layered afigrWalker and Yu2010

In addition, the effect of layer thickness on the penetratesistance was examined
by altering the thickness of the middle layer torf 10cm 15cmand 3@m The
behaviour of the penetration resistance was studied itiorlto the thickness and rel-
ative strength of the soil layers. The results revealedttiatayer thickness has no
impact on the penetration resistance while the cone is indpdayer. A thickness
of two cone diameters was required to drop to the steadg-ptrtetration resistance

when inserting the cone into a thin weaker soil layer.

2.3 Centrifuge Modelling and Soil Deformation Measurement

2.3.1 Centrifuge modelling and NCG geotechnical centrifug

Soil behaviour is complex and non-linear, with dependemcie current stress condi-

tions and stress/strain histories. For large-scale bayn@due problems, a traditional
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scaled physical model would not be able to replicate thesstiield, and the bound-
ary effects are arguably considerable. However, the cactsdn of a full-scale model
which provides the actual in-situ conditions increasestst significantly and reduces
the efficiency of the examination. On the other hand, testslgcted at site also have
limitations due to uncontrollable site conditions and iequlate measurements. Alter-
natively, the investigation based on experimental testetits from the precise control
of variables, and the stress conditions can be provided dgdhtrifuge rather than a

traditional physical model.

Centrifuge testing has proven to be a particularly usefulftaathe study of geotech-
nical engineeringTaylor, 1995. The applied acceleration of many times earth gravity
enables the full scale prototype situation to be scaled dovenrelatively small phys-
ical model. The centrifugal force is generated by the iaeifom Newton’s second
law of motion £ = M -r - w?; whereM is the masst is the rotational radius, ang

is the angular rotational velocity of the centrifuge), whis equal and opposite to the
centripetal force. A main advantage of centrifuge modgllias in the replication of
the stress level and the stress gradient with depth, thustuel testing results can
be extrapolated to full prototype scale. It is importantgéoagnise that the full-scale
prototype does not exactly match the full-scale problemeunmavestigation, but that
the modelling can provide an effective approach to explbeegeneral mechanisms

involved.

2.3.1.1 Scaling laws

While the physical model is scaled down to represent the oo the relationship
between the model and the prototype is governed by a numissathg criteria. For
the basic scaling law of centrifuge modelling, the uniforoteleration field is as-
sumed to apply to the model by selecting an effective cemgefradiusRe which will
minimise the scaling errors due to the nonlinear stressilgision and the difficulty
of representing sufficient detail. Thus, the inertial aecation field ofN times earth
gravity (g, ~ 9.8m/s%) is provided in accordance with Equatich ).
W?Re
g

N = 2.7)

22



Chapter 2 Literature Review

For the centrifuge model, the vertical stress at ddpths given by the expression:
oym = P -N-g-hm, whereas the vertical stress at depghs given byoy,, = p-g-hp
for the prototype. Due to the similaritgym = oyp, hm = hp- N—1. Therefore, the
scale factor (prototype : model) for linear dimensiondlis1, as depicted in Figure
2.12 The comparison of the distributions of vertical stresdhimdentrifuge model and
its corresponding prototype is shown in Fig@ré3 In order to minimise the error on
stress distribution, the effective centrifuge radiBs, is equal toR; + hy/3, whereR;

is the radius to the top of the model; the radius where thecatdtress in model and
prototype are identical is given % + hy, x 2/3. Based on the physical relationships
and dimensional analyses, the scale factors for quasi-statiels relevant to common
geotechnical applications of centrifuge modelling can &eved as listed in Tabl2. 1

A more detailed description can be foundTaylor (1995, as well as the effects of

consolidation, seepage, and particle size.

w

\/

werI

Figure 2.12 Schematic of prototype and centrifuge modedy ahylor (1995

:hp

\
Depth Depth

2.3.1.2 NCG geotechnical centrifuge

The Nottingham Centre for Geomechanics (NCG) geotechnicufiftege, manufac-
tured by Broadbent G-Max, is a §9T machine, with 2m platform radius. It is a
typical medium-size beam centrifuge with one swingingfpla, and a payload ca-
pacity of 50kgat a nominal radius of. ZOmcan be spun up to 1@D More centrifuge

specification is provided in Tab22, and Figure2.14shows the main components of
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Wi

Depth

Figure 2.13 Comparison of stress variation with depth inrgrdfege model and its corresponding pro-
totype; afterTaylor (1995

the centrifuge, as describedHitlis et al.(2006. A fixed counterweight, whose posi-
tion is manually adjustable using a detachable screw jaick iy centrifuge flight, is
used to coarse balance the swing platform. This can provpeybad mass between
200 and 50@&g for primary balancing. In addition, an automatic ‘in-fligialanc-
ing system allows correcting the imbalancet050kN by the movement of oil in the
centrifuge arms. In view of safety, the centrifuge autooaly shuts down when the

tolerable out-of-balance load af30kN is exceeded.

Date acquisition system (DAS), developed by G-Max and segdy Broadbent, pro-
vides normal functions, including control systems, datgugition and transmission
(Ellis et al, 200§. The DAS cabinet is mounted above the centrifuge arms ¢tothee
central axis, as shown in Figugel4 It has a capacity of 128 channels for transducer
interfacing, and each channel with transducer can digérse transfer the data to a
fibre optic link to the control room PC network. 36 power slipgs and a fibre optic
rotary joint provide link the top of the DAS cabinet for AC pendistribution and DC
supplies on the model. Two PCs located in the control room seel to control the
operation of the centrifuge, data acquisition and expantngentrol system based on

Remote Desktop over the university TCP /IP based LAN network.
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Table 2.1 Scale factors for centrifuge modelling of quaatis problems

Scaling factor

Quantity metric unit (prototype / model)

Gravity / Acceleration m/s? 1/N
Density kg/m? 1

Unit weight NYm? 1/N
Length/Displacement m N
Area m? N2
Volume m3 N3
Stiffness N/m? 1
Stress/Pressure N/m? 1
Strain — 1

Force N N2
Velocity m/s 1

1 N in units means the unit of force: newton.

Table 2.2 Specification of the NCG geotechnical centrifugjéq et al, 2006

Platform radius

Assumed effective radius of

payload

Maximum size of
payload

Maximum payload
Maximum acceleration
In-flight balancing

Motor

Dm

1.7m

0.8mwide (vertical in flight)
0.6mwide (circumferential in flight)
0.9m high (radial in flight)
85Rgm(500kgat 1.7m) up to 10Q
15p(at L7m)
+50kgm

75kW three phase induction motor
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Figure 2.14 Schematic of the NCG geotechnical centrifufier &llis et al.(2006

2.3.2 Previous centrifuge modelling of CPT

Over 50 centrifuge tests were conducted e (1990 to investigate the cone penetra-
tion test in cohesionless soils. It was reported that thefation resistance is largely
dependent on the stress level and soil density, and thetsesate plotted to relate
the tip resistance with the two parameters, as shown in E@d5 The tip resistance
increased linearly with the vertical stress, except forghaetration near the ground
surface. The growth ofc was also found to be sharper in soil with higher relative
density. The grain size effect was observed for smaller pemeters:B/dsg < 12,
and the effect of probe surface roughness was negligibieisas the effect of pen-
etration rate (varying from.8mmys to 27mnys). The bottom boundary effect was
also evaluated, and a theoretical solution for deep pdr@inaas proposed by using a

modified spherical cavity expansion approach.

Thereafter, more penetration tests were carried out at tmeb@Gdge Geotechnical
Centrifuge CentreRolton and Guj 1993 Gui and Bolton 1998 Gui et al, 1998
Bolton et al, 1999, and the guidelines for CPT in sand were developed aftesinve
tigating the tests using Fontainebleau sand (a typicalasgand withdsg = 0.22mm)
from five European centrifuge centres. The interpretatf@eotrifuge results was pro-

vided with a proposed normalisation of cone resistance anetpation depth. After
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Figure 2.15 Typical results dfee (1990 to correlateg. with o7, and relative density fob/B = 24

illustrating the repeatability of the results from the fiedoératories (Figurg.16), the
effects of container sizé&)/B), stress level, and grain size rat®/(so) were examined
as presented in Figutz17and Figure2.18 A more conservativ® /B ratio (40) was
suggested to eliminate the boundary effects, and the d@esiseffect was attributed
to the sand particle crushing although no evidence was geovirom the results. The
grain size of fine particles did not affect teZ curves forB/dsg in the range 28 to 85.
Coarse particles had more effect on the cone resistancehargidin size effect was
generally negligible foB/dsg > 20. The slight decrease Qfafter the peak value was
presumably attributed to the enhanced tendency of cruskiegtrifuge modelling of
shaft friction of non-displacement piles conducteddiyravantg2002) also indicated

that the scale effects on the shaft friction Bytdso > 30 to 50 can be neglected.

Centrifuge tests were performed McDowell and Bolton(2000 for penetration of a
probe with 1dnmdiameter into calcareous Quiou sand at a gravitationall@at®n
of 70g. The effects of particle size distribution were examineddsts with uniform
soil and well-graded soil. Particle crushing was also eamald by retrieving the soil
adjacent to the probe at various depths for particle sizéy/sisa Significant crushing
was observed for deep sand with deep penetration mechaaishthe crushing was
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Figure 2.16 Results of normalised cone resistances fordlveratories; afteBolton et al.(1999

attributed to the large soil compressibility for calcaresand.

Silva and Bolton(2004) carried out centrifuge penetration tests in saturatedriy
sands. A piezocone with T@mdiameter was inserted into layered silica sands (Frac-
tion E sand layer was sandwiched by two layers of Fractionrlsat 50y, for in-
vestigation of the effects of penetration rate, fluid visigosind soil layering. The tip
resistance sensed the interface at three cone diameters, atligereas the magnitude

of the layered effects was small for both tip resistance aicdss pore water pressure.

Centrifuge tests were conducted Ky (2007) to study the performance of pile end-
bearing capacity in uniform and layered soil profiles. Botitgisand and kaolin clay
were used in the centrifuge models for jacked pile instaltetests and static load tests
at differentg levels. The results of normalised resistazand relative density were
provided in Figure2.19with comparisons with centrifuge results fraolton and Gui
(1993 and a correlation proposed Gwrtsuoka et al(1990. The ratio of pile capac-
ity and installation resistancey/qc) was concluded at approximatelyd0 Significant
layered effects were observed from the results of penetragisistance. The transition
of gc was evaluated with the distance to the soil interface, andsibe of influence

zone was related with the relative penetration resistainoasiform soils.
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Figure 2.17 Effects of: (dp/B ratio; (b) stress leve; afterBolton et al.(1999

Centrifuge modelling of axial pile jacking into sand was peniied byDeeks(2008.
Static load tests conducted after pile installation shothatthe load-displacement and
stress-strain response are self-similar at varying stess$s. The performance of the
strength and stiffness of the pile was illustrated in thektmmtalysis of the centrifuge
results, including the parabola curve of CPT rigidity ratidation at the soil-pile in-

terface, and cyclic loading during penetration.
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Figure 2.18 Effects of grain size ratiB/(dsp): (a) fine particles; (b) medium and coarse particles; after

Bolton et al.(1999

Yi (2009 studied the changes of radial stresses and pore pressuneg ohstallation

of piles in soft clays. The effect of set-up had been empkdsizith the dissipation

of excess pore pressures during penetration. Substaméabgth enhancements were
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Figure 2.19 Correlation between normalised resist@head relative density; aftetu (2007)

observed in the soil after pile installation.

A 180° axisymmetric model of CPT was performed by centrifuge maaglby Liu
(2010 to measure the soil deformation during penetration, astifated in Figur@.20

The effects of soil densityg level, probe tip shape, and re-driving were investigated
for penetrating a probe with X@mdiameter in Fraction C sand. Soil displacements,
trajectories, and strain paths were obtained to compate twt deformation pattern
reported bywhite and Bolton(2004) in a plane-strain calibration chamber. No signif-

icant difference was found for penetration in sand withed#ht relative density.

2.3.3 Soil deformation measurement technology

The measurement of soil deformation plays an importanttmbktudy the geotechni-
cal problems and the failure mechanisms involved. Manyrgite have been made
to improve the technologies to visualise and quantify tHemeation associated with
geotechnical problems, as reviewed White (2002. A traditional method is X-ray
imaging technique, which is to obtain a series of radiogsdphowing the movement
of lead shot embedded in the soil model. Although this tepimihas been devel-
oped with much progress since the late 1928srper 1929, the precision of the
field of view is still limited by the inherent disadvantagesy. shrinkage and swelling

of the X-ray film, non-planar movement of the lead shot, aretsE equipment re-
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Figure 2.20 Centrifuge model for penetration of half-prab#n measurement of soil deformation; after
Liu (2010

quired. With the assistance of a transparent window, theldpment of photogram-
metric techniques enhanced the precision of measuremah{sravided an easier and
more effective approach for physical modelling. The typioathods include stereo-
photogrammetry Butterfield et al. 1970, photoelastic techniquéA(lersmag 1987,
and video-photographic metho@lien et al. 1996. After analysing and comparing
the performances of the available techniquesMyite (2002, a more precise mea-
surement of soil deformation was required, and consequéml author developed
a new system combining three technologies: digital stilbtplgraphy, Particle Im-
age Velocimetry, and close-range photogrammetry. Theopwaence of the proposed
measurement system have been assessed by three indieaimusacy, precision and
resolution, as detailed iWhite (2002 andTake(2003.

2.3.3.1 Particle Image Velocimetry

Particle Image Velocimetry (PIV) is a velocity-measurieghinique based on images
by digital still cameras, which was originally used in fluiceamanics. White et al.
(2003 have applied this displacement measurement techniquentechnical models,
together with the description of basic theory and algorghrA series of calibration
tests was carried out to investigate the performance of Bithie field of geotechnics

with influences of soil appearance, particle displacemamis test patch size.
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For PIV analysis, Figur@.21a presents the schematic of the analysis process for a pair
of images. A mesh of test patches is determined for the imagghg autocorrela-
tion function is used to find the displacement vector of eatblpbetween successive
images. For each test patdinsi(U) is the image matrix with size df x L pixels
which contains all of the colour information within the pategion. A search patch
lsearcHU + S) is extracted from image 2 to search the location of the tetsthpalhe

Fast Fourier transform (FFT) of each patch and the conwoiutieorem are applied

to obtain the resulting normalised correlation pl&aés) through the sequence of the

digitally-captured images/(hite et al, 2003.

With regards to the precision and accuracy of the measuresystem, the texture
of the soil must be sufficient to allow patches of soil to besetifrely distinguished
(Marshall 2009. Natural texture for sand particles can help to identifg &nack the

movement of patches of pixels in low-velocity flow field, wendrtificial texture pro-
vided by the coloured ‘flock’ material needs to be scattenei ohe surface of clay

sample.

The empirical equation proposed Wyhite et al.(2003 gives the precision error corre-
sponding to the test patch size (Equatiod). The larger patches selected with smaller
errors can provide more precise results, while reducingtimber of patches. There-
fore, the selection of an optimum patch size needs to be tadbpased on the proper-

ties of digital still cameras used.

0.6 150000
Ppixel = T + E (2.8)

whereppixel is the precision error andis the test patch size ipixels

2.3.3.2 Close-range photogrammetry

Close-range photogrammetry offers the conversion from evsgace [fixel9 into
object-spacenim. The basic transformation model is the linear scaling ohple
camera model. As a single scaling factor used across theeinmeagors can occur
due to the spatial variation. Also this image distortionuiegs the cameras validation

tests for correction. As concluded frovihite (2002, the sources of image distortion
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Figure 2.21 Schematics of GeoPIV analysis; aftéite (2002 andTake (2003

mainly come from: non-coplanarity, lens distortion, CCD rsmuareness, and refrac-

tion.

Non-coplanarity between the image and object planes isideresi as an inevitable
phenomenon, owing to any tiny movement in the spinning dege model. The Eu-
ler angle9*, ¢* and¢* are employed to relate the coordinate systems of the CCD and

the object plane. Radial and tangential lens distortioncivinould lead to ‘fish-eye’
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and ‘barrelling’, can be corrected by four parametéis K, for radial lens distortion;
p1, p2 for tangential lens distortion). CCD non-squareness is akeid by CCD pixel
aspect ratiax. Finally, the refraction through a viewing window dependgiee thick-
ness and refractive index of the window. In terms of Sne#ig (sina = nsin ), an

iterative process is optimised to weaken the magnitudeeofdfraction errors.

2.4 Cavity Expansion Solutions in Soils

Cavity expansion plays an important role as a fundamentddi@no in geotechnical
engineering. The applications of this theory involve maspexts of geotechnical
problems (e.g. pile foundations, in-situ soil testing,rteling and mining). This sec-
tion first reviews the development of the theory for geotécdinmaterials and the
associated applications (Sectidgrt.]). The studies about the interpretation of CPT
measurements using cavity expansion are detailed in $ezdo2and cavity expan-

sion in layered media is briefly reviewed in Sectibd.3

2.4.1 Cavity expansion theory and applications

Cavity expansion is a classical model with investigatiorheftavity pressure-expansion
behaviour, the stress/strain field around the cavity andstiledevelopment during
process of expansion and contraction. As shown in Figu22 the initial cavity with
radius ofag is expanded ta, with the increasing of cavity pressure frd@nto P;. The
typical result of the analysis is the cavity pressure-eggancurve (Figure.22),
while the limit pressur®;y, is always obtained from the solutions for examining a par-
ticular problem. Cavity expansion theory has been extelysd@veloped and widely
used for the study of many engineering problems since itsdpglication to the anal-
ysis of indentation of ductile materialBishop et al. 1945, while the application to
geotechnical problems was first brought up in the 19&0dkson and Andersofl1961)
adopted the theory of cylindrical cavity expansion for te&reation of soil properties
from pressuremeter test data. Thereafter, numerous a@dlgghd numerical solutions
have been proposed using increasingly sophisticateditdive soil models by using
the principles of continuum mechanics. The development®fheory and its appli-

cation to geomechanics were described in detayir§2000.
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Figure 2.22 Cavity expansion model and the pressure-eiqgangrve

Many existing solutions are available from the literaturesluding linear/nonlinear
elastic solutions, elastic-perfectly plastic solutiocrstical state solutions, and elasto-
plastic solutions. Besides the fundamental elastic saistio finite/infinite isotropic
media, expansion of cavities in a cross-anisotropic elasaterial was presented by
Lekhnitskii (1963; and solutions in a semi-infinite half-space were providgd/er-
ruijt and Booker(1996 (cylindrical) andKeer et al.(1998 (spherical).

Hill (1950 presented a large strain solution for both spherical atiddnycal cavities

in a Tresca materialChadwick(1959 reported a quasi-static expansion of a spheri-
cal cavity in ideal soils using Mohr-Coulomb vyield criteriamth associated flow rule.
Vesic(1972 gave an approximate solution for spherical cavity expamsi an infinite
soil mass using a compressible Mohr-Coulomb material. Tla¢yais was applied to
evaluate the bearing capacity factors of deep foundatioried same paperCarter

et al. (1986 derived closed-form solutions for cavity expansion froemazinitial ra-
dius in an ideal cohesive-frictional material with a snthain restriction. The defor-
mations in the elastic region were assumed to be infinitdsemd the convected term

of the stress rate was neglected in the governing equatioichvprovided an approxi-
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mate limit pressure solution.

Yu and Houlsby(199]) presented a unified analytical solution of cavity expamsio
dilatant elastic-perfectly plastic soils, using the M&wulomb yield criterion with a
non-associated flow rule. The complete large-strain aislysth the aid of a series
expansion, was introduced to derive a rigorous closed-fwiution without any addi-
tional restrictions or assumptions. The typical resultpresure-expansion curves for
both spherical and cylindrical cavities are shown in Figiig8with variation of dila-
tion angley. The application to piling engineering was pointed out, dredlimitation

of their analysis was that the material properties wererassto be constant and in-
dependent of stress-strain histoBalgado et al1997) andSalgado and Prez¢007)
reported a cylindrical cavity expansion solution and piatlia stress rotation analysis
for the interpretation of the cone penetration test (CPT)oAlimear elastic region and
a numerical formulation in the plastic region were used tuea® a variable stiffness,

friction angle, and dilation angle, which will be discussedre in Sectior2.4.2
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(a) Typical expansion-pressure curves for spherical cavities  (b) Typical expansion-pressure curves for cylindrical cavities

Figure 2.23 Typical pressure-expansion curves for botlesgdl and cylindrical cavities; aftefu and
Houlsby(1991)

The critical state based plasticity models of cavity exjp@msvere developed in the
last three decadesDavis et al.(1984) presented an undrained cylindrical expan-
sion in a rate-type clay from zero initial radius, and theld/isurface was implied
based on the modified Cam Clay modBlogcoe and Burlandl968. The applica-
tion to predict the behaviour of driven piles in clay was afgovided in the same
paper. Collins and Yu(1996 provided analytical and semi-analytical solutions for
undrained expansion of cylindrical and spherical cavitiesn a finite initial radius.
Original Cam Clay §chofield and Wrothl968 and modified Cam Clay/ood 1990
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were adopted to simulate both normally and over-consaitlatays, and the typical
pressure-expansion curves for normally consolidated @igy= 1.001, whereny, is
the over-consolidation ratio in terms of the mean effecsivess) are shown in Figure
2.24. A brief application to prediction of excess pore pressuha@sng pile installa-
tion in over-consolidated clays was presented to confirpatential and usefulness in

geotechnical practice.
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Figure 2.24 Typical pressure-expansion curves for botlegpdl and cylindrical cavities using original
Cam clay and modified Cam clay; aft€ollins and Yu(1996

Drained expansion in NC clay®é&lmer and Mitche]l1971 for cylindrical cavities)

and heavily OC claysfu, 1993 were also provided by small strain analyses of critical
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state based model€ollins et al.(1992 developed a semi-analytical solution using a
state parameter-based critical state model for sands; tte-Koulomb model was

also used to describe sand behaviour.

A series of 2D numerical simulations of cavity expansion e@asied out in an elasto-
plastic solid byRosenberg and Deké2008, and used to apply to long-rod penetra-
tion mechanics. Steel, aluminium, and lead were simulatédmAutodyn by using

a simple von-Mises yield criterion. The resulting critipeessures had a good agree-
ment with analytical model predictions for the compress#nlid (Figure2.25), and
the normalised cavity pressure for three materials has beecluded with a single
guadratic curve (Figurg.2%). Tolooiyan and Gavirf2011) performed finite element
simulations of spherical cavity expansion in sand using Mobulomb and Hardening

Soil models, and applied the method to extrapolate the apmegistance.
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simulation and analytical solution (b) Normalised cavity pressure curve

Figure 2.25 Numerical simulation of cavity expansion ineihmaterials; afteRosenberg and Dekel
(2008

Geng et al(2013 carried out simulations of cylindrical cavity expansiongranular
materials using the discrete element method (DEM). Theystuestigated the effect
of particle shape and micro-properties, which providedniiero mechanical insights
into the soil behaviour, and the results compared well wigspuremeter test data.
A sample of two-ball clumps and the typical results pressxgansion curves with

comparison with experimental data are shown in Figugé

As reviewed byYu (2000, the cavity expansion theory has mainly been applied in
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Figure 2.26 DEM simulation of cylindrical cavity expansj@and comparison with pressuremeter test-
ing; afterGeng(2010

the geotechnical engineering areas of in-situ soil teqtlgpth, 1984 Clarke 1995
Lunne et al. 1997 Salgado et al.1997 Yu and Mitchel| 1998 Salgado and Prezzi
2007, deep foundation€Xavis et al, 1984 Randolph et a) 1994 Yasufuku and Hyde
1995 Collins and Yy 1996, tunnels and underground excavatioA®€¢k and Brown
1980 Mair and Taylor 1993 Yu and Rowe1999 and recently for an interaction anal-
ysis between tunnels and pildddrshall 2012 2013.

The cylindrical cavity expansion method is adopted for thierpretation of pres-
suremeter tests owing to the similar geometry and loadiswtyi, especially for self-
boring pressuremeter. Figuge27a implies the model of pressuremeter and the ana-
logue of the pressure-expansion curve and the pressunecoete. Many correlations
have been proposed for testing in undrained clay and draied), to predict soil prop-
erties, e.g. shear modulus, undrained shear strengtkefaffriction and dilation, in-
situ horizontal stress and state parameteasiéanyj 1963 Palmer 1972 Hughes et a).
1977 Houlsby and Hitchmaril988 Houlsby and Yu198Q Yu et al, 1996 Ajalloeian
and Yy 1998 Yu and Mitchell 1998. The applications to pile foundations and cone
penetration testing (Figur227 and c) have been studied sirBshop et al(1945.
The analysis of cone resistance has been reviewedubgnd Mitchell (1998, and

more literature about application to CPT or piles will be dssed in the next section.
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Figure 2.27 Applications to (a) pressuremeter testingpile)foundations; (c) cone penetration testing

2.4.2 Application to interpretation of CPT

The application of cavity expansion analyses to penetrggioblems was first reported
by Bishop et al(1945 who noted that the penetrating force is proportional toctne

ity expansion pressure. Since that time, a considerableiaiad research has been
carried out to improve the theoretical solutions relatmgavity pressure (particularly

the limit pressure) and to investigate the correlation leetwthe cavity pressure and
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penetrometer resistance (eYig and Mitchell 1998.

The solutions for both cohesive and cohesionless soils haea developed signifi-
cantly since the 1970s. Spherical cavity expansion frono zadius in a nonlinear
viscoelastic-plastic soil has been applied for predictiegring capacity of deep circu-
lar footings byLadanyi and Johnstof1974), with the failure model shown in Figure

2.28 The cone factors are expressed in Equatibf)(

N =3.06+1.33x In g (cohesive soils)
Ny = WTKO)A [1+ V3tan (A (p’)} (cohesionless soils) (2.9)

where N; and Nq are cone factorsG is shear modulus ang, is undrained shear
strength;Kg is the coefficient of lateral earth pressure at rggtjs the friction an-
gle of cohesionless soi§y is the ratio of the effective spherical cavity limit pressto
the initial mean effective stresBli,/Py), andA is the cone roughness indicator (1 for

a rough cone and 0 for a smooth cone).

Figure 2.28 Failure model of deep circular footings by usisgumption of spherical cavity expansion;
afterLadanyi and Johnstof1974)

Vesic (1977 proposed a failure pattern under a flat-bottom pile to estenthe end
bearing capacity. As illustrated in Figuee2%, Zone | is a wedge below the pile that
moves with the pile (this phenomenon was also observed/bie, 2002; Zone Il is

an area with significant radial shearing; Zone Il has a pagenilar to a spherical cav-
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ity expansion. When relating the end bearing capacjty to cone tip resistancey),
the cone factors for both both cohesive and cohesionletsa®@ given in Equation
(2.10. Lee (1990 extended this model for a cone with 68pex angle, where Zone |
is replaced by the rigid cone, as shown in FigBrd%. The method was adopted by

Gui and Jend2009 to predict cone tip resistance from centrifuge tests.

G . ,
Ne =3.90+1.33 % In S (cohesive soils)

4sing’
Ny= (5725 ) oxpl(2- o) xtane) tar (457 + 9//2) x50

(cohesionless soils)

(2.10)

wherel,; is a proposed reduced rigidity index to account for soil coeapibility.

———
- ~
-~

/ y \\\
// wedge /I \
\
{ I ™ plastic )
:‘ N Zone !
LT N T
\\\ \ /I’
Ay A < _//' Il : radial shear zone
"""" Il : spherical cavity expansion zone
(a) assumed failure pattern (b) assumed failure pattern of a cone; after
under a pile; after Vesic (1977) Lee (1990) (from Gui and Jeng, 2009)

Figure 2.29 Failure pattern around (a) pile (aftesic 1977 and (b) cone (aftelcee, 1990

A spherical cavity expansion solution refined and simplifredh the solution olesic
(1977 was proposed byasufuku and Hyd€1995 to predict the pile end bearing
capacity. The schematic of cavity expansion under the pifgavided in Figur®.30
The soil was modelled by Mohr-Coulomb failure criterion, dhd friction angle was
related to the mean stress. After taking into account tHeesashability, the cone fac-

tor for sand was obtained in Equatich11).

~ (1+2Ko)A
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Figure 2.30 The proposed failure mechanism of a pile in @bkhsands; aftevasufuku and Hyde
(1995

Salgado et al(1997) proposed a cylindrical cavity expansion solution for eradilon
of penetration resistance in sand, together with stresgioot analyses. Since ex-
perimental observations indicated the importance of tit@inateral effective stress
(01,0) from calibration chamber tests, the scenario of cyliralr@@vity expansion was
adopted in a nonlinear elastic-plastic material, and tige sttern with a logarith-
mic spiral under the probe was assumed to determine the sttegion afteiSalgado
(1993, as shown in Figur@.31 The variation of soil properties was achieved by a
nonlinear elastic zone and dividing the plastic zone intmyneoncentric thin layers
with different soil properties. The solution was comparethhe results of about 400
calibration chamber tests with relative differences o$ l#mn+30%. An alternative
approach to estimatg using the calculated limit pressure was carried ouShigado
and Prezz(2007), and the proposed correlation betwagrand soil relative density
(DR), critical-state friction angle¢ts), and initial stress stateo(,,) is expressed in

Equation R.12 (o4m is the atmospheric pressure).

q o/ 0:841-0.0047Dg
° — 1.64exp[0.1041¢s+ (0.0264— 0.0002¢x5) D] x (ﬂ)
Oatm Uatm

(2.12)

2.4.3 Cavity expansion in layered media

Despite the wide application of the theory to geotechnicabjems, very little work

has been done to consider the effect of distinct soil layétimthe framework of cav-
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(a) Cylindrical cavity expansion model  (b) Slip mechanism for penetration in sand

Figure 2.31 Cylindrical cavity expansion model and sliptgyat for stress rotation, aft&algado et al.
(1997

ity expansion analyses. Analytical cavity expansion sohs for two concentrically
layered media were developed Bgrnard and Hanagyd 975 andBernard(1976 for
the study of projectile penetration, as shown in Fig2u&2 The analysis considered
an incompressible material as well as the assumption of gEsrible locking strain
(i.e. a’locking strain’ was introduced to the analytical sebto consider some effect
of volume change where the plastic zone is assumed to beromyffcompressed) and

was used to solve for dynamic solutions of penetration dapthimpact velocity.

LEGEND

h(t) a = CAVITY RADIUS
b = RADIUS OF PLASTIC FRONT
h = INTERFACE RADIUS
l=TIME

LAYER
NO,. 2

Figure 2.32 Spherical cavity model surrounded by conceldyiers; afteBernard and Hanagud 975

Sayed and Hame.987 were the first to apply analytical cavity expansion analyse
of concentrically layered media to the field of geomechanitke elastic solutions

for both spherical and cylindrical cavities in layered masse presented by using the
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model in Figure2.33 The method of spherical case was applied to evaluate gie se
tlement in soil layers, and a cylindrical analysis was usethtestigate the effect of
a remoulded annulus on the stress-strain behaviour andndation response of the
intact soil. However, in their analysis the medium was assito be a frictionless
linear-elastic solid (i.e. onl{e andv was used to capture the soil behaviour) and did

not account for the plastic behaviour of soils.

Figure 2.33 Expansion of cavity in layered elastic systeftey &ayed and Hamed 987

Xu and Lehan€2008 used a numerical analysis of spherical cavity expansianves-
tigate pile or probe resistance in two-layered soil profiledse PLAXIS finite element
code was employed for using a nonlinear elastic hardenihgwalel (H-S model, as
described irSchanz et a] 1999, and axisymmetric conditions were used for spherical
cavity expansion, as shown in Figu2e34 After verification of results of numerical
simulations by the closed-form analytical solutionsyafand Houlsby(1997), cavity
expansion in two-layered soil profiles (shown in Figdr85 were performed by the
variation of the soil interface locatiorH{ayvity). The initial cavity @g = 0.1m) was
expanded t@a = 0.2m, and the corresponding cavity pressure was taken as the limi
pressurdlin,. The results of a typical test with a drained dense s&pd=£ 97 %) over-
lying a undrained soft clay are shown in Figt86 A resistance ratio) = gp/0p s
was proposed to evaluate the layered effects and the infuaarees in both layers. In
addition, a series of centrifuge tests with piles jacked layered soils was carried out
to confirm the suitability of the proposed correlations lobge the numerical analysis

of expansion in two layered soils. Since the analyticalsmiuabout cavity expansion
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in layered media has not previously been presented in #mtitre, the development

of an analytical cavity expansion method for applicatiomémtechnical problems in

layered soils is the main motivation for the work describe€haptes5.

Figure 2.34 Finite element model of spherical cavity expanis PLAXIS; afterXu and Lehan€2008
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Figure 2.36 Normalised pressure expansion curves of aalfast with dense sand overlying soft clay:
(a) cavity in dense sand; (b) cavity in soft clay; afker and Lehan€2008

2.5 Chapter Summary

Previous research on cone penetration testing was outlinéds chapter, and the

relevant methods adopted in this research were presentkstail to provide insights

into the penetration mechanisms. The literature reviewbeasummarised as follows:

The cone penetration testing has become an effective ambegcal in-situ tool
for soil investigation and site characterisation, whetbasnterpretation of CPT
measurements still rely heavily on empirical relationstopring to the complexi-
ties of the penetration problem. Soil heterogeneity, casgibility, variability of
soil properties, and soil-probe interactions make the tstdeding of penetration

mechanisms difficult.

The experimental, analytical and numerical methods on tiadyais of cone tip
resistance have been reviewed respectively, and some fdpesed correlations

of cone factors were provided with emphasised limitations.

Previous research on CPT in layered soils was also preséiitedayered effects
observed from the field and laboratory tests were usuallystigated by numer-
ical approaches. The influence of layering was found to lmelgrdependent on

the soil properties of both soil layers and stress condition

The advantages of centrifuge modelling were highlighted] the scaling laws
between the centrifuge model and the prototype model wetleved. The de-
scription of the NCG geotechnical centrifuge was also predidith specifica-
tions and schematics. Previous centrifuge studies of psr@t problems were

reviewed to provide the guidelines for CPT in safl{ et al, 1998 and im-
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provements for soil deformation measurement during patietr Liu, 2010.

e The technology for soil deformation measureméfih{te et al, 2003 was then
introduced after reviewing other methods. The developstesy combining dig-
ital still photography, Particle Image Velocimetry, ands#-range photogramme-
try provide a good performance of soil deformation measergnwith accuracy,

precision and resolution.

e The theory of cavity expansion has wide applications to ggutical engineer-
ing. Numerous analytical and numerical solutions have Ipgeposed using in-
creasingly sophisticated constitutive soil models, andyvagoplications like piled
foundations, and in-situ soil testing were discussed, @ajie for cone penetra-

tion tests.

e Previous research of cavity expansion in layered media weaigwed, which
mainly used elastic solutions and numerical simulations.afalytical solution
of cavity expansion in layered soils was shown to be requmethe evaluation

of the layered effects more effectively.
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Chapter 3

Centrifuge Modelling Methodology

3.1 Introduction

The literature review presented in Chaptagave the background and an overview of
the previous research on cone penetration testing, witticpkar interest in stratified
soils. The current interpretation of CPT data is mainly baseempirical correla-
tions, attributed to the complexity of the problem and theartainty of the penetration
mechanism. Centrifuge modelling replicates the field stnreggnitude and gradient,
and the image analysis technology for measurement of simitration in axisymmet-
ric models provides an effective method for investigatiémpmbe performance and
soil movements during penetration. All of the centrifugstsen this research were

carried out on the NCG geotechnical centrifuge, as introdiuc&ection2.3.1

This chapter describes the details of the centrifuge mimgethethodology. The ex-
perimental apparatus that was adopted to perform the figygriests is first detailed
in Section3.2with instrumentation of the probe described in Sec8dh The method

of soil model preparation is presented in the subsequetitBex4, before the chapter

is concluded by a summary of the testing programme and pued&ectior8.5).

3.2 Experimental Apparatus

3.2.1 Container and Perspex window

Due to the geometry of a cone penetrometer, it is more reagot@msimulate the pen-

etration problem using a three-dimensional model or axmgtnic model, rather than
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a plane strain/stress model. The benefits of a 3D model mhénip the geometric
consistency and the similarity of stress/strain condgiaround the probe. One of the
main advantages of the conducted centrifuge tests is thigyabi obtain soil defor-
mation associated with penetration, but this requires agptd symmetry within the
model. Therefore, a half-cylinder axisymmetric model wasduwith a transparent

window at the plane of symmetry for observation, followihg design otiu (2010.

The centrifuge container, made from steel, is shown in E§ut, with inner diameter
(D) of 500mmand depth of 506m The effects of wall friction have been examined
to be relatively small for penetration tests in a calibnatthamber\\Vhite and Bolton
2009 and in centrifuge testK{otz and Coop200]). For the purpose of soil obser-
vation, two pieces of Perspex window with thickness offsand 25mmwhich offer
sufficient optical clarity, were placed at the centre of thetainer to form the axisym-
metric model. The considerable Perspex window thicknessrequired to provide
sufficient strength and stiffness to retain the high pressirsoil in the centrifuge
model and limit horizontal strains, together with threedas as shown in Figuie L
Although the glass window offers less surface friction, Begspex has a higher allow-
able stress as discussed\White (2002 and the negligible difference with respect to
measured displacements between the two types of windowdes dbserved bliu
(2010. In addition, the effect of refraction has been considexétiin the GeoPIV

analysis to account for the refractive distortion by Ssdlw (White, 2002).

Cameras

Braces i - v

Perspex
window

Field of view

A,

~

Position of half-probe

Soil model
)

Position of full-probe

. [
Container ®

(a) (b)
Figure 3.1 The centrifuge container with Perspex window
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3.2.2 Actuator

The driving mechanism was the same as that usddiby?2010. Figure3.2illustrates
the actuator and reaction system for driving the probe inéosbil. The actuator, po-
sitioned above the container, was able to drive the probexanmian displacement of
220mmat any speed up torBnys by means of a motor acting through a gearbox and
lead screw. The displacement control method was used fof @ik centrifuge tests at
a speed of approximatelymmys. A potentiometer was fixed to the moving connector
to record the travel of the penetrometer, which was then tesedntrol the penetration
speed via the power supplied for the motor. The connectitwd®n the half-probe
and the actuator was set up by two steel wires. This desigmpts to eliminate the
eccentricity of the probe from the connector in the actyatdrich would generate
bending moments within the probe. The details about thegval) be presented in

the following Sectior8.2.3

600
Motor
500 | (\ I
Connector
400 Gear box ‘ ! i
“&/
7 | v
300 | \1 }
200 | /\n{ /,///:/ Load C 11
Lead screw //\
100 | . 72/ Reaction bar
0
Probe
Dimensions in mm
-100

-400 -300 -200 -100 0 100 200 300 400

Figure 3.2 Schematic of the actuator driving mechanism

3.2.3 Model penetrometer design

Rather than the standard cone penetrometer (diametam§, probes with 12nmdi-

ameter B) and an apex angle of 60manufactured from aluminium alloy (relative sur-
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face roughnessR, ~ 5 x 10~3), were used for the centrifuge tests. The relative surface
roughness is defined &, = R;/dso, whereR; is the maximum height of the surface
profile; anddsg is the average grain siz€ipravante2002). The valueR, ~ 5 x 103

for aluminium alloy was suggested Byao(2008 for Fraction E sanddsg= 0.14mm

as shown in Tabl&.1). The probe, representing a miniature CPT, can also be redard
as a pre-cast pile in prototype model due to the analogy leetywées and penetrom-
eter behaviour@ui and Bolton 1998 White and Bolton2009. For the half-probe
the ratio of container to probe diamet& /B) is 500/12 = 42, which is greater than
the proposed ratio (40) to minimise the boundary effectsléarse sand suggested by
Gui et al.(1998 andBolton and Gui(1993. Also, the ratio of probe diameter to the
mean grain sizeR/dsg) is 12/0.14 = 86, larger than the minimum acceptable value
(20) for Leighton Buzzard sando0lton et al, 1993. The full-probe tests were also
performed in the same samples after the half-probe testdasated in Figureg.1and
Figure3.14 aiming to validate the results of penetration resistaite boundary ef-
fects are limited according tGui et al. (1999, and the discussion about the effects

will be presented later in Sectigh2and Sectiory.3.1

Attempts have been made by previous researchéus 201Q Marshal| 2009 to ac-
curately model half-axisymmetric probes in the centrifuggowever, any intrusion
of sand patrticles between the half-probe and the windowfaitte the probe to de-
viate from the window, as observed hyu (2010. Consequently the images would
not capture the soil deformation on the plane of symmetrylente the penetration
mechanism is no longer achieved. In addition, any trapped s@uld abrade or dete-
riorate the window and the half-probe. This is arguably tteagest challenge for using
a 180 axisymmetric model for these types of tests, and is why mapgrments use
a plane strain model (e.@erezanysev et al1961 Yasufuku and Hydel 995 White,
2002.

In order to maintain contact between the probe and the windosteel guiding bar
was connected to the penetrometer in parallel to the pratzkaa aluminium channel
(8mmwide by 8mmdepth) was fixed into the middle of the Perspex window, as show
schematically in Figur&.3a and b. As the penetrometer slides along the Perspex face,

the guiding bar slides into the aluminium channel. This rodthrevented sand grain
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ingress between the probe and the Perspex and ensuredatipabbie maintained con-
tact with the Perspex as it was driven into the soil. Figlife gives the cross sectional
schematic of the channel with dimensions. Using the aluminchannel means that
displacement data within a small region directly ahead efgénetrometer can not be
obtained. This small region close to the probe experiencesrae distortion and ro-

tation during penetration, which invalidates the resutisf GeoPIV.

8 ST Silicon rubber

7 compound
2 4 2
8

Dimensions in mm

(©

Channel\*::i:}i\i

Figure 3.3 Schematic of aluminium channel for half-probe

As illustrated in Figure3.4 and Figure3.5, the schematics present the details of the
probe design for both half-probe and full-probe. For hathe assembly shown in
Figure 3.4, five ‘12BA screws BS93 : 2008) were used to fix the gap between the
probe and the guiding bar due to the slenderness of the guidin This meant that
the aluminium channel had to be slotted to accommodate tieevscwhich is shown

in Figure3.3c. This slot was then filled with silicone rubber compoundwéble fluid)

to prevent soil particles from entering the aluminium cherduring tests.

In an attempt to exclude the load caused by the silicon rubbdrfriction from the
guiding bar, a centrifuge test using the half-probe with andswas conducted to es-
timate the effective penetration load for all half-probstse In addition, to minimise
friction along the back of the probe and the guiding bar,erssfaces were also coated
with silicon grease. A load cell with a loading cap was lodadethe head of the half-
probe to record the total penetration load. Three straiggay'SG1’, ‘SG2’ and
‘SG3), together with the strain gauge tabs and the wireseveenbedded inside the

body of the half-probe, attempting to measure tip resigtamd shaft friction.
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The full-probe had a similar size and length as the half-erdks illustrated in Figure
3.5, it was manufactured from an aluminium tubing with outemakier of half inch
(=~ 12.7mm) and inner diameter of about®mm The hollow cylinder was selected to
accommodate the wires of strain gauges, and the end was actmead for connection
with a 60° conical tip component. Rather than single strain gauge imatieprobe, a
pair of strain gauges (‘SG45’) were installed on the tip comgnt of the full-probe to

compensate for the bending effect, which will be presemeatktails in Sectio.3.1

3.3 Instrumentation

3.3.1 Load cell and strain gauges

As the probe resistance is one of the main measurements-8uuilCPT, a load cell
with capacity of 1&N provided by Richmond Industries Ltd (FiguB6a) was in-
stalled at the top of the penetrometer to measure the totedtgaing resistance (see
Figure 3.4 and Figure3.5). For half-probe tests, the load cell was situated along the
probe centroid to minimize the bending effect. To allow exation of the probe
tip resistance and shaft friction, the probes were instnigtewith strain gauges to
measure the axial response during penetration. The staaiges were installed inside
the probes, as shown in FiguBa4 and Figure3.5. The foil strain gauges ‘FLA-3-
350-23" were supplied by Tokyo Sokki Kenkyujo Co., Ltd (Fig&.6b), with gauge
length of 3nm gauge resistance of 3301.0Q; temperature compensation factor of
23x 1078/°C; and gauge factor of.234 1%. They were used in general Wheatstone
bridge configurations with an excitation voltagé k) of 12V. Figure3.7a shows the
circuit plate for the Wheatstone bridge, and the connectawasllustrated in Figure
3.7 and c for half-probe and full-probe, respectively. A geetiridge circuit was
used for each strain gauge in the half-probe by measuringutpait voltage Vo) with
change in electrical resistance of the active strain gadigevever, to avoid the influ-
ence of bending moment, the tip resistance of the full-probe measured by using
a half-bridge circuit which allows bending compensatiororf the circuits, it is con-
ceivable that the component of resistance caused by bemlingluded in the total
change of resistance in quarter-bridge; whereas the positid negative bending mo-
ments are able to be compensated in half-bridge to providera neliable effect of

ARp. Calibrations of instrumented probes were carried out omdilg machine. The
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Figure 3.4 Schematic of the half-probe assembly

57



Chapter 3 Centrifuge Modelling Methodology

Load cell

Connector

Cable hole

426

350

Aluminium tubing

SELO

8

SG5 H
ﬁﬁ wires

?;; Cable hole

Strain gauge tabs

Strain gauge

12.7 SG4

Dimensions in mm

Figure 3.5 Schematic of the full-probe assembly
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results of the strain gauge calibration tests are provideHBigure3.8. The output
signals from the strain gauges showed some non-linearitywene somewhat suscep-
tible to the effects of zero-shifting, temperature, hysses and electrical interference;

however linear curve fitting was used to determine the catiitan factor for each mea-

WWH
[ i

surement.

Strain gauge

_:

Odp =
23 25 85
50 50 Dimensions in mm
(a) Load cell (b) Strain gauge

Figure 3.6 Schematic of load cell and strain gauge

Rsg @ Strain gauge resistance (Ry= Rsg=350 Q)
AR, :Change of resistance caused by pressure
A Rym : Change of resistance caused by bending moment

/R%AQ(R\SG_ARP
Circuit plats
ircuit plate CJ: Vix 0 V. o

— o +

Ry Ry

(b) Quarter-Bridge Circuit for strain gauges in half-probe

Rsg- AR, + A Rpp,

Strain gauges Signal output

(a) Circuit plate for Wheatstone bridge (c) Half-Bridge Circuit for strain gauges in full-probe
Figure 3.7 The circuit plate for Wheatstone bridge and theneotions for both probes

3.3.2 Digital cameras

The deformation of the soil model when advancing miniatutdps was observed by
digital still cameras through the transparent Perspex avindTwo 147 mega-pixel
digital cameras (Canon PowerShot G10) with high pixel ragmuwvere mounted in

the container to obtain sub-surface soil movement data. iflage-space field-of-
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Figure 3.8 The results of strain gauge calibration testséermination of calibration factors

view (FOV) of each camera was 4446312 pixels, while the FOV in object-space
was about 1681mx 115mm According to the theoretical GeoPIV precision proposed
by White (2002, the precision error is less thanl0~*mmwhen using a patch size

of 80 x 80 pixels.

The locations of the cameras can be seen in Fi§ulle and Figure3.9. The cameras
faced perpendicularly to the plane of the Perspex windodthe centre of the lenses
pointed at approximatelyth(B is diameter of probe) to the left of the centreline of the
window. This design attempts to ensure that the concerreadiarthe left-hand side
was observed, and distortion of images in this area was nsein As illustrated by
Liu (2010, due to the axisymmetric nature of the model, the displagmon both
sides of the probe are essentially similar, therefore nmeagudisplacements on one
side of the probe is sufficient. This reduced field of view hessim better quality and
resolution of the captured images. Fig®.€a shows the elevation view that the two
cameras. The cameras capture approximatelyrif@f probe penetration when the
heights of the cameras are Isithand 250nmfrom the bottom of the tub.

The cameras interfaced with a rack mounted PC using a USBection and were con-
trolled using the PSRemote Multi-Camera software. This sariveffers functions like

remote and simultaneous shooting, adjustment, and dodinigaf images. During
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tests, the captured images were stored on the camef@B fremory card after dig-
itization, compression and transmission, while the ckrgda rack PC was controlled
remotely from the control room using Windows Remote Deskidge frame rate was
set to 02FPS(FPS: frames per second), which means that consecutiveesragre-
sent a penetration of4 6mm Two aluminium blocks were used to prevent the lenses

from tilting caused by centrifugal force.

In order to provide bright and stable lighting conditiondiadogen light was installed
above the container and a mirror placed at the bottom (seed=8y%) to illuminate
the viewing window. An array of & 5 control points with spacing of approximately
30mm were painted onto the Perspex window within the camera¥, &® presented
in Figure3.%. A fixed frequency grid distortion target sheet printed oplaM and
manufactured by Edmund Industrial Optics was used as tlileratbn target to pre-
cisely calculate the locations of the control points, asoiticed byTake (2003. The
control points were then used to determine the transfoongiarameters from each
image White, 2002).

| ioht V

400
— 30 o1
Camera frame 130
250 7N FOV of
|| e Camera 1
L 11— Cameras ‘
10| | I / CFOV of2
amera
—— | Lens supporting block )
L C | poi
. ontrol points
.~ Mirror P Dimensions in mm

(a) Front view of cameras and lighting system  (b) Control points on the Perspex window

Figure 3.9 Schematic of cameras, lighting and control goint

3.4 Soil Model Preparation

3.4.1 Material properties

Due to the advantages of grain strength and its approprat&ie size, Fraction E

silica sand, supplied by David Ball Ltd U.K., was used thromgithe centrifuge tests.

61



Chapter 3 Centrifuge Modelling Methodology

It is a naturally occurring silica sand, sometimes refetoeas Leighton Buzzard sand.
The Fraction E sand is also referred to as M0M (Tan, 1990, which is named af-
ter British Standard sievedl0.100 sieve has aperture size of 188, and the size of
No0.170 sieve is 9Qim). As reported byPrakongkep et al2010, scanning electron
microscope (SEM) is a reliable method to examine the sizeshage of grains. The
SEM picture fromCabalar et al(2010 (Figure3.10a) shows that the sand grains are
quite angular. According t8S1881-131 : 1998 for Fraction E sand, at least 70%
by weight falls between 90 and 1h@n, which is also validated by the particle size
distribution curve froniTan (1990 using the dry sieving metho®§1377 : 1990), as
shown in Figure3.1(. The properties of Fraction E sand are listed in Tablerom
Tan(1990. The void ratio is determined /= Gspw/pg — 1, and the relative density
(DR) is defined aPr = [(€max— €)/(E€max— €min)] X 100%, wherepy is the dry den-
sity of a sample ang, is the density of water. The mechanical behaviour of Fractio
E sand has been investigated by many previous researchgr$gie 1990andBui,
2009.

As illustrated in Sectio2.3.3 the deformation of soil is measured by tracking the soil
element patches, which contains sufficient texture, in tiissquent image. Albeit the
natural sand has inherent texture itself, the grain sizeig small and the colour of
sand patrticle is light brown, which result in little discabie texture for analysis us-
ing GeoPIV. To overcome this defect, approximately 5% ofddifeaction E sand was
mixed with clean sand to offer sufficient texture for trackims suggested by/hite
(2002.

Table 3.1 Properties of the Friction E silica safierf 1990

Property Fraction E sand
Grain sized;o (mm) 0.095

Grain sizedsg (mm) 0.14

Grain sizedgp (mm) 0.15

Specific gravityGg 2.65

Maximum void ratio émay) 1.014

Minimum void ratio €min) 0.613

Friction angle at constant volume{,) 32°
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Figure 3.10 (a) SEM picture (fror@abalar et a).2010 and (b) particle size distribution (frofan
1990 for Fraction E silica sand

3.4.2 Soil preparation

To achieve granular soil models with certain uniform deesjta method of sand pour-
ing was adopted to prepare soil samples for the centrifugfs.tdn this project, the
multiple-sieving air pluviation methodMiura and Tokj 1982 Zhag 2008 was em-
ployed, with an achievable range of relative density betw®&@% and 90%. The
single-holed sand pourer consists of sand hopper, nozdleaitiple sieves, as shown
in Figure3.11 The sand hopper can move vertically to adjust the drop heigd
horizontally to fit the size of container. The nozzle is a@haith a single hole, which
can control the flow rate of sand pouring by adjusting sizea¥ h The flow rate is
defined as the weight of sand which passes through the nozzienji time. Generally
for a fine, uniformly graded silica sand, soil model with reglensity is obtained with

lower flow rate and larger drop heighii{aq 2008.

Calibration tests were carried out by varying both the sizerifice and pouring height
to check the uniformity and repeatability of the resultiagples. Two types of single-
holed nozzle with hole diameters ofrtbnand 9Smmwere used with average flow rates
of 0.239kg/min and 1048kg/min, respectively. In Figur8.12 a proposed relation-
ship between flow rate and nozzle diameter is compared wéhd#ta provided by
Zhao(2008.

It has been shown that the method of sand pouring has a hidjtycqurad repeatable soil

preparation, in spite of some unavoidable experimentagamties (e.g. uniformity
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Sand hopper

Nozzle with
single hole

Sieves @

Figure 3.11 Schematic of the single-holed sand pourer

and heterogeneity of sample). Loose samdgs=€ 50 %+ 10 %) were prepared using
the large nozzle with pouring height offim, while dense sample®g = 90 %+ 5%)
could be achieved with the small nozzle witmbf pouring height. The corresponding
void ratios €) for dense and loose sample ar6%B and 0814 respectively. It is worth-
while noting that the loose sample falls within the ‘Mediuende’ rangeldr = 35 %~

65 %) and the dense sample within the ‘Very dense’ rabge=£ 85 %~ 100 %), based
onBS EN 1SQA14688-2 : 2004. The layered sand samples with differentiiensvere
also prepared in the same manner to form the stratified s@tda Furthermore, the
sand sample would be densified when placing the model ontcathigifuge platform
and when increasing the acceleration levels. By calculdtiagiepth of sample before
and during flight, the dense samples were found to experi@vodume densification
of 0.4% ~ 0.5% (around 2% increasing @R for dense sand), while the loose sam-
ples tended to be densified byl % ~ 1.3 % of volume, which had a increasedf at
approximately 10%. The stress error between the centrifuggel and the prototype
at 50g is under 4% for both dense sand and loose sand samples with afeg20mm
and therefore considered acceptable (see Figur@). The predicted vertical stresses
for dense sanddr = 90%) and loose sandg = 50%) under 3 are also presented
in Figure3.13.
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Figure 3.12 Sand pouring flow rate against nozzle diameter
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3.5 Testing Programme and Procedure

3.5.1 Testing programme

A summary of the two series of centrifuge tests is listed ipldd.2. All of the penetra-
tion tests were performed at a constant speed of approXiriatey/s, corresponding
to a quasi-static press-in process. The first stage, refféor@as ‘MP I', consists of
five tests with different soil conditions tested atgo@nly half-probe tests with mea-
surement of total penetration resistance were carrieduinglthis stage. Some tests
with similar solil profiles were conducted to validate thee&ability of the centrifuge
tests. The tests in this stage differed slightly with eadteotiue to the incrementally
improved equipment. The quality of images for soil defoioratmeasurement was
improved through the camera settings and lighting duringstage. After manufac-
turing of the half-probe and the full-probe instrumentethveitrain gauges, the second
stage ‘MP II’ started with a g test (MP 11-01), validating the design of new probes and
providing the effects of stress level. Following that, sentrifuge tests at 5§were
carried out with half-probe test (‘-HP’), full-probe tegtsFP’), and then full-probe
tests at §j (*-FP-1g’). The test layout is shown in FiguB14, where full-probe tests

were located to try to reduce the boundary and interactitacisf

—=r

Dimensions in mm

Qf) "JP’ 120

500

Figure 3.14 Test locations in plane view of the container

The soil samples of the centrifuge tests in both stages Hateht soil profiles, aim-
ing to explore the layered effects during penetration. Téiits of layered samples
with various densities and depths are summarised in TaBlencluding two 3-layered
samples with thin layers (MP 11-06 and MP 11-07). The unifosamples (e.g. MP II-

66



Chapter 3 Centrifuge Modelling Methodology

02 and MP 11-03) served as references for the layered sarapts.t In addition to
penetration tests, all tests using the full-probe includgatocess of pull-out after a
penetration of about 19Gm The pull-out test for half-probe was only carried out for
MP 11-01-HP-1g and MP [I-02-HP, owing to the tension stréngt steel wires.

During stage ‘MP I’ three failed tests with bad quality of iges are not included
within the testing programme. For stage ‘MP II' the resultpenetration resistance
of the half-probe suffered from one or more disabled sigfrals the strain gauges.
The strain gauges ‘SG2’ and ‘SG3’ in Figuset were the most problematic ones, and
were abandoned for the last four tests. In addition, sonts texl problems due to
bending moment at the head of half-probe, which meant tla ltwd data was unus-
able. The details about the results of penetration resistauil be presented in Section
4.2
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Table 3.2 Summary of the centrifuge tests

Test ID Testing Date Soil Description Half-Probe Test FrRilbbe Test Full-Probe Test @ 1g
MP 1-01 2011.10.06 Uniform Dense MP 1-01-HP - -

MP 1-02 2011.11.28 Loose over Dense MP 1-02-HP - -

MP 1-03 2012.01.18 Dense over Loose MP 1-03-HP - -

MP 1-04 2012.02.21 Uniform Dense MP 1-04-HP - -

MP 1-05 2012.03.20 Loose over Dense MP 1-05-HP - -
MP 11-01 2012.11.21 Uniform Dense-1g MP 11-01-HP-1g - MRoi-FP-1g
MP 11-02 2013.04.03 Uniform Dense MP 11-02-HP MP 11-02-FP -

MP 11-03 2013.05.16 Uniform Loose MP 11-03-HP MP 11-03-FP -

MP 11-04 2013.07.31 Loose over Dense MP 11-04-HP MP 11-04-FP MP 11-04-FP-1g
MP 11-05 2013.07.31 Dense over Loose MP 11-05-HP MP 11-05-FP MP 11-05-FP-1g
MP 11-06 2013.08.14 Thin Dense Layer MP 11-06-HP MP 11-06-FP MP 11-06-FP-1g
MP 11-07 2013.08.21 Thin Loose Layer MP 11-07-HP MP 11-07-FP MP 11-07-FP-1g

¢ 1a1deyd
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Table 3.3 Details of sample for each centrifuge test

Test ID Soil Description S(IJDilRlog%) Slcj)itlerl)tzlnor:) ScaIRZOI%) Sgitlagt&or;) Sc[iIR30I%) Slgilegt?morI)
MP 1-01 Uniform Dense 81 320 - - - -
MP 1-02 Loose over Dense 88 179 61 134 - -
MP 1-03 Dense over Loose 41 188 92 130 - -
MP 1-04 Uniform Dense 90 317 - - - -
MP 1-05 Loose over Dense 93 228 48 90 - -
MP 11-01 Uniform Dense-1g 84 297 - - - -
MP [1-02 Uniform Dense 91 301 - - - -
MP 11-03 Uniform Loose 50 298 - - - -
MP 11-04 Loose over Dense 82 205 57 85 - -
MP 11-05 Dense over Loose 37 201 78 97 - -
MP 11-06 Thin Dense Layer 56 142 95 65 50 87
MP 11-07 Thin Loose Layer 88 153 55 57 93 20

¢ Ja1deyd

ABojopoyia|n Buljjspon abnynuad



Chapter 3 Centrifuge Modelling Methodology

3.5.2 Testing procedure

All centrifuge tests were carried out at a constant acceteraf 50g, and the general

centrifuge test procedure is summarised as follows:

1.

10.

11.

12.

13.

Prepare the container with three support braces and stedyer of Perspex

window;

. Affix the aluminium pieces into the channel in the secoryeiaf Perspex win-

dow with control points using Loctite super glue;

. Fill the slot of aluminium channel with silicone rubbemgpound;

. Place the window into the container, seal the gaps withtdpe, and prepare for

sand pouring;

. Weigh the container, place under the hopper, set the @@zé and pouring

height;

. Pour the sand to a desired depth, calculate the true vglagdraging the mea-

sured depths at different locations, and measure the greighty

. Repeat the steps 5 and 6 to pour layered sand sample afteg addhe dyed sand

to identify the interface;

. Move the container with the prepared sample onto the ibegérplatform, place

camera assembly and light components;

. Install the required instrumented probe into the actyated mount the actuator

onto the container;

Connect the cables for cameras, lights, instrumentsd @el, strain gauge, po-

tentiometer) and actuator motor;

Adjust the settings of cameras using PSRemote Multi-Careard set up the

programmes ‘Acqlipse™’ and ‘LabVIEW’ for data acquisition;

Spin the centrifuge package up to 1t (rpm: revolutions per minute) and

keep the speed constant;

Take pictures simultaneously every 5 seconds, and na¢@e¢he probe into the

soil by about 196nm Conduct the pull-out process for relevant tests;
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14. Slow down the centrifuge. Repeat some steps to carry depribe test and

“FP-1q’ test;
15. Disconnect assemblies and take the container off frenswhnging platform;

16. Empty the container and clean the aluminium channehianext sample prepa-

ration;

17. Copy the images from the camera memory cards and datarbiesthe Data

Acquisition system for post analyses.

3.6 Chapter Summary

The centrifuge modelling methodology was described in ¢higpter for performing
two series of centrifuge tests as part of this researchr Afteoducing the experimen-
tal apparatus, the development of the instrumented praivekd axisymmetric model
was detailed in SectioB.2and3.3. The properties of Fraction E sand were then pre-
sented and the method of sample preparation was descrilfgeciion3.4. Finally,

details of the two series of centrifuge tests and the tegtingedure were described in

Section3.5.
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Chapter 4

Results of Centrifuge Tests

4.1 Introduction

The results of centrifuge tests in uniform and layered ¢8iétion3.5.1) are presented
in this chapter. The experimental apparatus used for ¢egéritesting were described
in Section3.2 and the procedure was detailed in Secttoh.2 The main objectives
of these tests with measurements of penetration resistartteoil deformation are to
investigate the response of the penetrometer during iasted and to identify the dis-
placement mechanisms observed within the soil. The restiienetration resistance
are provided in SectioA.2 and the results of soil displacements are presented in Sec-
tion 4.3, followed by the results of strains during penetration (®ect.4) and layered
effects on soil deformation (Sectigh5). The effects of stress level, soil density and
soil layering are investigated throughout the results. ilfaestigation of soil displace-
ments demonstrates the soil strain history during penetréor better understanding

of the relevant mechanisms with penetration in layeredsoil

The schematics of penetration resistance and soil defamdtiring installation are
depicted in Figurel.l The total penetration loadXqt5) consists of two main parts:
probe tip load Q:ip) and shaft frictional loadQ@s). The cone tip resistanced) equals
Q:iip divided by the base aredy), and the average shaft frictiorry) is Qs over the
embedded shaft surface arég)( as illustrated in Equatior#(1). The depth of pene-
tration is denoted ag*(see Figuret.1a). Before measuring the soil deformation using
GeoPlV, the location of soil elements around the probe isddfin a Cartesian coor-
dinate systemXY) at the symmetric plane (i.e. window surface), as shown guifé

4.1b. The origin is set at the surface of the soil where the protters the soil. Soill
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Chapter 4 Results of Centrifuge Tests

horizontal and vertical displacements are referred txaandAy respectively, and soil
displacements moving downwards and outwards from the probéaken as positive.
With regards to soil strains, a compression positive noais used in this chapter,
which is in contrast to that in Chapter More details about the strains in an axisym-
metric model are provided in Secti@gnd. Unless stated otherwise, all results in this

chapter are presented in model scale.

VA
QtotaI:Qtip+QSZQC><Ab+/()Ts>< nBdz = gc x Ay +Ts x As 4.1)

¢ Qlotal

S @ X o s — — o~
1 ) l’ X
1 i displacements | Y strains
|| ) L
Z X 4—? et
o | | Ay €yy
Probe shoulder —J [ X h=0 i
\/ -V
T TT h <> B: probe diameter
e
(a) penetration resistance (b) soil deformation

Figure 4.1 Schematics of penetration resistance and doitrdation

4.2 Results of Penetration Resistance

4.2.1 Variation with penetration depth

As described in SectioB3.5, a prepared soil sample could be used for ‘half-probe
test’,'full-probe test’ and ‘1g test’. Each test may cohsispenetration and pull-out
process, using a constant speed of approximateiynis. The results of an example
test with uniform soil (MP 11-02) are presented first to ilitege the data processing
procedure. The penetration loads recorded by the load @ kb#ain gauges are given
in Figure4.2 for half-probe test (MP 11-02-HP) and full-probe test (MPOR2-FP), re-
spectively. Both penetration and pull-out tests were caypig in a uniform dense sand
(Dr=91%) under 5@. ‘Load cell’ provides the data of total penetration l0&¥a),
whilst ‘'SG1’, ‘SG2’ and ‘SG45’ are from the data recorded hg strain gauges (see
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Figure3.4 and Figure3.5). ‘SG1’ represents the half-probe tip load, while the com-
bined ‘'SG45’ gives the full-probe tip load. However, ‘SG2ida’'SG3’ were affected
by bending effects and did not provide sufficient resolutmevaluate the loads along
the shaft. Care should be taken to evaluate the raw data fr@sirdin gauges, as some

scattered results contaminated by unpredictable facters vemoved or smoothed.

As the probe is inserted into the soll, it is notable that kothl load and tip load for
“HP’ and ‘-FP’ tests generally increase linearly with tifie. depth). ‘Load cell’ and
‘SG2’ are consistent with each other until significant begdoccurs at a later pene-
tration stage. After the process of penetration, the loddaes to a stabilised value
by approximately 10%. This part of reduced load implies ttesigation of stresses
at the cone tip and shaft surface. It is likely due to the éfééanotion at a constant
speed when the probe comes to a halt. The redistributionegsts around the probe
and creep effects would also reduce the loads during the $top pull-out test starts
with an immediate disappearance of compressional load=s,eal ‘SG2’ in half-probe
test and ‘Load cell’ in full-probe test experience tensidoads, which attribute to the
reverse of friction along the embedded shaft. The tensilwaals decrease with the

reduction of horizontal stress on shaft and the effectiadtsrea.

4500 T T T 7 4500

Load cell n—Lc — -~ Load cell ke
4000 | ———- SGI s 4000 (| — - - -
- — - SG2 SG45 !1\
3500 | - ~ ~ . 3500 | - S - —
— SG2 !
3000 | 1 3000 f i
Z Dr=91% = Dr=91% f
< | | 2| /]
2 2500 , £ 2 2500 , : o
° s S | |
g - g oA
-2 2000 f 22000 | ; o
g E ‘ |
5] 151 ro
5 1500 | v=-S8Gl 5 1500 | // | 78045 ]
Ay =% II |
1000 1000 1 ‘
Pull-out I’J,’ Penetration | Pull-out
500 | 500 t : ',f*' '
|
0 ~— o T R TS
7 |,/‘
-500 i i i i i -500 i i i ’ i i
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(a) (b)

Figure 4.2 Penetration loads against time: (a) MP 11-02-(PMP 11-02-FP

Similarly, the load-displacement curves are shown in Feguga for both half-probe
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test and full-probe test. For the total load from full-prdbst, the magnitude of com-
pression and tension recorded by the load cell is compavatiiehe results provided
by Deeks and Whit€2006, as shown in Figurd.3b. The typical test carried out by
Deeks and Whit€2006 used a ‘12nmi probe in Fraction E sandr = 105%) under
the same stress condition (&0 The results from two centrifuge models are essentially
identical, which in turn verify the consistency and relldapiof the load measurements.
On the other hand, the boundary effect for full-probe tBstg = 20) is shown to be
limited, asD/B is about 26 irDeeks and Whit€2006.

Penetration load (N) Head load [N]
n 1000 0 1000 2000 3000 4000 (—\I 000 0 1000 2000 3000 4000
1 Installation of pile
20 | MP11-02-HP: 7 204 2 Reduction of head load
Load cell t0 Zero
St L s
. = “xtraction of pile to
60 | MP I1-02-FP: ] £ 604 selected denth
— -~ Load cell E § O ‘Tf =
— .. - SG45 Y 5 Cyclic tension test
= 80 3] 801 6 Extraction of pile
g 5 6 1
= 100 :i 1004
j=9 7
8 120 Dr=91% ;-a 120+ | Dr=105%
8 |
140 T 1404 |
0 '
160 - i L - FP: LC | 160 |
l » "\ 5 2
. o E———
180 : W FPsGas Y 180+ |
i N S L — BN
200 - ; ; 1 2004 T
HP:SGI HP:SG2 HP:LC !
220 1 1 1
(a) results from MP 11-02 (b) results from Deeks & White (2006)

Figure 4.3 Penetration resistance for tests of MP 11-02,aaodmparison with a typical test froBbeeks
and White(2009

To evaluate the relevance between resistance and in-sigssdividing the tip loads
by corresponding base areas gives the tip resistancespwas & Figure4.4. The re-

sults of half-probe test and full-probe test have good ages¢ with each other. The
resistance of full-probe is slightly larger than that offfalobe, owing to the bound-
ary effects at the centre of the sample and the slightly fiedssample caused by
the insertion of the half-probe and spin-down/up of the Gmgfe. During the first

penetration of half-probe, the soil stress state is ine@asound the half-probe. The
locked-in stress condition (rather than the initial sty@ssurn influences the results of
the second penetration of the full-probe. Approximately 50 % larger tip resistance

was found for tests of ‘MP 11-02’ (Figuré.4). The difference between total penetration
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load and tip load rests with the shatft friction, which is het explored in Sectioh.2.2

Tip resistance (MPa)

-5 0 5 10 15 20
0 T T T
Ns
' \"< : :
20 v ‘5_) ......... ceeeessesseecoto MPIT-02-HP: e -
N = . . .
I Ne. [Dr=91%] : SGl
. ! : : MP I[ -02-FP:
Q? 40 ................. i ........... ‘\‘,.‘ . SG45 ..... -
2 T |
§ 60 F--- I ................ ¢\< ............................... .
g i b :
(] % .
> 2 e :
‘S‘ 80 ................. oo \,’:H~ ............................... -
&= ! : “ox :
[ . . .
'—‘8 100 Frovemememeeees '; ............... .............. %- e ............... -
= 2 : : %‘ . :
5 b | R
> 120 F--orooreeeeees ( ............... ................ .......... N __ ............... -
K : : »%.;,,-
1 . ;a
14O F - ( ............... ................ .............. . B2 _
I | | X,
160 koo e SR S T 4
L L L L

Figure 4.4 Tip resistance against vertical effective stfestests of MP 11-02

4.2.2 Variation with soil density

Apart from the effect of stress gradient, soil density is ohéhe important parame-
ters affecting the results of penetration resistance, parted byJamiolkowski et al.
(2003; Tatsuoka et al1990; Gui et al.(1998. The relative density of soil, associated
with soil behaviour (e.g. compressibility, dilatancy)adks to the pattern of distorted
stress/strain field around the probe and consequently thetaéion resistance. Al-
though the steady state of penetration resistance was hietvad for stiff silica sand
in the centrifuge tests, the variation with soil densityxamined by the two series of
centrifuge tests. Figuré.5 shows the results of total loa®(5) for all half-probe
tests. The soil samples are dry sand with different relatesities and layered pro-
files, as described in TabB3(Section3.5.]). In spite of the effects of friction from the
guiding bar and the window boundary, the results from te#fs similar Dr (e.g. MP
[-01-HP, MP 1-04-HP and MP 11-02-HP) exhibit essential cstency, illustrating the
repeatability of penetration and the homogeneity of theganBoth dense sand and

loose sand have linear increases of total load with deptlweder, the value of dense
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sand Dr = 90%) is about 2- 3 times that for loose sandg = 50%). For layered
soils, the curves are influenced by the soil beneath and ahewone tip as the probe

penetrates through the interface. More about the layeffedtefwill be presented in
Section4.2.4
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Figure 4.5 Total load using half-probe for penetrationge&t) MP I; (b) MP II

4.2.2.1 Tip resistance

Tip resistanced;), as a direct indication of the strength and stiffness ofdbig is
shown in Figuret.6with comparisons of half-probe test and full-probe teshemgame
soil samples. For the tests with uniform soll, the lineamigreasingy is also observed
for both half-probe test and full-probe test. The layerdda$ fromqc in half-probe
tests can be observed. However, comparing to the uniforhtests (MP 11-02-HP and
MP 11-03-HP), the trends from one layer to another overstagecurves from uniform
soils, which serve as references. It may be attributed tesitigde strain gauge (‘'SG1’)
in the half-probe, which is susceptible to ambient chandesoib behaviour. On the
other hand, the full-probe tests provide more reliable Itesaf qc, for both uniform

and layered samples. Therefore the analysis of penetnasistance later is based on
the tests using the full-probe.

With the assumption of linear increase of tip resistaggeoose sand@r = 50 %)
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exhibits a rate of roughly 28kPa/mmand dense sandg = 90%) increases at ap-
proximately 842kPa/mm It should be noted that the increase rate for loose sand
decreases after about ®0n of penetration, whereas the gradient for dense sand in-
creases gradually to a small extent, also shown in Figufe The concave shape of
gc-depthcurves for dense sand was also observed/hite (2002, for Fraction B sand

in a surcharged calibration chamber (plane strain moddilg. &ffect was attributed to
the influence of the rigid bottom boundary, as reportedKhytz and Coop(2001).

As to centrifuge testd,ee (1990 proposed a relationship for the limit bottom effect
(X/B =0.1139x Dr+ 1.238). The distance from the cone tip to the bottox) is
approximately 11énm which is smaller than 146m as required by.ee (1990 for

Dr = 90%. On the contrary, no bottom effect occurs for loose saadhe required
distance is 8&mfor Dr = 50 %.

Tip resistance (MPa)

Tip resistance (MPa)
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
0 : : . : 0 : : : :
——— MPII-02-HP ; ——— MPI-02-FP
201 : ———— MPII-03-HP | ] 201 ' ———— MPII-03-FP | ]
y — == MPII-04-HP Ly — == MPII-04-FP
40 L LRSS —--— MPI-05-HP | - 40 | B —-—— MPII-05-FP | -
RO, — -+ — MPII-06-HP 3 — - — MPII-06-FP
ol TR L MP1I-07-HP | | 6ol % I s MPII-07-FP | |
R ' : r;L
Pyt 1l
8o} by ~ 80 BREt
=) 1 =) N\ 32
S I
E 100} A E 100} o
k= v = AN
%120, Lad %120, )1?’
a N A { Rt
N Doty
140 ¢ RES) 140 v %)
' b s b5
160 | 160 | ] g b '
S S
180 N 180 g R
LI 4 (SRR
200 1 200
220 : ‘ i : : 220 i
(a) (b)

Figure 4.6 Tip resistance for tests of MP Il using: (a) halfkge; and (b) full-probe

Bolton et al.(1993 proposed a dimensional analysis of CPT results from cengif
tests, based on the observed linear relationship betweetigresistanceq;) and
vertical effective stressx(,), consistent with the cone factor in sand from bearing ca-
pacity analysisNy = gc/0,). Similar trends were also found Bolton et al.(1999;
Deeks and Whit€2006; Xu (2007). The normalised cone tip resistan€g) @nd the
normalised penetration deptB)(are defined in Equatiort(2) and @.3).
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(4.2)

(4.3)

Nevertheless, non-linear relationships betwgeand o, obtained from calibration
chamber tests are widely accepted for CPT interpretatign Baldi et al, 1986 Kok-
turk, 1993 Robertson and Wridd. 998 Jamiolkowski et a].2003. One of the popular
definitions of stress-normalised cone tip resistanagiig, as illustrated in Equation
(4.4) (after Robertson and Wridel999, indicating thatg. increases at a decreasing

rate with depth.

'
N = (%= 9%o) /Goa;m (4.4)
(0%0/ Tatm) ™

whereagsim is the reference pressurel00kPa sometimes the net tip resistancg €

0.,) is replaced byy in the literature.

Figure4.7 presents the normalised cone tip resistance using bothitdefsr Com-
pared togein, Q is @ more appropriate normalisation to achieve a constdné yvee-
spite some curvature for uniform sand tests. Neverthelesslikely that loose sand
without bottom effect reaches a constant valugdin-Z curve. GenerallyQ) for loose
sand Dr = 50%) varies between 30 60, and dense san®g = 90%) has 2~ 3
times greater value witl) ~ 90 ~ 110. Taking the results of uniform sand tests as
references, layered effects are noticeable front#¥ecurves for layered tests, as will
be discussed in Sectigh2.4

4.2.2.2 Shatft friction

Shaft friction load Qs) can be achieved by subtracting cone tip I&g, from total
load Qiotal, as defined in Equatiort(1). Ts represents the average shaft friction over
the embedded shaft surface area. FiguBexhibits the results for uniform sand tests
(MP 11-02-FP and MP 11-03-FP). Figuré.8a showsQs-depthcurves for both pene-

tration and pull-out tests. The trend increases lineanyldose sand, with a rate of
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Figure 4.7 Normalised cone resistance for tests of MP llgu&if-probe

1.84N/mm However, dense sand has a concave shape, and the magrfitQgdéso
over 3 times larger than that of loose sand. The friction Ipactentage@s/Qiotar)
shown in Figuret.8b, varies between 20 40%, where dense sand has a slightly larger
value than loose sand. This ratio is essentially compataltleat found in the results
of Deeks(2008, whereQs/Qiotal = 23%. The average shaft frictiory in Figure4.8c
gives development of the frictional resistance. Similaigaoesistance shown in Figure

4.6b, loose sand tends to level off and dense sand graduallg&ases.

4.2.3 Variation with stress level

As presented in Sectiof 2.2 the results indicate thag of a penetration test is pro-
portional too |, in some manner. The centrifuge increases the stress leeefdrtor
of N, compared to geostatic stress by earth gravity. The effesttess level (5 and
19) is investigated in this section. Figu#e9 exhibits the comparisons @5 and
gc of full-probe tests in 5 and 1g. The magnitude of 5@ tests is around 18 12
times that from 3 tests, which is less than the centrifuge factér= 50). The resis-

tances increase with stress level at a decreasing ratepase® byLee (1990. This
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Figure 4.8 Shaft friction for uniform sand tests: MP 1I-OB-Bnd MP [I-03-FP

phenomenon was also observeddyi et al.(1998, whereQ fell as g-level rose. This
is presumably attributed to the effects of dilatancy andigarcrushing as high stress
level is applied. As mentioned byee (1990, dilatancy effect is suppressed under
high confining stress, as well as the operative friction anBhrticle breakage around
the cone tip is enhanced with stress level, as illustratedayiolkowski et al(1985
and observed byVhite and Bolton(2004. The results indicate that the penetration

resistance is not proportional to the stress level, althdbg resistance at each stress
gradient increases linearly with depth (Figdr&).

4.2.4 Layered effects on penetration resistance

Section2.2.2outlined the layered effects when inserting a probe intati§ed soils.
The transition of cone tip resistance from one solil layernother is evaluated by
the cone tip resistance ratig,’, as defined in Equatiord(5), whereqcw (Qw) and
Ocs (Qs) represent the resistances in uniform weak soil (i.e. lo@sel)sand strong
soil (i.e. dense sand). FigufelOexhibits the interpretation of MP 11-04-FP. The nor-
malised resistance curve for uniform soil is modified frore tlesults of MP 11-02-
FP and MP 1I-03-FP (Figurd.10a). n’ from loose sandjr = 57 %) to dense sand

(Dr = 82%) is shown in Figurd.1( against the relative distance to the soil interface

82



Chapter 4 Results of Centrifuge Tests

Total load (N) Total load (N)
500 0 1000 2000 3000 4000 5000 50 0 50 100 150 200 250 300
0 T T T T 0 5 T T T T T
: © | —— MPI-02-FP : MPII-01-FP-1
20 F--- N SRR — ——- MPII-03-FP | 20 , ....... . MPH-O4-FP-1§ L
: N MPII-04-FP S —--— MPII-05-FP-1g
40 bbbk e — === MPII-05-FP| | 40 Fooooe b URRRE IR — -+ — MPII-06-FP-1g |4
: : | =~ MPII-06-FP 4 W MP I[-07-FP-1
AN e MP [ -07-FP ; . — &
60 - fm Sl e R EEEEREEE i 60 : :
g Loob NN E)
£ 80 H 80
= =
454100 e T N S T T T aloo
jo) 53
o) A
120 i op e N 120
140 140
160 160
180 [l A RTINS N 180 5
200 i . R T e , 200 g
920 i ; ; ; ; 220 N S S SR S
(a) (b)
Tip resistance (MPa) Tip resistance (MPa)
-5 0 5 10 15 20 25 0.5 0 0.5 1
0 : : : : 0 — : 5
MP [1-02-FP MPII-01-FP-1g
20 v — — — - MPII-03-FP| 1 20 + — = MP11-04-FP-1g [
[Re: —.—.— MPII-04-FP S - | —--— MPII-05-FP-1g
40 t L34y —=--- MP1I-05-FP| 1 40 poo T — - — MPII-06-FP-1g ||
Y {( %, — .. = MP1I-06-FP TRy o MPI1-07-FP-1g
60 A L MP1-07-FP| | 60 | :
VS
_ w0 11N _ %
: 5y z
£ 100 | LR £ 100
= IAYAE =
£ PN B
A 120 t H1 ¥ A 120
P
140 | % R 140
DRI
160 | O 160 |
g ity
180 | L A ¥ B 180 |
§ }- : - .\. Y
200 | ‘ 1 200 |
220 1 L L L L 220 1
© (d)

Figure 4.9 Comparisons of total load and tip resistancelbpfobe tests in: (a, ¢) ) and (b, d) §

(H/B). The normalised resistance is scattered near the sudestean in Figurd.7a,
which results in the unreasonable valuedf(e.g.n’ is less than 0 for MP 11-04-FP).
In spite of the surface effects, the general transformatfap’ from 0 to 1 is observed.

In addition, a smoothed curve is obtained by curve fittingiggtquation 4.6), which
varies between 0 and 1. The influence zones above and belawténtace Z,, and

Zs) are defined as 5% beyond the uniform soil resistance (ieeinfluence zone inp’
curve is 005 < n’ < 0.95). For MP II-04-FP, the zone of influence in loose sand is

about B andZs =~ 4B. It is apparent that the transition zone in stronger soéigér
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than that in weak soil, which means that it takes a great¢arnte to develop the re-
sistance in a dense sand than in a loose sand. Also, wherrgaérget probe from a
dense sand into a loose sand, the resistance is affected bgdlerlying soil at a longer
distance above the soil interface, indicating that theda@nd layer is relatively more

sensitive to be detected.

/: qC_qC,W —~ Q_QW

~ 4.5
L Oes—Oew Qs—Qw (4.5)

I - 4.6
T = 1S xexp(S < H/B) (4.6)

whereS; and$S, are curve fitting parameters which are related to the sopenttes of
both soil layers. Due to the limited centrifuge tests, theaations ofS; andS, are
not available; however, the range of the parameters candvided as: 17 < §; < 5.4
and—-0.5< $ < —0.3. BothS; andS; increase with the relative density of dense sand

layer and decrease with the relative density of loose samt.la

Figure4.11 presents the curves of cone tip resistance ratio for botHayered soils
(MP 11-04-FP and MP 11-05-FP) and three-layered soils (M®@6LFP and MP [I-07-
FP). The curving fitting lines are provided in Figutella. When the probe is pushed
from dense sand into loose samd,transforms from 1 to 0, and the transition zone is
located more to the side of the dense safid{ 5B; andZ,, ~ 1B). This contrasts with
the test from loose sand to dense sand, wlzgre 4B andZ,, ~ 2B. The layered ef-
fects in multi-layered soils are notable in Figdrd 1b, whereH; is the thickness of the
sandwiched soil layer. MP 11-06-FP is the test with densalssandwiched by loose
sand layers. Because of the large influence zone in stroniidhsaesistance in dense
sand is affected by both of the loose sand layers, resulitiges maximum resistance
ratio smaller than 1r(},,«~ 0.6). By contrast, for MP 1I-07-FP, the sandwiched thin
layer is loose sand, and the minimum resistance ratio iatfitarger than 0, owing to

the relatively small transition zone in weak soil.
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Figure 4.11 Layered effects for tests with: (a) two-layeseils; and (b) three-layered soils
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4.3 Results of Soil Displacements

One of the main objectives of the centrifuge tests presantéus chapter is to eval-
uate the distribution of displacements and strains assatiaith the installation of
probes in uniform and layered soils. The distributions of deformation around the
penetrometer provide insights into the mechanisms thatesgonsible for the probe

resistance data as the cone passes between soil layers.

As introduced in SectioB.3.3 soil deformation caused by the penetration is precisely
measured based on a series of digital images. The cameraslawant components
were detailed in Sectiof.3.2 A Matlab-based programme ‘GeoPIV’, developed by
White et al.(2003, is adopted to analyse the soil displacements in objemtesfalong

the symmetric plane), as discussed in this section.

Using the GeoPIV analysis, soil element patches were adgteneshing within the

field of view in image-space. A patch size of 80 pixels repnes@ nominal size of

2 ~ 3mmin object space, according to a particular transformati8s. a result the

location and size of each patch in object-space is disoddane inconsistent corre-
sponding to the coordinate system defined in Figufe In addition, due to the full

cycle of consecutive shooting (image capture, conversiompression, transmission),
images were not taken at strictly identical pace (every patien of approximately

4~ 6mm.

Therefore, in order to normalise for convenient defornratinalysis, the raw GeoPIV
data was interpolated to a regular soil mesh in & system with a grid spacing of
Ix1Imm(X=—-6~—-120mmY = 0~ 200mm), as well as the process of penetration
with Immper step. Strains were then deduced from the displacemasésiton this
re-established mesh. The results of soil displacementstemen in this section and
strains are subsequently presented in Seectidnfollowed by the analysis of layered

effects on soil deformation (Sectia@nb).

As a probe advances into ground, soil particles are pushagt smaccommodate the
probe and are simultaneously dragged downwards owing t&risigeat the soil-probe

interface. The soil around the probe is squeezed or dilatadiconsequently the con-
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fining stress is built up to in turn act on the probe. The resfidisplacements in this
section are focused on the tests with uniform sand (MP 11402 P 11-03), which

give the effects of variation with penetration depth andtreé density of soil, and also
serve as reference for later investigation of stress |efetts and layered effects on
soil deformation. The profiles of displacements are illstd separately as: cumu-
lative displacement field; instantaneous displacemerd;f&dil element trajectories;

streamlines and soil element paths.

4.3.1 Cumulative displacement field

A good indication of soil deformation is to describe the thspment pattern around
the penetrometer, which involves large horizontal andic&rtnovements. The con-
tours of cumulative displacements around the penetronaegeplotted in Figurd.12
and Figuret.13to reveal the displaced soil fields after X6thof penetration for dense
sample and loose sample. As the cameras were faced to tiseliefrf the penetrom-
eter (Sectior3.3.2, the results are focused in this concerned area within Xh¢'
coordinate system. The area close to the centreline of thigepK = 0 ~ —6mmn) is
not included due to the existence of the aluminium chanrett{@&3.2.3 and the ap-
proached probe. Since very little displacement was obdeme far field X /R> 10,
as noted byWhite, 2002 Ris the probe radiuss B/2), only the contours in the near
field around the centreline of the probe are preseriXed (-6 ~ —60mm). Horizontal
displacementXXx), vertical displacementyy), and total displacement are shown sep-
arately in these two figures, with labels indicating the esponding displacement in
mm Total displacement on the symmetric plane is simply caled by,/Ax2 + Ay?.

In Figure4.12, both horizontal and vertical displacements differ slightith depth
around the probe shaft, except for the surface effects atttabow soil Y < 90mmn).
The profile of total displacement around the probe has aairsilape with the plastic
zone sketched biuang et al(2004) using finite element analysis of cone penetration
in cohesionless soil. This deformation pattern shows megse similarity to cylin-
drical cavity expansion around the shaft, and sphericahesion around the cone, as
discussed by.unne et al(1997 andYu (2009.

When the results of dense sand (Figdr&2 and loose sand (Figu# 13 are com-
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Figure 4.12 Cumulative displacement contours of MP 11-0&¢hmof penetration in dense sandi =
91%): (a)Ax; (b) Ay; (c) total displacement

pared, a similar deformation pattern is observed thougimiagnitude of displacement
in loose sand is slightly smaller. The influence zone of dispinent in dense sand is
larger than that in loose sand. In consideration of the sameea$ penetrated probe,
the total displacing soil equals the volume of the probes itkanceivable that more
significant displacement occurs immediately adjacentegtiobe in the loose sample,
and the solil within the smaller influence zone is more conga@than dense sand.
The contours in loose sand (Figutel 3 vary with depth more than that in dense sand,
owing to the less uniform solil in the loose sample. One of #igd differences be-
tween contours of dense and loose sample is the surfacaseffetakes about 9&m
(7.5B) to reach a steady displacement profile in dense sand, whtrealistance in

loose sand is relatively less, aroundnét (5B).
Another significant difference can also be observed fronmathel displacementyy).

Soil is heaved near surface with penetration for the demapleaas the elements above

the contour lineAy = 0’ (area:|X| < 40mm Y < 35mmm) move upwards. In contrast,
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no upwards movement is observed in the loose sand test; dentiation occurs near
the surface. It is conceivable that the difference of s@rfaftects can be attributed to
the fact that dense sand tends to be displaced (compresssomiehow compensated
by the dilatant behaviour) and loose sand is relatively noomapressible. The large
deformation zone im\y is found in deep location for dense sand, whilst this zone is

more concentrated on the upper s¥il< 90mm for loose sample.
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Figure 4.13 Cumulative displacement contours of MP 11-G&0fhmof penetration in loose sandgr =
50%): (a)Ax; (b) Ay; (c) total displacement

Figure4.14offers the profiles ofx andAy for columns of soil elements with different
distances to the centreline of the probe. The distance lesrimalised by the probe
radius (8mm), and the five columns are noted ¥gR = 2, 3,4, 5,6. The results of
displacements are also normalised®)yvhich exhibit the relative radial and axial dis-
placements&x/R; Ay/R) away from the probe. The downwards displacen®ntR
on the left side of the figure is shown as negative in order stirdjuish fromAx/R
presented on the right side. The results of both dense sahtbase sand are shown

in Figure4.14with cumulative displacements after 1&@nof penetration.
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Apparently, soil closer to the probe has greater laterabaial displacements. For soll
elements near the surface, displacements increase with,deAy/Rin dense sand
grows sharper than the others which reverses from heavewovdards movement.
Steady displacement profiles of dense sand are again shoerbéew 90nm For

soil below 16nmwhere probe has not passed, the influence zone ahead of the con
extends beyond this field of view (26@), and the size of influence zone for dense
sand is larger than loose sand. It also shows that for demskAyas fully developed

for soil approximately R below the probe shoulder ad is fully developed for soil

less than R below the probe shoulder, whereas no clear trend of fullgldied soil is

found for loose sand.
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Figure 4.14 Cumulative displacement profiles with variatad horizontal distance to the probe after

160mmof penetration: (a) Dense sardi = 91 %; (b) Loose sandg = 50%

The histories of the soil displacements for a single colufrsod elementsX /R = 2)

during different stages of penetration are illustratediguFe 4.15 The variation of

penetration depth is described A4Z = z/B, as defined in EquatioA.3 in Section
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4.2.2), which varies a¥Z = 2.5,5.0, 7.5, 10.0, 12.5. This figure offers the develop-
ments of the displacements during penetration. It is nettiadt most of the displace-
ments are generated before the probe passes, and the émplacdeveloped after
probe passes can hardly be observed. With relatively sitlpenetration, the influ-
ence zone ahead of the probe can also be measured. For dedisev&a 8Gnmbelow
the cone is affected to experience vertical displacementradial displacement starts
to occur at 5dnmbelow the probe shoulder. In contrast, for loose sand withllem

influence zone, the size is aboutthand 40dnmfor Ay andAx respectively.
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Figure 4.15 Cumulative displacement profiles with variatbpenetration depth fof /R=2: (a) Dense
sand:Dr = 91%; (b) Loose sandr = 50%

‘h is defined as the vertical position relative to the probeusther, as illustrated in
Figure4.1b. As the probe approaches and passes a given hotia@rjes from neg-
ative to positive. For instance, when the probe is penetrate = 120mm h/B for
soil element a¥ = 60mmequals 5, anti/B = —5 for soil at depth of 18t6hm As soil
element is deformed primarily before the probe shouldeshreathe same level as the

element location, and the displacements during this stageQ) are named as the net
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soil displacementWhite, 2002.

Figure4.16 presents the distributions of the net displacemefiigR andAy/R with
offset from the centreline of the prob&/R during the stagd < 0, as the probe is
pushed fronZ = 2.5 to 125. Both lateral and downwards displacements decrease ex-
ponentially with horizontal distance from the probe, whiglbomparable to the results

of cavity expansion analysis. This curvature also illussahe decay of influence on
distant elements. The horizontal size of influence zonenduri< 0 is X /R~ 10 for

dense sand, and slightly smaller size is found for loose §4iR ~ 7).
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Figure 4.16 Displacement distributionis ££ 0) with variation of penetration depth: (a) Dense sand:
Dr =91%; (b) Loose san®r = 50%

4.3.2 Instantaneous displacement field

Instantaneous displacement field is the displacementa@®@lover an interval of pen-
etration distancelz), which directly illustrates the mechanism of penetratiéor ex-
ample,AX|az = AX|, p7/2 — BX|,_pz/2, dENOtes the instantaneous displacement which
may represent the velocity field at a given penetration stages the results of con-
tours are superimposed with displacement vectors tonilitesthe direction of move-
ment throughout this interval. It is worthwhile noting ttedk vectors (with spaces of

4mm) are plotted at a scale factor of 5, which means that a vedtarlangth of 5mm
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in the coordinate system represents a total displacemdmhof

Figure4.17and Figuret.18exhibit the results of dense sand and loose sand for differ-
ent interval distance@¢ = 2mm 6mm 12mm) when the probe is pushed to Is@nof
depth. The contours are plotted only for values from thewshar (from 005 to 10),
and the displacement vectors are eliminated for total dcgyhent less than Dmm
which represent soil that has hardly deformed during thefation interval. It is ob-
served that the influence zone in the instantaneous dispaudield is a bulb around
or a bit ahead of the cone tip. Soil elements adjacent to tbhbepshaft have little
deformation, which is mainly caused by the shaft frictiomring this interval, the soil
in this bulb is displaced horizontally and vertically, ahe tlisplacement vectors grow
radially, which seems comparable to a spherical cavity esioa. Intuitively, the fail-
ure mode is very similar to that proposedlmse (1990 (Figure2.2%), where zone Il

is the spherical cavity expansion zone base®esic(1977). This phenomenon urged
the analyses of the correlation between cone penetratidrsimerical cavity expan-
sion (e.g.Randolph et a).1994 Yu and Mitchel| 1998 Gui and Jeng2009, and the
developed analytical solutions in this research providedhapte for spherical case
are also applied to investigate the penetration problemyiarkd soils, as presented in
Chapter6.

The results of instantaneous displacements show that flsemee portion extends to
a larger field as the interval increases, while the extenhefzone is always below
the probe shoulder. Comparing with the results of dense shadjisplaced zone in
loose sand is smaller (i.e. the displacement is concedtcédser to the cone tip). More
downward movements are observed in loose sand than dertsend@reas dense sand
tends to have more lateral displacement than loose santpkealso notable that the
upper boundary of the influence zone in dense condition sedio an inclination line
at 60° from vertical, whereas the loose sand has a boundary thiatesat approxi-

mately 45 from vertical.
Similarly, the instantaneous displacement fields withedéht depth of penetration

(Z=25,5.0,7.5,10.0, 12.5) during an interval of @mare shown in Figurd.19and

Figure4.20for dense sand and loose sand respectively. The size offthenoce por-
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Figure 4.17 Instantaneous displacement contours of MR I(3&0mm of penetration in dense sand:
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Figure 4.18 Instantaneous displacement contours of MB I(30mm of penetration in loose sand:
Dr = 50%): (a)Az=2mm (b) Az= 6mm (c) Az= 12mm

tion differs slightly as probe goes deeper. The shallow fratien = 30mm) in dense
sand extends the zone over the level of probe shoulder, gretierces more upward
movements owing to the heave effect. This upwards movensethten constrained

with depth when initial stress condition is increased. Asieave is observed for loose
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sample, the influence zone and the displacement directigrlitiée with depth.
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4.3.3 Soil element trajectories

Full trajectories of soil elements that describe the disphaent path during penetration
provide a good insight into the penetration mechanism. reig.21 offers the curva-
ture of the element paths with normalised horizontal disptaent against normalised
vertical displacement for 5 soil elements at depth of mB®with variation of offset
from the probe X/R= 2, 3,4, 5, 6). Generally, for each soil element, the curve starts
from the origin point where no penetration is applied. As phebe approaches, the
element is mainly displaced downwards and then curves wriskeiore laterally. At
the final state, the ratio between radial and axial movemxtAy) increases with

offset from the probe centreline.

When the probe shoulder reaches the elevation of the elemernQ), the triangle mark
‘/\’ is denoted on the curve. After 160dmof penetration, the star mark’‘is denoted
to represent the end of penetration. It is clear to note tietriajor proportion of the
displacement occurs in the stage wlinen O (i.e. the net displacement), and little con-
tribution is made duringp > 0. More specifically, the displacement in stdge 0 goes
slightly further away from the probe, which is in contrastiwthat observed bWwhite
(2002. The data oiVhite (2002 showed that the direction of movement reverses back
towards the pile with about 1% of pile diameter after the st@iment passes the pile
tip, which relaxes stress and consequently the shaftdrictiHowever, for the data
obtained here, this horizontal relaxation is not obsermestageh > 0, but in the stage
ash approaches zero (from negative). A slight relaxation cequst before the probe

shoulder passes, as shown in Figdrg2

Comparing the results of dense sand and loose sand, the fiiedital displacement
of dense sand is generally a little larger than the verticgppldcement; more verti-
cal displacement is observed within loose condition. Thgmitade of displacement
within loose condition is also smaller than in dense sanc raltio between displace-
ment in loose sand and dense sand decreases from %4R6e 2) to 33% K/R= 6)

with increasing offset from the probe.

The trajectories of the same soil elements are plotted aaiB in Figure4.22 The

soil displacement path illustrates how the soil element $laround the probe dur-
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Figure 4.21 Trajectories of soil elements at depth 120mmuwith variation of X /R: (a) Dense sand:
Dr = 91%; (b) Loose sanddr = 50%

ing installation. The maximum displacements are observexttur before the probe
passes. Fofly/R, the maximum value is reachedatB ~ —1, while Ax/R has the
maximum value wher/B ~ —0.5. A little amount of horizontal relaxation is ob-
served just after the peak value/n/R for dense sand; nearly no relaxation occurs in

loose conditions.

The trajectories of a single column of soil elementg® = 2.5, 5, 7.5, 10, 12.5) at
X /R = 2 are shown against the penetration degthirt Figure4.23 For shallow pen-
etration, the displacement profileshat 0 increase with depth, especially fyy. The
reduction ofAy for dense sand before the probe passes indicates the egiatiwe as
the soil flows around the probe shoulder. The effect of heamésties gradually as the
probe is pushed to deeper soil. By contrast, the relaxatidronzontal movement is

not obvious for both dense sand and loose sand.

4.3.4 Streamlines and distorted soil elements

The streamlines after penetration describe the soil defbom patterns around the
penetrometer. Figuré.24a exhibits the soil distortions in a uniform flow field for

dense sand (left-hand side) and loose sand (right-hanyl e 150mmof penetra-
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Figure 4.22 Normalisedhx and Ay of soil elements at depthf = 120mmwith variation of X /R: (a)
Dense sandDr = 91 %; (b) Loose sanddg = 50%
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Figure 4.23 Normalisedx andAy of soil elements aX /R = 2 with variation of vertical locatiolY /B:
(a) Dense san®r = 91 %; (b) Loose sandr = 50%

tion. The streamlines adjacent to the probe are found to beeddor loose sand, and
the pattern near surface is different to dense sand. Fig@b and c provide details
of the profiles of displacement at the surface and the eawaibf the probe shoulder
and probe tip using displacement vectors (no scale facteramplied for the vectors).

It is notable that the surface of dense sand heaves while ka®d tends to be dragged
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downwards with penetration. The magnitude and the direafalisplacement around

the cone are clearly shown for sand with different relatigagity.
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Figure 4.24 Profiles of (a) streamlines of the soil flow, (Igpdicement at the surface, and (c) displace-
ment around the cone tip for both dense sand and loose sand

Figure4.25is an alternative illustration of the soil element path dgrpenetration.
The soil elements near the probe are described as standenesqvith size of tnmx
1mm The deformed square elements with different distance dbgrcentreline in-
dicate the deformation patterns with offset. After the rdd) element is plotted as
red patch, the same element is superimposed with a darkeeetdor every snmof
penetration. The blue patch represdnis O; the green patch nearly overlaps the blue
one, as the displacements for- O is limited. The series of soil element patch clearly
record the shape of the deformed element, and the comparisiie element paths

between dense sand and loose sand is straightforward.
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Figure 4.25 Soil element path during Ifstn of penetration: (a) Dense sanbr = 91%; (b) Loose
sand:Dgr = 50%

4.4 Results of Soil Strains

Soil strains derived from the results of the incrementapldisements (presented in
Section4.3) are quantified and presented in this section. To determi@estrains in
an axisymmetric model, radial symmetry around the probessmed as illustrated in
Figure4.1 With compression positive notation, the definitions oastrcomponents
is the XY’ system are listed as follows based on Cauchy'’s infinitesstralin tensor

with small deformation assumption:

c _ 0AX c _ dly c 1 0Ax+0Ay
Kool Yoy Y289y X
AX
o9 = — 77 Exo = &yp = 0 Evolume= Ex+ Eyy + Epp (4.7)

X]

where|X| means the horizontal distance to centreline of prébis; the direction per-
pendicular to theX'Y’ plane; &y, &y andegg are axial strains i, y and8 directions;
&xy IS the shear strain iIX'Y plane anckyqymeis the volumetric strain. The correlated
strains in XY’ plane are plotted in the Mohr circle of strains in Figdr26 The small
strain assumption within the strain analysis makes the data close to the probe

(X/R < 2) unreliable. The calculation of strains was processedrporting the dis-
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placement field into a corresponding mesh within FLA@<ca 2005 for each step of
penetration, as suggested kharshall(2009. It has been mentioned White (2002
andMarshall(2009 that large errors in the deduced strains are likely to beyced
by small errors of the displacements. Therefore, the saaftstrains is relatively large,

and some smoothing was applied to reduce the noise.

Strains in ‘X Y’ plane

»
>

€compression

Figure 4.26 Mohr circle of strains in th&Y’ plane

Shearing dilatancy describes the change of volume when #terial is distorted. At
any shearing mode, the angle of dilatiap) [defines the ratio of plastic volume change
to plastic shear strain rate (EquatidrB), where is taken as positive when there
is volume expansion angis the engineering shear strain rate (§.= 2 x &y). In
practice, total strains are dominated by the plastic coraptsndue to the relatively
high elastic stiffness. Thus the elastic components afemguitly small to be removed
from the equationgqta = €%+ £€P), as deduced in the right part of Equatioh§).
The principal strains in the ‘XY’ plane (shown in Figu#e26) can be derived by
£1,8 = (&x+ &y)/2+ \/(exx— eyy)2 +(2- sxy)2/2. Together with the strain in th@

direction, the three principal strains ag & andegg. Therefore, the maximum value
of shear strain rate in 3D strain space is then evaluatedédgdtahedral shear strain
(i.e. the deviatoric component im-plane), as expressed in Equati@ndj. For calcu-
lation of dilation angle, the incremental strains are eated by strains developed over
an interval of penetration\g), €.9.€|az = €lz407/2 — Elz-nz/2 -

- p -
sing = — - Volume o, _ Evolume (4.8)
|Vmax’ | Ymax
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[¥nad = Yoot = 3 \/(81 — &)+ (&1— £g0)” + (£2— £90)° (4.9)

4.4.1 Contours of cumulative strains

The cumulative strains after 16@mof penetration exhibit the strain state of the dis-
torted soil elements around the probe. Figdr27 and Figure4.28give the contours
of the cumulative horizontal strairgg), vertical strain &) and shear strairegy) for
dense sand (MP 11-02) and loose sand (MP 11-03). Compared thihcontours of
displacements, strains have more scatter owing to the aeapdirror from the GeoPIV
data, especially for soil at depth around bifiwhere the data is combined from two

pictures. Hence the results of strains are analysed agpitlia area.

For soil ahead of the probe corggy is negative andyy is positive, indicating the soil
below the probe shoulder is undergoing vertical compresanal horizontal extension.
In contrast, the soil around the probe shaft experiencascakextension and hori-
zontal compression. This shows the different deformatiattepns around the probe,
and similar phenomenon was also observed\tyite (2002 andLiu (2010. Severe
shear straingyy) appears in soil adjacent to the probe cone and shaft, wheaxiag
mode dominates the deformation pattern. Comparing thetsestidense sand and
loose sand, the magnitude of strains in loose sand seemgtedker, attributed to the

higher compressibility of the loose sample.

4.4.2 Contours of instantaneous strains

Similar to displacement, the instantaneous results peastraightforward illustration
of the penetration mechanisms. The instantaneous stsongpbresents the incremen-
tal strain (strain rate) during that incremental penatratage/Az is taken as probe
radius,= 6mm The contours of penetration at depth of b&@ for dense sand and
loose sand are shown in Figuée29and Figure4.30respectively. The shared colour-
bar is given in subplot (a), and the strain rates in the ‘X Ydr@ and the volumetric

strain rate are then presented in subplot(f).

The positive and negative bulbs &y and &,y reveal the compression zones and the
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Figure 4.27 Cumulative strain contours of MP 11-02 (bafof penetration in dense sandi = 91 %):
(@) &xx (%); (D) &y (%); (C) &xy (%)
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extension zones. The boundaries th(;@andéyy are close to zero seem to be a line
that extends from the probe shoulder and inclined at abott385° from the ver-
tical. Soil below this line experiences incrementally korital extension and vertical
compression, whereas the strain rates reverse for thetsmieahe line. In contrast to
the contour of cumulative shear strain, the shear stragegats a bulb shaped zone
extending down to B below the probe; a little negative zone exists as the soilisd
up around the probe shoulder. The high shear strain zonsdsaident in the contour
of éxymax, where the soil is under horizontal extension and verticatgression. The
contour of &,0jume Offers the zones of volumetric contraction (positive) arildtibn
(negative). It is notable that dilation with significant aheccurs below the cone and
the contraction zone close to the probe shoulder is relgtsraall. When the contours
are compared between dense and loose sand, smaller zonesgnitudes o,y and
&volumeare observed for the loose sand. This implies that loose tsau$ to be less

sheared and dilated than dense sand.
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6
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Figure 4.29 Instantaneous strain contoukg £ 6mm) of MP 11-02 (150mm of penetration in dense
sand:Dr = 91%): (b)&xx (%); (C) éyy (%); (d) éxy (%0); (e) i‘:xy,max (%); (f) Evolume (%)
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Figure 4.30 Instantaneous strain contodzs-€ 6 mm) of MP [1-03 (150mmof penetration in loose sand:
Dr = 50%): (b)&xx (%); (c) éyy (%); (d) éxy (%), (e) éxy,max (%); () Evolume(%0)

4.4.3 Principal strain rates

Figure4.31and Figure4.32offer an alternative view of the instantaneous strain field,
with the magnitude and the direction of principal strairerat various depths of pen-
etration ¢ = 30mm~ 150mm). The principal strain rates are focused@randé; in
the ‘XY’ plane (Figure4.26), whereg; is compression aneb is tension. The magni-
tude of strain rate is illustrated by the size of the crossimes (a standard length for
109% of strain rate is given in the plots). The main princifedis rate is directed from
the cone tip, and decays significantly with relative distarigdespite the fact that sand
Is known to behave in a non-coaxial manner, the large stnaara the probe cone
leads to a reduced effect of non-coaxialiBoscoe1970. Hence the directions of the
principal strain rate provides some clues for estimatiodigctions and distributions
of the principal stress rate. There is no obvious trend wathiation of depth for both
dense and loose sand. The directions of the principal staaénbetween dense sand
and loose sand are observed to be essentially similar, \igtfitly smaller inclination

from vertical for loose sample.

106



Chapter 4 Results of Centrifuge Tests

-40 -20 0 -40 -20 0
10 ———— 40
200 - ... 50 t
R A XN Le v » ¢ « x S
30 ~.‘»$:*— 60 ..s\\xx
4000l liEEY 700110
ERIREERE S 54 B P ¢
50.. x> x XK | 80.--.;&,\')()(
A v I R * % % s o s x XK
=0oMmMmm |- - & ¢ ' . - - x X %
€ 60 . ... e ST
X 70'fIII.If{W' 100'?21;13LI0(,/‘
. 0 0
81 80 . . R 110 tf\l/.‘x
(a) (b) z=30 mm (c) z=60 mm
-40 -20 0 -40 -20 0 -40 -20 0
70 ooooooo 100 e e 2 e 2 N ¢ 0. 130
80 . o ...l 1ot~ LT 140 t
90 f- - s/ 120 s 150 | o
RN NS A S 'S B Y - U e IR SR ~ N
100 -t:ll:;.’)(" 130-'1:Ii2+",1: 160-21;:11$
FerdSsX | e e e e L < I PR P -\-,\aX
10t 4 i - 140 |- =+ = e xXX { 170|- - - +xXX
-+ e & Y s e v e x X XX IR E XS 23
o o & 2 x Y | e e s e w x K R > K
120 - 02000 150 . .00 PR 180 - T e %
ooooo A JIE S 3 e o & s e £ KN R DR T R S
130_ ....... - i 160 Lo . o« % $ i 190 Ls @ o # % o % = i
....... 1% oosbsool% ..,.\\.
140 : 170 : 200 :
(d) z=90 mm (e) z=120 mm (f) z=150 mm

Figure 4.31 Principal strain rates in dense sdbgl-€ 91%): variation with depth (3@m— 150mm)

4.4.4 Variation of strains with offset from probe

The variation of strains with offset from the probe centreliX /R) is examined in this
section. The distribution of cumulative straimg &y, &y andeyoiume Of soil elements

at two different depthsY(= 60mn1 150mm) are given in Figuret.33for both dense
sand and loose sand. Consistent with the results of dispEmsimthe distributions
decrease quickly with horizontal distance from the proberizdntal strain in loose
sand is generally larger than that of dense sand, and mocegwoated close to the
probe. Compared witlsyy, the amount of vertical strain is much smaller; somewhat
tensilegyy is evident in shallow dense sand and in deep loose sand. Tag déeyy is
apparently sharper than thatgf, and the influence zone is then slightly narrower. As
the hoop strairggg is derived fromAx, the resulting volumetric strain implies that for

dense sand, dilation occurs f&I/R < 4 that is surrounded by contraction zone with
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Figure 4.32 Principal strain rates in loose sabg & 50%): variation with depth (3®@m— 150mmn)

an influence portion oK/R ~ 10. By comparison, loose sand experienced smaller

volumetric expansion owing to the lower dilatancy of looaadcompared to dense.

As previously presented on the bulbs of incremental stydath horizontal and ver-
tical strains reverse as the soil flows past the probe whicbnsidered as stationary.
As the soil element transitions from vertical compressiod horizontal extension to
horizontal compression and vertical extension, the maxant minima of the strain

histories are provided in Figu#e34 The extension zone @& is located very close
to the probe X /R < 2), and the magnitude @ is relatively smaller. Comparison of
dense sand and loose sand shows again that soil with highsityl@as larger influ-

ence region and the strains drop more gently with offset film@rprobe.
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Figure 4.33 Distributions of straint & 0): (a) Dense sanzE& Y = 60mn); (b) Loose sandz=Y =
60mm); (c) Dense sandz(=Y = 150mn); (d) Loose sandz=Y = 150mm)

4.4.5 Strain paths of soil elements

Strain paths shown in Figuke35~ Figure4.37reveal the evolution of straingy, &y,
Exy, Evolume €06, €1, £2) during probe installation. In Figuré.35 the strain histories
are plotted against the relative position to probe shoylu) for soil elements in the
near field K/R = 2) at a depth of 6mand 150nmfor both dense sand and loose
sand. Clearly the majority of the strain is developed befoegarobe shoulder passes,

and the strain remains nearly constant whenO.

It is notable that the strain reversal gf and &y, occurs before the probe shoulder
passes. With penetratiosyy gradually drops to the minima &t/B ~ —2, which is
slightly earlier than wherzyy reaches the maxima, followed by the phase of strain
reversals. The strain changes direction, crosses the waio Bne, and reaches an
opposite peak at/B ~ —0.5. The location where these two curves intersect suggests

that the relatively small compressive straig, (and £yy) occur ath/B ~ —1, where
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Figure 4.34 Distributions of maximun and minimun straire) g (Y = 60mm); (b) &y (Y = 60mm);
(C) &xx (Y = 150mm); (d) &yy (Y = 150mm)

&xy grows sharply to the maxima. There is no obvious differencéhe strain reversal

for both dense and loose sand in both depths. The sensimgcist ofy, andeyy are

about B and 8B, which match the observation bfu (2010.

The phenomenon of strain reversal was also reportdglaiigh (19895 andWhite and
Bolton (2004). However, the former was an analytical solution that isyasuitable
for undrained clay; and the latter was from calibration chantests in a plane strain
model. Therefore, it is essential to quantify the strairersal during penetration in an

axisymmetric model of sand with severe volumetric strain.

The phase frorh/B = —0.5 to 0 exhibits a small proportion of strain reduction, among
which the reduction ofyy is the most notable. The two principal straias#énde,) rep-
resent the size of the Mohr circle in ‘X Y’ plane. Extensggecontinuously grows until

the probe approaches, and is the minimum principal strains€guently, the negative
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volumetric strain indicates the dilatant behaviour of sahr the probe, whereas the
final state of loose sand appears to have nearly no dilatican be attributed to the

relatively high compressivgy.

Comparing the results to that from ‘far’ fiel)K(R = 6 in Figure4.36), the general
trends also apply to the strain paths with lower magnitudee difference appears to
be the strain reversal that only occurs fgy at shallower depth. Higher proportion of
&x Is observed, which dominates in the Mohr circle, and shear strain is mainly less
than 1% except for dense sand at deep posiign<( 2%). Another contrast is,o|ume

the soil located far from the probe has volumetric contoactather than dilation in the

near field.

The variation ofg,qumeWith offset from the probe centreline is shown in Figdt87.

The eventual state &, qumealso signifies the distribution of density after penetmatio
For dense sand, soil 2t/R= 2 ~ 4 experiences dilation after the probe passes while
contraction appears for soil further thAifR = 5. The peak dilation is observed when
the probe is just above the soil elementl = —1 ~ —2), and the peak value comes
later for soil closer to the probe. There is no systematiodrmm loose sand; more

contraction is observed, especially for loose sand at dmssgiibns.

4.4.6 Rotations and dilation

Due to the inserting probe with a cone shape, the soil elesramound the probe are
severely distorted, including both translation and rotatiThe translation of soil el-
ement has been quantified horizontally and vertically thhothe GeoPIV analysis,
as shown in Sectiod.3. Although the rotation cannot be directly obtained from the
GeoPlV data, displacements of a network of triangular efée&ere used to evaluate
the soil rotation bywhite (2002. The results showed that high rotation 20°) was
observed for soil adjacent to the probe, and the magnitudeibfotation decreased
significantly with the offset from the probe centreline. 8antrends can also be found
from the distorted element patches in Figdr25 and the rotation of dense sand and

loose sand are of comparable magnitude.

An alternative illustration of the soil rotation is the clggnof the direction of the prin-
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Figure 4.35 Strain paths of soil elemen¥XafR = 2 against/B: (a) Dense sand/(= 60mn); (b) Loose
sand ¥ = 60mm); (c) Dense sandy(= 150mm); (d) Loose sandY = 150mm)

cipal strain. Sectiod.4.3presents the directions of principal strain rates for bettse
and loose samples. Here the cumulative principal ste&inig¢ considered to track the
rotation path during the penetration, as shown in FiguB8 Both dense and loose
sand at depth of 6dm(subplots a, b) and 158m(subplots c, d) are provided in vari-
ation with offset from probe centrelin&{R = 2 — 6). It is worthwhile noting that
the angle @) is evaluated by the inclination from the vertical directio degrees. In
essence, when a probe is far ahead of the soil element, alecbenpression effect
dominates the strain state; thus the directiomidbegins with a small inclination, and
the initial inclination increases with offset. With the peapproaching, this angle in-

creases gradually to a steady level when the probe shouddsesp.
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Figure 4.36 Strain paths of soil elemen¥afR = 6 againsh/B: (a) Dense sand/(= 60mn); (b) Loose
sand ¥ = 60mm); (c) Dense sandy(= 150mm); (d) Loose sand{ = 150mm)

The large scatter at the early stage is believed to be atdlio the large proportion of
strain error for soil elements that are slightly distort€de scatter is also more obvious
for soil farther away from the probe, in which is more affected or even dominated
by horizontal straingyy). Despite the strain error, the general trends of rotatfogy o
are apparent since the probe is getting clob¢B(> —5). Eventually for dense sand
at depth of 66nm the inclination ofe; is approximately 68 for X /R = 2, whilst 6,

is close to 90 for X/R = 4, 5, indicating the nearly horizontaj after probe passes.
Mostly, the ultimate value 06, increases with the offset from the probe centreline,

which is in contrast with the decreasing rotation of soihedat with offset. In addition,
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Figure 4.37 Volumetric strain paths of soil elemegiR = 2 — 6) againsth/B: (a) Dense sandv(=
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the inclination of loose sand is about 10% less than that n$elsand; approximately

15% smaller values ¥, is observed for soil at 158mcompared to soil at 9Gm

Figure4.37reveals the developments of the volumetric strains durergefration; soil
dilation is observed, especially for the dense sample. Tladiah occurs associated
with the shearing in the failure mode of penetration. Afté0mhm of penetration,
the cumulative volumetric strairefoume contours are show in Figure 39 for both
dense and loose sand. The contours are plotted in gray-col@ermap, indicating
that the darker area has more effect of dilation. The digtion of &,0umepresents the

changes of the soil density after probe installation. Insgesand, dilatant soil is ob-
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Figure 4.38 Rotations of the principal strain1 againsth/B: (a) Dense sandy(= 60mm); (b) Loose
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served within the area /R < 4; significant dilation &,ojume< —20%) occurs for soil
adjacent to the probeX(/R < 1). For soil outside of this loosening area, contraction is

observed indicating the effect of densification inducedhwyinstallation. Compared
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with dense sand, the dilation area for loose sand is narroty/é& < 3. The variation

of dilation area with depth is not obvious for both dense audé samples.
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Figure 4.39 Cumulative volumetric straia,§ume contours for: (a) Dense sanBg = 91 %); (b) Loose
sand Dr = 50%)

To quantify the magnitude of dilation, the effect of sheaaistis also included as il-
lustrated in Equation4(8) and @.9). As incremental strains are used to calculate the
mobilised dilation angle, the interval of penetration ah® (R) is considered here.
Figure4.40offers the distribution of dilation angle through the imMarfor dense and
loose sand at two different depths f@hand 150nm). Because of the incremental
calculation of the dilation angle, the error from the GeoRlMa is amplified, espe-
cially for soil with small strains. To minimise the scattarthe contours, smoothing
was applied to the results and any dilation angle out of thgea-30° < ¢ < 30° was
eliminated. Thus the contours are strictly the represemialf the dilation angle dis-
tribution, which provides the location and magnitude of dilatant effect during the

penetration interval. For soil &t = 60mm(subplots a and b), significant dilation area
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is located ahead of the cone, where shear strain rate is$eghHigurel.29and Figure
4.30); contraction area is found around the probe shaft, ingligahe relaxation when
the soil flows over the probe shoulder, as reported\byte (2002. Similar patterns
are also shown when the probe is deepe=150mm), whereas dilation occurs in
dense sand due to the shaft friction and nearly no contraetiea is found around the

shaft for loose sand.
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Figure 4.40 Distributions of dilation angle over the intraf penetration (6n): (a) Dense sand/(=
60mm); (b) Loose sandy = 60mn); (c) Dense sand¥(= 150mmj); (d) Loose sandY( = 150mm)
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4.5 Layered Effects on Soil Deformation

For penetrating in sand layers with differddg, penetration resistance senses the ef-
fect of the approaching layer and is also affected by the uppié when developing
the resistance in a new-coming layer, as presented in 8eti®o4 The differences

of soil deformation for penetration in dense sand and loasel sire highlighted and
illustrated throughout Sectioh3 and Sectiort.4. It is also interesting to present the
layered effects on soil deformation, which have not beendabviously shown in the
literature. Therefore, this section focuses on the residl&il deformation for tests
with layered soils (MP 11-04~ MP 11-07), and the discussion attempts to provide the

layered effects on soil deformation.

4.5.1 Contours of cumulative displacements

The cumulative displacement contours for dense sand (MR)land loose sand (MP
[1-03) were provided in Figurd.12and Figure4.13 in which smaller displacement
zones were found in loose sand. Figdrd1 offers the cumulative vertical displace-
ment contours after 168m of penetration for all tests in layered soils. A concave
shape of contours around the loose-dense interface isrevioleAy (Figure4.41a),
whereas the shape around the dense-loose interface isxc@igere 4.41b). This
concave shape shows that soil at the interface has relaswedller vertical move-
ment than both soil layers, resulting in two large displaeetizones at some distances
above and beneath the interface. The convex shape inditegdarge deformation
region concentrating around the solil interface. It can laemed by that the effect of
compaction is increased in loose sand and the settlemeime ddwer sand layer is cu-
mulated. Similar trends are also shown for tests with thagers of sands: MP 11-06
(Figure4.41c) and MP 11-07 (Figure4.41d). The profiles with curvature are indica-
tive of the layered effects with the concave and convexdamytical displacement is
mainly found around the interface from dense to loose. Metaits of the cumulative
horizontal, vertical, and total displacement contoursadse provided in Appendi
(FiguresA.1 ~ A.4).
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Figure 4.41 Cumulative vertical displacement contouragéted tests: (a) MP 11-04; (b) MP 11-05; (c)
MP 11-06; (d) MP 11-07

4.5.2 Profiles of horizontal and vertical displacements

The profiles of the normalised cumulative displacemefig'R, Ay/R) for soil with
different offset K/R = 2 — 6) in layered sand tests are provided in Figir& and
FigureA.6 (AppendixA), which can be compared with the results from the uniform
sand tests (Figuré.14). The observation from the contours in Figurks ~ A.4
(AppendixA) is clearly quantified from the profiles. Besides the largspldicements
for soil closer to the probe, the effect of soil interfacerssdo be more distinct with

considerable curvatured profiles.

Figure4.42shows the vertical displacementétR = 2 from the various uniform and
layered tests in order to illustrate better the layeredcesfeFrom the results dty/R
in loose over dense sand, the peak above the interface atcamsund B, where the
penetration resistance starts to be affected, as showrgurd4.10 (Section4.2.4.

The influence zone beneath the interface is not obvious dieetemooth curves. For
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the test with dense over loose sand, the peak occurs at dréaicet, and the influence
zone in loose sand is abouB4based on the inflection point in the profile. By com-
parison,Z,, of MP II-05 in the penetration resistance curve~slB (Figure4.11a),
indicating that a significantly larger influence zone of stgformation exists in the
lower soil layer than in results of penetration resistaridee reason can be attributed
to the compaction effects below the probe tip with peneairgtinus the layered effects

on soil deformation are more obvious in the lower soil layer.

Similarly, for MP 11-06-HP, the vertical displacement inetlsandwiched dense layer
increases until the cone tip is approaching the underlyongé sand layer. On the con-
trary, for MP 11-07-HP, the vertical displacement in the daiched loose sand layer
decreases further when the probe is close to the lower deiffate, and the lowest
value is observed at the interface due to the influence of tigenying dense sand.
The layered effects are also shown in the comparisody @R profiles of two-layered
and three-layered sand tests in Figdré2 Correspondingly, the developments of the
profiles of the normalised cumulative displacemeits/R, Ay/R) are shown in Fig-
ure A.7 and FigureA.8 (AppendixA) with different depths of penetration for soil at
X/R=2.

4.5.3 Layered effects on displacement profiles

The profiles of soil displacements indicate that the soilatbthe interface is de-
formed with effects of both soil layers. After 16@mof penetration, the profiles of
soil interfaces are described in Figutel3 in comparison with the profiles of soil at
the same location in uniform sand tests. The profiles of umiftests seem to be sim-
ilar for both dense and loose sand, except for deeper$aeil {50mm) where dense
sand experiences larger indentation. However, the digplaats at the soil interfaces
appear to fall outside of the range of displacement from tiiéoum sand tests. The
deformation of loose-dense interface is less than the psofif both dense and loose
sand, whereas more downdrag movement is evident for thedease interface. The
deformed profiles of two types of interfaces interpret thecave and convex shapes

in the displacement patterns shown in the previous sections

Cone tip resistance ratig () was proposed in Sectigh2.4to evaluate the transition of
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Figure 4.43 Profiles of soil interfaces after 6Mof penetration for tests: MP 11-04 MP 11-07

dc (or Q) when penetrating in layered soils. Similarly, the chamafesoil deformation

can also be treated as a ratfd) transforming from weak soil into strong soil. Due to
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the different trends of layered effects on horizontal andic® displacements as de-

scribed previously¢ ' is evaluated foAx andAy separately, as expressed in Equation

(4.10.

r_ AX_Ax|weak
$ax=
AX’strong— AX|weak
Ay — A
E/Ay_ Yy y‘weak (4.10)

B DY |strong— AY |weak

Figure4.44 presents the evaluation of layered effects on soil defaondor the test
with loose over dense sand (MP [1-04). The resultsAgfR and Ay/R for soil at

X /R =2 are shown in subplot (a) with reference lines of dense apgklsand (mod-
ified from tests: MP 11-02 and MP 11-03 respectively). Pradilef &, and¢ ), are
provided in subplots (b) and (c). The transition&f, is believed to be similar with
that of n’, as shown in Figurd.1Q the ratio varies between 0 (loose sand) and 1 in
dense sample, although the scatter in loose sand is Iél’g)ealso transforms from O
to 1, while the ratio around the interface ranges widely nelyihe ‘O~ 1’ zone. This

Is attributed to the layered effects &y and the crossing curves of the uniform sand
profiles. f’Ay increases up to approximately 4 to the soil slightly below ititerface,
and drops dramatically to a negatigg, trough atH /B ~ 2. After that,¢ j, increases

gradually to 1 with deformation of dense sand.

Ay/R Ax/R E E ay
;05 o] 0 115 1012345
/ X/R=2 { X/R=2
20 b 20 —; { 20p § ]
o [)
40 + 40 | s S A 1) S
o
60 60 [o ° 1 60} E
o \
E g0t 80 | ' { 80t »
'Q — _D___o_ ....... - - - - = ‘S.\__\_;
5100 |- 100 { 100} oo
a2 ., s
120 120 ¢ {1200 Ty
140 | 140} (1 140} %
160 | 160 | =4 1604
\ p r 2
—y o 2 “oTp] I ] I
180 - T Nodined o Mt -03-hp| | 180 £ 180
—o— —o— MP1[-04-HP
200 (RN (1] 200 i i A 200 i ) i i i
(@) (b) ©)

Figure 4.44 Layered effects on soil deformatioty R = 2) for test: MP 11-04
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As smaller curvature of displacement profiles were obsefeoedoil with larger off-
set from the probe, the soil deformation rafibis examined with variation of offset
(X/R=2— 6) in Figure4.45 From the curves of 5, and§ ,, there is little system-
atic variation with offset. The large scatter §rj,, curves is attributed to the similar
horizontal displacement in dense and loose sand; the t:mag;y is relatively clear.

The general tendency of layered effects is verified with teggendency oX /R.
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Figure 4.45¢ " with variation of offsetX/R=2 — 6 (MP 11-04)

The transition ofé ’Ay for all layered soil tests are provided in Figutel6 for two-
layered soils (subplot a) and three-layered soils (suliplethereH; is the thickness
of the sandwiched soil layer). With comparisonrpfin Figure4.11, the layered ef-
fects are obvious, while the thin-layer effect is shown wathak values occurring at
the interfaces. The dramatic variation®f, near the first soil interface seems to be
attributed to the surface effects, whereas the transitionral the second soil interface
(Figure 4.46b) shows more smooth variation which occurs generally belwvsoil
interface. Although the results of soil deformation aresetiéd by the ground surface
effects, the variation of soil displacement with differenofiles of soil density and the

trends of layered effects imply the layering mechanismgpéretration.
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Figure 4.46 Layered effects on soil deformatidty R = 2) for tests with: (a) two-layered soils; and (b)
three-layered soils

4.6 Chapter Summary

The results of the centrifuge tests presented in this chapdgided an investigation of
penetration in uniform and layered sands in an axisymmetddel. Both dense sand
and loose sand had linear increases of tip resistance wptih delowever, the value of
tip resistance in the dense samlk(= 90 %) was found to be about2 3 times that for
loose sand@r = 50%). The magnitude aj; for 509 tests was found to be 10 12
times that from 3 tests, which implied that the resistances increased widssievel
at a decreasing rate. The tip resistance mtizvas proposed to illustrate the transition
of gc from one soil layer to another. The influence zone in strosgémas larger than
that in weak soil, and the size was likely dependent on thagivel density of both soll

layers, which led to the variation of thin-layer effect ifffdient scenarios.

To analyse the displaced soil around the penetrometer, dligotobe tests together
with the image-based measurement technique provided sudtseof displacements
and the deduced strains during the process of penetratioa pdttern of cumulative
displacement showed reasonable similarity to cylindroeadity expansion around the

shaft, and spherical expansion around the cone. Comparingde sand, the size of
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influence zone for dense sand was larger, and the heavirgg efar the ground surface
was more evident. The decay of displacement with offset ftloenpile implied that
the lateral influence zone is abouB Wide for dense sand, and approximatelyBfor
loose sand. From the trajectories of soil elements, it washte that the major pro-
portion of the displacement occurred before the probe plass®l little contribution
was made during > 0. In addition, the directions of the principal strain rateypded
some clues for estimation of directions and distributioh¢he principal stress rate.
Strain reversal during penetration in the axisymmetric eh@dhs quantified to empha-

sise the severe distortion with rotation and dilation.

Parametersg(,, and & ’Ay) were proposed to evaluate the transition of displacement
profiles for penetration in layered soils. The vertical thspment in loose sand over-
lying dense sand was affected withiB2bove the interface, while the influence zone
was 4B in an underlying loose sand. The deformation of loose-danteeface was
less than the profiles of both dense and loose sand, and mereldig movement was
evident for the dense-loose interfacg’ clearly indicated the layered effects on soll

deformation, and did not appear to be affected by the offset.
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Chapter 5

Cavity Expansion in Two Concentric

Regions of Soll

5.1 Introduction

As discussed in Sectioh 4, cavity expansion theory has been extensively developed
and widely used for geotechnical applications. Howevery Wtle work has been
done to consider the effect of distinct soil layers withia tramework of cavity expan-
sion analyses. Elastic solutions and assumptions of inoessibility are inadequate

to describe soil behaviour, especially for problems witlgéedeformation.

In this chapter, the analytical solution describedinand Houlsby(1991) is extended

in order to consider a two concentric regions of soil. Théisdreated as an isotropic
dilatant elastic-perfectly plastic material with a Mohr«mmb yield criterion and a
non-associated flow rule. Large-strain quasi-static esjoanof both spherical and

cylindrical cavities is considered.

The chapter begins with a general definition of the problewnh the necessary geo-
metric parameters (Secti@n2). The following Sectiorb.3 considers the most general
expansion problem within two concentric soils and derivgsressions for stresses,
strains, and displacements within elastic and plastioregiln Sectiorb.4, the cavity

expansion solution is then validated against results nétausing the Finite Element
Method (FEM). Further results and parametric analyseshene presented in Section

5.5with focus placed on the resulting pressure-expansionesuemd the development
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Chapter 5 Cavity Expansion in Two Concentric Regions of Soil

of plastic regions within the two regions of soil. A discussbf the application of the
proposed method and its limitations is provided in Seciidhfollowed by concluding

remarks.

5.2 Definitions of Cavity in Two Concentric Regions of Soll

The problem involves three concentric zones; (i) an inn@ez@presenting the ex-
panding cavity, (ii) a second zone representing Soil A, amda bounding region
which extends to infinity and represents Soil B, as shown inif€ig.1a. Initially, the
cavity has a radiugg and the interface between Soils A and B is located at a radial
distancebg from the centre of the cavity. The soils are assumed to beojsiathomo-
geneous media, therefore an initial hydrostatic stRgsacts throughout both Soils A
and B as well as within the cavity. Note that a tension pasitigtation is used in this

chapter, for consistency witfu and Houlsby(1997).

When the cavity pressui@, increases slowly from its initial valug,, the radius of
cavity and Soil A/B interface are expandedatandb, respectively (Figur&.1b). The
pressure at the Soil A/B interface is given By Depending on material properties
(and adopting the Mohr-Coulomb vyield criterion), a plasggion may form within
either of the soils A or B and extend to some radial distanger cg, respectively. For

a given increment of cavity expansion, the initial plagiastic interfaces in soils A
and B are given byoa andcog, respectively. The radial stresses at the plastic-elastic

interfaces for soils A and B are definedrg andP.;, respectively.

As in the work ofYu and Houlsby(1991), the soils are modelled as an isotropic dila-
tant elastic-perfectly plastic material, obeying Hookais for elastic analysis and the
Mohr-Coulomb yield criterion with a non-associated flow rideplastic analysis. The
properties of Soils A and B are denoted by subscripts 1 andspectively: Young's
modulus E;, Ep), Poisson’s ratio\{;, v2), cohesion €y, Cy), friction angle (o, @),

and dilation angley, ().

To combine both spherical and cylindrical analyses, thampeteik is used to indicate

spherical analysisk(= 2) or cylindrical analysisK = 1). It should be noted that for
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Chapter 5 Cavity Expansion in Two Concentric Regions of Soil

Elastic-B
Soil B

(@) (b)

Figure 5.1 Schematic view of the model of cavity expansiomin concentric regions of soil

the cylindrical case, plane strain conditions in #itbrection are assumed and the axial
stress is assumed as the intermediate principal stresshwghsatisfied for most real-
istic values of soil parameters, as discussedurand Houlsby(199J). In accordance
with Yu (2000, the following parameters are used for mathematical aoevee (def-

initions apply separately to Soil A and B in current notaspn

G = ﬁ Gy = ﬁ (5.1a)
M — % M, = % (5.1b)
Yy = 2&% Yy = 210_2%5;;;2 (5.1¢)
a1 = i%g ap = i%z (5.1d)
e e (5.1¢)
=T iy 540
%= le?a(la i;)le)lpo %= Yzz?a(: i;)lc);zp : (5-19)
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During cavity expansion, plastic regions in the two condersioils are generated and
develop depending on the relevant properties and profilesitsf A and B. Consider-
ing all possible situations, the expansion process wouldvicone of the routes in the
flow chart illustrated in Figuré.2, which also provides a definition of some notation.
Generally, during expansion of the cavity fr@asto a, an elastic stage®deBg) appears
initially, followed by plastic regions developing in botli&s A and B asa increases
(ApeBpg). Ultimately, asais increased further, Soil A becomes fully plast#gBpg)
(Soil B extends to infinity and therefore never becomes fpillstic). The events at the
circular nodes in the flowchart describe the situation ofaggon and determine the
appropriate state of soil to be considered. The solutioogiged here are for the most
general case of expansioApeBpg); all the scenarios described in Figlse can be

deduced from this general solution.

5.3 Analytical Solutions for Cavity Expansion

5.3.1 Solutions in elastic regions

As illustrated in Figures.1, for an arbitrary radial distanag the material is elastic in
the zones where > cg (Soil B) and wherea < r < b (Soil A). Under conditions of
radial symmetry, the stresses within the soils around thigycaust satisfy the follow-

ing equation of equilibrium:

r ooy
GQ—Gr:—

T (5.2)

whereg; andgy are stresses acting in the radial and tangential diregtiespectively.

Correspondingly, the radial and tangential strain for syetlin analysis in the elastic

regions can be expressed as a function of the radial dispkate:

du
g0 = ? (5.4)
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Initial Cavity
U (AoBo)
0 - initial condition
E - elastic zone
P - plastic zone
PE - plastic-elastic zones
Elastic Stage
(AeBg)

Soil A starts|to be plastic Soil B starts|to be plastic
Plastic Region in Soil A Plastic Region in Soil B
(ApeBg) (AeBpE)

Y Soil B starts to bg plastic when Apg

Soil A becorgg fully plastic

Soil A becomes Fully Plastic
(ApBg)

Soil A starts to bg plastic when Bpg

Plastic Regions in Soil A & B
(ApeBrr)

9 9

Soil B starts to be plastic when Ap Soil A becomes fully plastic when Bpg

Soil A Fully Plastic; Plastic Regions in Soil B
(ApBrr)

Figure 5.2 Flow chart of cavity expansion in two concentegions of soll

5.3.1.1 Elastic region in Soil A

For the elastic region in Soil Ach < r < b), with Hooke’s law, the solutions for the

radial displacement and stresses are expresse@lias{ Houlsby1991)

D
u:D1r+r—k2 (5.5)
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M3
OJg = . 5
—k [1—v1(12—k)] +[1-vi(k—-1)]
Vi D> D»
[1— v 2=k PrKpe) + <D1+rm)} -R (5.7)

whereD1 andD, are integration constants defined as

(ca— Con) Ca* — (b— ) b¥

D1 = CAKFL ki1 (5.8)
(coab— cabp) cakb¥
D2 = CakFL —pk+1 (5.9)
The solutions are subject to two stress boundary conditions
Orlr=ca = —Pes (5.10)
Ur'r:b:_PD (5.11)

5.3.1.2 Elastic region in Soil B

Similarly, the following solutions for the radial displanent and stress in Soil B
(r > cg) are obtained:

U= ce (08— con) (5.12)
K [1_V2Vg-‘2_k)} F[1-va(k—1)]
v co* (G — Cos)
Og = 2/|2
k| |+ L va (k- )]
Vo cs* (Ca — Cog)
(k) =] -® 19
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which is subject to the stress boundary condition:
O-r’r:CB - _PCB (515)

5.3.2 Solutions in plastic regions in Soil A

In order to account for the effect of large strain in the ptastgions, logarithmic

strains are adopted, namely

dr
gg —In (L> (5.17)
o

Using the tension positive notation, the Mohr-Coulomb yisbehdition in Soil A dur-

ing cavity expansion is
0109—0r =Y (5.18)

whereas andY; are functions related to friction angle and cohesion (Equdi.1). It
may be noted that when the friction angle is zero, the Mohri@uhb yield function

reduces to the Tresca criterion.

The stress components in the plastic region of Soil A musdfgagquilibrium (Equa-

tion 5.2) and the yield condition (Equatidn 18 as follows:

Y1 _k(ag-1)
Oy = Air @ 5.19
- +AL ! ( )
Y. A _K@-D
Og=—+ 4 a (5.20)

_01—1 ay

whereA; is a constant of integration and wherehas two stress boundary conditions:

O-r’r:CA — _PCA (521)

O'r’r:a:—Pa (522)

Combining the expressions in EquatidnZl) and Equationg.22 leads to
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Y- k(aq—
Pa+ ril <CA) (aall Y

— (= 5.23)
v (
Patama 8

Y. k(a1 -1) Y; k(a1-1)
AL =—(Pat alil)a = (P + alil)CA ar (5.24)

For the displacement analysis in the plastic region, tétalrsis considered as the sum
of elastic and plastic contributions, using superscrend p respectively. Elastic
strain (equivalent to strain ragefor this case because initial strains are zero) can be

derived from Equation.6) and Equationg.7):

e 1 . kV]_ .

Sr - _Ml |:O-r - —1_ Vl (2_ k) O-Q:| (525)
. 1 . .

6" = | T g O+l vk Do 520

where() is the corresponding incremental form.

The non-associated Mohr-Coulomb flow rule for loading phas8ail A can be ex-
pressed as

&P & —&° k

g €9—&° B (5:27)
where; is a function of dilation angle. 181 = a1 (dilation angle = friction angle),
then the flow rule for Soil A is said to be fully associated. sTplastic-flow rule was
proposed byDavis (1968, assuming that the soil dilates plastically at a constat# r
to model the dilatant soil behaviour. The same flow rule is alsplied to Soil B with

the corresponding dilation anglg).

Substituting elastic strain Equatioris 25 and 6.26) into the plastic-flow rule (Equa-
tion 5.27) results in
. . 1 le .
kég =— -
Bi& +Kég My {Bl 1—v1(2—k)1 Or

L {k(1—2v1)+2vl— (5.28)

kviB1
My } %6

l—V1(2—k)

With logarithmic strain equation$ (16 5.17), substituting equation$(19 5.20 and
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applying the initial stress conditions into Equati@n8 leads to

k k(ag-1)
|n[(rr_o)”1.§_r:)]:|nxl+ulAl (%) ' (5.29)
where

_ (B1+k)(1—2v1)[1+(2—k)v1][Y1+(a1—1)P0]}
X1= exp{ ACET (5.30)

_1+vi(2-K)

 EBRoip

{[Bi+ (k=2)viB1—kvi] a1 +k(1—v1—vi1B1)} (5.31)

k(a;-1)
By means of transformatiop = —A; (%) e, Equation 6.29 can be integrated

over the interval a, r ], leading to

Bk Bk p
X () (cOA 1o B >= [ ePp i rdp (5.32)
)21 PcA'Q‘Tl,l
By puttingr =a,ro=apandp|r—a = Pa+0, 17, we find:
X(p, )" (%)’%ﬁ_(@)ﬁ%{k
i a,—1 a a
P+GI : L
= Jo i ehtP . p= Ndp (5.33)
CA™ oy 1
With the aid of the series expansion
0 n
P = 3 (“;"’) (5.34)
n=0 '
Equation 6.33) is found to be
- Bl“‘ P1+k
% (o ) [(COA> (%)% ]
Y1 a;—1 a a
n Pa—ﬁ-aYii .
o | H-In |:PcA+lY111:| ifn=y
a;—

_ ZO ) e . \h (5.35)
n= ﬁ {(paeril) _<PCA+T11> 1 otherwise

To calculate the distribution of displacements within theespic region of Soil A, with-

out imposing any boundary conditions, Equatidr8Q) can be written as
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- +K +k
IOV (YR R
w [ A [Inp—ln(PcAjL%ilﬂ ifn=y
:nZO #{nm lpnvl— (PCA+%11>nyl} otherwise (539
Hence displacemeuntis:

u=r-—ro

_ i Yo \" | /coa B A

=1 | =M 7 (Pa+ a1_1> +<?> ] .a (5.37)

To calculate the strain distribution, Equatidn3?) can be rewritten in terms q% and
derived to give an equation in terms%%. The final strain distribution is then obtained

using logarithmic strains for large-strain analysis.

5.3.3 Solutions in plastic regions in Soil B

Similarly, by using the corresponding equilibrium equatend yield condition, the

stress components in the plastic region of Soil B are shoviae o the form

Y2 _k<a271)
Or = Ar @ 5.38
r as— 1 + A2 ( )
Yo Ay _Kkla-h
Og = —r @ 5.39
o + o (5.39)

whereA; is a constant of integration and radial stress has two boyrubenditions:

Or|r=cg = —Peg (5.40)

Orlr=b=—P (5.41)

From the stress in the elastic region in Soil B, we can find

cs [ (k+ag)[Yo+(02—1)Ry KD s
b {(k+1)az[Y2+(a2—1)Po]} = Rpftee (5.42)

whereR; is a parameter which is related to the pressure at the istelfatween Soils

A and B (). The solution for plastic displacements in Soil B can beaot#d by the

136



Chapter 5 Cavity Expansion in Two Concentric Regions of Soil

equations ofyu and Houlsby(1991), which provides the following for the pressure-
expansion relationship:

Bo+k

b\ & Ry~ %
(1-&) % — 2 N(Re, ko)

in which Az is defined by

Mo(Ros o) = S i InRy = (5.44)
ek =2, S [(R)™ % —1] otherwise '
and
B (B2+K) (1—2Vv2) [14+ (2—K) Vo] [Y2+ (02 — 1) Py
2= exp{ Ez(02—1) B } (549)
_(k+1) & [1—v?(2—K)]
He = ) (- 1) 6
(Jsz—l—k(l—ZVz)—f—ZVz—%} (5.46)

It should be noted that the expressiongugf(Section5.3.2 and u, are simplified for
the cases that only equals 1 or 2 (cylindrical or spherical). To calculdte tlistribu-
tion of displacements in the plastic region of Soil B, displ@aent (1) can be written

as the following equation, which in-turn can be used to dgetiie strain distribution:

u=r-—ro
B2
Botk] By+k

:r_|:_/peﬂzp.p1V2dp.£_|_(1_52)/32 - CB (547)
1 X2

5.4 Validation with Finite Element Simulations

The accuracy of the analytical model was initially confirnagghinst results obtained
with the fundamental solutions frou and Houlsby(199]) for the case where the
properties of Soils A and B were identical. To further valelthe analytical model,
two Finite Element numerical models were developed in As&giandard and used to
simulate the expansion of both spherical and cylindricaltess, as shown in Figure
5.3 The axis-symmetric option was used in Abaqus in order teexehspherical and
cylindrical analyses using the 2D models. The cavity wasaegped from an initial

radius of Gnmunder an initial pressure ofkPa The initial radius of the Soil A/B in-
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terface (given byop) was 3dnm while Soil B had a radiu® which was large enough
to make boundary effects negligible. In the numerical sahahs, the properties of
both soils A and B were set as follows:= 0.2, ¢ = 10°, ¢y = 10°, C = 10kPa The
effect of a distinct change in solil stiffness (due to congemegions of soil) on the
pressure expansion curves and the development of pladticsri shown to be signif-
icant in Figures.4and5.5.

A total of four expansion tests were carried out using theewngal model in which the
Young's modulus E ) of Soils A and B was eitherPaor 10MPa (results presented
in Figure5.4). The labels on the figure indicate the model (analytical = CRivineri-
cal = FEM), followed by the value of Young’s modulus of Soil AdaB, respectively.
Hence, the label CEM-10-1 relates to the analytical cavifya@sion analysis results
in which Soil A hask; = 10MPa and Soil B hass, = 1MPa. Figure5.4 shows that

very good agreement between analytical and numericaltsasak obtained.

ds
i / T 5 w ad a s
h>: :-» «—
: : Soil A Soil B
px’ e | > «—
:SOllB :__>g0
1 | > «—
1 |
Soil A\ |p, | bo
! | > «—
Pa Ta) PO‘_ )
[N —
i
| P, Py
i I-» «—
| D i
|§>| ~ (= «—
i
! |
| 1 «—
! i
|a>: N\ A y:y A 2

(a) (b)

Figure 5.3 Finite element models for: (a) spherical cavifyamsion; (b) cylindrical cavity expansion

As indicated in Figurés.4a for spherical expansion, for the uniform soil tests (*-10-
10’ and *-1-1’), the cavity pressurd’) increases gradually with cavity displacement
and asymptotically approaches a limit pressure. The limésgure of the soil with
E = 10MPais shown to be nearly twice as large as that with= 1MPa. For the

tests with two different soils (two-region tests), the grgg-expansion curves initially
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follow the trend in which theE of the uniform soil tests matches the valuetin
Soil A of the two-region tests (i.e. -10-1" matches *-10-Hhd ‘-1-10’ matches ‘-
1-1’). At a certain stage, the existence of Soil B begins teehan effect, and the
pressure-expansion curve of the two-region analysis teswigrds the limit pressure
obtained from the uniform soil test in whighmatches that of Soil B of the two-region
test (i.e. ultimately ‘-10-1" approaches ‘-1-1’ and ‘-1:Hdpproaches *-10-10’). Fig-
ure 5.4b shows equivalent results for cylindrical cavity expansamd illustrates that

cylindrical pressures are about 60% of those from the spaleainalysis.

250

Spherical (k = 2)

,,,,,,,

P,/ Py
P,/ Py

@ — CEM-10-10 == CEM-1-1 ==== CEM-10-1 = ~CEM-1-10

20 —— CEM-10-10 == CEM-1-1 ==== CEM-10-1 = ~CEM-1-10

® | X FEM-10-10 + FEM-I1-1 O FEM-10-1 A FEM-1-10 X FEM-10-10 + FEM-1-1 O FEM-10-1 A FEM-1-10

1 1.5 2 2.5 3 35 4 4.5 5 1 2 3 4 5 6 7 3
al/a al/ay

(a) (b)

Figure 5.4 Comparison between numerical results and acalgblutions on cavity pressure: (a) spher-
ical cavity expansion; (b) cylindrical cavity expansion

The development of plastic radius associated with cavipaasion is presented in Fig-
ure5.5with comparison of the analytical solutions. The plastitiva is focused on the
outer plastic-elastic boundary (i.maxca; cg}), when both soil regions have plastic
zone. Figuré.5a and b are results of uniform soil tests, showing that thstisleadius
increases linearly with expansion after the early stageoflimear development. The
soil with higher stiffness is evident to have larger anddastevelopment of plastic
radius. It is obvious that the results of two-region testsspnted in subplot (c) and
(d) have a larger zone of non-linear development of plasatiius owing to the effects
of two regions of soil. The numerical results again show gomehparisons with an-
alytical solutions. The scatter is found to be attributedhi® quality of the mesh in
the Finite element model. As the plastic radius is quantidiecbrding to the edges of

the soil elements, finer mesh could make the scatter smaliee of the drawbacks
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of the numerical simulation is that soil element cannot berdlrstorted with large

expansion; thus the results are mainly focused on the lisitéege of the expansion

(a/ag < 4). By contrast, the proposed method can provide precisedust solutions

for expansion of an arbitrary cavity.

250 80
(a) (b)
70 F
200F 60 -
z T of -
£ £ &
~z 150F 2 >
o o 2
= 2 40F e
L 2 Pie
g 100 é 30F ﬂ,#'
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% FEM-10-10 IOF,’ +  FEM-IL
(R 0o
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Figure 5.5 Comparison between numerical results and acallysolutions on plastic radius
(maxXca; cg}) for spherical cavity expansion

5.5 Results of Parametric Study

This section considers the cavity expansion method in twweotric regions of dif-
ferent soils and investigates the effect of various parareeain model results. Results
are based on the expansion of a cavity fragn= 0.1mmto a = 6mm (a/ag = 60).

As illustrated in Figureb.4 and Figure5.5, the two-region tests are highly sensitive
to the ratioa/ag (the value ofag has no effect on the normalised pressure expansion

curves as long as the ratio bf/ag is maintained). The selection of these cavity pa-
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rameters was based on geotechnical centrifuge experiroamntsed out as part of this
research (see Chapt&rin which a Gnmradius penetrometer is pushed into sand with
an average grain size of approximatelytdmm (ag is chosen close tdsp/2). The
cavity expansion analysis was conducted with a Soil A/Brfate atbg = 30mmand
initial hydrostatic stres®y = 1kPa The following material parameters are taken for
baseline comparison (note that subscripts 1 and 2 refeiiltosand B, respectively):
vi=w =02, ¢ =@=40° 1 = yp=10° C; =C, = 0kPa As in the previous
section, results here focus mainly on the effect of varylmegwvalue of Young’s modu-
lus E of the two soils E; = 10 or IMPa; E; = 10 or 1IMPa).

5.5.1 Distributions of stresses and displacements

Figure5.6 shows the distribution of radial (a, b) and tangential (cstig@sses respec-
tively, for both spherical and cylindrical cavity expansj@s radial distance from the
cavity (r) is increased. The results from tests with two regions of a@ bounded
by the results from the uniform soil tests (*-10-10" and 13- A sharper decrease in
stresses is noted for the spherical cases compared to thdraydl cases. There is an
interesting difference between the spherical and cyloadiranalysis results. For the
cylindrical tests, the results for the two-region analggipear to be mainly controlled
by the value ofE of Soil B (*-10-1’ effectively matches ‘-1-1’" and *-1-10’ islose to
-10-10’). For the spherical tests, however, the data fratnkthe two-region tests are
close to the uniform test *-1-1'. It is thought that the remg$or this behaviour is due
to the different degree of interaction between Soils A andiiw the spherical and
cavity expansion analyses, which is illustrated and dsedgurther using pressure-

expansion curves later in Figubed.

Normalized displacement distributions are presented gur€i5.7 and show that re-
sults for all tests closely agree. This is due to the kinetnaditure of the expansion
problem; the differences between the lines shown in Figurgfor constant values
of friction and dilation angles in Soils A and B) are due onlythe effect of yielding.
For purely elastic behaviour, the displacements are isento the elastic parameters
(as in the elastic half-plane analysis\@rruijt and Booker(1996 for displacements
around tunnels). For two-region tests, the curves are selke located outside of the

curves of uniform soil tests in Soil A, which approach thevesrof tests with uniform
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Figure 5.6 Radial (a, b) and tangential (c, d) stress didinhs around cavity for both spherical and
cylindrical cavity expansion (fos/ag = 60)

Soil B at some distance in Soil B. That implies the two-regifiacs on displacement

of soils. Comparing the cylindrical expansion to spheriedes, the distributions de-

crease slower, and have larger deformation zones.

1 1 :
: —— CEM-10-10 : —— CEM-10-10
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Figure 5.7 Displacement distribution around cavity: (d)esjical cavity expansion; (b) cylindrical cavity
expansion (foa/ag = 60)

The distributions of strainss{ and &g) are provided in Figur®.8. All of the strains
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are highly concentrated close to the cavity, resultinggmiicant strains in Soil A. By
comparison, the results of the four tests appear to overitpaach other; the differ-
ences are even smaller than that in the displacement cufigaer€5.7). These tiny
offsets are magnified in the subplots to reveal the two-regitects, and are evident

to have large influence to the cavity pressure and the steddgfigure5.6).
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Figure 5.8 Radial (a, b) and tangential (c, d) strain diatitns around cavity for both spherical and
cylindrical cavity expansion (fos/ag = 60)

5.5.2 \Variation with cavity radius

The pressure-expansion curves in Figbir@show the effects of the two different con-
centric regions of soil, as discussed previously whereyéinal results were validated
against FE simulations. As the cavity siz ) is increased, the curves from the
uniform soil tests reach a limit pressure. The limit presssrreached quite quickly
(in terms ofa/ap) for the uniform soil testsg/ap < 20 for spherical and cylindrical
tests), while the two-region tests reach the limit pressifter a much greater expan-
sion (@/ap ranging from 250 to> 500 for the spherical tests and from about 100 to 500

for the cylindrical tests).
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The distinction between two-region effects in the sphérécal cylindrical analyses

mentioned in discussion of Figufe6 can be explained using Figute9. For the

analysis, in whicha/ag = 60, Figure5.9 shows that the cavity pressure is generally
dominated by the stiffness of Soil B, except for the sphetieal ‘CEM-1-10". The

two concentric zones have a significant effect in this sghéexpansion test at the

considered expansion state, whereas in the cylindricdysisahe effect is minimal.

This explains the difference in stress distributions betwtne spherical and cylindri-

cal tests in Figur®.6.
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Figure 5.9 Variation of cavity pressure with cavity radiak (@) spherical cavity expansion; (b) cylin-
drical cavity expansion

In Figure5.10 the development of normalized plastic radiag/@, cg/a) in soils A
and B as the normalized cavity radius increases is presémtelde case of spherical
cavity expansion, as well as the Soil A/B interfdy, plotted with dotted lines. The
uniform soil test results in Figurg.10a and b show that plastic radius increases lin-
early with expansion after a small initial stage of nonlindavelopmentd/ap < 5).
The growth of the plastic region is noted to be much fastenéntéest with higher stiff-
ness, resulting in Soil A becoming fully plastidg) at a much lower expansion ratio
in test *-10-10" @/ap = 12) compared to test -1-1afay = 32). For the two-region
tests -10-1" and ‘-1-10’, the results in FigukelC and d show the development of
plastic radius within the different expansion stages (reféigure5.2for definition of
labels). In test -10-1’, folm/ag between 11 and 22, Soil A is fully plastic while Soil

B remains fully elasticApBg). In test *-1-10’, there is a stage during which Soil B be-
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comes partially plastic prior to Soil A becoming fully ples{ApeBpg). The nonlinear
behaviour of the plastic radius in the two-region tests isimmore obvious compared
to the uniform soil tests. All tests eventually tend towaadsultimate state in which
further expansion generates a linear increase of the plastius (i.ecg/a levels off,

which is discernible in the figures).
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Figure 5.10 Development of plastic radiix( cg) in spherical tests: (a) CEM-10-10; (b) CEM-1-1; (c)
CEM-10-1; (d) CEM-1-10

Figure 5.11 shows the equivalent results for the cylindrical cavity &xgon. The
cylindrical results show a significantly faster developir{enterms ofa/ap) and higher

value of plastic radiusch, cg) compared to the spherical analysis results.

5.5.3 Variation with size of soil A

The results of the two-region analysis also depend to a Begece on the size of Soil
A. Indeed, for some critical size of Soil A, Soil B should haweeffect on the results

of the analysis. Figur®&.12 shows the variation of cavity pressure with the size of
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Figure 5.11 Development of plastic radiix( cg) in cylindrical tests: (a) CEM-10-10; (b) CEM-1-1; (c)
CEM-10-1; (d) CEM-1-10
Soil A (given bybg) for cavities expanded fromy = 0.1mmto a= 6mm The results
for the uniform soil tests are, as expected, unaffected by#mniation ofby. For the
two-region tests, whehg is small, the cavity pressure is close to the uniform sotil tes
whereE matches the value & in Soil B of the two-region test. Abg increases, the
two-region effects diminish and the cavity pressure apghea the uniform soil test
pressure in whiclE matches the value & in Soil A of the two-region test. The value
of by at this stage can be considered as defining the critical §i2eibA, referred to as
bo.crit; for Soil A larger tharbg ¢rit there will be no effect of the outer region of soil. For
example, for the spherical test -1-10’ in Figusel2a, the cavity pressure decreases
from about 29GPa (equivalent to the *-10-10’ test) and approaches the pressitthe
‘-1-1’ test whenbp/a is about 25. This value dfy/a defines the critical size of Soil A
in order for the two regions to have an effect in the sphedasity expansion analysis.
In contrast, the critical size for test ‘-10-1’ is about thitemes larger than that of test
-1-10" (bo/a~ 90 where *-1-10’ line approaches ‘-10-10’ line), illusirag the effect
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of soil stiffness on the critical size. The cylindrical ayst results in Figur®.12

show a much larger critical size compared to the sphericaili®
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Figure 5.12 Variation of cavity pressure with size of Soil By) (a) spherical cavity expansion; (b)
cylindrical cavity expansion

Figure5.13 shows the variation of plastic radiuea( cg) with by for both spherical
and cylindrical analyses for cavity expansion fragn= 0.1mmto a=6mm The gray
areas indicate values of the plastic radius in Soicg).( The right-side boundary of
the shaded area defines a line describing the linear incagéagewith by for all tests.
The value ofca eventually deviates from this line for all tests. Outsidelef shaded
area,cg does not exist; the size of Soil A (defined ly) is great enough that plasticity

does not commence within Soil B.

As expected, for the uniform soil tests, the plastic radsuanaffected by the varia-
tion of bg. Considering the spherical test *-10-1" in Figusd. 3, cg increases initially
with bp, though at a lower rate tham. The plastic region in Soil B disappears when
bo/a~ 15 (where the ‘10-1’ line focg meets the right-side boundary of the shaded
area). Soil A is fully plastic untibg/a ~ 30, after which the value afy decreases to-
wards and finally reaches the value obtained from the ‘-1QeBbathy/a~ 90 (as the
effects of Soil B gradually dissipate). In test ‘-1-16g decreases initially witlyg and

ca gradually increases and reaches the value from test ‘-14ij/@ ~ 90. This again

defines the critical size of Soil Ab§crit) for the spherical analysis with the assumed
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material parameters. The cylindrical results in FigbrEd show similar trends to the

spherical test.
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Figure 5.13 Variation of plastic radiusy|, cg) with thickness of Soil Alf): (a) spherical cavity expan-
sion; (b) cylindrical cavity expansion

5.5.4 Variation with friction and dilation angles

The spherical test ‘CEM-1-10’ is selected to investigatevidugation of displacement
with strength and plastic-flow parameters (i.e. frictioml @ilation angles), as shown
in Figure5.14and Figures.15 For tests with uniform parameters @fandy in Soils

A and B (Figure5.14), the displacements increase with an increase in dilatimbea
(Figure5.14), whereas displacements decrease only marginally witin@ease in
friction angle (Figure5.14a). The effect of varying friction angle between the two
soils (Figure5.15) is difficult to observe since the overall effect on displaeats is
small. The magnified zone in Figubel5a shows that the two-region effect of friction
angle is bounded by the uniform tests. The magnitudes ofiffexehces are of little
practical concern. For dilation angle, the two-region s@haviour is dominated by
the value of dilation angle in Soil A, where the lines with ebwalues ofi; are shown

to overlap in Figurés.15.

For cases in FigurB.15, the spherical test ‘CEM-1-10’ is selected to study theceffe

of the variation of friction angle on the pressure-expamsiarves and the development
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ical test: CEM-1-10 (folm/ap = 60)

of cavity radius in Figur®.16 The two-region effect on cavity pressure (Figbréea)

is clearly shown where cavity pressure is initially congdlby Soil A but is then con-

trolled by Soil B at larger expansion ratios. Plastic raditiSoil A (ca) is dominated

by Soil A (‘¢n = 40°; @ = 40°" is close to ‘@ = 40°; @ = 20°, and ‘¢ = 20°;

@ = 20° overlaps ‘¢ = 20°; @ = 40°"), as shown in Figuré&.1@. The tests with

a lower friction angle in Soil A have larger valuesay, earlier appearance o, and

larger values otg.
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Figure 5.16 Developments of (a) cavity pressure, and (lstiglaadii (Ca, cg) with variation of friction
angle for spherical test: CEM-1-10 (fgn = (> = 10°)

Figure 5.17 shows similar results for the effect of variation of dilatiangle from
spherical test ‘CEM-1-10’ (parameters are identical withufe5.1%). The develop-

ment of plastic radiusy andcg are mainly controlled by Soil A, while a lower dilation

angle in Soil A leads to a smaller value@f before Soil A becomes fully plastié\f).
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Figure 5.17 Developments of (a) cavity pressure, and (stiglaadii (ca, cg) with variation of dilation
angle for spherical test: CEM-1-10 (fgx = ¢ = 40°)

The variations of cavity pressure with friction angle anthtiton angle of Soil A for

expansion from Ammto 6mmare provided in Figur®.18(spherical tests) and Fig-

150



Chapter 5 Cavity Expansion in Two Concentric Regions of Soil

ure5.19(cylindrical tests). Four tests with different profiles ¢ffeess (10MPa and
1MPa) in each group are examined wigh = 40° and, = 10°. Cavity pressurer)
increases with soil stiffness, and appears to be dominateldeoproperties of Soil B.
The curves are shown with nearly linear increasing with tietién ratio: ¢ /¢, and

seem to be proportional to dilation angle of Soil .
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Figure 5.18 Variation of cavity pressure with friction aagind dilation angle of Soil A for spherical
tests (@ = 40°; Y = 10°)

5.5.5 Variation with stiffness ratio

The effects of stiffness ratio have been investigated inuf€i§.20 Both E;/E; and
E,/E; are examined for spherical and cylindrical tests at twdnsfs levels. For
spherical tests in Figure 20a, P, increases exponentially with increaseef(x axis is
plotted in log scale) wheB; /E; < 1, whereas the effect & is negligible to develop-
ment of P, whenE; /E, > 1; the inflection point occurs earlier for test with lardger
For cylindrical tests, similar trends appear with inflentimappening aE; /E; ~ 0.1,
indicating that the cylindrical cavity tends to be more degent on the stiffness of Soil
B. Correspondingly, Figurg.2( shows the variation witk, /E;. Within the range of
102 ~ 1%, cavity pressure generally increase exponentially \Ei}iE;, especially

for cylindrical tests.
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5.5.6 Variation with cohesion and Poisson’s ratio

The effect of cohesion is examined 61 = C, varies from 0 to 1&Pa, as shown in
Figure5.21 Larger cavity pressure is found for higher soil cohesiorithWhcreas-
ing of cohesion, the cavity is more affected by the first saglion: Soil A. Compared
with spherical testsp; with the effect of cohesion is close to the test with simiar
for cylindrical tests. In addition, the variation 8% with Poisson’s ratio is relatively
not obvious, as shown in Figute22 Very little increase of cavity pressure is shown,

especially for tests with lower stiffness of Soil B(= 1MPa).
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Figure 5.21 Variation of cavity pressure with cohesion fa): spherical tests; and (b) cylindrical tests

5.6 Comments on Geotechnical applications

The results presented in Sectibrbillustrate that the cavity expansion method can be
effectively used to study problems involving two concentegions of soil. In real-
ity, there are few geotechnical problems in which a true eatrec condition exists.
However, in some scenarios, the concentric assumption maye o be of limited
consequence to the application of the method to the moredalypase of horizontally
layered soils. The application of the method to the integtien of CPT tip resistance
or pile end bearing capacity in layered soils will be exptbierther in the next chapter
(Chapter6). The method may also have application to tunnelling andngiapplica-

tions. Notably, the concentric assumption is directly agtile to the analysis of shaft

153



Chapter 5 Cavity Expansion in Two Concentric Regions of Soil

5007 1207
—— CEM-10-10 —— CEM-10-10
=== CEM-1-1 Lol 77T cEML
400 [| === CEM-10-1 | e CEM-10-1
== CEM-1-10 =*=* CEM-1-10
80t
~300f _//’{
R i 60F i T -
R Qs —_—
200 f /,,-’
,,.»"/ 40+
100 F ,-—-""—.— I RSP P ¢ PY PP PEEEEEERLLE )
_______________________ 20F
0 . . : . ! 0 . : . . !
0 0.1 02 03 04 0.5 0 0.1 0.2 03 04 0.5
Vi=V2 V=V

(a) (b)

Figure 5.22 Variation of cavity pressure with Poisson’sorédr: (a) spherical tests; and (b) cylindrical
tests

construction using ground-freezing techniques, whereliadsr of frozen ground is

surrounded by a zone of less stiff and weaker un-frozen groun

A limitation of the method presented here is that the mdtpaeameters (e.g. stiffness,
cohesion, friction and dilation angles) are assumed conhsftighin each soil region (A
and B). To account for the variation of any parameters witlask&ain (notably fric-
tion and dilation angles), a method similar to that use@amdolph et al(1994) could
be adopted, whereby the average values between the inétal @;,,,) and critical

state (p;) are used, as illustrated in Secti6rs.1

5.7 Chapter Summary

An analytical solution for spherical and cylindrical cgvéixpansion in two concentric
regions of soil was presented and validated against Fingmé&nt simulations. The
closed-form solutions are an extension of the cavity exparsolutions in an isotropic
dilatant elastic-perfectly plastic material and provide stress and strain distributions
within the two soils for both elastic and plastic states ggirMohr-Coulomb yield cri-
terion, a non-associated flow rule, and a large-strain aisalyrhe two-region effects
were investigated by using pressure expansion curves asidittying the development

of plastic radius in both soil regions{ andcg). The effects of variation of stiffness,
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strength, and plastic-flow parameters of both soils weustilated and the results high-
lighted the capability of the analytical solution. Despifethe limitation of constant
material properties, the proposed method is potentiakyuk$or various geotechnical
problems in layered soils, such as the interpretation oégmenetration test data, tun-

nelling and mining, and analysis of shaft construction ggjround-freezing methods.
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Chapter 6

Applications of Cavity Expansion

Solutions to CPT

6.1 Introduction

The results presented in Sectibrbillustrate that the cavity expansion method can be
effectively used to study problems involving two concentegions of soil. The pro-
vided analytical solutions have the potential to be appiced range of geotechnical
problems discussed in Secti@W. For example, whereas the estimation of CPT tip
resistance or pile end bearing capacity in layered soildbbkasa evaluated numerically
(Xu and Lehang2008 Ahmadi and Robertsqr2005, the analytical method provides
a more efficient tool for studying the problem. The method ralp be applicable
to multi-layered soils using superposition methods, esigdor thin layered profiles
(Hird et al, 2003 Ahmadi and Robertsqr2005 Walker and Yy2010.

In this chapter, the cavity expansion solutions in two comige regions of soil pre-

sented in Chaptes are applied to the analysis of cone penetration test dataan t
layered and multi-layered soils. A discussion on the cati@h between concentric
and horizontal layering is provided first, aiming to revdsd tinalogue between cavity
expansion in concentric soils and cone penetration in botaly layered soils. After

illustrating the methodology to relate the theoretical gldd the penetration problem,
cone tip resistance during penetration in layered soilsrarestigated using the an-
alytical solutions. Results of interpretation of CPT measwets are then compared

with experimental and numerical results from the literaturhe layered and thin-layer
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effects on penetration resistance are studied using tHgti@ahsolutions, with some

parametric studies also provided.

6.2 Discussion on Concentric and Horizontal Layering

The use of cavity expansion in concentric media as an analtgcone penetration in
horizontal soil layers is discussed in this section befarther investigation of this ap-
plication is undertaken. For theoretical solutions, amitégimedium or circular/spher-
ical boundary is generally preferred since the symmetrimidary conditions simplify

the solutions significantly. Even for many half-space msgalsemi-spherical bound-

ary is usually applied to simplify the problems.

Equivalently, most cavity expansion methods employ sin@g&sumptions that neglect
the effects from different types of boundaries and the serfeffects which are nat-
urally horizontal. A direct application of a concentrigalayered model of cavity
expansion to pile foundations was proposedayed and Hamed 987 using elastic
analyses. The comparison of cavity expansion in concelalygrs and cone penetra-
tion in horizontal layers is shown in Figufl, indicating the geometry differences

between these two models.

Cavity expansion Cone penetration in
around the cone layered soils
<> B <«—> B

w qc

Figure 6.1 Comparison of cavity expansion in concentrietayand cone penetration in horizontal layers
(afterSayed and Hamed 987

In addition, the differences of cavity expansion in both misdare further investi-

gated by numerical simulations using Abaqus/Standard. sthematics of the two
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models are shown in Figu@2, and the concentric model is the same with that used
for validation of the analytical solutions (FiguEe3a in Chaptes). The dimensions,
stress conditions, and soil properties are identical toith&ection5.4. The cavities
are expanded from an initial size a§ = 6mm under an initial isotropic pressure of
Py = 1kPa The size of the two-soil interfada) varies fromag to infinity. The ex-
ample of penetration problem presented here considerdrpgaer from Soil 1 (weak
soil) into Soil 2 (strong soil). The soil parameters are sdbdows: v =0.2, ¢ = 10°,

Y = 10°, C = 10kPa Esgin = 1MPaandEsgj, = 10MPa. The penetration process
in the concentric model is simulated by varyibgfrom —oco to +c. Two stages of
soil profiles are required, and the reversal of Soil A and Bdibppens whehg varies
from negative to positivelg indicates the distance to the soil interface). The cavity
expansion in the horizontal model (Figuseb) is simulated correspondingly by mov-

ing the position of the solil interface.

s s
| / | >/
- -
. - . -
1Soil B i
|g(>: Soil 1
Py — Pai} T : Py «—
N |a>: Soil 2 -
i

(a) (b)

Figure 6.2 Numerical models for cavity expansion in: (a)amntric layers; and (b) horizontal layers

Figure6.3 shows the pressure-expansion curves of cavities in concembdels with
different soil profiles. Whelyy increases from-10 to —2, the curve moves from Soil
1 (bp/ap = —) to Soil 2 (bp/ag = —1). Reversely, whehg increases from 2 to 10, the
curve moves from Soil 1y /ag = 1) to Soil 2 fp/ag = +) with different magnitude

of the layering effects. On the other hand, expansion in thre&zbntal model trans-
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forms smoothly from Soil 1 to Soil 2 when increasingfrom —10 to 10, as presented
in Figure6.4. 1t is worthwhile noting that the distribution of pressuretbe cavity wall
is not uniform owing to the asymmetry of soil conditions, dhe pressure at the mid-
dle point of the cavity was selected for analysis. Comparireggdressure-expansion
curves from concentric and horizontal models, the genegalds of the variation in

each stage are evident for both soil models, though therdiftees at the boundary are

significant.
200 [ bo/ag=2 200 | B
180 | Soil 2:by/ag=-1 _ .= =\ —_ 180 | Soil 2:bg/ag=+o0_.— = "7 7
160 | \ : 160 1 \,/' bo /a9 = 10
140 | 140 ¢
=120 1 7 S120 ) 7
A A
~ 100 ~ 100 _
B 80 | = =) 80 | = ===
60 | / b/ ay=-10 60t —-~ by /2y =2
40 t Soil1:by/ay=- 40 t Soil 1:by/ap=1
20 t 20 1
0 : — : ' 0 — : :
1 12 14 16 1.8 2 1 12 14 16 1.8
a/ag a/ag

(a)by/ ag=-10 — -2

Figure 6.3 Pressure-expansion curves for cavities in twaentric layers: (a) cavity in Soil 1; and (b)

cavity in Soil 2
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Figure 6.4 Pressure-expansion curves for cavities in bota two layers
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A more visual comparison of the results is to integrate tHeesof cavity pressure at
a certain expansion stage/ég = 1.2) with variation ofbg/ap, as illustrated in Figure
6.5. The two horizontal reference lines are the cavity pressureiniform weak and
strong soils. The horizontally layered soil model providesmoothed and realistic
transition of cavity pressure and implies penetrationstasice from one layer to the
next. The results from the concentrically layered modakitlate a transition on each
side of the interface. By combining the two stages from theeatric model, a predic-
tion method for the transition of penetration resistandayered soils can be provided
(see Sectiorb.3.2. The size of the influence zone around the interface isaeltd
the soil stiffness and strength, as shown in the results botin the concentrically and

horizontal layered models.

200

180 ¢ Soil 1
160 |

140 [
120 |
100 |

P,/ Py

— — — uniform Soil 1
— - — - yniform Soil 2

] — ---e--- concentric layered soils
20 —+— horizontal layered soils | |

0 I I I I [ I I I I
-0 8 6 4 -2 0 2 4 6 8 10

bo/a()

Figure 6.5 Cavity pressure with variation laf / ap in concentric and horizontal layered model when
a/ag=12

6.3 Penetration in Two-Layered Soils

6.3.1 Soil parameters

As non-associated Mohr-Coulomb soil model is used for aitallysolutions, five pa-
rameters are required to represent the soil stress-seiaitionship: Young’s modulus
(E); Poisson’s ratio \f); friction angle (p); cohesion C); dilatancy angle ). The

shear modulus@) has the relationship between Young’s modulus and Poissar’
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tio, based on Hooke’s lawG = E/[2(1+ v)]. Many analytical models have been
proposed to predict the stress-strain behaviour for geanmébterial (e.gSantamarina
and Cascantd 996 Liao et al, 200Q McDowell and Bolton2001), especially for the
evaluation of small-strain shear modul@o). The Fahey-Carter modefF@hey and
Carter 1993 is a simple model to capture realistic non-linear streéssirsbehaviour,
which is also used in this chapter. For non-linear elasti@bmur,Gg is defined as a

function of in-situ confining stres$), as follow:

G P
0 _C/< O)n

= 6.1
Oatm Oatm 6.1)

wherec’ andn’ are soil-specific parameters (note that the dash rmarkised to distin-

guish with the symbols appearing in Chapigrandosim is the atmospheric pressure.

Shear stiffness degradation with increasing shear stsanot included in the analyt-
ical solutions, henc&g is used to represent the shear stiffness of the soil. Pdssson
ratio is defined as.@, which is reasonable for many soildi(chell and Soga2005
Bolton, 1979. As the soil used in centrifuge tests is Fraction E siliaadsahe triaxial
test series carried out I¥hao (2008 is used to quantify the static soil stiffness. With
curve-fitting using the Fahey-Cater model, the soil-spepifimmeters are suggested
asc’ = 1000 anch’ = 0.5.

In terms of strength and dilatancy of san8slton (1986 proposed a simple corre-
lation between peak friction anglef,,,). critical state friction angledf.;;) and peak
dilatancy (max), With introducing a relative dilatancy indebg), based on triaxial tests
of 17 sands:

(p/max_ qoi:rit = 0.8 Ymax= 3IR" (6.2)

andlr was also defined as a function of relative densidg)(and in-situ confining

stress fy):
IR=DR(Q'~InRy) —R’ (6.3)

whereQ’ andR’ are material constantBj is the relative density value in ‘%’ arfé

is in kPa
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For Leighton Buzzard sand, these material constants weagnelolt from triaxial tests
by Wang(2005: Q’ = 9.4 andR’ = 0.28. In addition, the cohesiof) was set as zero
for cohesionless soil. Considering the assumption of cahstaterial parameters for
the analytical solution, a simple average method suggdsté&hndolph et al(19949

is used for soil between the initial and critical state:

_ (pinax‘i‘ (pé:rit

. (6.4)

®

_ Ymax
2

1] (6.5)

6.3.2 Methodology

The effect of a distinct change in solil stiffness (due to &jering) on the pressure
expansion curves is shown to be significant in Chapterhe limit pressure is often
applied to predict pile capacity or probe resistance in eatienal cavity expansion
solutions (e.gRandolph et a).1994). This approach is appropriate for uniform soils
since the limiting pressure is only affected by the parameita single soil. In layered
soils, Figure5.4 and Figure5.9 show that the limiting pressure depends only on the
properties of Soil B (the outer layer or the lower layer). penetration problems such
as CPT or pile capacity analysis, the resistance of a prolagdden Soil A depends in
part on the properties of Soil A, so the limit pressure apginaa not adequate for lay-
ered soils. A more suitable approach for layered soils, ggested byKu and Lehane
(2009, is to consider a realistic increase in cavity size (givgrajpap) and evaluate
the cavity pressure required to achieve this expansiontefdre, the penetration of a
probe with diameteB into a sand sample with average particle sizdggfis suggested
to be treated as a problem with an initial cavity & dso/2) expanding to the size of

probe diameter (i.ea = B/2).

To investigate cone tip resistanag)in layered soils, the cone penetration process at a
given depth is modelled as a spherical cavity expanded glfvam an initial diameter
close in size to the average grain size of the soil to a finalsresponding to the di-
ameter of the penetrometer. The cone tip resistance is ¢éfatied to the corresponding
cavity pressure that is calculated, as depicted in FiguseThe penetration process is

simulated by first considering an analysis point in Soil A (@aker soil) sufficiently
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far away from the Soil A/B interface such that Soil B has neetf then considering
points increasingly close to the interface, and finally mgvinto Soil B (a stronger
soil). The distance to the soil interface is definedHasvhich is equivalent tdy in the

cavity expansion analysis.

Cone penetration Cavity expansion
e - o .
a N,
/s N
: \
< B /'/ N
/ a=B/2 \
| !
[ !
e 1 P, bo=H |
\ i
\ /
H \ 7
Upper soil '\ Soil A /
~ e
Lower soil Soil B

Figure 6.6 Schematic of cone penetration and cavity exparnsitwo-layered soils

As by decreases from infinity tag (i.e. cone tip approaches the interface), cavity pres-
sure @,) transforms fromP, A to P, g, as shown in Figur&.12and Sectior6.2 The
cavity pressures at two stages provide the transition froiA&to Soil B (blue dashed
lines in Figure6.7). However, these two lines do not give an adequate desumipfi
the transition of cavity pressuf® between the soil layers, owing to the two extremes
at the soll interface. To overcome this deficiency, the lineed to be combined to
provide an interpolated transition of cavity pressifgy: (red line in Figures.7). A
simple combination approach for the scenario of weak s@f strong soil is provided

in Figure6.7, which is based on the secant angi@sgnd6,) at 1B around the interface
(i.e. a straight line on each side is formed by the two poibhtgla= 0 and|H| =B

on the calculated lines). The corrected cavity pressurieainterface Ry interface IS
then calculated by EquatioB.@), and the interpolated cavity pressure curRgif) is
obtained using Equatio® (7) (the subscriptsv andsrelate to the weak and strong saill,
respectively).

Painterface— Paw o tan6;
Pas— Pajinterface  tan6o

(6.6)
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pa.interface

interpolated transition calculated from cavity
line: P. : expansion analysis
« L a,nt
Pa Soil interface: H=10
) H
>
weak soil B B strong soil

Figure 6.7 Schematic of combination of cavity pressures/mstages

Pai P o .
Paw+ (Pa—Paw) % %m (cavity in weak soil)

(6.7)

I:)a,int =

Pyc—Pyi L .
Pas— (Pas—Pa) x %’W (cavity in strong soil)

The cavity pressure ratia)() is defined agPajint — Paw)/(Pas— Paw), to represent
the transfer proportion from weak soif) f = 0) to strong soil § = 1), as shown

in Figure6.8a. This ration g is also used to smooth the transition of soil properties
(€.9-@mooth= @+ N o X (@ — @) ). The correlations for calculating cone resistance
from spherical cavity pressure in cohesionless and cobesiils proposed byasu-
fuku and Hyde(1995 and Ladanyi and Johnsto(iLl974), respectively, are used to
estimateg; (Equation6.9).

Paint / (1 —sSin@mooth  (cOhesionless soils)
e = : . (6.8)
Paint + \/§Sj,sm00th (cohesive soils)
where@moothandsy smoothare friction angle and undrained shear strength, resgdgtiv
The subscripsmoothimplies that the values have been smoothed between the two ad

jacent soil layers by using .

The transition of cone tip resistanag, from the weak to the strong soil can now be

described. The cone tip resistance ratio is defineq’as (gc — dcw)/(des — Gew)
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which also varies from 0 to 1. It needs to be noted that the idiefirof resistance ratio
is different fromn defined byXu and Lehang2008, which isn = gc/qgcs. Also, the
correlation between the two definitions i$! = (1 — Nmin) /(1 — Nmin). Correspond-
ingly, the influence zones in weak and strong soil layersrretl to asz,, and Z,

respectively, are defined as areas whe@® €. ' < 0.95, as shown in Figuré.8b.

A

T]VO = (Pa - Pa,w) / (Pa,s - Pa,w) T]' = (qc - qc,w) / (qc,s - qc,w)

(Pa.imcrlhcc - Pa.w ) / (Pa.> -P A

N\

v
v

weak soil 0 strong soil weak soil 0 strong soil

@ b)n'

Figure 6.8 (a) Cavity pressure ratigg; (b) cone tip resistance ratig:’

6.3.3 Interpretation of results

A series of cavity expansion tests in two-layered soils waasi@d out to explore the
layered effects with variation of relative densify). The cone penetration tests were
simulated with initial condition of constant confining €se as to replicate the envi-
ronment in a calibration chamber test with no boundary &tdé) = 1kPawas used
in these tests, and the soil model parameters for diffddgrare provided in Tablé.1,
with estimated cone resistance in uniform soil layer usipgmetrometer with diame-
ter of 12mm

Figure 6.9 shows the example of combination of cavity expansion pressim loose
sand Dr = 10%) overlying dense san®g = 90%). The transformation curve (the
red curve) is plotted against the normalised distance tinteeface H /B) and shows
that the influence zone in the stronger layer is larger thathenweaker soil, which
agrees with the observations from experiments (Chaptand field testsNleyerhof
and Sastry1978ab; Meyerhof 1983.
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Table 6.1 Soil model parameters and estimated cone reststamniform soil layer

Soil parameters

Dr (%) Cone tip resistanceg. (kPa)
GMPa) v C(kkPa @(°) ¢(°)
10 10.1 0.2 0 33.0 1.24 309.1
30 10.1 0.2 0 35.8 4.76 573.3
50 10.1 0.2 0 38.6 8.29 1063.8
70 10.1 0.2 0 415 1181 1958.2
90 10.1 0.2 0 44.3 15.34 3542.4
1200

P, for Dg=90%

_._._._._._._._._._*._._.

1000 [

800
= Weak soil (Dr=10%) Strong soil (Dr=90%)
o
2 600 [
Q.N P a,int
400
200 -

: P, for Dr=10%
2 R

0 1 1 1 1 1 1 1 I}
-80 -60 -40 -20 0 20 40 60 80

Distance to interface (H/B)

Figure 6.9 Combination of cavity expansion pressures isdaand@r = 10%) overlying dense sand
(Dr = 90%)

By varying the relative density of weaker soil overlying dessind Dr = 90%), the
cavity pressures are shown in FiguelCa. Figure6.1( presents the results with
loose sand @r = 10%) overlying stronger soils with variation of relativendey

(Dr = 309% 50% 70% 90%). The cavity pressure ratio curves, as defined before,
are shown in Figuré.11, and the smoothed friction angles (Figugd 2 are calcu-
lated based on the cavity pressure ratio curves. With estmaf Yasufuku and Hyde
(1995, the cone tip resistances and resistance ratio curveshavensn Figure6.13

and Figureb.14respectively.

The studies oMeyerhof(1976 andMeyerhof(1977) provided constant influence re-

gions around the soil interface: BGn dense sand, andRin loose sand. A linear
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Figure 6.10 Cavity expansion pressures in two-layered:s(al) variation of weaker soil; (b) variation
of stronger soil
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Figure 6.11 Cavity pressure ratio curves in two-layeretss@a) variation of weaker soil; (b) variation

of stronger soil

transition is generally used for pile design. However, fribi@ resistance ratio curves

presented previously, the transition zones on both siddésed$oil interface are shown

to be non-linearly dependent on the properties of both agérs. The sizes of the in-

fluence zones vary with the relative density of each soil. ihnleence zones4, and

Zs) are defined from resistance ratio curves whegfe- 0.05 and 095. It can be seen

that Z,, increases with relative density of the weaker soil and deag with relative

density of the stronger soil; whereZasdecreases with relative density of weaker soll

and increases with relative density of stronger soil. Is gtudy, the size of influence

zones is suggested to be evaluated using the relative @snBig , andDgs, as shown

in Figure6.15 A surface fitting is applied to provide the expressions aimadised
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Figure 6.12 Smoothed friction angles based on cavity pregsiiio curves
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Figure 6.13 Cone tip resistance in two-layered soils: (aatian of weaker soil; (b) variation of stronger
soil

influence zones in Equatio.Q) and Equation .10 (Dgr in ‘%’), with correlation
coefficientR? of 0.9639 and 0955 respectively. The equations are only valid for this
particular soil in a certain stress condition, however timegly a linear relationship

between influence zone size and relative density.

Zy/B = —0.0871x DRy + 0.0708x Drs — 5.8257 (6.9)

Zs/B = —0.1083x Dry + 0.1607 x Drs + 5.1096 (6.10)
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Figure 6.14 Cone tip resistance ratio curves in two-laysmis: (a) variation of weaker soil; (b) varia-
tion of stronger soil
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Figure 6.15 Influence zones in both weak and strong soilswaittation ofDg
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6.3.4 Comparisons with elastic solutions

Vreugdenhil et al(1994) presented an approximate analysis for interpretatioronéc
penetration results in multi-layered soils, by represené CPT by a circular uniform
load, as shown in Figuré.16 The vertical deflection in two soil layers caused by the
uniform load was defined ds given by Equationg.11) and 6.12 (Vreugdenhil et al.
1994:

PxB /1A
TN (2_/\0) (6.11)
Ao = (1— %) ! (6.12)
B/ \/1+(2H/B)?

whereGa andGg are the stiffness in the two soil layers.

Cone penetration Circular uniform load
<« B <> B
P W
qg.=P -
H .
Upper soil Soil A
Lower soil Soil B

Figure 6.16 Representation of CPT by circular uniform lcaftef \VVreugdenhil et a].1994

The derivation oVreugdenhil et al(19949) is extended here to combine the two load-
ing stages (load in Soil A and load in Soil B) by using the ing@f the Dirac delta

functionDirac(x), which is defined as:

oo 0 (whenH > 0)
S= Dirac(x) = (6.13)
H 1 (whenH < 0)

ThenA can be rewritten fromo, using a stiffness ratim= Gy/Gs ~ Qcw/0cs:
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A=(1-mtsY ! (6.14)

14 (2H/B)?

With same vertical deflection generated from weak soil torgjrsoil, the CPT resis-
tance and resistance ratjd can be derived as shown in Equati@1(5 and Equation
(6.16. The resistance ratio from the elastic solution is onlyatefent on the stiffness
ratio (M) and distance to solil interfacel}.

AN 2-2 Uew \°
Q=g X 7y X Ges X <@) (6.15)

2-A
r Oc—Qcw 12
2

B Oc,s — Qc,w B

XM —2m

= (6.16)

n

Comparison of the current analytical solution égiin two-layered soils and the elastic
solution based on the extended elastic analysis are shoigume6.17. For the test
with loose sand@r = 10%) overlying dense san®g = 90%), the influence zone in
the dense sand for the elastic solution is much larger thatrfithm the elastic-plastic
solution, whereas the transition in the loose sand is sinflaaller influence zones in
both soil layers for elastic solution are obtained for testh small variation of relative
density (i.e. stiffness). The differences of the resules@awing to elastic solution that
excludes the effects of soil yielding. Also, the assumptibaniform circular load for
the elastic penetration problem is believed to be over-iieg. On the other hand, the
comparisons show the evolution of resistance ratio curvenvwdonsidering the effects
of soil strength with large strain analyses, and more corspas will be provided in

the next section with experimental and numerical results.

6.3.5 Comparisons with experimental and numerical results

Ahmadi et al.(2005 developed a numerical model of cone penetration using a-Moh
Coulomb elastic-plastic material and showed good compasigaath published exper-
iImental measurements from calibration chamber testsnadi and Robertso(2005
extended the numerical analyses to consider cone tip aasistin layered soils with
varying soil properties (relative density of sand, undedishear strength of clay) and

geometric conditions. The results gf from two of their tests are plotted in Figure
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Figure 6.17 Comparisons gf’ curves in two-layered soils between the current analysohition and
the elastic solution based &fieugdenhil et al(19949)

6.18 (a) loose sanddr = 30%) overlying dense sandg = 90%); (b) soft clay
(sy = 20kPg) overlying dense sandg = 90%).

More recently,Xu and Lehang2008 performed a series of numerical analyses of
spherical cavity expansion to evaluate layered effectshernrésistance of piles and
penetrometers. They proposed Equati®ri () for the resistance ratia)(') based on a

parametric study and validated against centrifuge tests.
n'=exp[—exp(By+ Bz x H/B)] (6.17)

whereB, = —0.22 In(gcw/dcs) +0.11 < 1.5 andBy = —0.11 In(gew/0c,s) —0.79 <
-0.2.

Figure6.18compares)’ values from the above mentioned sources against results ob-
tained using the analytical cavity expansion method foivedent soil properties and
stress conditions. The data illustrates that the results this study compare very well

with other published methods.

6.4 Penetration in Multi-layered Soils

The analytical cavity expansion solutions and their apion to interpretation of CPT

in two-layered soils have been presented and discussee iprévious section. The
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Figure 6.18 Comparison of cone tip resistance rafif) (n two-layered soils

cone penetration resistance in multi-layered soils canbba@med by superposition of
resistance ratiosn(’) in two-layer systems. Generally, the penetrometer sessits
layers some distance beneath and above the cone tip, wieicafarred to as influence
zones (i.eZy andZs). When the soil layer is very thin, the cone tip resistanceldiou
have been affected by the next soil layer before it reacheddbistance in the local
soil layer. Hence, interpretation of CPT data in thin layees/raasily over-predict or
under-predict soil properties. The effects of thin layéckhess and soil properties are

investigated in this section.

6.4.1 Methodology

Figure6.19describes the cone penetration in multi-layered soils e/hestrong soil is
embedded within a weak soil (assuming the layers of weakhsoi the same prop-
erties). When the thickness of the strong sbl{)(is thin enough € 2Zs), the cone
tip resistance is always lower than the resistance in thi@umistrong soil §cs). The
maximum resistanceg¢ may is affected by the influence zones,(andZs) and the
thickness of the strong soiH(). The profile of cone tip resistance ratig'j in the
thin-layer of strong soil is shown in Figu@20a, with definition of maximum re-
sistance ratiornf ,5,). For the scenario of a thin-layer of weak soil in Fig@®,
penetration resistance in the strong sqgil & 1) is influenced by the weak layer, and
the thin-layer effect is evaluated by the minimum resistaratio (7 /). The gap be-
tween the peak resistance ratio with the uniform value 1,5 andn 1, — 0) implies

the magnitude of thin-layer effects.
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From the application of the analytical solution in two-lag@ soils presented in the pre-
vious section, the resistance ratio for multi-layeredsscén be obtained by superposi-
tion of n’ in multiple two-layered profiles. For example, when the isgysoil is sand-
wiched by two layers of weak soil, the profile is a combinatidrweak-strong’ (sub-
scriptws) and ‘strong-weak’ (subscrigw), with resistance ratio af {,s=n'(H) and
nsw=n'(H—H). This is based on the symmetric assumptipfig/r—o = 1N sulH=H,
and n\’Ns|H:Ht/2 = n’SW|H:Ht/2. When simply multiplying the resistance ratios, the
maximum resistance ratio equa(g yeH—p, /2)2, and varies from(n \’,\,5||4|:o)2 to 1
when increasing the thickness of the sandwiched soil laggrfom O to infinity. In
order to eliminate this inconsistency, a correction faantegrated within the super-
position ofn |, andng,. The generated resistance ratio and the maximum resistance
ratio in the three-layered system with a thin layer of streatare expressed in Equa-
tion (6.18 and 6.19. Correspondingly, the system with a thin layer of weak sail ¢

be produced in the same process for the calculatiop/gf.

2
(’7 (/vs|H:Ht/2) —(n (NS|H:O)2

’7/:’7\//vs><n/sw>< 2 (6.18)
1—(NwslH=0)
2 / 2
2 (’7 \/NS|H:H 2) _(’7 ws|H:0)
N max= (NwslH—ti/2)" X i / - (6.19)
1- (’7 ws|H:0>
Cone penetration |
Je,w
“> B weak soil
SR S IR H=0
A
|
H; strong soil
hy
AT 2 H=H_|__
k soil
weak soi TR

Figure 6.19 Schematic of cone penetration in multi-layes@its: strong soil embedded in weak soils
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Figure 6.20 Schematic of cone tip resistance ratif {n thin-layered soils: (a) strong soil embedded in
weak soils; and (b) weak soil embedded in strong soils

6.4.2 Thin-layer effects
6.4.2.1 Strong soil within weak soil layers

For thin-layer analysis, multi-layered solution is adaptand the situation with thin
layer of strong soil in weak soils is considered as depiateligure6.20a. Cone tip
resistancedc) transforms frongcy to gc s when penetrating from weak soil to strong
soil. While the strong soil layer is a thin layer sandwichedwmak soils,q; senses

the lower weak soil before it reaches the resistance in gtsoii (¢ s). The maximum
resistance, referred to agmax, represents the resistance when the cone is around the

centreline of the thin layer.

Figure6.21shows the resistance ratio curves for thin-layer of stranigBr = 90 %)
embedded within weak soiDg = 10 %) with variation ofH; /B from 10 to 50. Thin-
layer effects increase significantly with decreasing layerkness. WherH; = 50,
the thickness is larger than two timg&s (Zs ~ 20 for test withDr = 10% overlying
Dr = 90%) and the maximum value @f’ reaches 1, indicating no thin-layer effect

occurring.

The effects of relative density of strong soil (Figuse22a) and weak soil (Figure
6.22b) on the influence of thin-layer are investigated with a tamisthin-layer thick-
ness by = 20B). N /. Seems to decrease linearlyrf /.~ —0.2 for increasindDr

of 20%) when increasinBr of strong soil fromDr = 30% toDr = 90% embedded
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Figure 6.21 Resistance ratio curves for thin-layer of gireail (Dr = 90%) sandwiched by soils with

Dr = 10%, with variation oH; /B from 10 to 50

within weak soil with 10% relative density. On the other haa@0 % decrease @fr

in weak soil will enhance the thin-layer effect by approxieta 15 %.
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Figure 6.22 Resistance ratio curves for thin-layer of gireail (H;/B = 20): (a) varyingDr in strong

soil; (b) varyingDg in weak soill

The variation of 1, With the thickness of the thin-layer is examined by chandiag

in both strong and weak soil layer, as presented in FigLz& The area between 1 and

N max reveals the evidence and the magnitude of the thin-layecssff which vanishes
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gradually with increasingfi. The curves also indicate the effectsd$ s and Drw;

either increasinddr of strong soil or decreasingr of weak soil would intensify the

effects of the thin-layer.

12
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Figure 6.23 Variation of the maximum resistance ratig,, with the thickness of the thin-layer: (a)
varyingDr in strong soil; (b) varyindr in weak soil

6.4.2.2 Weak soil within strong soil layers

Correspondingly, for the scenario of thin layer of weak saililustrated in Figure
6.2, the thin-layer effects are investigate in this sectiohe Variation with weak
soil thickness is provided in Figu@24 Compared to thin layer of strong soil, smaller
size ofH; is required to show the layered effect, owing to the smaitex sf the in-
fluence zone in the weak side. WhiEp< 15, the minimum resistance ratio starts to
be affected by the strong layers. However, the existencaeofmeak thin-layer sig-
nificantly and extensively affect the measurements in bioting layers. When severe
thin-layer effect is occurring, an estimation of the actygj is required to prevent an

over-predicted soil strength.

The variation ofp’ with Dr in each soil layer is shown in Figufe25 with a constant
H; = 10B. A larger thin-layer effect is observed for increasing dignsf the weak soil,
while the effect means less influence induced by the layereafivgoil and smaller in-
fluence zones in strong soil layers. Inversely, when in@nge3gr of the strong soll,
the layers tend to be more affected by the thin-layer of weélkandn |, decreases

until the resistance is sufficiently developed in the weglkia
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Figure 6.24 Resistance ratio curves for thin-layer of weaik(®r = 10%) sandwiched by soils with
Dr = 90%), with variation oH; /B from 5 to 25
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Figure 6.25 Resistance ratio curves for thin-layer of wezl(sl; /B = 10): (a) varyingDr in weak soil;
(b) varyingDg in strong soil

Consistent with the gradual reduction of the thin-layer@ffeom the curves of) 1.
for thin-layer of strong soil (Figuré.23, the minimum resistance ratio in the sand-
wiched weak soil decreases with the thicknklgsbut at a relatively sharper rate, as
illustrated in Figures.26 Deceasin@rw and increasingpr s are also shown to pre-

vent the thin-layer effect of the embedded weak soil.
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Figure 6.26 Variation of the minimum resistance rafify;, with the thickness of the thin-layer: (a)
varyingDr in weak soil; (b) varyindr in strong soil

6.4.3 Comparisons with field data and numerical results

For penetration in thin layered soils, most of the researah applications reported
from the literature are based on the simplified elastic smiutarried out by/reugden-
hil et al. (1994. Robertson and Fe&t995 proposed the parametkf; = gc s/0c max
to correct the cone resistance from the field measuremehesddgradation curves of
Kn with H; was investigated for different stiffness ratéa/Gy (i.e. gcs/dcw), based
on the method oW/reugdenhil et al(1994). After some field data reported by an
unpublished work by Robertson and Castro, indicating the-predliction of the thin-
layer effects from the elastic solutioipud and Idrisq2001) plotted this area with
field data, and provided an empirical equatiorkef for the lower bound of the field

observation.

A derivation of elastic solution based on the method/eéugdenhil et al(1999) is
modified and provided here for a system with a thin layer arsirsoil. The distances
from the probe shoulder to the soil interfaces (FigauEd) are defined ab; andhy, as
expressed in Equatio®.20. The tip resistancgc is then deduced for a probe at each

soil layer in Equation.21); R; andR, are parameters relatedtig/B andh,/B.

hy = [H — H|; Ry =1/4/1+ (2hy/B)%;

(6.20)
hy = |H —0|; Ry =1/4/1+ (2hy/B)%;
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(1) (Ry+R) /2
o= ) *W X FRm M Rmy  (O<H<H) (6.21)
Gew X 3351w} (1o (others

When the probe is at the depth with the centre of the thin IelyerH; /2 (i.e.hy =hy =
H/2), andRy = Ry = Ry = 1/4/1+ (Hy/B)?, the maximum resistance is achieved
(Equation6.22), which is dependent withc s, 0cw, andH;. As to the parametefy
proposed byrRobertson and Fe&t 995, the expression is provided by Equati@nZ3).

Kn is a simple value to correct s; however the influence of the weak soil is neglected
from the definition, and the value increases to infinity whiea thin-layer effect is
significantly large. The effects of thin layer have been stigated from the previous
sections, showing the combination of the influences fronm me¢ak and strong soll
layers. On the other hand, the maximum (or minimum) valuesistance ratio within
the thin-layer system provides a more comprehensive paearioe evaluation of thin-
layer effects. Thereforey 1,4« fOr the elastic solution can be shown in Equati6r2g).
More investigation of] 5, from the current elastic-plastic solution is presentedrlat

in this section.

Oc,max= Qecw X m—Ro (M—1) (6.22)
Ky = 25 _ 1 _Ry(1—1/m) (6.23)
Oc,max
/ Qc,max— Ye,w 1-Rgy
== — = 6.24
r’max qC7S_qC7W 1_R0 (1_1/m) ( )

A series of numerical simulations was carried outAlynadi and Robertso(2005
to examine the variation of the correction fact with thicknessH;. The sample
was a thin sand layer embedded in soft clay layers under avedlalow confining
stress ¢, = 70kPa, 0, = 35kPa). Loose sand§rs = 30%), medium dense sand

(Drs = 50%), and dense sanDg s = 90 %) were investigated.

Figure6.27 shows the comparisons of the paramet&ss &ndn ,,5,) for investigation
of the thin-layer effects. Again, the soil properties foe tomparisons are equivalent
to that from the simulations oAhmadi and Robertso(20095. The value ofKy in

Figure6.27a decreases to 1 when the layer thickness is increase#i..1 implies
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no thin-layer effects). The field data provided by Robertsmh@astro for the NCEER
workshop is shown in the shaded area. Comparing with the fitia, dhe analytical
results show similar trends &}, and illustrate the effect of the relative soil properties.
The results from this analysis signify that for a given tragdr thickness, a stronger
thin layer soil has a larger correction factorkfi. Unfortunately, details of the soil
from the field data are not available so it is not possible t@eradirect quantitative
comparison. The analytical results also agree reasona#lywth results of numerical
simulations fromAhmadi and Robertso(2005 (also shown in Figuré.27a), for the

same assumed ground conditions.

Previous results in Sectiof.4.2 have shown the comprehensive evaluation of thin-
layer effects by using the proposed parametgf . 1 min). Which is influenced by the
tip resistance in both of the uniform soil layeig y, dcs). Similarly, the results of

N maxare compared with the numerical resuldhnhadi and Robertsqr2005 and the
elastic solutions\(reugdenhil et a].1994, in Figure6.27. Although similar trends
are found for the general curves with variation¥ s, much larger thin-layer effects
are shown for the elastic solutions, and the current amallyélastic-plastic solutions
provide a more reasonable evaluation of the thin-layerceffewhich have a better

agreement with the numerical results.

27 ¥ | N Field data after Lr tshglutio(rils of Aottt
1.9} ! Youd et al. (2001) 0.9f s Sudy ]
18t 08k Solutions based on
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Figure 6.27 Comparisons of the parameters for investigaifdhin-layer effects: (alky; (b) N max

It should also be noted that the values of the parameBrar(dZy; Ky andn nay
were calculated for specific situations and should not bertas generally applicable.
The influence zones depend not only the soil properties anfilgs, but also on the

stress state and probe diameter, which are included in thlgtaral calculations. The
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magnitude of in situ confining stress has an impact on thedi®e influence zones.
A higher stress condition is found to result in smaller valoéZs andZ,, though the
impact was found to be relatively small. All of the resultslwdistance to the interface
has been normalised by the probe diameter. The size of intueones are propor-
tional to the probe diameter, and thus a smaller penetronheie a less significant
layer effect and is more effective at detecting thin layassmentioned ilhmadi and
Robertsorn(2005 andXu and Lehan€2008. Similarly, the thin-layer effects are also
influenced by stress condition and probe diameter. The acallgolutions presented
here used the mean stress as the in-situ hydrostatic stites®ffect of the coefficient
of at-rest earth pressur&{) was not considered. The effects related to the cone sur-
face friction and shatft friction on the influence zones wds® aot included in this

study of application.

6.5 Chapter Summary

Analytical cavity expansion solutions in two concentrigioms of soil were applied
to the interpretation of CPT results, with specific focus om ltyered effects during
penetration. A discussion on concentric and horizontadtigng was provided to vali-
date the relevance between the two types of models. Thegnadétween the CPT and
cavity expansion in two-layered soils was described, aadtimbination approach for
predicting tip resistance in two-layered soils was applite analyses of CPT in two-
layered soils highlighted the effect of respective soilgandies (strength, stiffness) on
CPT measurements within the influence zones around the tiMoisoface. The resis-
tance ratios and influence zones in the weak and strong seitsfound to be affected
by the soil properties of both layers. The results were cogtpwith elastic solutions
and provided good comparisons with experimental and nwalerésults. A simple
superposition method of the two-layered analytical reswis applied for the analy-
sis of penetration in multi-layered soils. The thin-layéeets were investigated by
analysing thin layer of both strong and weak soils. The abiwa factor Ky) showed
a good comparison with field data and numerical results, laagtoposed parameters
(N max N min) €ffectively presented the thin layered effects, whichiafienced by
soil properties in each layer and soil profiles. It is als@clhat the results af .«

show better agreement with the numerical results, compaithdhe elastic solutions.
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Chapter 7

Analysis and Discussion

7.1 Introduction

An analysis based on the results of this research is provid#us chapter, and the
discussion involves many aspects of penetration probleish rise up the potential
areas for further investigation. The back analysis fronpebrgetration resistance is first
presented in Section.2, for the small-strain stiffness, shatft friction, relatigdensity,
and the soil state parameter. The analysis of soil defoomagigiven in Sectiof.3to
investigate the effects of boundary and stress level. Casgpas of the soil displace-
ments with the solutions of cavity expansion and previoygearmental results are also
provided in the same section. In addition, the analogy betwke cone tip resistance
and the pile end-bearing capacity is discussed in Setihyrand the scale effects are
attributed to the soil layering and ground surface effestsich are predicted by the
proposed cavity expansion methods. Finally, the penetratiechanisms are sum-
marised through aspects of soil stress-strain historyjgatbreakage, soil patterns,

and penetration in layered soils (Sectith).

7.2 Back analysis from penetration resistance

7.2.1 Back analysis of small-strain stiffness

Small-strain stiffnes$s is a soil state variable, that is conventionally measured fo
the strains ranging from 1 to 10~° for sands in the laboratory using resonant col-
umn tests or bender element tests. Seismic techniques-fiuitesting also provide

the magnitude of5g in the field, based on the elastic relationshipy = p - (VS)Z,
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wherep is the mass density arnd; is the measured propagating shear wave veloc-
ity. In general, experimental data shows tiat is proportional to the square-root
of the effective stress statelgulsby and Wroth1991;, McDowell and Bolton 2007,
O’Loughlin and Lehang2003 Mitchell and Soga2005. A simple model described
in Chapter6, the Fahey-Cater model, also shows a similar dimensionddagsanship:
Go/ Oatm 0 (Po/ Oatm) 05 |n addition toFahey and Cartg1993, some other empiri-
cal relationships relat&g with confining pressure and either soil density or void ratio
(Hardin and Black1966 Jamiolkowski et a].1985 Lo Prestj 1987 Santos1999.
For instancel.o Presti(1987 proposed a correlation as expressed in Equaftiod,(
where the variables were suggestedsas: 600,c’ ~ 0.7, andn’ ~ 0.43. However,
Randolph et al(1994) suggested th&' is about 400 and’ = 0.5 for clean silica sand,
andS’ decreases for compressible and silty materials. Notelieatdash mark is used

to distinguish with the symbols appearing previously.

C':‘0 / / ( PO ) n’
=S exp(c’'D 7.1
- p(c'DRr) - (7.1)

In-situ soil testing has been widely used to evaluate soiperties under in-situ con-
ditions. Many correlations betwed&py andg; have been proposed, despite the fact
that the small-strain property is predicted by a largehstraeasurement, which is con-

trolled non-linearly by large-strain stiffness/strengiine CPT rigidity ratio is defined
%, which is usually adopted to present the correlation betw&eandqgc.. When

the tip resistance is taken to be proportionatity,, as presented in the results of cen-

as

trifuge tests in Chaptef, a simple estimation o% turns out to be proportional to

r —05
Oyo .

Robertson and Campanel2983 proposed a relationship in Equation.%), which
was modified fromimai and Tonouch{(1982 by converting the SPT blow coum
into tip resistance).. As the definition of the normalised tip resistargggy in Equa-
tion (4.4), many correlations were proposed with comparing data §§1-a101N space
(Schnaid and Yu2007. Rix and Stokog1991) suggested a modified correlation for
uncemented quartz sands in Equati@rB)( from calibration chamber testsSchnaid
et al.(20049) proposed the lower and upper bounds for both uncementedeamented
sands, and the expression is shown in Equafiofy.(For uncemented sands,— 110

for lower bound, andr = 280 for upper bound.
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Go _ 50 % (Uain) 0.389 (7.2)
Oc Cc

G _ 0.

©0 _ 2915 qun 05 quy = % (7.3)
Oc (Uvo/Uatm)

S0 _ 4w gy 2 (7.4)
Qc

A comparison between these correlations%ghqcm space is provided in Figure
7.1 The model ofFahey and Cartefl993 for Fraction E sand is derived % =
1000x (%) 05 % gun ~1, andK is taken as . Correlation ofLo Presti(1987)

is expressed a% = S exp(c’DR) x (%) 0.5 % gy 1 for n=0.5; sand is shown
with higher rigidity ratio for largeDg. Back-analysis using the correlation®Rbbert-
son and Campanel(@983 provides nonlinear curves c%l -gciN Space (Figuré&.1b)

for three tests with uniform sand samples (MP 11-01-FP-1¢, NM02-FP, MP 11-03-
FP). The results show that the 1est has a higher rigidity ratio, and stress level has a

greater influence to the value than the relative density.
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As also noted byschnaid and Y2007, the CPT rigidity ratio% is a useful parameter
for soil characterisation, which is not sensitive to chanigenean stress, relative den-
sity or sand compressibility; which also increases withdsage and cementation. The
back-analysis of5g for the three tests with uniform sand samples has been @dvid
in Figure7.2with comparisons of the estimat&y. The variation oiGg with depth is

provided by the predictions from the various methods, aedawer and upper bounds
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proposed byschnaid et al(2004 generally involve the variation d@bg.
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Figure 7.2 Back-analysis of small-strain stiffness usipgesistance

7.2.2 Estimation of shaft friction

The results of shaft friction shown in Sectidr?.2were obtained from the difference
between the total load and the tip lodgs or Ts shown in Figuret.8 did not consider
the variation ofts along the shaft, thougQs is implicitly the integration ofts over the
embedded length. A precise measurementsadr sleeve frictionfs for a miniature
probe is extremely difficult and unreliable due to the resitsn of instrumentation and
the local variation around the shaft (e.g. soil coated wlid $shaft has a significant
influence to the measurements); probe verticality and aritesample variation also

have large impacts on the results of shaft friction.

A conventional design method relateswith tand x o,; d is the interface friction
angle. However, the shatft friction is governed by the adjaseil, which is deformed
by the probe, rather than the in-situ soil (i, ). Therefore, with the development of
the in-situ solil testingts tends to be associated with the tip resistagqGdor interpre-
tation of CPT and pile desigiiR@ndolph et a).1994 Jardine and Choywl996 Lehane
etal, 2005 Kolk et al,, 2009; andQs is found to be proportional tq.. Fleming(1992
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suggested thats = 0.02q,, x tan @y, which generally overestimates the shaft capacity

for long piles.

The UWA-05 is a CPT-based design method proposed.diyane et al(2005 for
driven piles in siliceous sand which was developed usingJWA database of static
load pile tests $chneider et 8l.2009. The correlation betweery andqc, modified
from the UWA-05 method for cone penetration test, is ex@ésa Equation 1.5),
whered is assumed as IHor the tests (it is the mean value from centrifuge tests and
ring shear tests for Leighton Buzzard sand, as reporteddiy and Coop200J). ‘&
was suggested to be 33, in light of the general friction rdtic= fs/qc = 0.5~ 1.5%
(provided byRobertson1990. The componenf,? was used in consideration of
open-ended piles, am§ = 1 for closed-ended piles¢*was about-0.5 to account for
the friction fatigue Ao |4 was the change in radial stress during pile loadihg {; =
4S x At; G = 1850 x gy ~ 07 for the operational shear modulust ~ 0.02mmfor
radial displacement during pile loading). For applicatitimee value ofAt is modi-
fied here with consideration of the miniature probe in finedsakt is assumed as
0.1%x B~ 12um (according td_ehane and White20095.

Tsz{équxA,bx {max(%,Z)} °+Ao§d}><tan5 (7.5)

Figure 7.3a presents the prediction of friction distribution along thaft for pene-
tration z= 150mmbased on the design method: UWA-05. The distribution shows
the decrease ofs with the distance to probe shoulder, attributed to the dkgran

of the operative horizontal stress. The integrationggbrovides the estimation of to-
tal friction loadQs, which can be compared with measurements from centrifuggs, te
as illustrated in Tabl&.1 It is found that the calculateQs is about 37 % underesti-
mated for dense sand and 51 % overestimated for loose sarslisThelieved to be
because of the constant assumption of soil-probe inteffast®n angle. Centrifuge
tests byKlotz and Coop(2001) showed thad varied between 10~ 20°. It was also
noted byCavalieri(2000 that é increases with stress condition and reduced particle
size; the relative surface roughndgscontrols the magnitude a§. Comparing with

the test of loose sand, penetration load or tip resistandemse sand is significantly
larger, which increases the mobilised confining stress.n@mther hand, the potential

particle crushing in dense sand is more likely to increageviilue ofR,, which in
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turn results in a higher interface friction angle. Therefot can be concluded that the
magnitude ofd for dense sand is relatively larger than that of loose sarmtoAding

to the discrepancy between the measured and calcul@giethe operatived can be
back analysed for both dense and loose sand, showingtka23° for dense sand
(Dr = 91%) andd = 10° for loose sand@r = 50%). A good prediction of)s is
presented in Tablé.1and Figurer.3b, which also illustrates the comparisons with the
profiles ofQs during penetration for tests: MP 11-02-FP and MP 11-03-FP.

Table 7.1 Prediction dfs and back analysis aj

Measured)s CalculatedQs for Back Prediction ofQs

o Error
whenz = 150mm 0 =15° calculatedd for modifiedd
956.4N 604.1N 0=23° 9569N 0.052%
2108N 3188N o=10° 2097N —-0.522%
Distribution of shaft friction (15, MPa) Estimation of friction load (Qs, N)
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Figure 7.3 Prediction of: (a) shaft friction distributionda(b) friction load for centrifuge tests, using
back-analysed interface friction angle

Alternatively, the interface friction anglé is assumed as 12° for loose sand and
14.8° for dense sand based on penetration resistance. The vatuesssipolated from
the proposed correlation betwe@mand pile end resistancgyhere is estimated as the
tip resistance at = 150mm) for Leighton Buzzard sand bilotz and Coop(2001).
Figure 7.4 presents the prediction of friction distribution along gteaft and the to-

tal friction load Qs with the comparison of the centrifuge results. It is foundtttne
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estimation of friction load for the loose sand test has a gogr@éement with the ex-

perimental measurement, whereas the predicti@gpsainderestimates the friction load

for dense sand. This is believed to be because of the assumyitsoil-probe inter-

face friction angle using the methodk§fotz and Coo2001), which does not include

the effects of particle size and soil relative density. Idiadn, the method based on

UWA-05 assumed a constant friction degradation paraneeterd the increased radial

stress\ o4 Was related to tip resistance and a constant radial digpletAt, which

could be attributed for the underestimation of shaft fontifor dense sand. Further

study needs to be carried out to evaluate the design methdghravide better predic-

tion of the mobilised shaft friction.

Distribution of shaft friction (15, MPa)

Estimation of friction load (Qs, N)

0.05 0.1 0.15 0.2 0.25 -500 0 500 1000 1500 2000
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Figure 7.4 Prediction of: (a) shaft friction distributiondx(b) friction load for centrifuge tests, using
estimated interface friction angle

7.2.3 Back analysis of relative density

Dris an important indication to asseSg for normally-consolidated sands, as reported
by Lo Presti(1987); Jamiolkowski et al(1988; Salgado and Prezg2007) and shown

in the seismic relationship. A linear relationship betw&pnand log [ac/ (00) ¢]
was postulated byesic (1977 from pile load tests, and = 0.5 was generally sug-
gested byBaldi et al.(1986; Robertson and Wrid€1998; Jamiolkowski et al(2003
(the units ofq; and o, areMPa; alternatively dimensional analysis replaces the ex-

pressiorge/ (0,) ®° by the normalised tip resistanggin).
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According toJamiolkowski et al(1989, Lancellotta(1983 proposed a correlation in
Equation .6) from calibration chamber tests for five types of quartz saaddJami-
olkowski et al.(2001) modified the correlation to Equatiofi.{). Relationships from
centrifuge tests were also provided tatsuoka et al1990 (Equation7.8) andBolton
and Gui(1993 (Equation7.9).

Dr(%) = —98+ 66 x 109 01N (7.6)

DRr(%) = —67.5+26.8 x In qc1n (7.7)

DRr(%) = —85+76x10g;uQ ; Q= qC;—,UIVo (7.8)
v0

DR (%) = 32.964+ 0.2831x Q (7.9)

The comparisons of the back-analyd&glusing tip resistance are presented in Figure
7.5 The first two correlations from calibration chamber tesidarestimate the rel-
ative density, while the correlations based on centrifuggtsthave better agreement
with the measured density. Nevertheless, the variationdsat the prediction and the
measurement is still notable, thereby further calibratorequired to investigate the

relationship between tip resistance and the relative tdensi

7.2.4 Effects of soil state

The CPT data varies significantly with soil density as disedsa Sectior/.2.3 ow-
ing to the behaviour of cohesionless soils which is stromiglgendant on the density.
However, the relative densifYr is not a useful indicator for soil classification, since
different sand types with sanigr are evident to have various soil properti&satz
and Coop2001). Hence it is difficult to propose a correlation betwagrandDg for
many types of sand. As an alternative, the state paramgjevds developed biBeen
and Jefferieg1989 to describe the soil state, that is defined as the differengeid
ratio between the current state and the critical state asdnge mean stress (Figure
7.6a). The influence of soil state variable to cone tip resistamas also emphasised
by Salgado et al(1997) andSchnaid and Y2007, other than the intrinsic soil prop-
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Figure 7.5 Back-analysis of relative density using tips&sice

erties. NeverthelesKlotz and Coop(200]) suggested that a ratio of stresses rather

than a volume difference provided a better and more effeepproach to quantify the

state of sands. The state parameter was defin®d,as po’/pcs’, as also depicted in

Figure7.6a.
A 2.4 : : : ‘
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______________________ 2.2H == MP I[-02-FP (Dense sand) .
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Figure 7.6 Soil state: (a) definitions of state parameté)gpiediction of variation with penetration

The variation of soil state during penetration is predicteigure?.6b for three of the
uniform soil tests, with the assumptionl§§ = 0.5. The tip resistance at a given level

is regarded as the mean stress after penetration, and thgecbaspecific volume is
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derived from the volumetric strain adjacent to the probee dlistance to the proposed
critical state line byKlotz and Coop(2001) is presumably caused by the variation of
Ko and the significantly increased shear stress around the Bavertheless, the state
parameteRs is used to analyse the cone faclgyand the averaging B=Ts/ a_(,o,
afterKlotz and Coop2001), and the resulting trends of the three tests are compared
with the proposed trends Wylotz and Coop(2001) in Figure7.7. As expected, the
variations ofNg with Rs agree well with the line oKlotz and Coop(2001), whereas

the direction with penetration crosses against the linelémse sand samples. Figure
7.70 shows the development @fis closer to the field data reassemblediotz and

Coop(2001), and stable values ¢ are achieved for 5§tests.

10° £ 10° ¢
—#— MP I[-01-FP-1g (Dense sand: Dy = 84%)

—=o&— MP I[-02-FP (Dense sand: Dg = 91%)
—A— MP11-03-FP (Loose sand: Dg = 50%)

Proposed trend by
Klotz and Coop (2001)

10' ¢ Penetration
‘P B=28
e 100 F |
B=038
Proposed trend by I
(b

7z 10*| *°

&
Klotz and Coop (2001) 10" L

Field data, reassembled in
Klotz and Coop (2001)
(a) Trend of field data

)

1 01 | | | | ) 10—2 | | | | | )
10 107 10° 10" 10° 10t 10 107 102 10" 10° 10! 10%
R, R,

Figure 7.7 Variation of (a)Ng and (b)B with state parameteRs

7.3 Analysis of soil deformation

7.3.1 Boundary effects

For physical modelling, the effects of boundary are indléaand it is important to

understand their influence. The cone penetration in ceggimodel is affected by the
container walls (confining wall and base walBui et al.(1998 proposed that the con-
tainer to probe diameter ratid/B should be> 40 to eliminate the boundary effects,

based on a series of centrifuge tests of CPT in dense Fonka@esilica sand.

Klotz and Coop(2001) andWhite (2002 conducted pile tests in both silica and car-
bonate sands. No significant influence of boundary for catmsand and loose sam-

ples of quartz sand was reportediptz and Coop(2001), after centrifuge tests with
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D/B = 19 under different g-level (varied from 50 to 200). More iefice was ob-
served for dense silica sand from the bottom boundary, andftact on shaft friction

was negligible.

Plane strain calibration chamber tests were undertak&kitbie (2002, and the diam-
eter ratio was selected &/B = 31 for a pile with breadth of 32mm The boundary
effects were 20~ 30% larger than an axisymmetric model, owing to the regbmnct
condition with higher stress distribution around the pesraeter. Base boundary ef-
fects were also observed for silica sand tests from the chabdse load cell and the
penetration resistance curves, while little influence veamél for Dogs Bay carbonate

sand.

The centrifuge tests conducted in this research also peamdexamination of bound-
ary effects from the results of penetration resistance aildisformation. For half-
probe tests, the diameter ratioDdgB = 42. The results in Chaptdrshowed that the
boundary effect for both loose and dense sand was negligvbiée the bottom bound-
ary effect was evaluated according to the correlatiohas (1990, and the concave
shape of the resistance curve for dense sand (Fiy6yevas attributed to the container

base.

On the other hand, full-probe tests are expected to haverlagundary effects, since
D/B = 20, which is half that suggested Bui et al.(1998 and similar to that oKlotz
and Coop(2001). The boundary effects can be evaluated by the deformatidoh dit
the Perspex window when the penetration was carried outatta?Omm of offset

from the Perspex window (Figufe14).

Results of MP 11-01-FP-1g and MP I[I-02-FP from GeoPIV datagvewn in Figure
7.8. The contours of total displacements are small, indicatiegittle influence from
the boundary. The displacement in thg test is largely attributed to the sample set-
tlement or indentation from the penetration, whereas tlierdwtion in the 5@ test
is even smaller and negligible<(0.05mm which is likely from the PIV error). In
addition, the boundary effects for loose sand is less thanahdense sand, since the

influence zone of penetration for loose sample is smallersand contraction occurs
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adjacent to the probe. Hence, the boundary effects fromahéring wall are rel-

atively small for both half-probe and full-probe tests; amdall effect to penetration

resistance from the base wall for dense sand has been didausSectiordd.2.2with

Lee(1990's empirical relationship.
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Figure 7.8 Deformation fields on the Perspex window for fulthbe tests

7.3.2 Effects of stress level

The boundary effects for tests at different g-level as dised in Sectiofi.3.1show a
significant difference on the displacement contour, andtiess level has a significant
Impact on the results of penetration resistance (Seetiard. Results of half-probe
tests with dense sand samples at different g-level (MP {HEt1g and MP [1-02-HP)

are presented in this section, showing the effects of skegston soil deformation.

Figure 7.9 provides the contours of cumulative and instantaneoudatisments for
both tests. The total displacement after &r#@ of penetration from g test shows a
slightly larger deformation zone. The soil near the surfacminated by the heaving
effect, and the dense sand under a lower confining stressshove dilatancy. Similar

trends are also presented in the cumulative contd\rs=(6 mmin subplotsc andd),
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where the heaving effect in §est is more constrained by the increased gravity.
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Figure 7.9 Deformation fields after 18mof penetration in dense sand: cumulative displacements: (a
50g, (b) 1g; instantaneous displacements: (cpg5@) 19

The comparisons of the distributions of the normalised ldigments£x/R, Ay/R)

are provided in Figurg.1Q The horizontal displacement forgltest again shows
larger distribution than that of ptest. The significant heave near the ground surface
is evident in the distribution ofAy. When the penetration goes deeper, the vertical
displacement in g test increases steeper to a larger profile. Hence, the sdodeén

stress condition has a larger deformation field with petietra

7.3.3 Comparisons with cavity expansion methods

The results of instantaneous displacement field present8datiord.3.2showed the
nearly spherical contours around the cone tip, which hadaishapes with the failure
modes of penetration as illustrated in Figar27 ~ 2.30 The deformation field from
the cavity expansion field is also useful for the evaluatibdisplacements around the
cone (e.glLiu, 2010.
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Figure 7.10 Displacement distributiorts=€ 0) with variation of penetration depth: (a) §0Dr = 91%;
(b) 1g: Dr=84%

The distributions of horizontal and vertical displacenseat depth of 12thmfrom
the centrifuge tests for different g-level and densitiesstrown in Figuré’.11a. The
results of total displacement fields are then compared \wghcbrresponding results
based on the cavity expansion method in Figorelb. The comparisons show that
the centrifuge results have significantly larger distiidn$, since the results of total
displacement include a large component of soil settlemgrithé® compaction effects
from the probe. However, the general trends of the tests bega replicated within
the results of cavity expansion; the distribution of diselment and the size of defor-
mation zone increase with relative density and decreagsestiess level. Therefore,
the effects of these two factors are investigated basedeocavity expansion method,
as presented in Figuré11c and d. The stress condition is selected for soil ath20
depth in a centrifuge model, and the soil parameters arerdeted by the approach
described in Sectiof.3.1 The results show that the spherical cavity expansion is a
good method to describe the soil deformation after penetraand the effects of rela-

tive density and stress level on the soil deformation arecéffely examined.

7.3.4 Comparisons with other results

The results of soil deformation by penetration are companéad previous studies in
this section. Soil displacements presented in Secti@provided the general trends

as a probe is inserted, and similar displacement profiles aisp shown byllersma
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Figure 7.11 Displacement distributions for penetratioptde= 120mm (a) centrifuge tests; (b) com-
parisons with cavity expansion results; (c) variation veitlil density; (d) variation with stress level

(1987; White and Bolton(2004); Liu (2010. The strain reversals from the results of
strain paths (Figurd.35~ 4.36) are evident in accordance with the prediction from
the strain path methodBéligh, 1985.

Figure7.12a shows the distributions of displacements in Fraction F send Fraction
C sand (provided byiu, 2010 at both 1g and 5@Qy. The experimental conditions are
quite similar between the tests; only the grain size of kwacC sand is relatively
larger, ranging from @mmto 0.6mm The profiles ofAy have a good comparison for
both sand at a similar depth, while the distributiomafin Fraction C sand in g test

is smaller than the 5@test, which is in contrast with the results from the Fraction
sand tests and the cavity expansion analysis. Althdugh2010 reported that the
horizontal displacement has a similar tendency and theaédisplacement increases

with stress level, a more convincing explanation is thalt deiormation is somehow
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controlled by the kinematic behaviour and vertical movemarer higher gravity is
produced by the compaction of the sample. Thus, it is bdli¢vat the decreasing dis-
tribution of displacement is generated with increasing\@gl as presented previously,
when considering the soil compressibility.

The strain paths with penetration are compared with Fra€isand test biziu (2010
and Fraction B sand test White (2002 in Figure7.12b. Both Fraction E sand test
and Fraction C sand test were undertaken in centrifuge uigusing a miniature
probe B = 12mm), whereas the Fraction B sand test was conducted in a pteaia-s
calibration chamber by penetrating a pile with diameter2&m The ratios of probe
diameter to average grain siZ&/(sg) for the tests are 86, 24, and 38, respectively. All
of the soil elements were selected at a similar distancestpribbe centreline{/R= 2,
1.9, and 199). The results of axisymmetric models from the first twasese compa-
rable, and the Fraction C sand experienced higher vertarapcession before probe
passed and had larger horizontal strain after penetratgnificant differences be-
tween the axisymmetric tests and the plane-strain testhemers though the general
trends of strain reversals were also captured from the iBraBt sand test. The much
higher tensile-horizontal and compressive-verticalistravith larger influence zones
for the plane-strain Fraction B test are directly attriloute the boundary conditions

that the out-of-plane strain was strictly constrained.

Alternative comparisons of strains are the distributiohsnaximum and minimum
strains, as provided in Figure.1X (&xxmax and &xmin) and d €yymax and &ymin)-
Compared with the results of Fraction E sand test, slightydamaximum strains are
shown in the Fraction C sand test. The results of the Fra&ieand test again show
differences of the variation of strain with the offset frohetpile, which is mainly

caused by the plane-strain condition.

7.4 Probe Resistance and Pile Capacity

7.4.1 Cone tip resistance and pile end-bearing capacity

Since CPT was originally developed as a scale model of a yale den Berg1994),

the analogy between CPT and displacement piles contribotégetestablishment of
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Figure 7.12 Comparisons of displacements and strains fierelnt types of sand using different exper-
imental models

the correlations between cone tip resistage@nd pile end bearing capacigy. A
simple relationshipg; = g, was usually suggested for designs, though some field tests
denoted that the pile capacity was slightly smaller thaby various factors and pile
capacity was found to decrease with pile diameter. The MT&gemethod proposed

by Jardine and ChoW1996 has included the effects of pile siz8)( and suggested a
correlation: g, = gc [1— 0.5 log (B/Bcone) |, based on the database of load test results
reassembled bghow (1997).

More databases of load tests have been re-examin&uhe (2003 andWhite and
Bolton (2005 to investigate the relationship betwegnandq,. The main factors
about the reduction odj, were examinedg,/qc = 0.9 was suggested byhite and
Bolton (2005 with consideration of partial embedment, local inhomaan abso-
lute pile diameter, partial mobilisation, and residuat¢sses\White and Bolton(2005
claimed that the variation aj,/qc with B was not clear when reassembling the avail-
able databases in the literatuig,/qc = 0.6 was assumed for closed-end driven piles
according to design method ‘UWA-05L€hane et a).2005, and a modified value
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(gb/qc = 0.9) was proposed for jacked piles when considering the fiedts ttrom
White and Bolton(2005.

Regarding to the scale effect between a CPT penetrometer aie] thp differences
betweerny. andq, come from the surface effect and the layered effect. As ptedan

Chaptet and Chapte6, the influence zones around the soil interfaces are pramatti
to probe diameter, which is also illustratedWhite and Bolton(2005. Hence, pile
end base resistance is more affected by the ground surfaca aider range of soill
above and below the pile end. When the penetration is in a guifideep and uniform

ground, the scale effect is believed to be limited, if igngrthe effects of grain size.

Conventional cavity expansion solutions provide an idahfinit pressure and a re-
sulting penetration resistance for probes with variousnéirs (i.eqc = qp). How-
ever, the scale effects on the reduction of penetratiosteesie with pile diameter can
not be evaluated. The cavity expansion solutions present€thapter5 provide the
results of cavity expansion in two concentrically layeredss and this method has the
potential to examine the scale effects. In contrast toegldé capacity with the limit
pressure, the application of the solutions in Chaptés the penetration problem is
regarded as an expansion from an initial cavity to a final sfzele (a= B/2), and the

proposed smoothing approach is required as described iné€leap

One of the main factors of scale effects is the ground sudffeet, since larger piles
at a given depth tend to be more affected by the ground surfBoe cavity expan-
sion analysis, the surface is treated as an extremely weblager. The parameters
of Soil B are set asE, = 0.01Pa, vo, = 0.2, and only elastic behaviour is considered
in this layer, representing the ground surface. Figuiéa shows the results of cavity
pressuredcone= Bcone/2, Beone= 12mm) which increase with depth, and soil param-
eters under 5@ are estimated based on the procedure in Se@i8rl The results
of tests with surface effects are compared with the cavifyagsion in uniform soil.
As expected, the significant reduction of cavity pressuabisous when the cavity is
close to the surface, and the surface effect is larger fonsthi higher relative density.
Figure7.13 shows the results for cavities expanded to a variety oEgBequals 1,

2, 5, 10 times 0B¢one. It is evident that the larger cavity expansion is more @éd
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by the ground surface, which indicates a larger pile withlemand bearing capac-
ity. It should be noted that the assumptions of the extremelgk soil layer and the
concentric regions of soil are not quite realistic to previde quantitative analysis of
the ground surface effect, whereas the trends of scaletietiee captured qualitatively

from the results of the two-region cavity expansion analysi
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Figure 7.13 Scale effects from the ground surface: (a) comgpavith no surface effect; (b) variation of
surface effect with cavity size or pile diameter

Some experimental evidencédgntemal948 Begemannl963 De Beer et al.1979
showed the scale effects on layered soils, afidte and Bolton(2009 also elucidated
the profiles ofy; andqy in layered soils (Figuré.14a). The influence zones in both soil
layers are dependent on the size of probe, and the resuftslistance to soil interface
in Chapter6 are normalised with probe diametét (B). When considering the effects
of probe size, the results of Figuiiel4d show that the larger pile is more affected
by the soil above and below it, and the sizes of the influenoezadecrease with the
stress condition. The analyses using the cavity expaneitma-layered soils cannot
represent the actual surface and soil layering, but progidditative assessments to

the scale effects between probes and piles.

7.4.2 Penetration resistance and cavity pressure

Comparing the cone probes and the displacement piles, thersome other differ-
ences other than the geometry, though the scale effectstirawefluence to the pen-
etration resistance. Driving method for displacement pisallation is an important

factor for pile foundation design. Soil stress state antidisiurbance vary with the
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Figure 7.14 Scale effects on layer soils: (a) schemati&/bite and Bolton(2009; (b) results of cavity
expansion solutions

installation method, thereby affecting the foundatioffretiss and strength, as empha-
sised byDeeks(2008. Pile monotonic installation, jacking or conventionabration
driving also generates different types of cyclic loadinghe ambient soil, resulting in
a decrease of shaft friction at a given depth. This phenomenprevalently referred
to as friction fatigue, and was investigated White and Bolton(2002; White and
Lehang2004); Gavin and O’Kelly(2007). The effects of penetration rate have signifi-
cant influence for soil with partial drainage condition aiagiti@al consolidation, and the
effects have been studied Bhung et al(2000; Silva et al.(2006; Kim et al. (2010.
Another difference lies in the post-installation effeabs pile capacity. The effects
of time on shaft resistance is regarded as ‘set-up’, whick nvastly attributed to the
soil creep and ageing yhow(1997); Bowman and Sogg005; Jardine et al(2006).

As presented in SectioR.4, cavity expansion methods provide effective analytical
approaches for prediction of both pile bearing capacityae tip resistance. The re-
sults of instantaneous displacement field in Secfi@2and the direction of principal
strain rate in Sectiod.4.3also give support to a spherical cavity expansion mecha-
nism around the cone tip. Although the correlation betwédencavity pressure and
penetration resistance has been examined by many resesafeltgVesic 1977 Ran-
dolph et al, 1994 Yasufuku and Hydel 995, the mechanism relating the cone and the
probe is not available, and the solution of stress/strald isesuggested only for soil in
the far-field. The limitations of the cavity expansion thetor penetration problems

stem from the boundary value. The spherical boundary esgeerically symmetric
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soil deformation, which is not strictly the pattern arouhé tone. The variation of
soil displacement is also distorted by the severe shean stiith penetration, that is
neglected by the cavity expansion analysis. The variaticso properties, particle
breakage, soil heterogeneity and anisotropy make the taalgolutions extremely
difficult. Therefore, numerical approaches have the paktat develop the cavity ex-
pansion methods, and the correlation between the pemetrasistance and the cavity
pressure still needs to be investigated. In addition, thextsf of shaft friction are not
considered in a conventional cavity expansion analysisgiwhave an inevitable in-
fluence on the penetration resistance and the performare@itédd foundation. The
combination of cavity expansion and shearing has a potdantizecome an effective
approach for the analysis of penetration problem, accgrtbnthe one-dimensional

finite element analysis of shaft resistance of jacked pijfeBdmsu et al(2017).

7.5 Summary of Penetration Mechanisms

As presented in the literature and the results in this rebeabne penetration involves
severe soil straining and drastic changes in the soil stasssell as particle breakage,
cyclical loading, and friction fatiguevén den Berg1994 Yu, 2006 Jardine et aJ.
2013). A summary of the penetration mechanisms is provided i $lction to il-
lustrate the soil stress-strain history, particle breakagil patterns, and penetration in

layered soils.

7.5.1 Soil stress-strain history

The process of penetration causes the generation of radissyre and leads to the
impact on adjacent subsurface structures. The invesiigati soil stress-strain be-
haviour is essential to understand the penetration mestmaralbeit the soil non-
linearity makes it a complex process. Many attempts have bele to predict and
measure the local stress around the cone or closed-engdabodisient pile (e.d.ehane
1992 White and Bolton2005 Jardine et a)2013). A typical stress path during load-
ing of a pile is presented in Figuieé15, afterLehane(1992. It is thought that the
initial reduction of radial stress is due to the rotation ohpipal stress direction, with

initial contraction and strain softening. After that, tlaelial and shear stresses are in-
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creased significantly, owing to the compaction, shearing, iaterface dilation. The
failure pattern is then emerged through the soil remoulding formation of shear
planes around the cone and the shaft. However, the measuremstress field is
extremely difficult and highly dependent on the quality af thstrumentation, which
needs to be further investigated in the future.

The results of soil displacements in Chaptatemonstrate the soil strain history dur-
ing penetration. The decay of displacement against thetdifsm the probe matches
the trends of the degradation of stress field measurelhinine et al(2013a) (Figure
7.1%). The reduction of stresses after the probe paskesdi(e et a).2013;b) also
provides an explanation for the trends of strain paths atdlie probe shoulder. The
postulated stress-strain pathd ghane and Whit€2005 elucidated the large increase
of stress-strain with penetration, unloading as tip passed dilation during mono-

tonic shear for soil elements close to a pressed-in probe.
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Figure 7.15 Stress history: (a) stress path during loadipje (afterLehane 1992); (b) distribution of
radial stress (aftefardine et a).2013g)

The probe-soil interaction depends on the interface éncéingle, probe surface rough-
ness, and particle crushing; and the shearing effects eattha dilation and crushing
in the shear zone, which is located adjacent to the loadduesivaft Klotz and Coop
2001 Lehane and White2005. The thickness of shear zohgea,is about 10~ 20
timesdsg for a large level of shear displacemebieSugi et al.1988, and varies with
pile roughness, stress level and soil properties. The paiat forms the shear zone,
and the created dilation increases the normal stress irotifeement. The change of
normal stres@\ o, was extrapolated by the elastic cylindrical cavity expansur-

rounding the probe, as shown in Figufel§ which was also integrated within the
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UWA-05 method [ehane et a).2005. The change of lateral stress and shatft friction
for piles in sand was investigated bghane and Whit€2005, through a series of con-
stant normal stiffness (CNS) interface shear tests by apalldte stiffness of soil and
dilation in the shear zone control the probe-soil inteactiHowever, the operational
shear modulus is largely degraded with the soil deformatigrosed by penetration;
and the variation of soil strength and dilatancy with str&tsain paths influences the
shearing effects around the probe shaft. Thus, furtheaisabf stress-strain life of
soil around the penetrometer is required to enhance therstadeing of the penetra-

tion mechanisms.

Pile wall

A - Horizonta Far field

Local shear
stress, T,

s 4G
Stiffness, )

Pile radius, | Interface ' At
zone
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Figure 7.16 The mechanism of probe-soil interface withtiifain shear zone, aftérehane and White
(2009

7.5.2 Particle breakage

Particle size and the crushability have a significant infbeeto the mechanical be-
haviour of sands; the soil compressibility is reflected by garticle breakage and
rearrangement. The centrifuge tests were designed witbideration that the effect
of particle breakage was negligible, and the samples wexgaped with pouring the
reused sand. However, the high stress condition in theifteggrand the significant
increase of stress level around the inserting penetrometeid have an impact to the
sand particles, as observed by some researcherX{etg.and Coop 2001, White,

2002 Deeks 2008. Therefore, the effects of particle breakage associatddpene-

tration are discussed in this section.
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McDowell and Bolton(2000 conducted centrifuge tests of cone penetration in cal-
careous Quiou sand with different particle size distrimti Significant crushing was
found by retrieving the sand around the probe, though theage was not noticeable
for sand at depth shallower than the critical depth (i.e.d&pth where the peak tip
resistance occurs). The results of calibration chambés bga/NVhite (2002 indicated
that high compression and particle breakage had occurted ltee pile for both car-
bonate and silica sands. The initial vertical stregg is around 5&Pa, and the base
resistance during penetration reached upN&Pa for carbonate sand and R8°a for
silica sand. The crushing of silica sand particles washatteid to the high stress level
and shear strains around the pile, whereas the effect ok&geavas small from a tri-
axial test at a comparable stress level. Particle cruskilagalised only in the vicinity
of the cone tip Klotz and Coop 2001 White and Bolton 2004), due to the greater
stress-strain level adjacent to the probe. Additionafig, particle breakage decreases
the average of particle size, and the resulting relativghoess increases with the in-
terface friction angle. This is supported by the predictiérd for dense and loose
sand in Sectiof7.2.2 indicating that the magnitude of particle crushing in desand

is much greater. Strain reversal during penetration wasadtsibuted to soil crushing
(White, 2002, since the crushing induced radial contraction and redudtt the stress

reduction around the probe shoulder.

The sand used in this research was Leighton Buzzard sandh veh&c typical silica
sand with high volumetric stiffness. The paramedgr defined byMcDowell and
Bolton (1998, is the tensile stress when 37 % of the tested particlesvasvn the
particle tensile strength test. The values for Fraction d Rraction D sands were pro-
vided as 26/1Paand 54 Pa, respectively. For Fraction E sand, the Weibull 37 % ten-
sile strength can be derived asi8a, based on the relationshipp 0 d&) (b= —0.357
was suggested byee 1992 for Leighton Buzzard sand, based on the particle ten-
sile strength tests; assumibg= —% based orMcDowell and Bolton 1998 thus the
Weibull modulusm equals 8403 for this analysis). When assuming this microscopic
stress value relates to the macroscopic failure stress rengdssibility of particle
crushing represents the macro percentage of grain breattegback analysis could
illustrate the magnitude of particle breakage around timepating probe. In consid-

ering the soil at 156hmdepth, the penetration resistances for dense sand and loose
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sand at 5@ tests are approximately EMPa and 38MPa, respectively. Therefore,
the survival probabilityPs ~ exp[— (g—‘S)m} , and the calculation shows that very little
sand particle is crushed by penetratiendx 10~4% for dense sand; 3 x 10~°% for
loose sand). The little crushing is presumably due to thdlengarticle size compared
to the previous penetration tesk¢tz and Coop2001;, White and Bolton2004. Al-
ternatively, the analysis underestimates the magnitudeushing for penetration, as
the significant shearing around the probe largely enhameepdssibility of particle
crushing, as noted byesic and Clouglt1968. Therefore, it is believed that the effect
of particle breakage is limited in the centrifuge tests,levpiarticle compression and

abrasion are experienced by the insertion of probes.

7.5.3 Soil patterns

The penetrating probe generates a complex deformationrfedd the penetrometer.
The most comprehensive illustration of soil patterns inlitezature is based on the
deformation measurement byhite (2002. The schematic in Figuré.17followed by
Deeks(2008 presents the streamlines of soil flow and stress profilesgbéise of a pile
during installation based owhite and Bolton(2004 andWhite et al.(2005, though
the pressed-in pile was installed in a plane strain modeé @attern of soil element
deformation was illustrated and the stress reduction athevpile end was interpreted

by cavity contraction when pile passes.

The general trends in this schematic are replicated in thdyswith penetration in a
180° axisymmetric model, as presented in Chapteror the cumulative total dis-
placements in Figurd.12~ 4.13 penetration leads to a cylindrical deformation zone
around the probe shaft and a spherical deformation regieadabf the cone. With
regards to a surrounding soil element, the movement isllyitiending to downwards,
and then becomes outwards as the probe is approachingatdtymmeaching a similar
vertical and horizontal movement (Figude21). Additionally, most of the deforma-
tions are developed befoke= 0, while a tiny outwards and downwards movement
occurs aftelh > 0 (Figure4.22). Although the deformation fields of dense and loose
sand are similar, dense sand has larger influences duefés sthfinement, and loose
sand close to the probe has larger strains owing to the greatgpressibility and the

unrestricted dilation. Soil strain paths (Figut85~ 4.37) provide the development
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Figure 7.17 Schematic of soil stress-strain profiles dupifgyinstallation Deeks 2008

of soil strains during the penetration. The soil elemeneegmces a complex transfor-
mation of strains untih ~ 0, due to large deformation, significant rotation of priratip
stresses and different types of failure mechanisms ocguaround the cone. The
distribution of volumetric strain in Figuré.39reveals that the soil loosening appears
close to the probe rather than densification due to dilatidvch is consistent with the
measurements @hong(1988 andDijkstra et al.(2012).

7.5.4 Penetration in layered soils

The effect of layered soils on in-situ test results was nalressed sufficiently, and
plays a key role for precise interpretation, as mentionedb{2006. The examina-
tion of layered effects in this research provides the daaemetration resistance (Sec-
tion 4.2.4 and soil deformation (Sectiof.5). In general, the effect of layered soils
results from the difference of influence zones in adjaceydr® since the influence
zone is determined by the soil stiffness/strength, redatignsity, mobilised friction
angle, and stress conditioMgng 2006. A more compressible sand has a smaller in-
fluence zone, and the size of the influence zone also decre#@besdepth due to the

increase in stiffness of the soil that results from the iasegl confining stress.

The proposed parametgf indicates the transition of penetration resistance inrkage

soils; Zy, andZg represent the influence zones in both soil layers. For thessieof
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weak soil over strong soil (Figu#e.5a), as the probe approaches the interface, itis con-
ceivable that the problem can be regarded as a pressurea@ppliop of a two-layered
soil, with the top being less stiff than the bottom. For a gis&ress, it would therefore
be expected that the displacement in the upper, less stife would be greater than in
the lower. In addition, the strength of the lower dense sdlillve greater than that of
the loose soil. The zone of yielded soil around the probeéndbse soil is therefore
expected to be larger than in the dense soil. The dense saldwmt be expected
to yield until the probe was very close or within the densé lsger. Displacements
within a yielding soil will be greater than in a non-yieldisgil. This effect of soil
strength can therefore help to explain the trend in disphece data observed in the
tests. Similarly, for the scenario of strong soil over weak @igure A.5b), the com-
paction effect for the underling weak soil is enhanced byribeease of vertical stress.
The increase of vertical displacement in the strong soilaghg cumulated from the
lower soil layer, while the displacement induced by the Iecdl is dominated by the

shearing effect with soil drag-down.

The analytical solution based on cavity expansion is algideen to be an effective ap-
proach to ascertain the layered effects relating to sop@rtoes and layering profiles
(Chaptei6). The comparisons of the resistance ratio in layered setlséen centrifuge
tests and cavity expansion calculations are provided iar€ig. 18 showing the essen-
tially identical trends of the transitions gf. Despite the experimental uncertainties,
the differences are mainly from the effects of ground s@rfatress gradient and pen-
etration direction, which have not been considered in théycaxpansion analysis.
Although the number of centrifuge tests is limited, it isari¢hat the proposed ana-
lytical method has the potential to examine the effects dflagering for penetration

problems.

In terms of the variation of CPT data in layered profile, mangraging techniques
were proposed for pile design. LCPC meth&digtamante and Gianeselli982 sug-
gested the average tip resistance was calculated from CP3unegaent within the re-
gion +1.5B, and corrected by eliminating the random data o860 %. The Schmert-
mann method $chmertmannl1978 proposed another averaging approach (also re-

ferred to as the ‘Dutch’ cone averaging technique) in carend) the zones with B
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above the tip and.GB ~ 4B below the tip. A more comprehensive method suggested
in this research is to apply the transition curvegein layered soils with consideration

of the scale effect caused by the soil layering, as invetiba Sectiory.4.1
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Figure 7.18 Comparisons gf’ between centrifuge tests and cavity expansion calcukation
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Chapter 8

Conclusions and Further Research

Cone penetration testing, as one of the in-situ tools forcitracterisation, provides
data for soil classification and stratification, on the baés#t the subsoil consists of
layered deposits rather than being homogeneous. The loenafilayered soils dur-
ing installation of probes was investigated, and this nesefmcused on both centrifuge
experiments and cavity expansion analysis. This chapésepts the main conclusions
drawn from each part of the research (Sec8al), and provides recommendations for
further possible areas of research on the penetrationgraband possible implica-
tions (SectiorB.2).

8.1 Conclusions

8.1.1 Centrifuge modelling

As one of the objectives of this research, the testing metioggt for CPT modelling

within the geotechnical centrifuge has been improved.

e Two series of cone penetration tests were performed inustratonfigurations
of silica sand in a constructed 18@xisymmetric model. For half-probe tests, a
strain gauge near the cone tip and a load cell at the head pfdbe were installed
to measure the penetration resistance. Additionallytaligmage analysis was
used to investigate the soil response around the advanmig pA full probe was
also manufactured with the same dimension of the half-pesttemore reliable
readings of the cone tip resistance were obtained, aimiuglitdate the results of

penetration resistance and examine the boundary effects.
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e With respect to the half-cylinder axisymmetric model, atemipt was made to
maintain continual contact between the probe and the Pemsmelow using a
steel guiding bar attached to the penetrometer in paraléhe probe, and an
aluminium channel fixed into the middle of the Perspex windBigure3.3). As
the penetrometer was inserted along the Perspex face, ithiagybar slid into the
aluminium channel to maintain contact between the halbgrand the window.
The arrangements also addressed to the connection betiaeanttiator and the
probe, and the half-bridge circuit of strain gauges in ®&c3i.3.1to eliminate

the influence of bending effect.

e The soil model was prepared by multiple-sieving air plueiatof Fraction E
sand. The density of the sand sample was controlled by théngdueight and the
average flow rate, which was proved to provide a high quahtyr@peatable soil
preparation. For each sample of layered soils, centrifegts (5@) of half-probe
and full-probe penetration were performed at a constaredspéapproximately
1mnys, followed by the ‘1g’ test using the full-probe. The tests were designed
for investigation of the effects of relative density, strésvel, layering, and thin-

layering.

8.1.2 Results of centrifuge tests

It was evident that the centrifuge penetration tests, tegeawith the soil deformation
measurement, provided an effective approach for investigaf penetration mecha-
nisms around the probe. The results presented in Chégtisio served as a base for

applications of cavity expansion solutions, back analgsesfurther studies.

e The magnitude of compression and tension recorded by thleclelaof the full-
probe was essentially identical with the results providgdDeeks and White
(2006 under similar test conditions. The results of half-prodst tind full-probe
test were comparable with each other, for both penetratidrpall-out processes.
The resistance of full-probe was slightly larger than tHatalf-probe, which is
likely due to the boundary effects at the centre of the saraptk the slightly
densified sample caused by the insertion of the half-prodespm-down/up of
the centrifuge. The magnitude of penetration resistancgdg tests was found
around 10~ 12 times that from @ tests, which implied that the resistances in-

creased with stress level at a decreasing rate, and washtiauige attributed to
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the restrained dilatancy at high stress level.

e The results from tests with simil&r exhibited essential consistency, illustrating
the repeatability of penetration and the homogeneity ofstraple. Both dense
sand and loose sand had linear increases of total load amdtgpance with depth.
However, the value of total load in the dense sabd £ 90%) was found to be
about 2~ 3 times that for loose sandf = 50%). The dimensional analysis
appeared to indicate th& (Bolton et al, 1993 provided a more appropriate
normalisation for tip resistance in centrifuge model, vilvaried between 98
110 for dense sand. The magnitude of shaft friction showeaktabout 20~
40% of total load for both dense and loose sand. The tip eggistration’ was
proposed to illustrate the transition qf from one soil layer to another. The
influence zone in stronger soil was larger than that in wedlk aod the size
was likely dependent on the relative density of both soietaywhich led to the

variation of thin-layer effect in different scenarios.

e As a probe was advanced into the ground, soil particles weshed away to
accommodate the probe and were simultaneously draggedwdods owing to
shearing at the soil-probe interface. The pattern of cutiveladisplacement
showed reasonable similarity to cylindrical cavity expansaround the shaft,
and spherical expansion around the cone. Comparing to l@osk the size of
influence zone for dense sand was larger, and the heaving e#ar the ground
surface was more evident. The decay of displacement widebffom the pile
implied that the lateral influence zone is abo® Wide for dense sand, and ap-
proximately 35B for loose sand. The spherical cavity expansion method for
penetration problems was also supported by the observatithre instantaneous
soil displacement around the cone tip, and the upper boyrafahe influence
zone in dense sand was close to an inclination line 6ff6@m vertical, whereas

the loose sand had a boundary that inclined at approximdg&€lyrom vertical.

e From the trajectories of soil elements, it was notable thatrhajor proportion
of the displacement occurred before the probe passed,tdaactbntribution was
made duringh > 0. More specifically, the displacement in stdge- 0 went
slightly further away from the probe, which was in contragtvhat observed by
White (2002. Dense sand tended to have more horizontal displacenmemigr-

tical, whereas loose sand experienced lower magnitudespliadements. The
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streamlines and the displacement vectors provided the itndgrand the direc-
tion of displacement in soil with different relative desiand the shape of the
deformed soil element was also illustrated alternativglyhe soil element path.
In brief, the distributions of soil deformation around thenptrometer provided

insights into the mechanisms.

e Soil strains were derived from the results of the incrematisplacements. The
soil below the probe shoulder underwent vertical compogsand horizontal ex-
tension, whereas the soil around the probe shaft expedevextical extension
and horizontal compression. The magnitude of strains isdaand seemed to
be greater, attributed to the higher compressibility ofltuse sample. The con-
tour of shear strain rate was a bulb shaped zone extending o8B below the
probe; a little negative zone existed as the soil was rolleé@mund the probe
shoulder. It was also notable that dilation with significahéar occurred below
the cone and the contraction zone close to the probe shautdarelatively small,
while loose sand showed to be less sheared and dilated thae dend. In addi-
tion, the directions of the principal strain rate providede clues for estimation
of directions and distributions of the principal streserdtrain reversal during
penetration in the axisymmetric model was quantified to eanjse the severe

distortion with rotation and dilation.

e The mechanism of deformation of layered soils around théemas described
and highlighted in Sectiofi.5through the displacement profiles and the transition
of deformation ratioz ,, and¢ ;. The influence of layering on the displacement
profiles was evident. The vertical displacement in loosal sarerlying dense
sand was affected within above the interface, while the influence zone was
4B in an underlying loose sand. The deformation of loose-danteeface was
less than the profiles of both dense and loose sand, and mereddig move-
ment was evident for the dense-loose interfaéclearly indicated the layered
effects on soil deformation, and did not appear to be aftebtethe offset. The
variation of soil displacement with different profiles ofilstensity implied that
the illustration of layered effects on soil deformation vessential to reveal the

layering mechanisms for penetration.
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8.1.3 Cavity expansion analyses of CPT in layered soils

¢ Analytical solutions for cavity expansion in two conceatregions of soil were
developed and investigated basedYenand Houlsby(199]) in Chapter5. The
soils were modelled by a non-associated Mohr-Coulomb yietdroon, and the
solutions were extended to obtain large strain analysib@th spherical and
cylindrical scenarios. The distributions of stress-sti@iound the cavities were
provided, as well as the development of the plastic regidr sSblutions were also
validated against Finite Element simulations, and thecesfef varying geomet-
ric and material parameters were studied with the layeristtsfon the cavity-
pressure curves. Despite of the limitation of constant rateroperties, the
proposed method is potentially useful for various geoteirproblems in lay-
ered soils, such as the interpretation of cone penetraggiroata, tunnelling and

mining, and analysis of shaft construction using groure£ing methods.

e In order to apply the analytical solutions of cavity expansio the penetration
problem, a discussion on the concentric and horizontalriagewvas first ad-
dressed. The comparison showed that the horizontal laysoiésl provided a
smooth and realistic transition curve, whereas the reBuolts the concentric lay-
ered soils seemed to represent the transition in each sithe aiterface. A sim-
ple combination method was required to provide the prestctif the transition
in layered soils, since the influence of the soil stiffness strength was included

in the results from the analytical solutions.

e An approach based on the Fahey-Carter mofiahéy and Carterl993 was
adopted to estimate the soil properties for analyses. Thetgaion of a probe
with diameteB into a sand sample with average patrticle sizesgfvas suggested
to be treated as a problem with an initial spherical caaty= dso/2) expanding
to the size of probe diameter (i@= B/2). By analogy, penetration in layered
soils corresponded to the cavity in concentric layers, wherdistance to the soil
interface was set as the size of Soil By). The combination approach for the
scenario of weak soil over strong soil was suggested bas#tearavity pressure

at 1B around the interface (Figu?7).

e The interpretation of penetration in two-layered soils liexgh thatZs decreased

with relative density of weaker soil and increased withtre¢adensity of stronger
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soil, and vice versa. The correlations of the influence zane® also derived
based on the relative densities, indicating the lineatioelahip with bothDr
andDgrs. Compared with the elastic solution Mreugdenhil et al(1994), the
derived transition of resistance ratio showed more realissults when consid-
ering the effects of soil strength with large strain anay3ihe comparisons with
numerical and experimental results indicated that thetg@xpansion analysis

could provide essentially identical results more effesdtiv

e The penetration in multi-layered soils was also considevaadvestigate the thin-
layer effects for interpretation of CPT data. The analysis e@nducted by the
superposition of two scenarios with ‘two-layer’ profilesftéx the correction of
the superposed resistance ratio, the extrenrigs, andn |, were used to indi-
cate the magnitude of thin-layer effects. The variatiorhwélative density and
thin-layer thickness was also investigated, showing fHat, decreased with in-
creasing relative density of the thin-layer strong soild amcreased to 1 when
the thickness was enlarged. The examinations showed h#tithlayer effects
were enhanced when the differencel was increased and the thickness of
thin-layer was narrowed. The comparisons with field dataranderical results
provided essential consistency, and the proposed methwadwed the prediction

of thin-layer effects when comparing with the elastic resul

8.1.4 Back analyses and the summarised penetration mechamis

e A comparison of the previous correlations on CPT rigidityaa@nd normalised
tip resistancel(o Prestj 1987 Rix and Stokog1991; Fahey and Carted993
Schnaid et aJ.2004) was illustrated to show similar linear relationship in 4og
log space. Back-analysis using correlatiorRafbertson and Campane(5983
showed that § test had a higher rigidity ratio, and stress level had a greatiu-
ence to the value than the relative density. The predictidByaising previously
proposed relationships was provided, and the lower andruppends proposed
by Schnaid et al(2004 generally involved the variation d&y. The estimation
of shaft friction was provided by the UWA-05 design methould #he operative
value of pile friction was back analysed as= 23° for dense sand andl= 10°
for loose sand. Although the variation between the baclyaed relative den-

sity and the measured value was obvious, soil state paramagesuggested to
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evaluate the tip resistance, and also showed good agreentieitlotz and Coop
(200)) and field data.

e Boundary effects for centrifuge tests were discussed arifieeeby the soil defor-
mation at the window, showing that the effect from the confinivall was limited
and the influence of the base was small for dense sand. Tiotsadfiestress level
on soil deformation were also examined to illustrate thgdadeformation zone
for penetration at ‘@’ condition, which was attributed to the enhanced heaving
effect near the surface and the dense sand under a loweriogrétness showed
more dilatancy. After comparing the distribution of disganent with results of
cavity expansion, the larger component of displacemenemntrduge tests was
due to the compaction and shearing, and the cavity expaas@lysis effectively
showed that the distribution of displacement and the sizéebdrmation zone
increase with relative density and decrease with stresd. I&hhe results of de-
formation were also compared withihite (2002 andLiu (2010 to examine the

effect of particle size, and to emphasise the necessity akemymmetric model.

e By analogy, the correlation between the cone tip resistanddlee pile bearing
capacity was discussed, and the scale effects were examhireegyh the ground
surface effect and the layering effect by the developedyaxpansion solutions
in Chapter5. The ground surface was evident to have more influence fageten
sand and larger penetrometer. Additionally, the influera@es around the soil
interfaces were proved to be proportional to the probe dienand decrease with
stress level. On the other hand, the correlation betweepehetration resistance
and the cavity pressure was also revised, and the diffenaseemphasised for

further investigation on soil shearing, anisotropy andiplarcrushing.

e Penetration mechanisms were finally summarised from thecéspf soil stress-
strain history, particle breakage, soil patterns, and fratien in layered soils.
The measurement of soil deformation presented the stréis pad soil patterns
induced by penetration, and provided some insights for ¥aenénation of soil
stress-strain history and probe-soil interaction. Theatfbf particle breakage
was presumably limited in the centrifuge tests for fine aigand, while parti-
cle compression and abrasion were experienced by theiorseftprobes. The
trends in results of displacement in layered soil were erptain terms of the

effect of both soil stiffness and strength. The layeredotéfemphasised in this
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research indicated that the penetration resistance wasgstrdependent on the
soil properties within the influence zones above and below, a&so related to

the in-situ stress gradient along the penetration. Heho&gs suggested that the
correlations from the calibration chamber tests usingarmfsoil and constant

stress field could not be used directly for interpretatio®BfT data. The averag-
ing technique for pile design was suggested based on th&ttcamcurve ofg. in

layered soils with consideration of the scale effects caubrethe soil layering.

8.2 Recommendations for Further Research

Based on the benefits of the developed physical model in thesareh, there are sev-
eral aspects where further research on penetration in smilsl be undertaken. For
penetrometer, the instrumentation of the probe needs tmpeoved to depict the dis-
tribution of normal stress and friction along the shaft,ufio the space within the
miniatured probe is limited. Moreover, different types otihdation are also of in-
terest to examine the comparisons between close-endedpée-ended pile, square

pile, H-section pile.

This study is only concerned with penetration in dry sanderé&fore, to widen the
scope of the investigation, further study of saturatedaturated sand and clay is war-
ranted to provide the effects of water and drainage comditideanwhile, the actu-
ator could be upgraded to robustly control the penetratpmed for static load tests,
and enable more types of installation method (e.g. monotmaiding, jacking, and
pseudo-dynamic installation). Precise measurement@stind pore water pressure
is required with developed and miniature stress sensorpamdpressure transducers.
In addition, the soil deformation measurement would be owed when the rotation
and strains of soil patch can be directly measured, togeitierthe high-speed pho-

tography for analysis of dynamic problems.

With respect to the analytical solutions, a detailed ingesion of concentric and hor-
izontal layering is suggested for penetration, althoughdblutions can be directly
applied to mining problems and shaft constructions. Theertainly scope for fur-
ther work involving the development of cavity expansionhaitore sophisticated soil

models that include the variation of soil properties witlpaxsion. Although there is
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reasonable consistency between the cavity pressure andrikdip resistance, further
research should be done to investigate the correlationhwikiappropriate for more
types of soil. Numerical approaches are also encourageidhtdate the penetration

and cavity expansion problems.

There is always a need to improve the interpretation of CPa G, soil strength,
state parameters, and subsoil profiles. Further invegiigaare also needed for the
implications to pile design, which is one of the main desiggks in geotechnical en-
gineering. Additionally, more research on the sophistiddtamework needs to be
established to properly describe the penetration medmasnizefore the association
between the probe measurements and the soil stress-saf@nwibur is more clearly

understood.
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Appendix A

The details of the displacement contours and profiles agepted in this Appendix,

which provide additional information for the analysis oféaed effects on soil defor-

mation in Sectiort.5. The figures are only for the tests in layered soils, and tlaey c
be directly compared with the results of tests in uniforms#eand loose sand (MP
[1-02 and MP 11-03), as presented in Figu#ed2~ 4.15(Sectior4.3.]).

FiguresA.1 ~ A.4 provide the corresponding displacement contourd\gf “ Ay’ and
‘Total displacement’ after 16@mof penetration for tests in layered soils: MP 11-04,
MP 11-05, MP 11-06, and MP 11-07.

Figure A.5 and FigureA.6 show the profiles of the normalised cumulative displace-

ments {x/R, Ay/R) for soil with different offset K/R= 2 — 6) in layered sand tests.
FigureA.7 and FigureA.8 present the developments of the profiles of the normalised

cumulative displacementAx/R, Ay/R) with different depths of penetration for soil at
X/R=2.
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Figure A.1 Cumulative displacement contours of MP [I-0%€8e sand over dense sand): 4=) (b) Ay;
(c) total displacement
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Figure A.2 Cumulative displacement contours of MP II-05n&kesand over loose sand): {&) (b) Ay;

(c) total displacement

225



Appendix A

Y (mm)

Figure A.3 Cumulative displacement contours of MP II-06ngksand sandwiched by loose layers): (a)

-60

X (mm)
-40 -20

0

20 +

40 |

60

120 +

140 -

160 -

180

200

ols

(a) Ax

Y (mm)

Ax; (b) Ay; (c) total displacement

120

140

160

180

200

X (mm)
-40  -20

0

- Dr=50%

| Dr=95%

- Dr=56%)

(b) Ay

226

X (mm)
-40 -20

0

120 +

140 +

160 |

180

200

(c) Total displacement



Appendix A

X (mm) X (mm) X (mm)
-60 -40 20 O -60 -40 -20 O 60 -40 -20 O
0 T T 0 T T 0
\)}
20 1 20 1 20
~
40 | o 1 40 t N4 40}
60 A 60 | 60
'é\ 80 | 1 'é\ 80 | pr=93% 80 |
g I A g - .I_ ! -
> 100 | 17100 | De=55? 100
120 1 120 120
(&
140 1 140 [ Dr=55% 140
c — 0,
160 | \ 160 [ P88% 160
180 | 1 180 180 |
200 200 200
(a) Ax (b) Ay (c) Total displacement

Figure A.4 Cumulative displacement contours of MP [I-0’08e sand sandwiched by dense layers): (a)
Ax; (b) Ay; (c) total displacement
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Figure A.5 Cumulative displacement profiles with variatminhorizontal distance to the probe after
160mmof penetration: (a) MP 11-04; (b) MP 1I-05
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Figure A.6 Cumulative displacement profiles with variatwinhorizontal distance to the probe after
160mmof penetration: (a) MP 11-06; (b) MP 1I-07
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Figure A.7 Cumulative displacement profiles with variat@frpenetration depth foX/R = 2: (a) MP
[1-04; (b) MP 11-05
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Figure A.8 Cumulative displacement profiles with variat@fmpenetration depth foX/R= 2: (a) MP
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