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Abstract

Abstract

The cone penetration test (CPT), together with its recent variation (CPTU), has become the
most widely used in-situ testing technique for soil profiling and geotechnical characterization.
The knowledge gained over the last decades on the interpretation procedures in sands and clays
is certainly wide, whilst very few contributions can be found as regards the analysis of CPT(u)
data in intermediate soils.

Indeed, it is widely accepted that at the standard rate of penetration (v = 20 mm/s), drained
penetration occurs in sands while undrained penetration occurs in clays. However, a problem
arise when the available interpretation approaches are applied to cone measurements in silts,
sandy silts, silty or clayey sands, since such intermediate geomaterials are often characterized by
permeability values within the range in which partial drainage is very likely to occur. Hence, the
application of the available and well-established interpretation procedures, developed for ‘stan-
dard’ clays and sands, may result in invalid estimates of soil parameters.

This study aims at providing a better understanding on the interpretation of CPTU data in
natural sand and silt mixtures, by taking into account two main aspects, as specified below:

1) Investigating the effect of penetration rate on piezocone measurements, with the aim of
identifying drainage conditions when cone penetration is performed at a standard rate. This
part of the thesis has been carried out with reference to a specific CPTU database recently
collected in a liquefaction-prone area (Emilia-Romagna Region, Italy).

2) Providing a better insight into the interpretation of piezocone tests in the widely studied silty
sediments of the Venetian lagoon (Italy). Research has focused on the calibration and verifi-
cation of some site-specific correlations, with special reference to the estimate of compressi-
bility parameters for the assessment of long-term settlements of the Venetian coastal de-

fences.
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Chapter 1 - Introduction

CHAPTER 1: INTRODUCTION

1.1. Background

The cone penetration tests (CPT/CPTu) are widely used in situ testing devices for site char-
acterization. The basic measurements obtained are the cone penetration resistance (q.), the sleeve
friction (fs) and in the case of CPTu, the pore water pressure (u). During CPT at standard pene-
tration rate of 20 mml/s, it is well accepted that fully drained conditions prevail for sands and
fully undrained conditions prevail for clays. However, CPT interpretation in intermediate soils,
including silty soils and a large variety of mixed soil types, is a rather complicated task since
partially drained conditions may pertain at 20 mm/s. Hence, interpreting properties of interme-
diate soils with methods developed for either drained or undrained penetration, may induce in-
correct estimates of soil parameters.

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

As observed by Randolph and Hope (2004), a simple and effective procedure to analyse the
effect of partial drainage on piezocone measurements and to detect the transition point from
undrained to partially drained and drained responses is to conduct penetration tests at different
penetration rates. The influence of penetration rate and soil drainage conditions (horizontal coef-
ficient of consolidation) on the consolidation conditions can be captured by the non-dimensional
penetration rate (Finnie and Randolph, 1994), V = v-d/c,, where v is the velocity, d is the diame-
ter of the cone and c;, is the coefficient of consolidation. Normalization of penetration rate and
CPTU measurements accounts for data at different depths and enables to derive trend curves of
cone penetration resistance and excess pore water pressure. Drained conditions prevail during
slow penetration, whereas undrained conditions prevail during rapid penetration. Within this
context, experience has been mainly accumulated in centrifuge tests using laboratory reconsti-
tuted samples (kaolin clay and silty clay). However, there have been less contributions based on
results from field tests and full size penetrometers (e.g. Kim et al., 2008; Tonni and Gottardi,
2009; Schnaid et al., 2010; Suzuki et al., 2012).

Over the last decades, the silty soils of the Venetian lagoon (lItaly) have been thoroughly in-
vestigated. The analysis of the large amount of data collected over the last years at the Treporti
test site (Venice), confirmed the great potential of cone penetration test as an in-situ method, es-
pecially for stratigraphic profiling of the predominantly silty sediments of the Venetian lagoon.

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

The aims of this research are to provide a better insight into CPTU-based geotechnical char-

acterization of intermediate soils (silts, sandy silts, silty or clayey sands), taking into account that

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

penetration. This will be attained by the following objectives:

Execution of a set of piezocone tests with various penetration rates in silty sand deposits of
the Emilia-Romagna Region (Italy).

Interpretation of such cone penetration data, together with a number of associated dissipa-
tion test measurements, according to advanced procedures recently proposed in the litera-
ture.

Interpretation of a set of offshore piezocone tests assembled over the last years at the three
Venetian lagoon inlets (Italy), carried out prior to the recent construction of some coastal
structures along the coastline. Classification of Venetian sediments from piezocone meas-
urements has been performed using some well-known classification charts.

Prediction of the long-term response of Venetian coastal defences using a one-dimensional
settlement method in conjunction with a secondary compression coefficient profile deter-
mined by the available offshore piezocone tests and based on a formulation recently cali-
brated on field data from a Test Site located in the Venetian lagoon area.

Modelling of the long-term response of Venetian coastal defences using a finite element ap-
proach in conjunction with an appropriate constitutive formulation, specifically intended for
simulating the creep behaviour of soft soils (Vermeer and Neher, 1999); calibration of the
constitutive parameters using some CPTU-based empirical correlations developed within the
research project carried out at the Treporti Test Site.

Validation of the approach comparing the estimated settlements with vertical displacement
measurements provided by a very accurate monitoring system, based on an advanced tech-

nigue known as Persistent Scatterer Interferometry.
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1.3. Outline of the thesis

e Chapter 1 introduces the background of the research, objectives and outline of the thesis.

e Chapter 2 presents a review regarding the cone penetration test (CPT) interpretation.

e Chapter 3 presents the results of a field testing programme of cone penetration test con-
ducted at different penetration rates in liquefaction-prone silty sand deposits of the Emilia-
Romagna Region (Italy). Such results are interpreted according to advanced procedures. The
drainage (backbone) curves obtained, relating the variation of the normalized penetration re-
sistance or excess pore water pressure with the normalized penetration rate are used to iden-
tify the degree of drainage.

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

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

e Chapter 6 extends the investigation and presents a new database of offshore piezocone tests
carried out near the three lagoon inlets, in relation to the construction of some coastal de-
fences. The stratigraphic condition of the lagoon basin in these different areas is derived, as
well as the relevant geotechnical parameters of the different soil units, with special reference
to compressibility properties. The long-term response of such structures is also performed
using a 1-D settlement method using two site-specific empirical correlations recently cali-
brated on Treporti field data to determine the secondary compression coefficient profile. Fi-
nally, the approach is validated comparing the estimated settlements with those measured by
advanced techniques.

e Chapter 7 presents a review of the Soft Soil Creep (SSC) model formulation and the nu-
merical results of the modelling of the long-term response of Venetian coastal defences us-
ing the finite element code PLAXIS. The SSC model is used for simulating the creep behav-
iour of such soils and the results are compared with settlement measurements provided by
advanced techniques.

e Conclusions.
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CHAPTER 2: CONE PENETRATION TEST

2.1 Introduction

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

e Quick and near continuous profiling

e Repeatable and reliable data

e Economical

e Strong theoretical background for interpretation

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

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

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

with selective sampling.

Cone rig with hydraulic pushing system

 — - :
Cone Penetration Test (CPT)

+ ASTM D-5778 Field
Test Procedures
» Continuous push at :
20 mmv's Electronic Penetrometer
+ Add rods at 1-m ﬂ SREEE
vertical intervals k.= inciination
.‘.—"' T T fs = sleeve friction resistance
e |
i ll - enlargement T T
U T P —3» Uy = porewater pressure
a s =
Rendings taken '*\,\.\\ \J/ q. = measured tip resistance
every 1 orS cm ~ MM q¢ = total cone tip resistance

Figure 2.1: CPT per ASTM D 5778 Procedures (from Mayne, 2007a)
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Important developments have been carried out in the experimental and theoretical knowl-
edge of the process of the CPT penetration and the effect of soil parameters. Since real soils are
very complex materials and difficult to be well-captured in a simple model, semi-empirical cor-
relations tend to dominate in practice even though nearly all are well supported by theory
(Robertson, 2012).

2.2 Test equipment and Procedures

A CPT system consists of the following components: an electrical penetrometer, a hydraulic
pushing system with rods, depth recorder, cable or transmission device and data acquisition sys-
tem. Most systems used nowadays include pore pressure measurements (i.e., CPTu). The meas-
ure of the shear-wave velocity (Robertson et al. 1986b) is also becoming popular (i.e., SCPTu)
and provides a useful insight into correlations between CPT results and soils modulus. Therefore,
it is common to see a profile combining cone penetration resistance (qc), sleeve friction (fs) and
pore pressure (u) and sometimes shear-wave velocity (Vs). Furthermore, if dissipation tests are
performed, the consolidation characteristics can be evaluated.

The penetrometers are usually available in two standard sizes: (1) with a base area of 10 cm?
(diameter = 35.7 mm) and (2) with a base area of 15 cm? (diameter = 44 mm). Whereas the 10-
cm? size is the original standard size, the 15-cm? version has been found by numerous commer-
cial companies to be stronger for routine profiling.

Depending on the types of soils being tested, the porous filter is usually located at the apex
or midface (u; position) or at the shoulder (u, position) just behind the cone tip. It can be also
positioned behind the sleeve (us position).

The uy position is required by international standards for the proper correction of measured
cone tip resistance to total resistance (Campanella and Robertson, 1988). The effect of the ambi-
ent pore pressure acting on the shoulder just behind the cone and on the ends of the friction
sleeve is often referred to as the unequal end-area effect (Campanella et al. 1982). Whilst many
commercial cones have equal end-area friction sleeves, the unequal end-area effect is always
present for the cone resistance and has to be corrected.

This correction can be important in soft-fine grained soils where q. is low compared to the

high pore water pressure u, due to the undrained penetration:

0, =Q, +U,(1-a) (2.1)
where a is the net area ratio determined from laboratory calibration. It typically ranges between
0.70 and 0.85. In sandy soils, where q is large relative to pore water pressure us,, this correction

may be insignificant.
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Despite the increasing popularity of the CPTu, on on-shore testing the accuracy and preci-
sion of pore pressure measurements are not always reliable and repeatable due to loss of satura-
tion of the pore pressure element (Robertson, 2009). Before each cone penetration test, the po-
rous element and sensor must be saturated with silicon oil or glycerin (Campanella et al., 1982)
and sometimes with grease. However, for onshore projects the cone often penetrates some meters
through unsaturated soil before it reaches saturated soil. In this case, the cone pore pressure sen-
sor may be de-saturated because of suction if the unsaturated soil is either clay or dense silty
sand. Although the loss of saturation has been minimized by the use of viscous liquids, it has not
totally removed the problem.

An additional complication is when the cone penetrates through saturated dense silty and or
very stiff overconsolidated clay. In this way, due to the dilative nature of the soil, the u, meas-
ured can become negative causing loss of saturation in the sensor.

Although it may be difficult to evaluate when the cone is fully saturated, in ground condi-
tions where the soil is mainly soft and the water level is close to the surface it is possible to ob-
tain good pore water pressure measurements (Robertson, 2012).

Despite pore pressure measurements for onshore testing may be less reliable than cone resis-
tance, it is suggested to obtain them. Pore pressure measurements allow correction to g; for un-
equal end area effects and provide a qualitative evaluation of drainage conditions during the test
and helps in evaluating soil classification (Robertson, 2012). In addition, dissipation tests allow

evaluating consolidation characteristics.

g5
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Figure 2.2: Unequal end area effects on friction sleeve and cone tip (from Robertson and Cabal, 2010)



Chapter 2 — Cone penetration test

It is well-known that sleeve friction f; measurements are in general less reliable in compari-
son to cone resistance in most soft fine-grained soils. The inaccuracy in f; measurement is mainly
due to the unequal end area effects, surface roughness of the sleeve, tolerance in dimensions be-
tween the cone and sleeve and load cell design and calibration (Lunne and Andersen, 2007).

In the 1980’s subtraction cone designs became popular because of the improved robustness.
In subtraction cones the f is derived by subtracting the tip load from the total tip force plus
sleeve. Nevertheless, in subtraction cone designs any zero load instability of the load cells results
in a loss of accuracy in the calculated sleeve friction in soft soils. Hence, for accurate sleeve fric-
tion measurements in soft soils, it is recommended that cones have independent load cells
(Robertson, 2012). Figure 2.3 shows designs for cone penetrometers using either separated load
cells or subtraction load cells.

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

in general less accurate than cone resistance in soft fine-grained materials (Robertson, 2009).

Sleave load call

Sleave load call Ceone + sheove
load call
Point lcad ceall
overoad

protection device

Cone load call

Caone load call

Mﬂ#& WI”AM/IJIIIMI SIS el

&

g &

: ¥ 5
Scil seal 8 8
S

sz:‘- .bs‘

<

Figure 2.3: Design for CPTs: a) Tip and sleeve friction load cells in compression, b) Tip load cell in compression
and sleeve friction load cell in tension, c) subtraction type load cell design (Lunne et al., 1997; Robertson and Cabal,
2012)
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2.3 CPT interpretation

2.3.1 Soil type

The parameters obtained from piezocone penetration tests (CPTu) are commonly used to ob-
tain soil stratigraphy and identification of soil type. This has been carried out using charts that
associate measured parameters to soil type.

Pioneer charts using cone resistance ¢ and friction ratio R; (=fs /q.-100%) were proposed by
Schmertman (1978) and Douglas and Olsen (1981). However, the original chart proposed by
Robertson et al. (1986a), based on q: and R; (Figure 2.4), became very popular. This non-
normalized chart defines 12 soil behaviour type (SBT) zones and uses the corrected cone resis-
tance qg;, which is nearly equal to q. in coarse-grained soils but in soft fine-grained soils the dif-
ference among them would increase.

The normalized chart proposed by Robertson (1990) uses normalized cone resistance Q; (
=(a, —0,)/o",,) and normalized friction ratio F, (=|f /(q, —o,,)]-100%) and defines 9

zones. The difference between this early charts proposed by Robertson led him to suggest an up-
date on the first chart (e.g. Robertson, 2010a), as is shown in Figure 2.5. As can be seen, both are
dimensionless and define 9 SBT zones.

These CPT-based classification charts are termed as Soil Behaviour Type (SBT) charts,
since the cone responds to the in situ mechanical behaviour of the soil and not to classification
based on grain size distribution and soil plasticity carried out on disturbed samples (e.g. Unified
Soil Classification System, USCS). Although CPT-based SBT often agrees well with USCS-
based classification, differences arise when classifying mixed soils (e.g. Robertson 2009).

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

01‘:— . L

1 2 3 4 5
Friction ratio (%)

8 *Overconsolidated or cemented

(=]
~

Figure 2.4: SBT by Robertson et al. (1986a)
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SBT plot SBTn plot

Cone resistance, qo/pa
Normalized Cone Resistance, Qtn

1
Normalized Friction Ratio, Fr (%)

1
Friction Ratio, Rf (%)

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

Sands. clean sands to silty sands

Dense sand to gravelly sand
Stiff sand to clayey sand*
Stiff fine-grained*
* Overconsolidated or cemented

Figure 2.5: Updated SBT charts based a) non-normalized and b) normalized CPT (Robertson 2010a; Robertson,
2012)

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

The normalized cone parameters Qu, Fr (%) and By proposed by Robertson (1990) to esti-

mate soil behaviour type are expressed as follows:

Qtl = (qt — Oy )/ OJVO (22)
F, =|f (g, — .| 100% (2.3)
Bq = (uz _UO)/(qt _O'vo): Au /(Qt _O'vo) (2.4)

where 6,9 is the in situ total vertical stress, 6’y IS the in situ effective vertical stress, up is the in
situ hydrostatic water pressure and Au (= Uy- Up) IS the excess pore pressure.

As mentioned in Robertson (2009), the term Qu is used, instead of Q;, to make reference to a
stress exponent for stress normalization equal to 1. Further details on stress normalization will be
provided in the following paragraphs.

The normalization recommended above was based on theoretical work by Wroth (1984).
Robertson (1990) proposed two SBT charts based on either Qu- Fr (%) or Qu- By (Figure 2.6),
but suggested that the Q- F (%) chart is in general more reliable.

10
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There have been other CPT-based classification charts proposed by other authors such as Ol-
sen and Mitchell (1995), Eslami and Fellinius (1997) and Zhang and Tumay (1999). A descrip-
tion of these charts will not be reported here.

The boundaries between zones in the Qu- Fr (%) chart are defined by the Soil Behaviour
Type index I, where I is the radius of the essentially concentric circles. Robertson and Wride
(1998) modified the definition of the soil behaviour type index, originally identified by Jefferies
and Davies (1993), to apply to the Robertson (1990) chart. In this way, I, was defined as follows:

1, =(3.47-10gQ, )? +(log F, +1.22)? P* (2.5)
The contours of I on the Robertson (1990) Q- F, chart are shown in Figure 2.7.

As Jefferies and Davies (1993) suggested, the SBT index I could also be used to define em-
pirical correlations that vary with soil type. Hence, the SBT index I. is widely recognized as a

powerful concept.

1000 = | T .
]
100}
Q, :
Increasing
OCR
10
= 3
5 Increasing
sensivity o
N
1 | | U | |
-0.4 0 0.4 0.8 1.2
Ba
Figure 2.6 : Normalized CPT Soil Behaviour Type (SBTn) chart Qu-B, (SBT zones based on Figure 2.5) (Robert-
son, 1990)
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Figure 2.7: Contours of soil behaviour type index I, on SBTn Q,,- F, chart (SBT zones based on Figure 2.5) (Robert-
son, 2009)

Jefferies and Davies (1991) suggested a modified SBTn chart that included piezometric in-
formation directly using Q(1-By). Jefferies and Been (2006) noted that it was better to use Q(1-
Bg)+1, which proved to be useful when dealing with soft sensitive soils where By > 1. However,
the application of the updated chart (Figure 2.8) can be problematic in very soft soils due to loss
of accuracy in q;. Furthermore, loss of saturation would also complicate the use of this chart. The

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

I, = /(347 - log(QL- B, )+ 1)} +(L.22+ log(F))’ (2.6)
Robertson and Wride (1998) and the update by Zhang et al. (2002), proposed a normalized

cone parameter using a variable stress exponent n that varies with SBTn:

Qu =0 ~00)/ P kpPa /)" (2.7)
where (g, —o,, )/ p, is the dimensionless net cone resistance, (p,/c’,,)" is the stress normaliza-
tion factor and p, is the atmospheric pressure. Zhang et al. (2002) suggested that the stress expo-
nent could be calculated using the soil behaviour type index I¢, and that index should be obtained

using Q.

Although there have been several publications (Zhang et al., 2002; Idriss and Boulanger,
2004; Cetin and Isik, 2007) regarding the appropriate stress normalization, only that proposed by
Robertson (2009) is briefly described herein. A detailed description can be found in Robertson
(2009). He suggested the following approach that allows for variable stress exponent with I and

effective overburden stress:
n=0.381-1,+0.05(c", / p,)—0.15 (2.8)
wheren < 1.
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Figure 2.8: Soil type classification Q(1-Bg)+1 - F, chart (Jefferies and Been, 2006)

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

For most fine-grained soils, the stress exponent will be equal to 1. On the other hand, when
in situ vertical stresses are not high, the stress exponent will range from 0.5 to 0.9 for most

coarse-grained soils, whereas at high in situ vertical effective stress (> 1 MPa), n tends toward 1

for most soils.
The Schneider et al. (2008) chart. Assessment of data in Q-Au/6’, Space

Schneider et al. (2008) proposed a classification chart (Figure 2.9) in terms of Q-Au/c’\o and
stated that assessment of data in Q-Au/c’y, space was superior to Q-By space. Their study fo-
cused on separating the influence of overconsolidation ratio (OCR) from that of partial consoli-
dation on normalized piezocone parameters, which both tend to increase the normalized cone re-
sistance Q and decrease the pore pressure parameter By, leading to the potential overlap of soil
types in Q-By classification charts and uncertainty in assessing whether penetration is drained,
undrained or partially drained (Schneider et al., 2008).

For offshore projects in general, and onshore projects with soft fine-grained soils and ground
water level close to the surface, the proposed chart can be very useful. Nevertheless, for onshore
projects where the CPTu pore pressure could not be reliable due to loss of saturation of the cone

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

2.3.2 Drained CPT penetration

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

2.3.2.1 Stiffness

The use of the seismic CPT (SCPT) allows direct measurement of shear-wave velocity V..
The shear wave velocity is measured during pauses in the CPT using a downhole technique,
leading to a continuous profile of V.

Although direct measurement of V; is preferable to estimates, where they can not be ob-
tained, relationships with cone penetration resistance and soil behaviour type index I, can be use-
ful. Based on SCPT profiles, Figure 2.10 shows a set of contours of normalized shear-wave ve-
locity Vs developed by Robertson (2009) on the Qu-F; chart, for Holocene and Pleistocene age

and mostly uncemented soils. The Vj; is expressed as:

Va =Ve(pa /') * (mis) (2.9)
The contours of Vg, in Figure 2.10 are related to Qy, (Robertson, 2009):

Vy = (2,Qn)° (2.10)

Or VS = [aVS (qt - GV)/ pa]Ols (211)

where ays is the shear-wave velocity cone factor that can be estimated using:

a,, =100 (;y/5)? (2.12)
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Figure 2.10: Contours of normalized shear-wave velocity, Vs; on normalized SBTn Q,-F, chart (Robertson, 2009)

The Vs is a direct measure of the small strain shear modulus G and is determined using the

equation:

G, = pV. (2.13)
where p is the mass density of the soil.
Using the Vs; contours and n = 0.5 (for most coarse-grained soils), Robertson (2009) defined

a small strain shear modulus, Gy, for young, uncemented soils:

G, = (,0/ pa)'hO(OISSICHBS)J'(qt _Gvo) (2.14)
Where p, is the atmospheric pressure and p/p, is expressed in (s/m)>.

Being Gy the maximum shear modulus for small strains, it should be soften to an appropriate
strain level for design purposes. As Robertson (2009) stated, for some applications engineers re-
quire the estimate of the Young’s modulus E’. The Young’s modulus is related to the shear

modulus G by the following relationship:

E'=2(1+0)G (2.15)
where the Poisson’s ratio (v) ranges from 0.1 to 0.3 for most soils in drained conditions. There-
fore, E’~ 2.5G for most coarse-grained soils.

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

can be used:

G/G,=1-f(q/q,,)’ (2.16)
where f and g are constants that depend on soil type and stress history, q is the applied load, qui

is the ultimate or failure load and g/qui is the degree of loading. Fahey and Carter (1993) and
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Mayne (2005) recommended that f = 1 and g = 0.3 are appropriate values for uncemented soils
that are not highly structurated. For low to moderate degrees of loading (0.2-0.3), the ratio G/ Gy
ranges from 0.30 to 0.38. In this way, the Young’s modulus for application in simplified elastic
solutions is approximately £~ 0.8Go.

For low risk projects, Robertson (2009) suggested to estimate E’ for uncemented, predomi-
nately silica-based soils of either Holocene or Pleistocene age (when I < 2.6) using the follow-

ing equation:
E'=08(p/ p,)- 100299 |.(q, — &) (2.17)

2.3.2.2 In situ state

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

Research has shown that the state parameter y (Been and Jefferies, 1985), based on critical
state conditions, is a relevant parameter suitable to describe the in situ state of sands. According
to Been and Jefferies, the state parameter y is defined as the difference between the current void
ratio (e) and the critical state void ratio (e;) at the same effective stress. As y links the effects of
void ratio and effective stress in a unique way, it seems to be an appropriate index for describing
soil behaviour compared to the relative density.

Been et al. (1986; 1987) first investigated the possibility of evaluating y using CPT/CPTu.
They considered a number of calibration chamber test results primarily on clean sands, so as to
develop a simple method for assessing the soil state.

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

Based on a large amount of data, including field and chamber test as well as analyti-
cal/numerical results, Robertson (2009) estimated contours of state parameter on the SBTn Q-
Fr chart for uncemented Holocene age soils.

Based on a large database of liquefaction case histories, Robertson and Wride (1998) sug-
gested a correction factor K, to correct the normalized cone resistance Q, to an equivalent clean

sand value (Qn cs)-
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Figure 2.11: a) Contours of clean sand equivalent normalized cone resistance, Qtn,cs, based on Robertson and Wride
(1998) liquefaction method (Robertson, 2009) and b) Contours of estimated state parameter y for uncemented Holo-
cene age-soils (Robertson, 2009)

The correction factor, which is a function of grain characteristics (combined influence of
fines content, mineralogy and plasticity), is applied when I > 1.64. Robertson (2010b) observed
a strong similarity between the contours of the clean equivalent cone resistance Qs (Figure
2.11a) and the contours of  (Figure 2.11b). Accordingly, the following simplified and approxi-
mate relationship to estimate the state parameter for a wide range of sandy soils was proposed:
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w =056-0.3310g Q, . (2.18)

2.3.2.3 Shear strength

Robertson and Campanellla (1983) suggested a correlation to estimate the peak friction angle
(¢’) for uncemented, unaged, moderately compressible, predominately quartz sands based on

calibration chamber test results.

tang'= ﬁ{log(&j+o.29} (2.19)

Kulhawy and Mayne (1990) suggested an alternate relationship for clean, rounded, unce-
mented quartz sands, and assessed the relationship using field data:

¢'=17.6+11log(q,,) (2.20)

Where qtl = (qt / patm)/(o-lvo / patm )0.5'
Jefferies and Been (2006) showed a strong link between y and ¢’ for a wide range of sands.
Accordingly, it is possible to link Qi cs With ¢’using:

#=¢,—48y (2.21)
where ¢’ is the constant volume or critical state friction angle depending on mineralogy (Bol-
ton, 1986), usually about 33 degrees for quartz sands but can be as high as 40 degrees for feld-
espathic sand. Hence, substituting Equation (2.18) into (2.21), the relationship between Qi s and

¢’ becomes:

#=¢',+15.84|logQ, . |- 26.88 (2.22)

The advantage of using Equation (2.22) is that it includes the importance of grain character-

istics and mineralogy, that are reflected in ¢’¢, and soil type (Robertson, 2010b).

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

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

Cyclic liquefaction can take place in almost all saturated coarse-grained soils provided the

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

Prof. Seed and his co-workers developed an exhaustive SPT-based approach to estimate the
potential for cyclic liquefaction for level ground conditions due to earthquake loading. The ap-
proach requires an estimation of the cyclic stress ratio (CSR) profile induced by a design earth-
quake and the cyclic resistance ratio (CRR) of the ground. If CSR > CRR, cyclic liquefaction can
occur.

Seed and Idriss (1971) developed a simplified method to estimate CSR based on the maxi-
mum ground surface acceleration (amax) at the site. The expression for CSR is given by:

CSR=Z?'=06%éﬂﬁﬁf?°]m (2.23)

O v g Now
where 7, is the average cyclic shear stress, g is the acceleration due to gravity, o0 and oo are
the total and effective vertical overburden stress, respectively and rq is a stress-reduction factor
which is dependent of depth. The stress reduction coefficient ry was originally introduced by
Seed and Idriss (1971). More recently, Idriss and Boulanger (2004) proposed the following rela-

tion:

~1.012-1.126sin| —~— +5.133
11.73
(2.24)

+|0.106+0.118sin| —2— +5.142 | |M
I 11.28 |

where z is depth in metres and M is moment magnitude. As the uncertainty in rq increases with
increasing depth, Equation (2.24) should only be applied for depths less than about 20 m.

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

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

tion for sand:

3
CRRngsgﬁﬂli +0.08 if 50 < (gein)es < 160 (2.25)
1000
CR&5=0&%(%WLS+ODS if  (Qen)es < 50 (2.26)
- 1000
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where (gecin)cs 1S the normalized cone penetration resistance (gcin) corrected to an equivalent
clean sand value. The normalized cone resistance (qcin) iS obtained by a simple iterative stress
normalization procedure that depends on the soil behaviour type index (see Robertson and
Wride, 1998 for details). More recently, Robertson (2009) updated the stress normalization to al-
low for a variation of the stress exponent with SBTn index I and effective overburden stress (see
Section 2.3.1).

Figure 2.12 shows the recommended correlation (updated by Roberston, 2009). The field ob-
servation data used to compile the curve plotted in the figure were based on the following:
o Holocene age, clean sand deposits;
o Level or gently sloping ground,;
o Magnitude M = 7.5 earthquakes;
o Representative average CPT values for the layer examined;

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

0.60

Robertson & Wride (1998)
0.50

O

0.40

e Liq
©No Lig

CSR7 s

0.30

0.20

0.10

0.00
0.0 50 100 150 200

Qtn, cs

Figure 2.12: CRR;5sfrom CPT normalized clean sand equivalent cone resistance (updated by Robertson, 2009) (fig-
ure from Robertson and Cabal, 2012)
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As Robertson and Wride (1998) remarked, attention should be paid when extrapolating CPT
correlation to conditions outside the above. However, the correlation can be conservative when
applied to all measured CPT values in variable deposits, where a small amount of data could
show possible liquefaction.

Based on the approach suggested by Robertson and Fear (1995), Robertson and Wride
(1998) proposed estimating an equivalent clean sand using a correction factor K¢ in the following

way:

(Gen Jos = Kelaaw (2.27)
where the correction factor K. is a function of the soil behaviour type index I.. The methodology
proposed by Robertson and Wride (1998) to estimate CRR7s from CPT is summarized in Figure
2.13.

As Robertson and Wride (1998) suggested in their work, when I, > 2.6, samples should be
obtained and evaluated using other criteria (e.g. Marcuson et al., 1990).

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

CRR
FS = ?Fzs MSF (2.28)

where MSF is the Magnitude Scaling Factor to convert the CRR75 for M = 7.5 to the equivalent
CRR for the design earthquake. Idriss (1999) recommended the following expression for MSF:

MSF =6.9exp(¥}—0.058 (2.29)

MSF <18 (2.30)
At any depth, if CSR is greater than the estimated CRR (adjusted to the same magnitude),
cyclic softening (liquefaction) is possible (Robertson and Wride, 1998).
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2.3.3 Undrained CPT penetration

It is generally accepted that at the standard penetration rate, undrained penetration occurs in

fine-grained soils and most of the geotechnical parameters are based on undrained behaviour.

2.3.3.1 In situ state and undrained shear strength

The in situ state for fine-grained soils is usually defined in terms of OCR. The OCR is de-
fined:

(o2
OCR=—% (2.31)

O o
where ¢, is the maximum past effective consolidation stress and o', the present effective over-
burden stress. This definition is appropriate for mechanically overconsolidated soils where the
removal of overburden stress has been the only change the soils have experienced. Nevertheless,
for cemented or aged soils the OCR is the ratio of the yield stress ¢’y and ¢ 0.
Kulhawy and Mayne (1990) suggested the well-known method to estimate OCR and vyield

stress in fine-grained soils:

OCR=k(q, —o,)/ o",, =kQ, (2.32)
or
o' =k(g, —o,) (2.33)

where k is the preconsolidation cone factor.

Kulhawy and Mayne (1990) showed that an average value of k = 0.33 can be assumed, with
a range varying from 0.2 to 0.5. Higher values of k are recommended in aged, heavily overcon-
solidated clays. The Kulhawy and Mayne approach is valid for Q; < 20.

Ladd and Foott (1974) empirically developed the following relationship, relating the peak
undrained shear strength, s, with OCR:

$,/0"6=(8,/7"0)ocy(OCR)" = S(OCR)" (2.34)

The peak undrained shear strength s, is estimated using:

Su = (qt — Oy )/ th (235)
ors, /o'y = (mj(ll N )=Q, /N, (2.36)
O-VO

where Ny is the cone factor that varies from 10 to 20, with an average of 14. For normally con-

solidated fine-grained soil, the undrained shear strength ratio (s,/o",,)

bery Fanges from 0.2 to

0.3 (Jamiolkowski et al., 1985), with an average value of 0.22 in direct simple shear.
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According to this, using Ny linked to soil sensitivity via F, and assuming S = 0.25, ¢’ ~ 26°
and m = 0.8 for most sedimentary clays, silts and organic fine-grained soils, Robertson (2012)

suggested:

OCR=(2.625+1.75log F, ) "**(Q, }-* (2.37)
Based on the assumption that the sleeve friction measures the remolded shear strength of the

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

as:
Suny ! 0o = 100 =(F.Q,)/100 (2.38)

By combining Equations (2.36) and (2.38), assuming Ny = 14, soil sensitivity can be esti-
mated:

Si =8, /8y =7.1F, (2.39)

In this way, Robertson (2009) represented the remolded shear strength ratio contours on the
normalized SBTn chart (Figure 2.14). As sensitivity increases, the contours move toward region

1, identified as “ sensitive fine-grained soils”. However, as Robertson (2009) remarks, the con-

tours of (su(r) /a'vo) should be interpreted as guide, as any lack of accuracy in f; measurements

will influence the result.
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Figure 2.14: Contours of remolded undrained shear strength ratio (Su(,) /G'VO) and trends in the OCR and soil sen-
sitivity on SBTn chart (Robertson, 2009)
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As recommended by Robertson, for moderate to high risk projects, site-specific correlations

should be developed based on consistent values of the undrained shear resistance and the OCR.

2.3.3.2 Constrained modulus

The one-dimensional constrained tangent modulus, M, (Lunne et al. 1997), is used to esti-

mate settlements at the end of primary consolidation:

1 _(I+ey)-In10-0',
m C

v

M = (2.40)

clr

where m, is the equivalent oedometer coefficient of compressibility, eo is the initial void ratio
and Cg, is the compression index, either C. or C,, depending on o'yo.

Existing correlations between M and cone resistance typically have the form:

M =2, (a, —0y) (2.41)
where ay is the constrained modulus cone factor.

Mayne (2007a) showed that ay varied with soil type and net cone resistance with values
from 1 to 10, with low values applying to soft clays. Robertson (2009) suggested that oy varies
with Qy, and proposed the following simplified correlation:

When I, > 2.2 (fine-grained soil) use:

ay =Q, WwhenQp<14 (2.42)
ay =14 when Qy, > 14 (2.43)

When | < 2.2 (coarse-grained soil) use:

oy, = 0.03|;L0(0.55Ic+1.68)J (2.44)
Robertson (2009) remarked that estimates of M can be improved with further information
such as plasticity index and natural water content, where ay can be lower in soils with high water

content and in organic soils.

2.3.3.3 Coefficient of consolidation from monotonic dissipation tests

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

How rapidly the pore pressures dissipate depends on the permeability (k) as well as the hori-
zontal coefficient of consolidation (cy). In silty sands excess pore pressures may dissipate in a

few minutes whereas fat plastic clays may dissipate in 2 o 3 days.

25



Chapter 2 — Cone penetration test

Strain Path Solution for Type 2 CPTu Dissipation
(after Teh and Houlsby, 1991)
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Figure 2.15: Modified time factors for u, monotonic porewater dissipations (Mayne, 2002)

During cone penetration the primary direction of pore water flow is horizontal, resulting in
the rate of dissipation being more controlled by the horizontal coefficient of consolidation, cp,
than by the vertical coefficient of consolidation, c,.

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

be used to determine cy:

T,

Ch
t50

(2.45)

where T is the modified time factor, r is the probe radius, I, (= G/s) is the rigidity index and t is
the measured time usually taken at 50% equalization. For the particular case of 50% of consoli-

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

Drained or undrained conditions are required depending on desired measurements of interest
for design (i.e., drained or undrained soil properties). Interpreting geotechnical parameters of ‘in-
termediate’soils such as clayey sands and silts, silts and silty clays with the cone penetration test
is a difficult task since partially drained conditions are likely to exist at the standard penetration
rate of 2 cm/s.

However, the fact that the penetration velocity affects the cone resistance g for such ‘inter-
mediate’ soils was not considered when standards were prepared for the CPT (Kim et al., 2008).
Hence, correlations developed for sands (drained conditions at v = 2 cm/s) or for clays
(undrained conditions at v = 2 cm/s) will not be suitable for soils in which partially drained con-
ditions prevail at standard penetration rate. The uncertainty concerning the degree of drainage
complicates the interpretation of geotechnical parameters.

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

The influence of penetration velocity v and soil drainage properties (horizontal coefficient of
consolidation) on the consolidation conditions can be captured by a normalized velocity V de-
fined by Finnie and Randolph (1994):

v-d
ey

Vv (2.46)

where v is the penetration velocity, d is the penetrometer diameter and c;, is the coefficient of
consolidation. Finnie and Randolph (1994) suggested transition points of V < 0.01 for drained re-
sponse and V > 30 for fully undrained response.

The majority of research to date has been mainly carried out in laboratory using centrifuge
tests and reconstituted specimens clays (e.g., House et al., 2001; Randolph and Hope, 2004;
Chung et al., 2006; Lehane et al., 2009). Schneider et al. (2007) tested normally consolidated
and overconsolidated specimens of clay and silty clay. Jaeger et al. (2010) presented the results
of variable penetration rate CPT in an intermediate soil (75% sand, 25% kaolin) performed in
centrifuge. Oliveira et al. (2011) performed centrifuge tests with variable penetration rates in

silty tailings.
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Figure 2.16 shows the results of Jaeger et al. (2010). They observed that Q monotonically
decreased as normalized velocity, V, increased from 0.01 to 160. However, no viscous effects
were observed in their sand-kaolin experimental data. The figure also includes the results pro-
vided by Schneider et al. (2007).

The variation of Q with V clearly differs for the four soil types investigated. Whereas there is
a clear difference in the variation of Q with V for the normally consolidated kaolin (NC kaolin)
and the lightly overconsolidated silica flour-bentonite (LOC SFB), the overconsolidated kaolin
(OCR kaolin) and the overconsolidated silica flour-bentonite (HOC SFB) exhibit similar trends.
The normalized velocity at which Q is minimum is approximately 100 for the kaolin and the
SFB soils tested.

By contrast, very few contributions are based on results from field scale tests and full size
penetrometer. Kim et al. (2008) performed CPT at various penetration rates ranging from 20 to
0.01 mml/s in saturated clayey silt and silty clay soils. Tonni and Gottardi (2019) showed the re-
sults of two piezocone tests carried out at non-standard penetration rates (15 mm/s and 40 mm/s)
performed in Venetian silty soils (Figure 2.17). Schnaid et al. (2010) presented piezocone results
in gold and bauxite tailings carried out at penetration rates corresponding to 1 mm/s, 2 mm/s and
20 mm/s. Suzuki et al. (2012) presented the results of piezocone test performed in silty soils at
rates that varied by five order of magnitude from 0.002 mm/s to 20 mm/s. Poulsen et al. (2013)
carried out CPTs at 0.5, 1, 5, 20 and 60 mm/s in silty soils.
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Figure 2.16: Effect of normalized penetration velocity on normalized penetration resistance in five materials: inter-
mediate soils (75% sand, 25% kaolin mixture) data from Jaeger et al. (2010) and lightly and heavily overconsoli-
dated silica flour-bentonite (SFB), and normally consolidated and overconsolidated kaolin data from Schneider et al.
(2007). (Jaeger et al., 2010)
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Figure 2.17: Comparison between a) cone resistance and b) pore water pressure of adjacent in situ CPTU tests per-
formed at different penetration rates (Tonni and Gottardi, 2009)

Figure 2.18 shows the results from Kim et al. (2008) obtained conducting CPTUs with dif-

ferent penetration rates in two layers. The figure evidences how the cone resistance depends on

the penetration rate. For the silty clay layer, the transition from undrained to partially drained oc-

curs at a penetration rate of 0.2 mm/s, whilst it occurs at 1 mm/s for the clayey silt. This high-

lights the fact that the change in drainage condition is dependent on soil type (Poulsen et al.,

2011).
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Figure 2.18: Effect of penetration rate on average cone penetration resistance g; (Kim et al., 2008)
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Backbone curve equation

Randolph and Hope (2004), among others, based on studies performed in centrifuge using
kaolin, presented backbone curves relating the variation of the normalized penetration resistance
or excess pore pressure with the normalized penetration rate. Figure 2.19 shows the backbone
curve reported by Randolph and Hope (2004), where the net cone resistance Qcnet IS Normalized
by a reference value (undrained value Qcnetref). The normalized net cone resistance shows a grad-

ual transition for V < 30. The backbone curves are of the form:

q b P o
= 1 h(V IV, )=sinh (v /v 2.47
e (a+1+cvd){ " In10 [sinh (v /v, )= sinh v, 0)]} (2.47)

where qref IS the minimum undrained tip resistance measured as proposed by House et al. (2001),
Vier 1S the undrained normalized velocity, V, is the normalized velocity at which viscous effects
start to decay, u is the rate parameter and a, b, c and d are parameters.

As Randolph (2004) remarked, the resulting curve fits may be used either to evaluate
whether a given penetration test is partially drained or not, or to obtain a value for the consolida-
tion coefficient of a particular soil by matching the transition point to an appropriate backbone
curve.

House et al. (2001) suggested that the transition point for partially drained conditions may be
evaluated varying the penetration velocity over a depth range. This procedure is referred as
twitch test. At a given depth the penetration rate was successively halved, from an initial value
down to a low value, and the penetrometer advanced by 1 or 2 diameters of the probe in each
step. Following this approach, Randolph (2004) conducted a twitch cone test in a soft clay in
Western Australia (Figure 2.20). The penetration rate was halved after each ~2 cone diameters,

from an initial rate of 20 mm/s down to 0.02 mm/s before going back to the standard rate.
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Figure 2.19: Effect of normalized penetration rate on cone resistance (Randolph and Hope, 2004)
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Figure 2.20: Standard and twitch tests in soft clay (Randolph, 2004)

As can be seen in Figure 2.20, initially, as the penetration rate reduces, the cone resistance
decreases due to reduced viscous effects. Below 6.9 m the cone resistance starts to increase again
towards the profile for the standard test.

Figure 2.21 shows the results of cone twitch test fitted using Equation (2.47), with the pa-
rameters a, b, ¢ and d based on those proposed by Randolph and Hope (2004). The horizontal
position of the data (V) were adjusted by varying the coefficient of consolidation (c,) in order to

give the best fit to the backbone curve (see Randolph, 2004 for details).
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Figure 2.21: Fitting results of cone twitch test (Randolph, 2004)
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Oliveira et al. (2011) presented in their work a set of centrifuge tests with variable penetra-
tion rates performed with a soil classified as silty tailings and an analytical approach to the back-

bone curve equation:

9 _;, b=l (2.48)

qc,und %
1+( v-d )
n-c,

where g is the cone penetration resistance, qcung IS the minimum undrained tip resistance and b,

c and n are parameters. No increase in resistance due to viscous effects is considered. Figure 2.22
shows the best fit of data based on Equation (2.48).

DeJong and Randolph (2012) analyzed the effect of partial consolidation on normalized cone
resistance and normalized excess pore pressure as a function of V in numerical and experimental
data for contractive soils. The fitted curves through the data in Figure 2.23a and 2.23b are of the

form, respectively:

A
IS (2.49)

AU, 1+(V /Vy,)

& ~1+ erained /Qref -1 (250)

Qres 1+(V IV, )

where AUy IS the initial excess pore pressure for undrained penetration, Qe is the Q value dur-
ing undrained penetration, Qgrained IS the Q value under fully drained conditions, Vs is the nor-
malized velocity corresponding to the penetration velocity at which 50% of the excess pore pres-
sure for undrained penetration is mobilized and c is the maximum rate of change of the function
with V. The dashed lines in Figure 2.23 are approximate bounds of other published data (Kim et
al., 2008; Jaeger et al., 2010; Schnaid et al., 2010).
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Figure 2.22: Normalized velocity V versus normalized cone tip resistance and backbone curve (Oliveira et al., 2011)
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CHAPTER 3: VARIABLE RATE CPTU IN SILTY SAND
DEPOSITS

3.1 Introduction

Over the last decades cone penetration testing, with or without pore pressure measurements
(CPTUI/CPT), has become the most widely used in-situ testing technique for stratigraphic profil-
ing and site characterization. The amount of knowledge so far gained on the interpretation of
CPT/CPTU in sands and clays, in terms of fundamental mechanics of cone penetration, soil clas-
sification charts and both theoretical and empirical correlations for the estimate of soil parame-
ters, is undoubtedly wide.

However, a problem may arise when the existing interpretation approaches, developed for
“standard” clays and sands, are evaluated for analysing cone penetration measurements in silts or
other complex soil mixtures, such as sandy silts, silty or clayey sands. Indeed, these intermediate
geomaterials are often characterized by permeability values within the range in which partial
drainage is very likely to occur at the standard penetration rate of 20 mm/s, hence the application
of the available and widely-known interpretation procedures, based on a stiff distinction between
drained and undrained conditions, may result in invalid estimates of soil parameters.

In recent years, the issue of partial consolidation during cone penetration has been discussed
in a number of contributions (e.g. Schnaid et al., 2004; Randolph, 2004; Schneider et al., 2007),
all showing the importance of a preliminary assessment of drainage conditions in order to prop-

erly interpret the in situ soil response.
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Figure 3.1: Satellite view of the villages of Mirabello and San Carlo and location of the test sites
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Following the pioneering work of Randolph and Hope (2004), piezocone tests (CPTU) car-
ried out at different penetration rates are now widely recognized as a simple and effective way to
analyse the effect of partial drainage on penetrometer measurements and to detect the transition
point from undrained to partially drained and drained responses.

In the context of non-standard penetration rate tests, the available experimental studies have
mainly dealt with centrifuge physical models and laboratory reconstituted specimens of normally
consolidated kaolin clay or silty clay (e.g. Randolph and Hope, 2004; Schneider et al., 2007; Le-
hane et al., 2009; Oliveira et al., 2011). Contrariwise, very few contributions (Kim et al., 2008;
Tonni and Gottardi, 2010; Schnaid et al., 2010; Suzuki et al., 2012) are based on results from
field scale tests and full size penetrometer. As Poulsen et al. (2011) remarked, the interpretation
of field tests is, however, more difficult because of inhomogeneous soil stratigraphy.

This Chapter presents the results of a set of variable rate piezocone tests recently carried out
at Mirabello and San Carlo (Figure 3.1), two small villages located in the eastern part of the
River Po alluvial plain, close to the historical city of Ferrara (Northern Italy). In this area, exten-
sive liguefaction-induced ground effects, including surface fractures, sand craters and abundant
ejection of sands from both fractures and water wells, were observed after the mainshock (M =
6.1) of the seismic sequence that struck a wide portion of the Emilia Region since mid-May
2012.

In this study attention has been strictly focused on the analysis of piezocone measurements
collected within the sandy silts and silty sands forming the upper 10 m of the two sites subsoil
and the different soil response in relation to the different penetration rates is discussed. Special
emphasis is given to the interpretation of dissipation tests and the recent approach developed by
DeJong and Randolph (2012) is applied to experimental data in order to determine the horizontal

coefficient of consolidation c,.

Figure 3.2: a) Ground fractures and associated sand ejection observed at Mirabello industrial area after the 20" May
earthquake; b) damages in the centre of the village (Courtesy of Prof. G. Vannucchi, University of Florence, Italy)
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3.2 Site details

The subsurface geology of the Emilia earthquake epicentral area is characterized by the
presence of compressional structures of the Apennines that are covered by marine and continen-
tal clastic deposits of the Po Plain. The surficial Holocenic deposits, due to fluvial aggradation of
both Po river and its Apennine tributaries, mainly consist of silts and clays, with interbedded
sand levels associated with ancient riverbeds or flooding events. An extensive overview of the
geology of this area can be found elsewhere, e.g Lo Presti et al. (2013). It is worth observing
here that the villages of Mirabello and San Carlo were founded upon the levees of an abandoned
reach of a local watercourse (Reno River) which was subjected in late 1700 to an artificial diver-
sion in order to avoid recurrent flooding.

The earthquakes of May 20, 2012 and May 29, 2012 caused locally important and extensive
liquefaction phenomena. The coseismic site effects were mainly observed along the paleo-Reno
River, where Sant’ Agostino, San Carlo, Mirabello and Vigarano Mainarda are situated.

At the time of the 20™ May event, great amount of ejected sands from ground cracks and high
water fountains were observed by local inhabitants, thus suggesting the material was ejected with
high pressure, unusual for events of this magnitude and depth. That leads to think that the lique-
fied layer is located at a low depth. In fact, as confirmed by local geology, the source unit consist
of a sand layer at 7m to 8 m from the surface, having a thickness that varies between 1.5 m to 4

m.
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Figure 3.3:Shake map for the Emilia earthquake (Courtesy of L. Martelli, Servizio Geologico, Sismico e dei Suoli,
Emilia Romagna Region)
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3.3 Piezocone testing programme

3.3.1 Mirabello Site

Figure 3.4: a) Overview of the Test Site; b) CPT truck

The piezocone tests performed in the first campaign were carried out in a warehouse indus-
trial area located just outside the centre of Mirabello. Here, diffuse liquefaction phenomena, with
some local intense effects, occurred and caused major damages to industrial buildings, as shown
in Figure 3.2a. The experimental programme included 5 adjacent CPTU, performed along verti-
cals located within a 2 m distance so as to avoid any possible uncertainty in the data interpreta-
tion due to horizontal spatial variability. The adopted cone penetration rates v, held constant in
each test, were equal to 10, 20, 40, 80 and 130 mm/s.

The penetration device used was a standard cone (35.7 mm diameter having a corresponding
cross sectional area A; = 10 cm? and sleeve area As = 15 cm?). The equipment enables continuous
measurement of the cone resistance g, the sleeve friction f; and the pore pressure u. The porous
filter is located at the shoulder (Position 2) just behind the cone tip. Data are logged at about 1
second intervals, with a standard penetration rate of 20 mm/s. The equipment was also provided
with an inclinometer.

Despite penetration tests have been assumed to be performed at constant rate, soil heteroge-
neity and capabilities of the equipment in keeping the velocity constant caused variations of
penetration rates in the range of +30% of the average value. In addition, as can be appreciated
from Figure 3.5, the set-up between CPTU pushes causes noticeable changes in the velocity, re-
cording incremental values which may be in the order of the average value or even bigger. This
is more evident as the penetration rate that has to be reached increases. Piezocone measurements

obtained at these points were not taken into account.
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Figure 3.5: Range of penetration rate during piezocone tests.

Figure 3.6 shows the corrected cone resistance g, the pore pressure u and the sleeve friction
fs measurements from the first test CPTU-0, performed at standard v = 20 mm/s, taken to 20 m
depth. Such profiles detail an alternation of sand and silt mixtures from ground level to approxi-
mately 8 m in depth, with local thin lenses of finer sediments, followed by a predominantly

clayey unit.
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Figure 3.6: CPTU-0 log profiles (2 cm/s)
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This stratigraphic condition is clearly described by the well-known and newly revised piezo-
cone-based classification framework proposed by Robertson (2009), aimed at identifying the in
situ soil behaviour type (SBTn). As shown in Figure 3.7, the upper 4 meters of the Mirabello
subsoil mainly consist of an alternation of silty sands/sandy silts (SBTn = 5), silts (SBTn = 4)
and silty clay (SBTn = 3); from 4 to 8 m in depth, sediments turn out to be somewhat coarser
(sands/silty sands), with occasional presence of clay and organic soils; below 8 meters, sedi-
ments are classified as clay-silty clay.

Results from classification approach developed by Schneider et al. (2008) are also plotted in
Figure 3.7. According to such classification framework, data from groundwater level to 8 m fall
in domains 2 and 3. The former includes sands whereas the latter includes a wide variety of
mixed soil types. From 8 m to 14 m, sediments are classified as clays (zone 1b) with presence of
silts from 8.75 to 9.75 n. At depths greater than 14 m, the stratigraphic profile is characterized by
alternated layers of transitional soils and silts (zones 3 and 1a) and clays (zone 1b).

The complete set of piezocone measurements obtained from the non-standard penetration
rate tests (CPTU A, B, C, D) is plotted in Figure 3.8. Data were collected in Spring 2013, after a
period of heavy rainfall causing the water table to raise close to the ground surface (z, = 1 m).
By contrast, CPTU-0 was carried out a few months before, when the water table was located at

approximately 3.5 m in depth.
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Figure 3.7: CPTU-based classification methods applied to CPTU-0
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Figure 3.8: Piezocone profiles of adjacent tests at different penetration rates at Mirabello Site

The attention was focused on the shallow sand and silt mixtures, 8 m thick, initially detected
by the standard CPTU-0, hence the non-standard tests were stopped at a depth of about 11 m. In
particular, piezocone data from thin soil layers within 5.3 and 6.4 m in depth were thoroughly
examined.

It must be observed that some local variations at the Mirabello Site may have some effects
on the results and should be taken in consideration when comparing g: and u, profiles obtained

from adjacent CPTU tests.
Dissipation tests

As explained in Chapter 2, one of the advantages of the piezocone test is that it can be used
to evaluate the coefficient of consolidation of the ground. At the beginning of the dissipation test
the magnitude of the excess pore pressures generated depend on the drainage conditions during
penetration.

At Mirabello Site, dissipation tests were performed in tests B, C and D at a depth approxi-
mately 5.8 m (Figure 3.9). These dissipation tests show monotonic porewater decays with the
logarithmic of time, generally associated to normally consolidated geomaterials. The well-known
method proposed by Teh and Houlsby (1991) was applied herein for the estimate of the horizon-
tal coefficient of consolidation c;, .
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Figure 3.9: Dissipation curves carried out at a depth of 5.8 m, for different penetration rate tests

According to this approach, the process of dissipation is described in terms of a modified

time factor, T', given by the following equation:

oot
r2 1,

where t is the measured time, r is the radius of the probe and I, (= G/tmax) is the rigidity index.

3.1)

Such modified time factor accounts for the influence of the shear stiffness on the process of con-
solidation. For the particular case of 50% consolidation, the modified time factor T™ is equal to
0.245.

As Mayne (2007b) stated, for drained loading the shear strength is given by tynax =
¢'+o'yo.tang’, where ¢’ = 0 can be applicable in most cases. On the other hand, for undrained
loading, is given by tmax = Cy = Sy, Where s, is the undrained shear strength.

If the penetration can be assumed to occur under undrained conditions, the peak undrained

shear strength is estimated using:

_ (qt _O-VO)
S, = N, (3.2)

where Ny is the cone factor that varies from about 10 to 20.

In an attempt to get a better insight into the problem, s, has been assessed using the cone re-
sistance profile obtained from the piezocone test performed at v = 80 mm/s and Ny has been as-
sumed equal to 20. It is worth observing that the undrained shear strength calculated in this way
for such intermediate soils is quite high (s, = 0.16 MPa; s, / o'y = 2.6). Besides, there is a sig-

nificant uncertainty in the assessment of s, using this relationship which was in turn developed
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for fine-grained soils in fully undrained conditions. For this reason, tmax has been finally obtained
using Tmax = o vo.tang’.

In order to evaluate the angle of shear resistance, two different relationships have been used.
The one proposed by Robertson and Campanella (1983),

¢'= arctan{ 2.168 [Iog(aqf J + O.ZQH (2.19)

and the one proposed by Kulhawy and Mayne (1990),

¢'=17.6+11log(q, ) (2.20)

where 0, =(0, / Pou )/ (0700 / Par )" - These correlations provided very similar estimates of ¢’

and a mean value of 34° was adopted as representative for such intermediate soils.

In terms of stiffness, the maximum shear modulus was obtained by means of down-hole test-
ing. The down hole test used for this purpose was carried out near the city centre of Mirabello. A
mean value of Gy = 77.4 MPa (Vs= 200 m/s) was considered representative for the range of
depths of interest.

Considering that the ratio G/G, ranges from 0.3 to 0.38, the shear modulus G was estimated
and a reasonable value of I, = G/tma = 380 was used to calculate the horizontal coefficient of
consolidation following Teh and Houlsby (1991). Table 3.1 provides the values estimated. Fur-
ther remarks on the determination of ¢y, in relation to different degrees of drainage during cone

penetration will be provided in Section 3.6.

Table 3.1: Summary of the horizontal coefficients of consolidation values for silty soils, according to Teh &
Houlsby (1991).

Test Depth Y, tso Ch
m mm/s s m?/s
CPTU4 5.86 40 32 47-10°
CPTUS 5.84 80 54 2.8:10°
CPTU13 5.82 130 72 2.1-10°

As it can be observed in the table above, the values of ¢, deduced from the dissipation test,
are reasonably close to each other. Although the coefficient of consolidation is known to be
stress-dependent, the c values calculated above are adopted as representative values for the

range of depths selected for this analysis (5.3 m — 6.4 m).
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3.3.2 San Carlo Site

Figure 3.10: a) Overview of the Test Site (from Google earth); b) CPT truck

Figure 3.11: Sand deposits along the abandoned reach of a local watercourse (image taken from the website pano-
ramio.com)

The experimental programme carried out at San Carlo included 3 adjacent piezocone tests,
conducted in close proximity to each other (at a distance apart of 1.5-2 m). The tests were per-
formed at constant penetration rates of 10, 20 and 80 mm/s. Nevertheless, the velocity profiles
revealed once again the difficulty in keeping the velocity constant particularly at high penetration
rates.

It is worth observing here that the characteristic sedimentary infilling of river plains, involv-
ing alternation of high and low permeability layers with evident lateral heterogeneity, compli-
cates the soil units correlation even between adjacent piezocone test profiles.

Figure 3.12 shows the profiles of corrected tip resistance q;, pore water pressure u, and
sleeve friction f; measured in a standard CPTU (v = 20 mm/s) at San Carlo, taken to 20 m depth.
The groundwater was encountered at approximately 1.5 m from the ground surface. The water
table fluctuation may be explain the fact that the shallowest layers seem to be lightly overcon-
solidated.

Pore pressures are almost zero or even negative up to 7.3 m . As Robertson (2012) remarked,

when a cone is pushed through saturated dense silty sand, the u, measured can become negative
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due to the dilative nature of the soil in shear, resulting in small air bubbles coming out of solu-
tion in the cone sensor pore fluid and loss of saturation in the sensor. Beneath this layer, when
the cone is pushed through the clay unit, these air bubbles can go back into solution and the cone
becomes saturated again. As can observed in Figure 3.14, at z = 7.5 m, u, values sharply in-
crease.

As in the Mirabello campaign, classification of San Carlo sediments from piezocone data has
been performed using the classification charts proposed by Schneider et al. (2008) and Robert-
son (2009). Based on the latter classification framework (Figure 3.13), the upper 4 meters of San
Carlo subsoil mainly consist of clean sands to silty sands (SBTn = 6); from 4 to 7.5 m in depth,
sediments turn out to be somewhat finer (SBTn = 5), with some lenses of sands (SBTn = 6). Be-
low 7.5 m, soils are classified as clay-silty clay (SBTn = 3), being interbedded with a silty layer
(STBn =4 and SBTn = 5) between depths of 18-19 m.

Results from classification approach developed by Schneider et al. (2008) are also plotted in
Figure 3.13. It is worth observing that as Robertson (2012) stated, the application of the Schnei-
der et al chart can be problematic when applied to onshore CPTU where the pore pressure meas-
urements may not be reliable, due to loss of saturation. According to such classification frame-
work, data from groundwater level to 4 m fall in domain 2 (sands). From 4 m to 7.5 m, sediments
are classified as transitional soils (zone 3) with presence of a thin layer of sand (zone 2) at ap-
proximately 7 m. Below 7.5 m, the stratigraphic profile is characterized by an alternation of silts
(zone 1a) and clays (zone 1b), with the presence of thin layers of coarser materials being more
evident at depths greater than 16 m.

With the aim of assessing drainage conditions during penetration, two further tests were per-
formed at non standard rates of v = 10 mm/s and v = 80 mm/s. In Figure 3.14 data from tests
CPTU-min, CPTU-st and CPTU-max, carried out at v =10 mm/s, v =20 mm/s and v = 80 mm/s
respectively, are plotted. Once again, the attention was focused on the shallow sandy mixtures

from 4 to 7.5 m in depth. Therefore, the non standard tests were stopped at a depth of about 9 m.
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Figure 3.14: Piezocone profiles of adjacent tests at different penetration rates at San Carlo Site

Dissipation tests

Dissipation test were also performed at San Carlo site to study the consolidation characteris-
tics of the silty sediments. When negative u, penetration pore pressures are observed in unusual
situations, it is strongly recommended to perform dissipation tests. If a soil is a sand or sandy
silt, full dissipation should occur within 5 minutes (Schneider et al., 2008).

Figure 3.15 shows the results of the dissipation test carried out at a depth of 5.8 m for
CPTU-min. At this depth, the penetration (v = 10 mm/s) was stopped and the decay of the excess
pore pressures was measured. It can be observed that pore pressures start as negative and then
increase towards the hydrostatic values. Nevertheless, the test was stopped before this condition
were reached.

Dissipation tests performed during the other two penetration tests did not show any recog-
nizable behavioural patterns and probably due to errors in pore pressure measurements, are not

reported here.
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Figure 3.15: Dissipation curves carried out at a depth of 5.8 m, for CPTU-min
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3.4 Assessing soil liquefaction potential

The standard cone penetration test (CPT) sounding at Mirabello was used for the assessment
of soil liquefaction potential (see Chapter 2) according to the CPT-based approach proposed by
Robertson and Wride (1998). A detailed description of the approach can be found in Robertson
and Wride (1998).

The magnitude (M,,) adopted in the analysis is equal to 6.14, derived from the ZS9 seismic
source zone mode (Meletti et al., 2008). The expected horizontal PGA on rock with 10% prob-
ability of exceedance in 50 years is assumed equal to 0.15g and the stratigraphic amplification
factor (S;) is taken equal to 1.5 for a soil supposed to correspond to class C.

The soil behaviour type index I. (Figure 3.16a) was calculated using normalization tech-
niques proposed in Robertson and Wride (1988), based on iterative procedures. Figure 3.16b
shows the results of applying the correlation proposed between the soil behaviour type index I
and apparent fines content FC (%). Although the correlation is approximate, is a useful guide for
this study purposes.

For soils with I, > 2.6, samples should have been obtained and evaluated using other criteria
as such proposed in Robertson and Wride (1998). However it is reasonable to assume that soils
with I > 2.6 (FC > 35%) are not liquefiable. In this way, for profile points with I > 2.6, cyclic
liquefaction has been not evaluated.
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Figure 3.16: Application of the CPT method to CPTU-0 (Mirabello) for estimating a) Soil type index (Ic), b) appar-
ent fines content (FC) and c) equivalent clean sand normalized penetration resistance
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Then, the normalized cone penetration resistance corrected for overburden stress (qcin), 0b-
tained by an iterative process, has been corrected for grain characteristics using a correction fac-

tor K (qclN o = K¢y ) which is a function of the soil behaviour type index I.. The equivalent

clean sand normalized penetration resistance (qcin)cs (Figure 3.16¢) was used to estimate the cy-
clic resistance ratio (CRR).

Finally, the factor of safety (FS) profile within the silty sands was obtained comparing the
cyclic stress resistance (CSR) from the earthquake to the CRR profile for the soil deposit, ad-
justed to the same magnitude. The FS (Figure 3.17) from 4 to 8 m turns out to be below 1.0, thus
confirming the susceptibility of these sediments to cyclic liquefaction.

Due to the factor of safety can be used to predict if a layer can liquefy or not, but not to pre-
dict degrees of severity, the liquefaction potential index (LPI) proposed by Iwasaki et al. (1982)
and after modified by Sonmez (2003) was used to estimate the severity categories. As these re-
searchers suggested, damage to structures tends to be severe if the liquefiable layer is thick, shal-

low and the FS is quite less than 1.
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Figure 3.17: Factor of safety against liquefaction of Mirabello subsoil

As surface manifestations of liquefaction at greater depths than 20 m are unusually reported,
the computation of LPI was limited to depths ranging from 0 to 20 m. The original definition of

the LP1 was expressed as follows:

LPI = me F(2)-w(z) - dz (3.3)

in which
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F(z)=1-F_ for F_<1; (3.4)
F(z)=0 for F >1; (3.5)
w(z) =10-0.5z forz <20m; (3.6)
w(z) =0 forz>20m (3.7)

where z is the depth (m) of the midpoint of the soil layer. Liquefaction potential categories pro-
posed by Iwasaki et al. (1982) are tabulated in Table 3.2.

Table 3.2: Liquefaction potential categories proposed by Iwasaki et al. (1982)

Liquefaction index (LPI) Liquefaction potential
0 Very Low
0<LPI<S Low

5<LPI<15 High

15 < LPI Very high

Table 3.3: Liquefaction potential categories proposed by Sonmez (2003)

Liquefaction index (LPI) Liquefaction potential

0 Non liquefiable (F.>1.2)
0<LPI<2 Low

2<LPI<S5 Moderate

5<LPI<15 High

15 < LPI Very high

Nevertheless, as Sonmez and Gokceoglu (2005) stated, non-susceptible areas could not be
distinguished based on this categories. In addition, the “moderate” category was not listed in Ta-
ble 3.2. Details on the limitations of the LPI and severity categories defined by Iwasaki et al.
(1982) are provided in Sonmez (2003). To overcome this limitations, Sonmez (2003) modified

the F(z) term present in the equation of LPI as follows:

F(z)=0 for FL > 1.2; (3.8)
F(z)=2-10°%"%" for 1.2> F_>0.95; (3.9)
F()=1-F for FL<0.95 (3.10)

and introduced new categories into the classification proposed by Iwasaki et al. (1982), shown in
Table 3.3.

Finally, Figure 3.18 shows the cumulative LPI values from 0 to 20 m in depth obtained from
CPTU-0 at Mirabello Site. The LPI values mainly increase from 8 m up to the groundwater ta-

ble, ranging from LPI = 0 to LPI = 6 respectively.
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Finally, it is worth observing that, despite a substantial lack of contributions on this issue,
partial consolidation might probably affect the evaluation of soil liquefaction susceptibility from
CPTU. However, the common use of a correction factor related to fines content, together with a
stress normalization of q; that depends on the soil behaviour type index, allows accounting for
the intermediate nature of the sediments and therefore implicitly includes in some way the effect
of partial drainage on the liquefaction analysis. Indeed, the results obtained in this study on the

Mirabello piezocone data, using the Robertson and Wride method, are fully consistent with the
observed liquefaction phenomena.
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Figure 3.18: LPI in the soil column using CPTU-0 from Mirabello Site
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3.5 Analysis of penetration rate effects

3.5.1 Mirabello Site

Despite a certain difficulty in interpreting field data in comparison with other published cen-
trifuge test results, the accurate analysis of piezocone profiles plotted in Figure 3.8 reveals a gen-
eral slight decrease of q; together with an increase of u when the penetration rate v varies from 10
mm/s to 80 mm/s. By contrast, a gain in cone resistance is observed when the penetration veloc-
ity is equal to the maximum value v = 130 mm/s. A similar effect, which is likely to be attributed
to viscous phenomena, has been reported by other authors for field, calibration chamber CPTs or
centrifuge testing performed on fine soils under undrained conditions (e.g. Powell and Quarter-
man, 1988; Randolph, 2004).

In order to get a better insight into the rate effects within the silty sands, Figure 3.19 shows
the profiles of corrected tip resistance, g;, and pore pressure, U,, measured in the non-standard
tests, from 5.3 to 6.4 m in depth. It can be seen that generally u, increases and ¢ reduces as the
cone velocity increases from 10 mm /s to 80 mm/s. In contrast, at 130 mm/s, the g; values are in
general higher than those observed at 80 mm/s and the u, values reduce, thus confirming the ob-
servations made in the above paragraph.

According to such experimental results, it seems reasonable to assume that a penetration rate
equal to 80 mm/s, where g; is minimum, corresponds to a fully undrained behaviour with negli-
gible viscous effects. Additional tests, performed at cone velocities within the range 80+130
mm/s, could undoubtedly help in identifying more accurately the transition point to fully
undrained conditions.

The collected data between 5.3 and 6.4 m have been plotted in terms of v. Points in Figure
3.20 have been obtained calculating the average of the measured g, u, and fs values within thin
homogeneous soil layers. As evident from the graphs, the cone resistance at v = 10 mm/s is ap-
proximately 20% higher in comparison with its minimum value assumed at v = 80 mm/s, whilst
at a higher penetration rate (v = 130 mm/s), the cone resistance significantly increases (=30%)
due to viscous effects. On the other hand, the pore pressure u, increases from 10 mm/s to 80
mm/s. It should be also pointed out that these silty sand sediments showed u, reducing from 80
mm/s to 130 mm/s.

The trend behaviour of fs is somewhat similar to that observed for g, although it is well-
known that sleeve friction measurements are generally less reliable in comparison to cone resis-
tance and pore pressure measurements.

The way in which different penetration rates may affect the in situ soil response is also illus-

trated in Figure 3.21 with reference to the rather sophisticated classification chart developed by
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Schneider et al. (2008). The approach, based on the normalized variables Q = (g - ov)/ o'\ and
Auld'y, was primarily derived to aid in separating whether cone penetration is drained,
undrained or partially drained, hence it is recognized as superior to other classification frame-
works when evaluating piezocone measurements in clayey silts, silts, sandy silts and transitional
soils.

The data points from the non-standard tests CPTU-A, CPTU-B and CPTU-C, collected from
5.3 to 6.4 m, were plotted in such soil classification chart. The figure shows that the points fall in
the domain of transitional soils, with a tendency to move towards the “essentially drained” be-

haviour when the adopted cone velocity v corresponds to the minimum value (10 mm/s).
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Figure 3.20: Effect of penetration rate on the cone resistance, g, pore pressure u, and sleeve friction f; measurements
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Figure 3.21: Effect of penetration rate on soil classification in the Schneider et al. (2008) chart

Drainage characterization curve

Dimensionless parameters were used to compare the cone penetration measurements from
the available non standard penetration rates. Finnie and Randolph (1994) defined a dimen-

sionless velocity V of the form:

V=—vo (2.46)

where v is the penetration velocity (mm/sec), d is the diameter of the penetrometer (35.7 mm)
and c, is the vertical coefficient of consolidation (mm?/sec).

The influence of the normalized velocity on the excess pore pressure ratios (Au/c'yo) is
shown in Figure 3.22 together with the curves provided by Schneider et al. (2007), obtained by
fitting model CPTU data from beam centrifuge tests in normally consolidated and overconsoli-
dated specimens of kaolin clay and silty clay.

The trend lines from Schneider et al. (2007) manifest that pore pressure response of silty
soils clearly differs from that of kaolin. The excess pore pressure ratios measured in the silty
soils increase with V up to approximately 15 but then reduce reaching negative values above V =
100. A similar trend was observed in silty sediments from Mirabello (5.3 to 6.4 m), which
reached a maximum Au/c'yp at V = 100 and then showed a slightly negative slope beyond this
value. Nevertheless, due to the largest normalized velocity being limited to V = 165, it was not

possible to observe if higher normalized rates would have induced negative Au.
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Figure 3.22: Effect of normalized velocity on normalized excess pore pressure, Au,/c o and comparison with the
curves provided by Schneider et al. (2007)

According to the approach originally proposed by Randolph and Hope (2004) and recently
revised by DeJong and Randolph (2012), CPTU measurements were analysed in terms of the
normalized variables Auy/Augrer and Q/Qres plotted against the normalized cone velocity V, where
Augret and Qe are the reference excess pore pressure and normalized cone resistance for
undrained penetration (v = 80 mm/s) respectively.

The applicability of this approach is shown in Figure 3.23. It must be emphasized that points
were obtained by calculating the average of the Au,/Aurs and Q/Qrer values within thin layers
from 5.3 to 6.4 m in depth.

Figure 3.23a evidences a “saddle” behaviour around a minimum Q/Qy value at V=100 (v =
80 mml/s), with higher values at lower normalized velocities due to partial consolidation and also
higher Q/Qyf at higher V due to viscous rate effects.

The dataset clearly exhibits two regions, which are considered to correspond to partially
drained penetration for V < 100 and undrained penetration for V >100. Unfortunately, due to the
very slow penetration rate required for fully drained conditions, the minimum normalized veloc-
ity at which partially drained conditions may start has not been individuated.

Finally, ignoring rate effects that lead to an increasing resistance with higher normalized ve-
locities, the trend curves Aua/Auzes - V and Q/Qyres - V have been obtained using the equations

proposed by DeJong and Randolph (2012):

Au, 1
~1— : (2.49)
AU, 1+(V /Vy,)
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Q ~1+ erained /Qref -1

Qu 1+ /V,)

where the Vs is the normalized velocity corresponding to the penetration velocity at which one-

(2.50)

half of the excess pore pressure for undrained penetration is mobilized. This coefficient is fairly
sensitive to soil stiffness. In fact, decreasing I, would result in curves shifted to the right and with
that, increasing Vso values. On the other hand, the exponent c is the maximum rate of change in
AU/ AUgres With V. Quqrained/Qref  IN Equation (2.50) represents the ratio between the drained and
undrained normalized cone resistance.

Despite the few points available, it was possible to define a backbone curve (Figure 3.24) for
the silty sediments examined. The best fit has been obtained using least-squares approach, based
on the difference between the normalized excess pore pressure (or Q/Qrs ) and the backbone
curve for each data point. As a result, Vso, ¢ and Qqrined/Qrer have been set equal to 10.38, 1.83
and 1.74 respectively. Besides, the value of ¢, adopted for determining V has been set equal to
2.8-10™° m%s. obtained from the Teh and Houlsby (1991) method, mentioned in Section 3.3.1.
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Figure 3.23: Effect of penetration rate a) on Q/Qyef ; b) and on Auy/ AUy
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It turns out that drained cone penetration, corresponding to Au,/Auars <0.05, occurs at V less
than 2, whereas undrained conditions (Auy/Auzres < 0.90) occur at a normalized velocity of about
40 or higher. Furthermore, given the very slow penetration rate required for fully drained pene-
tration, the ratio Qqrained/Qrer 1S Very difficult to determine in the field.

Following DeJong et al. (2013), Figure 3.25 presents a chart that relates the coefficient of
consolidation, velocity and normalized velocity. When performing standard piezocone tests, it is
desirable to assess whether partial drainage is occurring and to change the velocity in order to
obtain drained or undrained cone measurements. For a given cy, obtained from pore pressure dis-
sipation data, the associated normalized velocity for the standard rate 20 mm/s can be estimated.
If V is between 2 and 40, partial drained conditions prevail and the penetration rate should be
changed depending on measurements desired for design and equipment limitations.

Finally, the backbone curves obtained by Schneider et al. (2007), Oliveira et al. (2011) and
DeJong and Randolph (2012) are plotted together in Figure 3.26 with that obtained in the present

study.
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Figure 3.25: Selection of penetration rates depending on desired drainage conditions

Schneider et al. (2007) tested in centrifuge a mixture of 95% silica flour and 5% bentonite
(SFB) with the OCR varying between 2 and 6 and the coefficient of consolidation varying from
4.4-10°® to 16.8-10® m?s. Oliveira et al. (2011) presented centrifuge variable rate penetration
tests using cone penetrometers. The silty soils tested had a coefficient of consolidation c¢,=
1.4-10° m%s. DeJong and Randolph (2012) provided a backbone curve obtained from experi-
mental and numerical data from different authors for normally consolidated kaolin. The respec-
tive curves were fitted within the framework of Equation (2.49) and constants Vs, and c are
shown in Table 3.4.

All backbone curves presented in Figure 3.26 seem to have similar maximum rate of change
in Au/Auges With V (c constant), with the exception of the curve obtained from Schneider et al.
(2007), which presented very high c¢ value. Soil type also seems to affect the differences ob-
served in constant Vso. Nevertheless, the spread of the limited number of experimental data from
Mirabello can be reasonably captured by Vs, values that vary between those observed in DeJong
and Randolph (2012) and in Oliveira et al. (2011), 3 and 15 respectively.

Table 3.4: Constant values based on Equation (2.49)

Test Vo c
Schneider et al. (2007) 092 6.93
Oliveira et al. (2011) 15 1.67
DeJong & Randolph (2012) 3 1
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Figure 3.26: Backbone curves showing effect of V on normalized Au,

3.5.2 San Carlo Site

The CPTU response of the silty sands from 4.5 to 6.5 m were investigated for a range of
cone velocities. Figure 3.27 shows the profiles of corrected tip resistance, q;, and pore pressure,
uz, measured in CPTU-min (v = 10 mm/s), CPTU-st (v = 20 mm/s) and CPTU-max (v = 80
mm/s), from 4.5 to 6.5 m in depth.

Interpreting these results is quite difficult because the silt is rarely uniform. However, as can
be observed in Figure 3.27, u, values at 10 mm/s and 20 mm/s are comparable. This values gen-
erally vary between -25 kPa to 25 kPa. This is consistent with the similar trends also observed in
the q: profiles at these rates. On the other hand, at v = 80 mm/s the u, values generally tend to be
higher than those measured at lower velocities, varying between 0 and 25 kPa, The g; profile at v
=80 mm/s is rather more difficult to interpret and it can be partly due to horizontal spatial vari-
ability of the subsoil.

The simplest way to examine drainage conditions is by plotting the cone resistance, pore
pressure and sleeve friction against penetration rate. Points in Figure 3.28 have been obtained
calculating the average of the measured values within thin homogeneous soil layers (about 25 cm
thick). The cone resistance for a penetration rate between 10 and 20 mm/s decreases whereas the
pore pressure is almost constant. From 20 mm/s to 80 mm/s, the u, values slightly increase,
whilst g; apparently decreases. However, the scatter of g; at 80 mm/s and the lack of data points
between v = 20 mm/s and v = 80 mm/s makes difficult to be certain that the cone resistance at
this penetration rate is the minimum resistance corresponding to fully undrained conditions. The
trend behaviour of f is similar to that observed for g, although it is widely recognized that sleeve

friction measurements are less reliable.
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Figure 3.27:. Comparison for the rate tests from 4.5t0 6.5 m

The influence of partial drainage for soil classification was also examined. As in the case of

Mirabello tests, the CPTU results from San Carlo were plotted in the classification chart pro-

posed by Schneider et al. (2008). As can be observed in Figure 3.29, data points (4.5-6.5 m) fall

in the domain of transitional soil, with negative Au and tending to increase Q as the adopted ve-

locity decreases, moving vertically towards the “essentially drained behaviour”.

As long as the soil layer is below the groundwater level and the piezocone filter element is

saturated and the sensor does not lose saturation during penetration, the soil classification chart

based on Q and Au/d'\ can be reliable in separating drainage conditions when positive pore

pressures are measured (Schneider et al., 2008).
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Figure 3.28: Effect of penetration rate on the cone resistance g, pore pressure u, and sleeve friction f; measurements
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Figure 3.29: Effect of penetration rate on soil classification in the Schneider et al. chart

However, due to difficulties in maintaining the cone sensor saturated in dilatants deposits,
the application of this chart can be problematic. In this way, the classification chart proposed by
Robertson (2009) that uses the friction ratio F; (%), has been also used to examine the influence
of penetration rate when penetration becomes partially drained. As can be seen in Figure 3.30,
data points generally show a decrease in F, (%) and increase in Qy, as penetration velocity re-
duces. However, the increase in Qg from approximately 5.4 to 6.5 m in depth at v = 80 mm/s,
leads to an overlap of soil types.

Finally, the uncertainties in interpreting the way in which penetration rate affect the soil re-
sponse of such silty soils, did not allow to define any drainage curve within the framework of
Equations (2.49) and (2.50). In spite of this observation, following Randolph and Hope (2004),
data points were plotted in the g/ - V space, where Qs iS the reference cone resistance meas-
ured at v = 80 mm/s, and compared with the backbone curves obtained by other authors, already
mentioned in Section 3.5.1. The coefficient of consolidation was reasonably assumed equal to cy,
=3.10"° m/s.

Data points from Figure 3.31 show that q/qrs vary between a wide range of values and the
maximum rate of change in g/q.s with V would be very high, comparable to that shown from
data from Schneider et al. (2007). This could be due to the big dispersion of the points.
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Figure 3.30: Effect of penetration rate on soil classification in the Robertson (2009) chart
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3.6 Some remarks on the evaluation of the coefficient of
consolidation

The influence of the extent of partial consolidation on excess pore pressure dissipation

Dissipation tests are widely performed in soils in which CPTU penetration occurs under
conditions of partial drainage to evaluate the coefficient of consolidation. However, it is well-
known that partial drainage during cone penetration reduces the initial excess pore pressure in
comparison with a fully undrained soil response, hence the application to dissipation tests of
widely recognized interpretation methods, based on the assumption of perfectly undrained condi-
tions, can result in inaccurate estimate of the horizontal coefficient of consolidation, cy.

As DeJong and Randolph (2012) remarked in their work, the initial excess pore water pres-
sure measured at the beginning of the dissipation test varies depending on the consolidation con-
ditions around the advancing cone. They showed the numerical results from Silva et al. (2006)
plotted as Aua/Auarer in Figure 3.32a, where Auars iS the reference initial excess pore pressure for
undrained penetration, and as Auy/Auzmax, Which represents the conventional approach used in
practice and where Auymax IS the maximum excess pore pressure within each respective curve. As
can be observed, the dissipation curves normalized by this conventional way (Au/Auzmax) are
shifted to the right, producing curves with higher tso values and the magnitude of that shift in the
Aua/Auzmax curve increases as the initial Aup/Auaes value decreases (DeJong and Randolph,
2012). Furthermore a similar pattern of behaviour was observed in experimental data for NC

kaolin from Schneider et al. (2007) (Figure 3.32b).
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Figure 3.32: a) Dissipation curves from numerical results from cavity expansion analysis for NC kaolin using data
from Silva et al. (2006); b) Dissipation curves from experimental data for NC kaolin from Schneider et al. (2007)
(figure from DeJong and Randolph, 2012)
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Figure 3.33: Dissipation curves from experimental data from Mirabello Site

Accordingly, DeJong and Randolph remarked that interpretation of the c, from the
AUa/AUzmax cuUrves in Figure 3.32 using the well-established Teh and Houlsby (1991) method
would produce incorrect estimates of cp, decreasing systematically as the degree of partial con-

solidation during penetration increases.
Figure 3.33 shows normalized dissipation curves from experimental data for intermediate

soils from Mirabello Site. Here, the Auare is the initial excess pore pressure for undrained pene-
tration at v = 80 mm/s. In this case, an opposite response is obtained compared to that observed
by DeJong and Randolph for the numerical results for NC kaolin. In fact, the Auy/Auzmax Curve
following cone penetration at v = 40 mm/s is shift to the left with respect to the dissipation curve

following undrained penetration (v = 80 mm/s), producing smaller tso values.

A new approach for estimation of cy,

Following Teh and Houlsby (1991), DeJong and Randolph (2012) developed a procedure for
the evaluation of cp, accounting for different drainage conditions. The characteristic curve for

monotonic dissipation following undrained penetration can be expressed as follows:

Uo AU 1 - (3.11)
Al 14(T7/T,)

where the modified time factor is defined as T* =c,t/(r?\/I, Jand the modified time factor at

which 50% excess pore pressure remains is T'so = 0.245; the b exponent that best captures the
rate of change is 0.75. Table 3.5 shows the modified time factors at various stages of dissipation.
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Table 3.5: Time factor (u, position) at different stages of dissipation (Teh and Houlsby, 1991)

U T T Ts
0.8 0.038 0.155
0.7 0.078 0.318
0.6 0.142 0.580
0.5 0.245 1.000
0.4 0.439 1.792
0.3 0.804 3.282
0.2 1.600 6.531

During partially drained penetration, the initial Uy (=Au2/Auges ) for a given V corresponds to
a modified time factor TO* =T52(]/U0 —1)1/b. DeJong and Randolph (2012) provided a direct rela-

tionship between a modified time factor T %, associated with a given percentage f of excess pore
pressure dissipation referred to the initial U in partial drainage conditions and the normalized
rate V:

Lt . 1 ) l/b_ - ;_ 1/b_ i_ /b |
Tf_rz\/l_r TSO((_f)‘Jo 1j TO TSOK(]-_]C)‘JO 1j (UO ] :| (312)

Substituting the extent of partial dissipation during penetration (Uy) from Equation (2.49)
into Equation (3.12), a direct relationship between T’; and V is established. The horizontal coeffi-
cient of consolidation cy, is finally obtained from T %o, on the basis of an assumed value of the ri-
gidity index .

Figure 3.34 shows the relationship between tso and ¢y, taking Vso = 3 and ¢ =1 from DelJong
and Randolph (2012) results, v = 2cm/s, a cone radius r = 17.85 mm (d = 35.7 mm) and for rigid-
ity index value of 100. The relationship for the fully undrained conditions by Teh and Houlsby
(1991) is also plotted for reference. As can be deduced from the figure, the trends coincide dur-
ing undrained conditions (tso > 100s). However, as the degree of partial consolidation during
penetration increases, the curves diverge and the cy estimated using the well-known Teh and
Houlsby (1991) procedure would provide underestimated c, values.

The application of this method using the parameters obtained for the case of Mirabello
analysis (Vso = 10.38, ¢ =1.83 and I, = 380) provided a curve for v = 2 cm/s shifted upward on
the graph compared to that given by DeJong and Randolph. As DeJong and Randolph (2012)
remarked in their work, if b < c, a minimum tsq is reached at high cy, after which, as c;, increases,
tso increases again. This would lead to a non-unique value of cy. For Vso = 10.38, ¢ =1.83, I, =
380 and v = 2 cm/s, tsomin IS €qual to 69 seconds. Hence, for tso < 69s, it has not been possible to

deduce a ‘corrected’ coefficient of consolidation using the proposed method.
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It is reasonable to suppose that the error in interpretation of c, (and I;) from dissipation tests
at Mirabello site may have contributed to inaccurate estimate of Vso. However, as already men-

tioned, the spread of data is well-captured by variations of Vsq proposed in the literature.
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Figure 3.34: Variation in tso with consolidation coefficient for Vs = 3 and ¢ = 1 (curve from DeJong and Randolph,
2012)
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CHAPTER 4: THE VENICE LAGOON

4.1. Introduction

Malamocco
Inlet

\ Chioggia
Chloggia"’ Inlet

AR

Figure 4.1: Satellite view of the Venetian lagoon with its three inlets and location of Treporti Test Site (from Tonni
and Simonini, 2013)

The Venetian Lagoon (Italy) or Laguna Veneta is a 550 km? enclosed bay of the Adriatic Sea
in which the historical city of Venice is situated. It is the largest wetland in the Mediterranean
basin. Around 8% is land, including Venice and smaller islands. The land system of the area is
made up of dry land, natural or artificial. Lido, Malamocco and Chioggia are the three inlets that

connect the lagoon to the Adriatic Sea (see Figure 4.1).
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The whole Venetian coastal environment as well as the invaluable historical patrimony of
Venice are subject to high variations in water level which have grown gradually more frequent
and higher since early 1900’s.

In general, tide levels depend on astronomical, geophysical and meteorological factors. The
first one results from the movement and alignment of celestial bodies, mainly the Moon. The
phenomenon of high water (acqua alta) mainly occurs between autumn and spring, when the as-
tronomical tides are accentuated by the Sirocco and the Bora seasonal winds. The geophysical
factor principally depends on the geometric shape of the lagoon basin. The meteorological factor
Is associated to many variables, such as precipitation, the strength and direction of winds, etc.

Two additional natural factors that contribute to the phenomena of high water are the subsi-
dence, i.e. the natural lowering of the soil level and eustasy, i.e. the continuous rise of the level
of the sea. The effects of these phenomena have increased because of the man-induced factors,
caused by the use of lagoonal water for industrial uses and global warming.

The measures of sea level in Venice are in reference to the hydrographic station located
nearby the Basilica di Santa Maria della Sallute. With a tide of +110 cm, more than 10 % of the
city is blocked with water. When tides are more than +120 cm and 140 cm height, respectively
40% and more than 60% of Venice is flooded (Jamiolkowski et al., 2009).

During the last century, the episodes of tides equal to or greater than +80 cm have increased.
High tides mainly occur during fall and winter (about 80% of the occurrences are between Octo-
ber and February), disturbing the lives of inhabitants and causing significant damage to the archi-
tectural heritage (“Problems: High waters”). This phenomenon has been triggered not only by
the eustasy and natural subsidence, but also since mid 1920s by additional subsidence due to ex-
traction of ground water (see Figure 4.3). In the early 1970s, the groundwater pumping was for-
bidden and the ground level rebounded by approximately 20 mm. Then the subsidence came

back to its natural trend (Jamiolkowski et al., 2009).

Figure 4.2: Venice, 1¥ December 2008 (image taken from the website salve.it)
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Over the last decades, a number of engineering solutions, including both nearshore and off-
shore structures, have been constructed in order to protect human activities of the whole Ve-
netian coastal environment as well as the invaluable historical and artistic heritage of Venice
from sea storms, high tides and recurrent flooding.

Between the 19" century and the first decades of the 20" century, long jetties were built at
the inlets connecting the lagoon to the Adriatic Sea (Figure 4.1). In the early 1990’s, a long-term
safeguarding project was approved which involved the morphological restoration of the coast
line, the erosion mitigation, the reinforce of the existing jetties, the oil tankers traffic reduction
and the fishing farms re-opening (Jamiolkowski et al., 2009).

In relation to the ambitious project known as MOSE (MOdulo Sperimentale Elettromec-
canico, Experimental Electromechanical Module), consisting on a mobile barriers system for the
temporarily closure of the lagoon inlets, from 2003 to 2007, the existing jetties were reshaped,
new breakwaters were built in front of the inlets and a small island was realized within the Lido

inlet.
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Figure 4.3: Eustatic ride of the sea level and natural subsidence (image taken from the website salve.it)
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4.2. Venetian Lagoon sediments

The Venice Lagoon sits upon the Adriatic plate in a basin located between the Alps and the
Apennine chains. It is underlain by approximately 800 m of Quaternary deposits. During the
Quaternary the area underwent alternating periods of marine regressions and transgressions.
Hence, continental and marine sediments coexist. The upper 50-70 m-thick deposits are charac-
terized by a complex interbedding of sands, silty clays and silts, which occurred in the last gla-
cial period of Pleistocene (Wirm). The top Wirmian layer is composed of a rather stiff silty
clay, commonly referred to as caranto. Moving from the mainland towards the shoreline, the ca-
ranto lies at depths from about 5 m to 12 m below m.s.l. and shows thicknesses that range from a
few centimetres to a few meters. Other overconsolidated layers may be found at greater depths
probably due to temporaneous oscillations of the sea level during the Wirmian period (Cola and
Simonini, 2002).

The shallowest deposits, from ground level to 5-10 m below mean sea level (m.s.l), are due
to the Holocene. The Holocene architecture is rather complex due to the geological history com-
bined with human intervention (Madricardo et al., 2007; Donda et al., 2008; Tosi et al., 2009a).

Since XII century, the main engineering activities involved improvements in communication
between the lagoon and sea and conservation of the city insularity (Colombo, 1986). Between
15™ and 17" century, rivers such as Brenta, Piave and Sile were diverted into extensive canals
around the periphery in order to avoid infilling and robust stone-walls to protect the channel and
island banks against erosion were constructed. The shape of the lagoon inlets has been also
steadily modified: after the second world war, a navigable channel (Oil Channel) was carved
through the lagoon to allow the large oil tankers to reach the industrial area of Porto Marghera.
This channel linked the sea to the coastal line, running through the harbour in Malamocco inlet.
All these human interventions caused a continuous reduction of sediment balance (Simonini et
al., 2007).

Subdivisions of the Quaternary System

System Series Stage Age (Ma)
Quaternary Holocene 0-0.0117
Pleistocene Tarantian 0.0117-0.126
lonian 0.126-0.781
Calabrian 0.781-1.806
Gelasian 1.806-2.588
MNeogene Pliocene Piacenzian Older

Table 4.1: Subdivisions of the Quaternary System
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Regarding grain-size distribution, 95% of Venetian sediments can be grouped into three
classes (Cola and Simonini, 2002): medium-fine sands (SP-SM), silts (ML), and very silty clays
(CL), according to the unified soil classification System. The remaining 5% may be classified as
organic clay and peat.

Sands are predominantly composed of silicates and carbonates, the latter in the forms of de-
trital calcite and dolomite crystals, especially at higher depths (Favero et al., 1973). Sits and silty
clays, originated from mechanical degradation of sands, have a content of non-active clay miner-
als, not exceeding beyond 20%, which are mainly composed of illite with minor quantities of

chlorite, kaolinite and smectites (Curzi, 1995; Cola and Simonini, 2002).
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4.3. Site characterization

Over the last decades, the shallow Pleistocene sediments underlying the Venetian lagoon
have been thoroughly investigated. First in the 1970s, in relation to the regional land subsidence
and then in the late 1980s, within the context of the system of interventions presented to safe-
guard Venice, including mobile gates at the inlets. Geotechnical investigations were performed
to obtain stratigraphic conditions along with the cross sections of the inlets and to estimate rele-
vant geotechnical properties for a preliminary selection of the mobile gates foundations. Between
2001 and 2004, additional and more exhaustive investigations were also integrated in order to
accomplish a proper foundation design (Jamiolkowski et al., 2009).

From the large amount of data collected over approximately 40 years, it turned out that the
Venetian subsoil conditions consist of a complex assortment of interbedded normally consoli-
dated or slightly overconsolidated silts, medium-fine silty sands and silty clays.

Despite grain size heterogeneity, research has shown that these sediments have a common
mineralogical composition and that their mechanical behaviour is mostly controlled by inter-
granular friction (Cola and Simonini, 2002). Furthermore, as a consequence of their predomi-
nantly silty nature and high heterogeneity, undisturbed soil sampling is rather difficult to
achieve, hence geotechnical characterization must essentially rely on in situ testing.

In order to gain a better understanding of such intermediate soils, research was focused on
some selected trial tests sites, considered as representative of the Venetian subsoil, especially in
relation to the foundation design of the gates.

The first test site was located at the Malamocco inlet. A series of investigations, including
boreholes, dilatometer (DMT), piezocone (CPTU), cross hole tests (CHT) and self-boring pres-
surement (SBPM) were performed on contiguous verticals at the Malamocco Test Site (MTS)
(Cola and Simonini, 1999, 2002; Ricceri et al., 2002). These site investigation campaigns were
mainly aimed at calibrating the empirical correlations between the soil classification and CTPU
and DMT measurements, including their seismic versions SCPTU and SDMT (Ricceri et al.,
2002).

The extensive laboratory investigations completed at MTS (Cola and Simonini 2002; Bis-
contin et al. 2001; 2006) confirmed the highly heterogeneous nature of the subsoil. Thus, in or-
der to determine the simplest properties with a certain degree of accuracy, a relative large num-
ber of tests were required. Furthermore, because of high silty content and the low-structured
nature, the sediments resulted very sensitive to stress relief and disturbance owing to sampling,
thus influencing negatively assessment and reliability of laboratory tests (Jamiolkowski et al.,
2009).
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Figure 4.7: Soil profile, basic properties and stress history at the Malamocco Test Site (Cola and Simonini, 2002)
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A new representative test site was then located outside Treporti, an old fishermen village, lo-
cated at the inner border of the lagoon, close to the Lido inlet (see Figure 4.1). The research pro-
gramme was carried out by the Italian Universities of Padova, Bologna and 1’ Aquila with the aim
of the better understanding the behaviour of the silty sediments forming the shallowest layers of
the Venetian lagoon subsoil (Gottardi and Tonni, 2004; 2005).

The aim of the Treporti Test Site (TTS) was to assess directly in situ the stress-strain-time
properties of such heterogeneous soils. The research programme, consisting of a detailed geo-
technical characterization of the subsoil using in-situ tests, boreholes and high quality laboratory
tests, included also the construction of a vertical-walled cylindrical test bank (see Figure 4.8).
The embankment, which had a diameter of 40 m and a total height of 6.7 m, was progressively
built in order to load the ground uniformly up to 107 kPa (Simonini, 2004; Gottardi and Tonni,
2004; 2005).

The experimental programme was performed in four phases, depending upon the different
loading conditions related to the bank presence. The “first phase” was intended to give an initial
description of the subsoil, paying special attention to the detection of the most compressible lay-
ers within the area. Afterwards, a the “second phase” was carried out just beneath the circular
area of the loading bank that was to be built. The bank construction started on September 2002
and ended on March 2003. When completed, a number of tests were performed from the top of
the embankment itself in the so-called “third phase”. The last campaign was carried out four
years later, after the gradual removal of the bank (Tonni and Gottardi, 2010; 2011).

The ground beneath the test bank was heavily instrumented (see Figure 4.8c) with the aim of
periodically measuring main geotechnical quantities in consequence of the loading-bank con-
struction (Simonini, 2004): pore pressure in fine-grained soils by means of Casagrande and vi-
brating wire piezometers, induced total stresses by means of load cells, horizontal displacements
with depth using inclinometers, surface settlements through a GPS equipment and routine sur-
veying methods, deep vertical settlements by rod extensometers and vertical strains with depth
by means of sliding deformeters. The latter is a device for the measurement of soil axial strains

along a vertical or inclined direction.
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Figure 4.8: a) Treporti test embankment; b) location of the monitoring instrumentation; c) cross-section of trial em-
bankment and soil profile (Simonini, 2004; Simonini et al. 2007)

4.3.1. The Treporti Test Site

Preliminary investigation

The “first phase” of the in situ campaign was carried out by means of 7 piezocone tests
(CPTU from 1 to 7 in Figure 4.9) and 2 mechanical penetrometer (CPT A and B in Figure 4.9).
No dissipation tests were performed in this phase.

The standard CPTU tests were performed by the Soil Mechanics Laboratory of the Univer-
sity of Bologna by means of an integrated electronic piezocone, manufactured by Delft Geotech-
nics, with 200 kKN of nominal thrust. The equipment provides continuous measurement of g
(cone resistance), fs (sleeve friction) and u, (pore pressure measured behind the cone tip). Data
were logged at about intervals of 1 second. The equipment included also an inclinometer that al-
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lows depth correction in relation to the possible deviation of push rods (Tonni and Gottardi,
2004).

Figure 4.10 shows an example of the corrected cone resistance (q;) and pore pressure (uU)
profiles of CPTUs located along the west-east cross section. Cone resistance profiles of CPT A
and B are also plotted. The water level is very close to the ground level, according to the nearby
canal level and subjected to local tidal excursions, about + 0.5 m twice a day. Figure 4.10 dem-
onstrates the very heterogeneous nature of the subsoil. A silty sand is detected from ground level
to 6-7 m in depth. Then it follows a rather dense alternation of sandy to clayey silts. Such varia-
tion is particularly evident in the u, profile, where the pore pressure rarely follows up the hydro-
static level, frequently falls below it, but never developing high Au (= u, — Up) values. Rather
large friction ratio values occasionally observed, indicate the presence of thin layers of peat and
organic soils (Gottardi and Tonni, 2004).

Between depths of 7-8 m and 20 m, it is identified a potentially more compressible fine-
grained unit, mainly composed of silts. However, its thickness it is not constant throughout, be-
ing interbedded with a clean sand layer variable in thickness. In Figure 4.10, the interbedded
sand is detectable in CPTU 6 and CPTU B and becomes rather significant in CPTU 1, CPTU 5
and CPTU 7, whilst in tests CPTU 2 and CPTU 3 (not shown here) the whole layer from 8 to 20
m in depth can be considered a unique silty layer. In this way, the NW corner of the site area was
selected as the most suitable location of the loading bank.

Treporti

Figure 4.9: Plan of the testing area and location of the penetrometer tests of the “first phase” (Tonni and Gottardi,
2004)
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Figure 4.10: Cross section W-E of the test site area (Tonni and Gottardi, 2011)

A typical Treporti soil profile with the basic physical properties from ground surface to 25 m
in depth is shown in Figure 4.11, as provided by laboratory tests performed on samples from
borehole S3, located within the circular area selected for the location of the embankment. In the
plot showing the soil grading (%), the silt and sand fractions predominate (in this case represent
on average 42% and 44% of the tested materials respectively). Mean values of the plasticity in-
dex (PI) and liquid limit (wy) turn out to be 13.31% and 36.53%, respectively. Activity (A =PI/
% clay particles) of the clay part ranges from 0.20 to 0.50, thus confirming that the fine-grained
sediments are in general nonactive (Tonni and Gottardi, 2011).

Such features as the piezocone response at the TTS yielded information in good agreement
with that obtained at the MTS and reported in Ricceri et al. (2002), thus leading to consider the
TTS as representative of the typical Venetian subsoil (Tonni and Gottardi, 2011).

Second-phase characterization

The site investigation programme carried out in a “second phase” geotechnical characteriza-
tion of the subsoil below the test bank, consisted of 10 piezocone and 10 flat dilatometer (see
Marchetti et al., 2004), 2 standard mechanical CPT and 4 60 m deep boreholes. Furthermore, 3
seismic cone tests (Mayne and McGillivray, 2004) and 3 seismic dilatometer tests (Marchetti et
al., 2004; Mayne and McGillivray, 2004) were subsequently carried out.
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Figure 4.11: Basic physical soil properties (Gs: grain specific gravity; y,: in situ soil unit weight; e: void ratio; w: wa-
ter content) at TTS, grading characteristics, and CPTU-based classification using Robertson’s (1990) soil behaviour
type charts (Tonni and Gottardi, 2011)

All these tests were located within a circular area of 45 m diameter. The CPTUs and DMTs
were located in the same positions, numbered from 11 to 20 in Figure 4.12. All tests were driven

as deep as possible, depending on the maximum thrust available, typically to about 42 m (Got-
tardi and Tonni, 2004).
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Figure 4.12: Location of the CPTU beneath the loaded area (Tonni and Gottardi, 2009)
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Results from the CPTU 14, located in the centre of the loaded area, are shown in Figure
4.13. The soil lithology from the relevant deep borehole is also shown for comparison.

Figure 4.14 reports CPTU results (cone resistance and pore pressure profiles) from two cross
sections, drawn along the selected diameters 11-19 and 20-12 (see Figure 4.12). It is interesting
to observe in Figure 4.14a the presence of a clean sand located approximately between depths of
14 m and 18 m, which moving Eastwards tends to progressively disappear.

All set of tests carried out in the area confirm its stratigraphic conditions, specially with ref-
erence to the presence of a compressible silty layer from 8 to 20 m in depth.

Dissipation tests were also performed in this phase to estimate the consolidation characteris-

tics of fine-grained soils (see Chapter 5).
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Figure 4.13: CPTU 14 log profiles (Tonni and Gottardi, 2011)
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Final campaigns

In May 2003, after the end of the test bank construction the so-called third phase was carried
out from the top of the bank itself. In addition to DMTs, two further piezocone tests labelled as
CPTU 29 and CPTU 30 were performed (see Figure 4.12). The aim was to study the effect of the
stress level increase in the foundation subsoil due to the embankment presence (Tonni and Got-
tardi, 2011).

The sliding deformeters installed beneath the bank (Figure 4.8c) measured soil axial dis-
placements along a vertical during its construction and for almost four years after the end of con-
struction as well as throughout the gradual removal of the bank (from June 2007 to March 2008).
The results from the sliding deformeters will be reported in Chapter 5.

The final campaign was launched in April 2008, after the complete removal of the loading
bank. It included piezocone tests CPTU 34, CPTU 39 and CPTU 40, close to selected verticals
already investigated in both second and third campaigns. Besides, two further piezocone tests
(CPTU 34min and CPTU 34max) were performed near the centre of the loaded area at non-
standard velocities (0.15 cm/s and 4 cm/s respectively). The purpose of performing these non-
standard piezocone tests was to examine drainage conditions during penetration, which is of cru-

cial interest in such intermediate soils (Tonni and Gottardi, 2009).
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Figure 4.15: Comparison of second and fourth phase piezocone tests (Tonni and Gottardi, 2010)
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4.4. The MOSE mobile barriers

The MOSE mobile barriers system is part of a the interventions to protect the city of Venice
(Italy) and the Venetian Lagoon from flooding. The project consists in a series of caissons em-
bedded under the sea bottom at the three inlets, Lido, Malamocco and Chioggia, and housing
flap gates which are able to temporarily isolate the Lagoon from the Adriatic Sea during high
tides (Jamiolkowski et al., 2009).

The mobile barriers together with the complementary measures, such as coastal reinforce-
ment and the raising up of the lagoon banks, pavements and sidewalks, define an extremely effi-

cient and functional system of defence.

Background

The history of the project for the MOSE goes back to the first half of the 1970s. The first
Special Law 171/73 established the principle that the problem of safeguarding Venice was a mat-
ter of “priority national interest” (“Mose system”).

In 1975 the State Ministry of Public Works issued an international call for tender to deter-
mine the most appropriate solution to guarantee the defence of the Venetian Lagoon from high
waters. However, the procedure was closed without choosing a single project from among those
presented. The Ministry therefore acquired all the proposals presented and gave them to a group
of experts commissioned to prepare a project that would cover all the measures necessary to pre-
serve the hydrogeological balance of the lagoon and mitigate high waters (the “Progettone” of
1981).The second Special Law (Law No. 784/1984) of Venice took shape under a committee for
policy, coordination and control of the safeguarding activities known as the “Comitatone” and
entrusted to design and implement the measures to a single body, the Consorzio Venezia
Nuova.The Consorzio Venezia Nuova presented in 1989 a complex system of interventions under
a project named Riequilibrio E Ambiente (the REA, “Rebalancing and the Enviroment” Project)
which included mobile barriers at the inlets to control tides in the lagoon. It provided an abstract
design and was finally approved by the Higher Council of Public Works in 1994. In 1998 the
first environmental impact study was accepted and then improved in 2002. Construction began
simultaneously in 2003 at all the three lagoon inlets and is expected to be completed by 2016

(“Mose system”; “MOSE Project, Venice, Venetian Lagoon, Italy”).

Floodgates and components
A total of 78 gates, divided into four barriers, are being laid at the seabed. At the Lido inlet,
there will be two rows of gates composed of 21 and 20 elements linked by an artificial island. At

the Malamocco and Chioggia inlets, there will be one row of 19 and 18 gates respectively.
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Figure 4.16: First MOSE manoeuvres (image taken from the website salve.it)

The gates consist of metal box-type structures. When a tide of more than 110 cm height is
expected, compressed air pumped into the structure raising up the barriers to the surface of the
water isolating the lagoon from the Adriatic Sea. The gates are hollowed at the bottom in order
to allow the blowing of compressed air. However, in normal tidal conditions, they will be filled
with water and rest in their housing structures (see Figure 4.17) (“MOSE Project, Venice, Ve-

netian Lagoon, Italy”).

lagoon sea

« immission of air
> explusion of air

Figure 4.17: Gate movement (image taken from the website salve.it)
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CHAPTER 5: CHARACTERIZATION OF VENETIAN SILTY
SOILS FROM CPTU

5.1 Introduction

Sediments forming the upper 100 m of the Venetian lagoon basin consist of a chaotic system
of interbedded normally consolidated or slightly overconsolidated silts (ML), medium-fine silty
sands (SP-SM) and silty clays (CL) (Cola and Simonini, 2002).

As mentioned in Chapter 4, a representative test site of such subsoil was located outside Tre-
porti (North Eastern lagoon) and a comprehensive geotechnical characterization was carried out
by means of several in situ tests, mainly piezocone and flat dilatometer, boreholes and undis-
turbed sample extraction in addition to high-quality laboratory testing programme (Gottardi and
Tonni, 2004).

A full-scale geogrid-reinforced vertical-walled cylindrical test bank was progressively built
(from September 2002 to March 2003 in 13 steps of 0.5 m) and continuously monitored for the
following 4 years keeping the relevant geotechnical quantities under control, such as pore water
pressure, induced total stresses, surface vertical displacements and horizontal displacements and
vertical strains with depth (Gottardi and Tonni, 2004). Monitoring went on as well during the
gradual removal of the bank, from June 2007 to March 2008. Figure 5.1 shows a scheme of the
construction history of the embankment and the associated settlements measured in the centre
(S3) and at the edge of the bank by other three multiple micrometers (S1, S2 and S4).

The extensive CPTU programme was performed in four different phases, i.e before the con-
struction (phases 1 and 2), after the end of bank construction (phase 3) and after the completion
of the gradual removal of the loading-bank (phase 4) (Tonni and Gottardi, 2009; 2010; 2011). In
Figure 5.1 is also shown the location of CPTUs performed before the test bank construction.

A typical piezocone log profile of the Venetian lagoon subsoil is depicted in Figure 5.2. It
shows the corrected cone resistance (qy), the sleeve friction (fs) and the pore pressure at position 2
(u2) from the initial test CPTU 20 together with the soil grading plot. Such profiles confirm a
highly stratified system, with a top fine clean sand layer of 6-7 m of thickness, followed by
clayey silts interbedding sandy silts. In this figure are also superimposed for comparison data
from the adjacent CPTU 40, performed in the final phase. As can be observed, due to overcon-
solidation, g; and fs from CPTU 40 generally increase and excess pore pressures are very low or
even negative, especially within the silty layer from 8 to 20 m depth (Tonni and Gottardi, 2009;
2010).
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5.2 Solil classification

Soil classification from piezocone measurements has been performed using the well-known
Soil Behaviour Type (SBT) charts proposed by Robertson (1990), including all CPTU measure-
ments normalized with respect to vertical stress (Q, Fr and Bg). Figure 5.3a,b shows the applica-
tion of these charts to CPTU 20. Most points fall in zones 3, 4, 5 and 6, which include a wide
range of soils (from clays-silty clays to silty sands). Comparing this results with the grain-size
distribution from laboratory tests revealed a certain inaccuracy of the SBT charts when applied

to silts, which generally fall in both the silt mixtures and clay zones (Tonni et al., 2010).
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Figure 5.3: Soil classification from CPTU 20 using charts proposed by: a,b) Robertson (1990) and ¢) Schneider et
al., (2008) (Tonni et al., 2010)
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Results from the more sophisticated classification approach developed by Schneider et al.
(2008) are also plotted in Figure 5.3c. It is based on the normalized piezocone parameters Q; and
Auyla’yo rather than Q; and Bg, and was primarily derived to aid in separating whether penetration
is drained, undrained or partially drained. However, as Tonni et al. (2010) remarked, this ap-
proach does not provide further details for classification of VVenetian sediments.

In spite of the dense alternation of different grain-sized soils, the following units can be iden-
tified (Gottardi and Tonni, 2004):

o very soft silty clay from ground level to 2 m in depth;

o medium-fine sand from 2 m to approximately 8 m in depth;

o silt with thin layers of sandy to clayey silt from 8 to 20 m in depth;

o dense clean sand interbedded within the silty unit (not everywhere);

o silty sand;

o at depths greater than 24 m, alternate layers of silty sand, sandy silt, and clayey silt,

with occasional presence of peat.
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5.3 Compressibility characteristics

Compressibility characteristics of Treporti subsoil has been evaluated using field data, by
means of four sliding deformeters installed beneath the bank, one in the centre and three sym-
metrically distributed along a 30 m diameter concentric circumference (see Figure 5.1).

The sliding deformeter is a device used for the measurement of soil axial strains along a ver-
tical or inclined direction. Such equipment can monitor, every metre and down to 57 m in depth,
distance variations with a precision of + 30 um (Kovari and Amstad, 1982).

Figure 5.4 plots the local vertical displacements measured by the sliding deformeters S1, S2,
S3 and S4. Two different curves refer to the end of construction of the embankment (March
2003) as well as just before starting the gradual removal (April 2007). Besides, superimposed to
the displacements plots are the corrected cone resistance profiles of the adjacent piezocone tests.

As can be observed in Figure 5.4, larger vertical strains are detected in the shallow silty clay
layer and within the silty unit, from 8 to 20 m depth., whereas contribution of soils deeper than
25-30 m seems negligible. As expected, the sliding deformeter located close to the centreline
(S3) measured the largest displacements.

In addition, due to the horizontal spatial variability of the Treporti subsoil, the process of de-
formation did not occur symmetrically with respect to the centreline. In fact, the dense clean
sand present at times within the silty unit, may have affected the deformation measured between
8 m and 20 m depth (Bersan et al., 2012).

It is worth mentioning that comparing the horizontal displacements provided by the incli-
nometers located just outside the bank and vertical displacements measured by the sliding de-
formeters (S1, S2 and S4), it appeared that the total vertical displacement is one order of magni-
tude greater than the maximum horizontal displacement, thus confirming that the process of
deformation prevalently developed in the vertical direction (see Simonini et al., (2007) for fur-
ther details).

Furthermore, the pore pressure monitoring exhibited a quite high rate of consolidation, com-
parable with the test bank construction time. Therefore, it can be assumed that settlements due to
primary consolidation developed contemporary with the embankment construction (Simonini,
2004; Gottardi and Tonni, 2005; Simonini et al., 2007).

The differential displacements plotted as a function of the effective vertical stress o, repre-
sent an effective way to describe the subsoil deformation throughout the loading process. As an
example, Figure 5.5 depicts a few of the typical ¢, - logo’y curves derived from vertical strain
measurements obtained from the sliding deformeter located beneath the centre of the loading

bank, between 6 and 23 m depth. In this case, 1-D loading conditions can be accepted.
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Figure 5.4: Local vertical displacements recorded at different dates by the sliding deformeters S1, S2, S3 and S4, to-
gether with cone resistance (q) profiles from adjacent piezocone tests (Bersan et al., 2010)

Curves in Figure 5.5 exhibit a shape similar to that observed in ¢, - logs’, plots obtained
from oedometer tests. As evident from figure, the curves are somewhat straight and flat at the
beginning of the loading phase. Then, it is followed by a sharp variation of curvature. Hypothe-
sizing that no important delayed deformation as a consequence of the consolidation should occur
along with the process of loading, Simonini (2004) remarked that the slope change observed can
be interpreted in terms of yielding stress o’y , which can be in turn assumed that the classical
preconsolidation stress was ¢’ p= o'y .

Therefore, such interpretation of the field data confirmed that Venetian lagoon sediments are
essentially normally consolidated or slightly overconsolidated, with OCR-values ranging from
1.1 to 2. The slightly overconsolidated state may be due to ageing effects in conjunction with the
pore pressure oscillations induced by the tides (Simonini, 2004).

The latter part of the stress-strain curves in due to the deformation occurred at constant verti-
cal stress (from March 2003 to April 2007). As already mentioned, primary consolidation basi-
cally took place during the loading test construction. Hence, settlements obtained after the em-
bankment completion are most likely to be attributed to secondary compression (Bersan et al.,
2012).
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Figure 5.5: Field axial strains plotted versus effective vertical stress (Bersan et al., 2012)

As secondary settlements can not be clearly separated from primary consolidation, in the
Treporti analysis was adopted the widely-accepted assumption of treating primary and secondary
components separately.

Figure 5.6 shows the vertical strain (&,) — logarithm of time (logt) curves obtained by the
sliding deformeter S3 during loading and stationary stages. As it is clear from the graphs, the lat-
ter part of the curves (deformation at constant vertical stress), is generally found to be sloping
and approximately linear (Bersan et al., 2012).
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Constrained modulus

Compressibility of the upper 20 m sediments, expressed in terms of the constrained modulus
M, has been evaluated using the soil vertical strain data provided at 1 m intervals by the sliding
deformeter located beneath the centre of the loading area (S3). In this case, 1-D loading condi-

tions apply.

M =1/m, =do, /%, (5.1)

Previous interpretation of vertical strains induced by the embankment showed that the use of
the well-established empirical correlations (Lunne and Christophersen, 1983; Kulhawy and
Mayne, 1990) based on a net distinction between drained and undrained conditions, revealed
limitations of such correlations to provide any reliable description of the compressibility proper-
ties of the silty soils of the Venetian lagoon (Tonni and Gottardi, 2011). However, Tonni and
Gottardi (2011) showed that the semiempirical relationship proposed by Senneset et al. (1988)
for silty soils of the North Sea, provided reliable moduli of intermediate soils.

Tonni et al. (2010) provided a site specific correlation for the 1D modulus on loading (M),
for both coarse and fine Venetian sediments, taking the vertical strains measured soon after the

embankment completion as a reference (Figure 5.7). The formulation proposed is given by:
M =2.3(q, —u,) (r*=0.93) (5.2)
On the other hand, Tonni and Gottardi (2011) proposed a correlation in terms of the SBT in-

dex, I (Robertson and Wride, 1998). They showed that the introduction of I, could provide a

unified approach to estimate the compressibility characteristics for a wide range of soils.
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Figure 5.7: Constrained modulus as a function of q;-u, (Tonni et al., 2010)
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M =1.351 (g, —0,) (5.3)

where I, =+/(3.47 —log QY +(1.22+ log Fr )’ .

Coefficient of secondary compression

Over the last three decades, most of the research on the time-dependent behaviour of soils
has been carried out on the one-dimensional compression of cohesive soils. The formulations
proposed for clays can be assigned to two approaches, Hypothesis A and Hypothesis B (Ladd et
al. 1977, Jamiolkowski et al. 1985), which consider alternative conjectures about the combina-
tion of primary and secondary consolidation during the excess pore pressure dissipation. How-
ever, in spite of the substantial contributions on this topic, there are still controversial opinions
on the mechanisms that control creep during primary compression (Tonni and Simonini, 2013).
For a general review see Mesri (2003) and Leroueil (2006).

In Figure 5.8, the typical S-shaped consolidation curve in the semi-logaritmic plane e-logt
for a generic loading step in oedometer test is shown. In common practice it is accepted to treat
secondary consolidation separately from primary consolidation although it is widely recognized
that the phenomenon takes place from the beginning of loading (Suklje 1957, Bjerrum 1967,
Leroueil et al. 1985).

Secondary compression is typically characterized by the coefficient C,. (or C, in e-logt
plane) which is determined from the slope of the straight line portion of the vertical strain (g;) -
logarithm of time (logt) curve obtained from oedometer tests:

A
c —Be __ he  Cou (5.4)
Alogt (1+e,)-Alogt 1l+e,

where e, is the void ratio at the start of the linear portion of the experimental e-logt curve. Al-
though there is experimental evidence that C,,, may change with time, the most common ap-

proach is to assume that C,.,(or C,.) is independent of time.

|
Ae Primary I Secondary

Figure 5.8: S-shaped compression curve in semilogarithmic plot
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It must be emphasized that although the time-dependent behaviour of sands and silts has
been not traditionally taken into account in the classical settlement calculation, there is experi-
mental evidence that the creep phenomenon in granular soils is not negligible. In relation to the
confining stress level, time-dependent behaviour of coarse-grained materials can assume two al-
ternative characteristics. In fact, at low confining stresses the deformations are caused rear-
rangement over time owing to sliding and rolling between sand particles, whereas at high confin-
ing pressures the deformations are related to continuous fracturing and deformation of grains
(Augustesen et al. 2004).

As already mentioned, the final part of the &, —logt curves in Figure 5.6 is due to deformation
that occurs after the test bank construction, fitted by a straight line whose slope is assumed to be
defined by the secondary compression coefficient C,.. As Bersan et al. (2012) remarked in their
work, based on field results, C, seems to slightly change with time (Figure 5.6). In fact, such ob-
servation had been also confirmed by other researchers, either in laboratory or in the field. In-
deed, Leroeuil et al. (1985) reported a general nonlinear strain-time response based on long-term
creep tests and observed that the curves for overconsolidated specimens showed a continuously
increasing slope with the logt after end of primary consolidation. On the other hand, normally
consolidated specimens showed a continuously decreasing slope, similarly to Treporti field re-
sults.

The coefficient of secondary compression (C,.) of the Treporti sediments was derived from
data associated to the early stages of the secondary compression process. C,. in silts turned out
to vary between 0.0025 and 0.0052, with a mean value of approximately 0.0046, whilst in sands,
it varied in the range 0.00058-0.00093. Figure 5.9b provides the computed values of C,. and
C.: , Where the latter refers to 3-D deformation conditions, obtained from the curves associated
to the sliding deformeters S1,S2 and S4. Besides, in Figure 5.9a are plotted the values of the

compression ratio C_, (= Ae/((1+e¢,)-Alogs’,)=C, /(L+¢,)), obtained from curves depicted in

Figure 5.5 by calculating the slope of the straight line describing compressibility in the NC do-
main. The values referred to 3-D conditions, namely the modified compression ratio C., , ob-
tained from the curves derived from strain measurements at S1, S2 and S4, have also been plot-
ted.

The effects of the effective vertical stress on the secondary compression coefficient C, have
been investigated by several researchers in literature. Mesri and Godlewski (1977) suggested that
a unique relationship exists between C, and C. through the secondary compression stage, and
that relationship provides a simple method for calculating secondary settlement (e.g. Mesri,
1987; Mesri et al., 1994). According to Mesri and Godlewski (1977), the ratio C,/ C; is ap-

proximately a constant for a wide variety of natural soils and it varies in the range 0.025-0.06.
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Figure 5.9: a) Back-calculated C., and C., values from four sliding deformeters; b) back-calculated C,. and C,,"
values from four sliding deformeters (Tonni and Simonini, 2013)

Following this approach, Bersan et al. (2012) showed that the ratio C,./ C.. obtained for the
Venetian lagoon sediments lies within a narrow range of 0.02-0.04, even when the ratio Coe/
C.. is considered. Only in the coarse-grained sediments from 20 to 22 m depth exceeded the up-
per limit of 0.04.

The pioneering research (Bersan et al., 2012; Tonni and Simonini, 2013) carried out on the
Treporti long-term settlement data has provided an attempt to relate the secondary compression
coefficient C,, as obtained from sliding deformeter measurements, to the CPTU data collected in
Treporti Test Site, expressed in terms of the corrected cone resistance g;. The approach is based
on the experimental evidence that, in Venetian soils, frictional response governs both cone resis-
tance and secondary compression, hence empirical correlations between C,. and g; are likely to
be a useful alternative on the classical laboratory tests for the estimate of creep characteristics.

Furthermore, in an attempt to provide more significant relationships using dimensionless
variables in CPT-based correlations (Wroth 1988), Bersan et al. (2012) proposed an expression

for C, in terms of the dimensionless normalized cone resistance  Qp

(z (qt —avo)/ P, -(pa/ o )”) as defined by Robertson (2009). In this approach, an iterative

nonlinear stress normalization procedure, accounting for the stress level in the soil class effects,

was applied to the corrected cone resistance g; in order to determine Q, (see Chapter 2).
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Figure 5.10 shows the trend between C,. and Q. Superimposed on the plot are also the val-
ues of C,, obtained from the sliding deformeters S1, S2 and S4. Assuming a log-log relation-
ship, the equation of the best fit regression line in Figure 5.10, based on the data from the sliding
deformeter S3 (centreline), is given by:

C,, =0.03-(

)—0.89

(5.5)

with R = 0.83. It should be noted here that the use of a variable stress exponent n that depends

tn

on both stress level and the well-known soil behaviour type index I. (see Equation (2.8)), pro-
vided better estimates of C,. also in comparison with the dimensionless cone resistance Qy (n =
1) (Bersan et al., 2012).

As Tonni and Simonini (2013) remarked in their work, the correlations proposed previously
(relating C,.to q; or Q), did not take into account partial drainage phenomena during the cone
penetration in Venetian silty soils. Accordingly, in an attempt to account in some way for the dif-
ferent pore pressure response in relation to the drainage conditions around the advancing cone, it
was suggested a power function expression for C. in terms of the normalized cone tip resistance
Qin and the excess pore pressure ratio Au/c .

The multiple regression analysis was performed in a log-log format and for the data collected
over the centreline of the loading bank, the least square analysis gave the following relationship:

Au

v0

C,, =0.077-(Q,) ™" -(1+ ] | (R* = 0.86) (5.6)
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Figure 5.10: In situ C,, as a function of Q, (Bersan et al., 2012)
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5.4 Consolidation analysis

In the “second phase” and in the “third phase” of the testing programme carried out at the
Treporti Test Site, several dissipation tests were performed in order to evaluate the consolidation
characteristics of fine-grained soils, expressed in terms of the coefficient of consolidation cy.
Figure 5.11 shows representative dissipation curves, which describe the pore pressure (position
2) trend with time in the predominantly silty unit. The figure also shows the trends obtained at
depths below 24 m, where alternate layers of silty sand, sandy silt and clayey silts prevail. As
evident from Figure 5.11, the decay of excess pore pressures occurs rapidly, taking approxi-
mately 1000 s in the silty layer and a little longer in the deepest ones.

The coefficient of consolidation was derived from the pore pressure dissipation data using
the well-known and widely used procedure proposed by Teh and Houlsby (1991), already briefly
described in Chapter 2. A rigidity index, I, of 50 was assumed and a time factor, T", correspond-
ing to 50% degree of consolidation was considered in order to determine c, for Venetian soils.
The values of c;, are reported in Table 5.1. As can be appreciated, in the upper part of the silty
unit, ¢, can be assumed equal to 10”° m?/s whereas below 17 m in depth it decreases by one order
of magnitude. A value of 107 m?/s was found only in a few cases.

However, as Tonni and Gottardi (2011) remarked, the Teh and Houlsby (1991) method for
interpreting dissipation tests is based on the assumption of fully undrained response during pene-

tration, which may be questionable in the Venetian silty soils.
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Figure 5.11: Pore pressure trend with time (Tonni and Gottardi, 2011)
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Table 5.1: Horizontal consolidation coefficients from CPTU dissipation tests (Tonni and Gottardi, 2011)

Chapter 5- Characterization of Venetian silty soils from CPTU

Test Depth (m) ch (m/s)

11_DI 12.40 59x% 107
12_DI1 9.20 2.1% 107
12_D5 24.40 3.7x10°
14 D5 17.50 4.1x10°
14 D7 25.60 7.0% 10°%
14 D8 30.00 3.8x%10°
14 D9 34.30 43x10°
15_D3 26.00 84x107
15 D4 32.20 8.6x 10°°
16_D3 18.80 2.1x 10
16_D4 24.30 54 % 10°
17_D2 11.40 2.0x 107
19 D2 09.50 1.0x 107
20 D3 18.35 45%10°
29 D6 25.80 9.5 % 1077
20 D8 33.40 7.1x 10

Note: ¢, coefficient of consolidation.
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5.5 Stress level effects

The CPTU programme carried out in Treporti and organized into different phases of the
loading history, by first performing tests prior to the bank construction, followed by tests per-
formed from the top of the bank after its completion and by some additional tests carried out four
years later, at the end of the bank removal. This provided the opportunity of analyzing the stress
level effect on the in situ response of the Venetian lagoon sediments (Tonni and Gottardi, 2011).

As an example, Figure 5.12 shows a comparison between piezocone profiles obtained from
piezocone tests labelled as CPTU 19 and CPTU 29, performed in the second and third testing
campaigns respectively and located at a distance of 15 m from the centre of the loaded area. The
analysis is limited to the upper 20 m, since at greater depths the loading bank presence seems to
have less significant effects on measurements.

Figure 5.12a shows the influence of the stress increment as a consequence of the load in the
corrected cone resistance (q). This influence appears particularly evident in the sandy layer from
2 m to approximately 8 m in depth. Furthermore, Figure 5.12b,c,d also provides a comparison of
CPTU 19 and CPTU 29 profiles in terms of three different stress normalization procedures ap-

plied to the recorded g; values.

Corrected Cone Resistance  Mormalized Cone Resistance MNormalized Cone Resistance ~ Mormalized Cone Resistance
q; (MPa)

Qtn Gi1= 4t (Pa/5"vo)* (MP3)
a0 100 150 ] 10 15
1 | I ']

Depth (m)

WMWH Lt A

5
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| —cPTU19 ——CPTU29
24 — I —
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Figure 5.12: Stress normalization of CPTU 19 and CPTU 29 data (Tonni et al., 2011)
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Depending on which overburden stress normalization procedure is used, different interpreta-
tions of cone penetration data may result. Indeed, profiles of the normalized cone resistance Q,
based on a linear stress normalization scheme (Wroth, 1984; Robertson, 1990), show a signifi-
cant difference within the sandy layer, despite void ratio changes induced by the loading bank
can hardly explain a similar variation (Tonni and Gottardi, 2011). This result is mostly due to an
inappropriate overburden stress normalization procedure, which seems to be appropriate for co-
hesive soils, but not for cohesionless (Cetin and Isik, 2007).

Such result is not observed when using more advanced techniques, based on iterative nonlin-
ear stress normalization procedures. In fact, when data are interpreted in terms of the dimen-
sionless normalized cone resistance Qyn, defined by Robertson (2009), accounting for the stress
level and the soil class effects, better agreement between normalized data referring to CPTU 19
and CPTU 29 can be observed (Figure 5.12c).

An analogous response was observed using the variable normalization procedure (Figure

5.12d) proposed by Moss et al. (2006). Accordingly, the normalized tip resistance g1 is given
by:

O =(p—J -0, (5.7)

GVO
where c is the tip normalization exponent, determined from the g; and the friction ratio R;

(: 100- f,/q,) by means of an iterative procedure.

Figure 5.12c,d confirms the effectiveness of both variable normalization approaches that ac-
count for the non-linear, soil type-dependent effect of overburden stress on CPTU measure-
ments. The slight differences in profiles when passing from the pre-loading to post-loading
phases are consistent with the expected variations in void ratio and the basically normally con-

solidated state of sediments (Tonni et al., 2011).

In situ state parameter

It has been widely recognized the use of the state parameter  (Been and Jefferies, 1985), re-
ferred to critical state conditions, as a meaningful parameter to represent the in situ state of sandy
soils (see Chapter 2).

Tonni et al., (2011) provided in their study an attempt to assess the in situ state of Treporti
sediments using two different methods recently proposed in the literature. A preliminary evalua-
tion of w was obtained using the approximate relationship developed by Robertson (2010b). Fig-
ure 5.13 shows the contours of the state parameter y (red continuous lines) on the SBT chart Q,
— F, developed by Roberston. He observed a strong similarity with the contours of the contours
of w and the contours of the clean sand equivalent cone resistance Quqcs. Robertson and Wride

(1998) suggested the concept of a clean sand equivalent cone resistance, which would represent
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the equivalent clean sand resistance for CPT results in silty sands, and proposed a correction fac-
tor, K, to correct normalized cone resistance (Q) in silty sands to an equivalent clean sand
value (Qmcs). The correction factor is a function of grain characteristics of the soil that can be es-
timated using the soil behaviour type index I.. According to such method, the following simple

expression was eventually proposed:

w =0.485-0.314logQ,, (5.8)

However, the application of Equation (5.8) to adjacent tests CPTU 19 and CPTU 29, did not
seem to capture any change of y due to the loading bank construction. In fact, points plotted in
Figure 5.13, which correspond to values associated to the upper sandy unit from 2 m to 8 m
depth, overlap each other. Similar results were obtained using CPTU 20 and CPTU 30 data
(Tonni et al., 2011).

An alternative method applied to Treporti sediments is that proposed by Jefferies and Been
(2006). Using this approach, the state parameter y was evaluated by a combination of laboratory

and in situ tests. The expression for y (Jefferies and Been, 2006) is given by:

Q
In[ P J
k''l-B
‘”:‘—(m- ) 59

where By is the pore pressure parameter and Q, is the tip resistance normalized by mean stress

P

Q, = M (5.10)
Po

while parameters &£’ and m’ are functions of soil type that according to Jefferies and Been, can be

expressed in terms of the critical stress ratio M and the slope 110 of the critical state line in the e-

logigp * space by the following approximate relationships:
k'/M =3+0.85/ 4, (5.11)

m'=11.9-13.34,, (5.12)

In order to first evaluate p’p and thus Q,, the lateral earth pressure coefficient at rest Ko is
needed. This was obtained from interpretation of the dilatometer test (DMT) carried out in Tre-
porti, using common correlations proposed in the literature. For these purposes, dilatometer tests
located close to CPTU 19 and CPTU 20 were considered.
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Figure 5.13: Evaluation of y prior to the loading bank construction (using CPTU 19) and after its completion (using

CPTU 29) using Equation (5.8) (Tonni et al., 2011)

On the other hand, the critical state parameters ¢ ‘i and 110 were obtained using correlations

proposed by Cola and Simonini (2002), developed on the basis of a large amount of experimen-

tal data on Venetian sediments. They provided an expression for ¢ 'crit and A;oin terms of a grain

size index, lgs, defined as the ratio between the non-uniformity coefficient U and the mean parti-

cle diameter Dso. Reliable values of Igs were obtained from laboratory tests performed on soil

samples from Treporti Test Site.

Figure 5.14 shows the profile of the estimated state parameter y, obtained by the application
of the Jefferies and Been method to both CPTU 19 and CPTU 29 (from 2 m to 22 depth). As can

be seen, y is negative, thus confirming the dilative behaviour of Venetian soils. Comparing the

two curves, it is observed a shift of the y profile towards negative values as a consequence of the

stress increments induced by the embankment (Tonni et al., 2011).
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5.6 Stress history

Following Simonini (2004), a first estimate of the preconsolidation pressure ¢, of the silty
layers was obtained by interpreting the sharp variation of curvature observed in the &, — logs’y
curves of Figure 5.15. The figure refers to the field axial strains measured by the sliding defor-
meter S3 (centreline), at 1 m intervals, from 9 to 20 m. The stress increments at every depth were
calculated according to the elastic theory.

Accordingly, the OCR prior the bank construction turned out to range between 1.1 and 1.3,
thus confirming that Venetian sediments are in general slightly overconsolidated (Simonini et
al., 2007). The OCR values after the bank removal could be back-calculated from the stress his-
tory applied through the test bank. The load effect is more significant in the shallowest 15 m.

Such OCRs were compared with estimates obtained from the application of the well-known
relationship calibrated on clays proposed by Powell et al. (1988). However the application of

Powell’s formula provided rather unrealistic predictions (Tonni and Gottardi, 2009).
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Figure 5.15: Field axial strains from 9 to 20 m in depth vs stress increment (Tonni and Gottardi, 2011)
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In an attempt to get more reliable OCR values, a site-specific correlation for Venetian soils,

including a dependence on the friction ratio F,, was suggested (Tonni et al., 2010):

1.21
OCR=0.038-F, (MJ (5.13)

o v0
with R® = 0.92.
Figure 5.16 shows the predictions of OCRs applying Equation (5.13) to the test CPTU 34,
carried out in the last campaign.
Based on the approach originally suggested by Mayne (1991), a new site-specific correla-
tion, similar to that developed by Simonini (2004), was eventually proposed for Venetian soils in
Tonni and Gottardi (2011):

u 0.23
OCR=0.91-(q‘I J (5.14)

o vO0
where the two constants were determined as best fit of OCR values that referred to post-bank

removal conditions.
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Figure 5.16: OCR predictions (after bank removal) for different soils using Equation (5.13) (Tonni et al., 2010)
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5.7 The issue of partial drainage in Venetian silty soils

The issue of drainage degree detection during cone penetration in Venetian sediments was
analysed (Tonni and Gottardi, 2009; Tonni and Gottardi, 2010) from the perspective of two in-
terpretation procedures, proposed by Schnaid et al. (2004) and Randolph and Hope (2004).

The first approach proposed by Schnaid et al. (2004) as a development of the pioneering
work of High et al. (1994), is based on plotting the normalized cone resistance Q; versus the pore
pressure parameter B, together with the undrained strength ratio sy/o"\,. Figure 5.17 shows the
application of this method to CPTU 14 and CPTU 34 data from 7.7 to 20 m depth (predomi-
nately silty layer). A cone factor Ny equal to 15 was used to transform g; to undrained shear
strength. Most point in the figure in the range where By < 0.3, which corresponds to the zone in
which partial drainage prevails when testing NC soils at a standard rate of penetration. As ob-
served by Tonni and Gottardi (2009), the calculated undrained strength ratio (s,/o ") showed
values in general significantly higher than those commonly accepted (0.2-0.3; e.g. Ladd et al.,
1977) for NC or slightly OC soils and exhibits substantial scatter and that suggested that devia-
tion from this pattern is basically related to partial drainage conditions.

On the other hand, due to the undergone compression and overconsolidation, data from
CPTU 34, again referable to the silty unit, show a more pronounced dilative behaviour, with

even negative excess pore pressures.
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Figure 5.17: Soil classification from CPTU 14 addressing drainage conditions during cone penetration (Tonni and
Gottardi, 2009)
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With regard to the second approach, tests at non standard penetration rates were considered
as a simple way to identify the transition point from undrained to partially drained response.

The final piezocone campaign at TTS included two tests (CPTU 34, and CPTU 34nmax) per-
formed near the centre of the loaded area at non-standard rates, i.e v = 0.15 cm/s and v = 4 cm/s
respectively (Tonni and Gottardi, 2009). Figure 5.18 shows cone resistance (q:) and pore pres-
sure (u) profiles of tests CPTU 34, and CPTU 34« As evident from figure, a general increase
in g; and a decrease in u can be observed within the silty unit (from 7 to 20 m depth) when the
penetration velocity is lower than the standard (v = 0.15 cm/s).

In Figure 5.19 data from the standard test CPTU 34 and those carried out at non-standard ve-
locities (CPTU 34, and CPTU 34,.) Were represented in terms of By versus the normalized

penetration rate V =v-d/c, defined by Finnie and Randolph (1994), where d is the probe di-

ameter and c, is the coefficient of consolidation. In the figure are also depicted the curves pro-
vided by Schneider et al. (2007), obtained by fitting model CPTU data from beam centrifuge
tests in normally consolidated and overconsolidated specimens of kaolin clay and silty clay.
However, discrepancies between data from Treporti and the trend lines provided by Schneider et
al. (2007) are evident. This could be partly due to uncertainties about the evaluation of the coef-
ficient of consolidation, which was estimated using well-established procedures based on the as-
sumption of purely undrained behaviour during penetration, which may not apply to such inter-
mediate soils (Tonni and Gottardi, 2010).

Corrected Cone Resistance g, [MPa] Pore water pressure u [MPa]

0 2 4 g 8 10 12 0 0.2 0.4 0.6 0.8 1
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Figure 5.18: Comparison between a) cone resistance and b) pore water pressure of adjacent CPTU tests performed at
different penetration rates (Tonni and Gottardi, 2009)

30

109



Chapter 5- Characterization of Venetian silty soils from CPTU

0.7 = —
¢ CPTU 34min v=0.15cm/s H
067 e CPTU34 v=2cm/s | NCHKaolin m
054 + CPTU34max v=4cm/s /J""'—-_—_-i L m
- 1 ] C
o e ! ; oo .
0.4 ] Drainage / oo 8 ﬁ
0.34 Increasing /. /  OC Kaolin_ G |
s| & 1 | 2 P
vl 0,24 : i ‘\
3| F d + .
no0.1- .
* || =0
0:‘ i \ w v
1 | Lightly OC silicaflour \  SFB
0.2 T ' bentonite (SFB) T
| Y. P S I SO VARENE NS AH AR R R L
0.01 0.1 1 10 100 1000 10000

V =vdicy

Figure 5.19: Effect of normalized penetration rate on excess pore pressure ratio and comparison with the curves pro-
vided by Schneider et al. (2007) (Tonni and Gottardi, 2010)
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CHAPTER 6: PREDICTING LONG-TERM SETTLEMENTS
OF COASTAL DEFENCES OF THE VENETIAN LAGOON

6.1 Introduction

In the last 50 years, the historical city of Venice (Italy) has been affected by a significant in-
crease in the frequency of flooding, as a consequence of the eustatic sea level rise coupled with
natural and man-induced subsidence phenomena. Different engineering solutions, including both
nearshore and offshore structures, have been developed over the years in order to protect human
activities of the whole coastal environment as well as the invaluable historical and artistic heri-
tage of the city from sea storms, high tides and recurrent flooding.

First in the late 19™ century, several long jetties were built at the three inlets (Lido, Malam-
occo, Chioggia) connecting the lagoon to the Adriatic Sea (Figure 6.1). More recently, in 2003,
the Italian Government officially approved the MOSE project for the construction of mobile bar-
riers designed to close the three lagoon inlets of Lido, Malamocco and Chioggia when tides are
higher than 110 cm. Such project included a number of additional protection measures, such as
the reinforcement and extension of the existing jetties together with the construction of a small
island, new breakwaters and harbours.

In order to preserve both integrity and effectiveness, a fundamental issue in the design of
such structures is represented by the estimate of both short-term and particularly long-term set-
tlements, being the unexpected or underestimated lowering in the structure height a probable
cause of flooding. Indeed, the extensive geotechnical investigation campaigns and the large
amount of research carried out over more than two decades on the one-dimensional compression
of the Venetian lagoon soils have shown that these heterogeneous, predominantly silty sediments
exhibit a considerable time-dependent deformations governed by creep phenomena. As evident,
a similar mechanical behaviour has significant implications on settlement predictions.

Movements of such structures have been monitored using an advanced technique known as
Persistent Scatterer Interferometry (PSI), based on satellite-borne remote sensors. As explained
in Tosi et al. (2012), the method is based on the identification and exploitation of individual ra-
dar reflectors, or persistent scatterers (PS), that remain coherent over long time intervals so as to
develop displacement-time series. A significant advantage of PSI is represented by the possibil-
ity of detecting displacements with very high spatial and temporal resolution. According to EN-
VISAT ASAR and TerraSAR-X satellite images acquired from April 2003 to December 2009
and from March 2008 to January 2009 respectively, displacements of Venetian coastal structures
turned out to range from a few mm/year for breakwaters and jetties older than 10 years to a

maximum of 50-70 mm/year in the case of new or recently reshaped structures. Details on the
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whole PSI monitoring performed from Lido to Chioggia inlets can be found in Tosi et al. (2012).

In this Chapter attention has been focused first on soil classification of Venetian sediments
from piezocone tests located along the new breakwaters and in the artificial island, and carried
out prior to the their construction.

Finally, the long-term response of Venetian coastal defence structures has been performed
using a one-dimensional settlement method in conjunction with a secondary compression coeffi-
cient C,. profile determined from piezocone test data. The approach is based on a formulation
recently calibrated on field data assembled during approximately 6 years at the Treporti Test Site

(TTS, Venice), within an extensive research.

@ _ Treporti Test—Site:’,"
Venice b e

MALAMOCCO
INLET

CHIOGGIA
K INLET

Figure 6.1: Satellite view of the Venetian lagoon
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6.2 Persistent Scatterer Interferometry monitoring

The Persistent Scatterer Interferometry (PSI) is a radar-based remote-sensing technique to
measure and monitor land deformation. PSI is an advanced class of differential interferometric
Synthetic Aperture Radar techniques (DINSAR) based on data acquired by spaceborne SAR sen-
sors. The PSI techniques can be used with data that come from terrestrial or airbone SAR sen-
sors. Nevertheless, the spaceborne SAR sensors are the most important PSI data source (Crosetto
et al., 2009).

As Crosetto et al. (2009) remarked, there are two main differences between DINSAR and PSI
techniques: the first one is the number of SAR images processed (PSI uses typically more than
20 series of SAR images), and the other difference is the implementation of appropriate data
modelling and analysis methods that permit to get the following outcomes:

1) the time series of the deformation;

2) the average displacement rates over the period covered;

3) the component of the atmospheric phase of each SAR image and;

4) the residual topographic error.

PSI allows getting a global vision of the deformation process occurring in an extensive area,
keeping at the same time the ability to measure individual features, like structures and buildings.
For further details see Crosetto et al. (2005).

Since the early 2000s, PSI has been widely employed in the Venice Lagoon, with the main
purpose of monitoring land subsidence which is however one of the major environmental phe-
nomena threatening this coastal area (Teatini et al., 2007, 2010; Strozzi et al., 2009; Tosi et al.
2009b).

According to ENVISAT and TerraSAR-X satellite images acquired from April 2003 to De-
cember 2009 and from March 2008 to January 2009 respectively, long-term displacements of
coastal structures along the Venice littoral turned out to range from a few mm/year for breakwa-
ters and jetties older than 10 years to a maximum of 50-70 mm/year in the case of recently re-
shaped or new structures. Details on the whole PSI monitoring performed from Lido to Chioggia

inlets are provided in Tosi et al. (2012).

The Inlets of the Venice Lagoon

Displacements of Venetian coastal structures are monitored by PSI using ENVISAT and
TerraSAR-X images. As remarked in Tosi et al. (2012), the number of PS detected by ENVISAT
is much lower than that distinguished by TerraSAR-X due to the higher spacial resolution of the
former and the loss of signal coherence during the longer ENVISAT acquisition period caused

by structural changes of the reflectors.
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According to Tosi et al. (2012) settlement rates on the order of 1-2 mm/year are measured
along the coastal strips and are due to the natural subsidence in the study areas. Larger rates are

induced by subsoil heterogeneity or buildings constructed or reshaped in recent times.

M1

Figure 6.2: Satellite view of the a) Lido inlet; b) Malamocco inlet and c) Chioggia inlet and location of the piezo-
cone tests and radar reflectors (Persistent Scatterer, PS)
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At the Lido inlet (Figure 6.2a), the offshore portion of the southern jetty shows settlement
rates less than 2-3 mm/year whereas rates rise up to 70 mm/year toward the root due to the re-
shape of the structure. On the other hand, the breakwater containing the new artificial island has
consolidation rates greater than 5 mm/year. The refuge harbour constructed on the north side of
the Lido inlet subsides at rates on the order of 20-40 mm/year with the exception of the central
part which is rising by nearly 10 mm/year.

The PSI outcome shows that at the Malamocco inlet (Figure 6.2b), the major displacements
characterize only the new structures whereas the old jetties appear almost stable. Outside the
inlet, the new 1280 m-long breakwater shows settlement rates that vary in the range 5-25
mm/year, with the higher rates observed close to the seaward edge of the structure.

At the Chioggia inlet (Figure 6.2c), the offshore portion of the existing jetties remained es-
sentially unchanged. In the north side of the inlet a new harbour was recently constructed. The
new structure shows settlement rates of about 40 mm/year. Uniform settlements of about 15
mm/year are observed in the offshore breakwater.
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6.3 The piezocone database

The stratigraphic condition of the lagoon basin in this area as well as the relevant geotechni-
cal parameters of the different soil units have been derived from a number of piezocone tests car-
ried out prior to the construction of the new breakwaters outside the Malamocco and Chioggia
inlets and the artificial island at the Lido inlet (Figure 6.3).

The site investigation campaign included:

e Three piezocone tests performed at the inlet of Lido (CPTUs 127, 129 and 130). Such tests
were carried out within the area of the recently constructed artificial island. The precise lo-
cation is unknown by this author.

e Four piezocone tests carried out at the site of Malamocco (CPTUs from M1 to M4). The
tests covered the length of the external breakwater.

e Three piezocone tests performed at the Chioggia inlet (CPTUs C1, C2 and C3). As in the
previous site, the tests were located along the length of the breakwater.

All tests were pushed to about 60 m below the sea level. Two tests, 129 and 130 from Lido,
were only pushed to about 30 m depth.

All the CPTU profiles confirm the highly stratified system, characterized by alternated layers
of silty sands, silts and silty clay. This is also confirmed by previous studies performed at differ-
ent sites of the Venetian lagoon. The pore pressure profiles usually describe a slightly contractive
response, with generally relative low values of excess pore pressures Au.

A large amount of research has been carried out on the interpretation of the CPTU data col-
lected in the inlets. The effectiveness of some well-known piezocone-based classification
framework proposed by Robertson (1990), Been and Jefferies (2006), Schneider et al. (2008)
and Robertson (2009) have been discussed.

Special attention has been paid to the assessment of the secondary compression of the Ve-
netian sediments. In this context, the predictive capability of the formulation recently calibrated

on field data from Treporti Test Site (Venice) has been evaluated.
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Figure 6.3: View of the a) Lido inlet, b) Malamocco inlet and c) Chioggia inlet and location of the piezocone tests
(images taken from the website salve.it)
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6.4 Soil Classification

Classification of Venetian sediments from piezocone data has been performed using some
well-known soil classification charts, implying the assessment of data in Qu - By (Robertson,
1990), Q (1-Bg)+1 - F, (%) (Jefferies and Been, 2006), Qu - Auz/c’vo (Schneider et al., 2008)
and Qu - Fr (%) (Robertson, 2009) spaces.

6.4.1 Malamocco: external breakwater

CPTU M4 CPTU M3 CPTU M2 CPTU M1

qt (MPa) u2 (MPa) gt (MPa) u2 (MPa) G¢(MP2) o (MPa)

METRES BELOW SEA-LEVEL

020406080
1 HORIZONTAL SCALE —:—:—100 m

80 - VERTICAL SCALE &4 81216 20m

Figure 6.4: Cross section of the test-site area

Figures 6.5, 6.7, 6.9 and 6.11 show the corrected cone resistance g, the pore pressure u, and
the sleeve friction f; from the four available tests CPTU M1, M2, M3 and M4. A highly stratified
system can be immediately identified from these profiles.

Results from the application of the charts to CPTU data from Malamocco are shown in Fig-
ures 6.6, 6.8, 6.10 and 6.12. From these figures, cases a and d report data from CPTU in terms of
Q (1-By)+1, Quw and F, (%), on the classification charts proposed by Jefferies and Been (2006)
and Robertson (2009), respectively. Relevant points generally fall in zones which include soils
ranging from clays — silty clays to clean sands — sandy silts. Mainly differences between them
are observed when applied to shallow coarse-grained materials, in which By=0 and the stress ex-
ponent is close to 0.5 in the clean sand region (see stress exponent profile in Figure 6.13).

Besides, as Robertson (2012) stated, in soft soils, where g; is small compared to uy, the dif-
ference q; - u, is very small and lacks accuracy and reliability. Hence, in the Jefferies and Been

chart, where Q,, (1-B,) +1is the effective cone resistance (g - Uz) normalized by ¢’vo , the appli-

cability of the chart can be problematic.
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Figure 6.6: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test M1
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Figure 6.8: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test M2
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Figure 6.10: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test M3
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Figure 6.12: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test M4.
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According to the SBTn profiles shown in Figure 6.13, the Robertson’s (2009) approach
seems to predict a more pronounced clay-like behaviour (zone 3) in comparison with the strati-
graphic profiles obtained from nearby boreholes (not shown here).

Cases b from Figures 6.6, 6.8, 6.10 and 6.12 report data in terms of Q and B, on the classifi-
cation chart proposed by Robertson (1990). The application of this chart to CPTUs show that
most of the points fall in zones 3 to 6. Data tend to indicate that as Q increases (or OCR), By
tends to decrease.

The chart proposed by Schneider et al. (2008) applied to CPTU data is shown in Figures 6.6,
6.8, 6.10 and 6.12 (cases c), based on the normalized piezocone parameters Q and Au,/c’yo . AC-
cording to such classification framework, a large number of the CPTU data fall in domains la —
2, most of them falling in zone 3, which includes a wide variety of mixed soil types. The applica-
tion of the method to CPTUs is useful for separating whether penetration in drained, undrained,
or partially drained.

Although soil classification in Q — By space and Q - Au,/c’yo space are analogous, the first
one provides further detail for classification of clayey soils. Nevertheless, when focusing on
separating the influence of OCR from that of partial consolidation on normalized CPTU parame-
ters, soil classification in Q - Au,/c’y Space is the most suitable.

Figure 6.14 illustrates the different trends of increasing OCR for clay data from CPTU M1
(19.35 to 20.15 m) in both soil classification charts. The Robertson’s approach shows that as Q
increases, By tends to decrease, whereas in the Q - Auy/c’yo Space the data show small changes in
Auy/c’vo.The trends of Q increasing and B, decreasing with OCR have been also plotted in Fig-
ure 6.15. Predictions of OCR have been obtained using an empirical relationship proposed by
Tonni and Gottardi (2011) calibrated on data from Treporti Test Site (see Chapter 5, Equation

(5.14)), which relates the OCR to the effective cone resistance (gi-uz) normalized by 6’yo.
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Figure 6.13: Schneider et al. (2008) and Robertson (2009) classification methods applied to Malamocco tests and

stress exponent profiles
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Figure 6.15: Normalized tip resistance Q, pore pressure ratio Bq and OCR predictions for clay data from CPTU M1

Figure 6.16 shows the percentages of soil classes predicted from CPTU M1 by three differ-
ent soil classification charts. The predominance of silty sands to sandy silts (= 35%) can be
clearly appreciated in Jefferies and Been and Robertson’s approach. However percentages of

sands predicted by the Qi — Fr (%) chart are approximately 8% higher than those predicted by

125



Chapter 6- Predicting long-term settlements of coastal defences of the Venetian lagoon

the Jefferies and Been’s chart, whereas the latter tends to predict higher percentage of organic
soils and peats.

Concerning the classification chart proposed by Schneider et al. (2008), in the third pie chart
are represented the percentages of the type of sediments predicted. As can be appreciated, the
highest percentage of coarse-grained soils seems to be estimated by this approach. Transitional
soils are present in 42% of data analyzed.

Despite the alternation of different grain-sized sediments, the following stratigraphic units
can be identified in a Malamocco subsoil profile:

» Unit A: Alternate layers of sands, sand mixtures and silts.

» Unit B: Alternate layers of silty sand, sandy silt and clayey silt, with occasional pres-
ence of organic soils. It is clearly noticeable the presence of a dense sand (Unit B’)
close to the seaward edge of the breakwater.

» Unit C: Sands and sand mixtures with thin layers of silts.

Y

Unit D: Clays and silty clays, with occasional presence of organic soils.

> Unit E: Sands and sand mixtures.

Jefferies & Been (2006) Robertson (2009)

5
341

331

18.2

4
131
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4
5 14.5

3 25.7
16.9
Schneider et al. (2008) 23.6

42.0
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Figure 6.16: Percentages of soil types predicted by three different soil classification charts
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6.4.2 Chioggia: external breakwater
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Figure 6.17: Cross section of the test-site area

For all the CPTU measurements from Chioggia the soil profile was classified using the soil
classification charts already applied to Malamocco tests. Figures 6.18, 6.20 and 6.22 show the
corrected cone resistance g, the pore pressure u, and the sleeve friction fs from the three avail-
able tests CPTU C1, C2 and C3.

The application of Jefferies and Been and Robertson’s charts to CPTU from Chioggia reveal
that points mainly fall in zones 2 to 6. Again, comparison with the stratigraphic profiles obtained
from nearby boreholes reveal a certain inaccuracy of both approaches when applied to silt mix-
tures, which seem to predict a more pronounced clay-like behaviour.

Cases b and ¢ from Figures 6.19, 6.21 and 6.23 report data in terms of Q and By and Q and
Auy/c’ o on the classification charts proposed by Robertson (1990) and Schneider et al. (2008),
respectively. All previous comments made for Malamocco results, comparing these classification

charts, are also valid for Chioggia and for the next case of study, Lido.
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Figure 6.19: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
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Figure 6.23: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test C3
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Figure 6.24: Schneider et al. (2008) and Robertson (2009) classification methods applied to Chioggia tests and stress
exponent profiles

Soil classification charts give a good idea of the prevailing layers in this area. Five soil for-
mations have been mainly identified (Figure 6.17). The first (formation A) and the third (forma-
tion C) soil type consist of sands and sand mixtures. Clays and silt mixtures (formation B) are
mainly found in the second layer. The forth soil formation (D) consist of alternate layers of silt
and sand mixtures and clays, with occasional presence of peat. Finally, sands and sandy mixtures

are found in the deepest layer (E).

6.4.3 Lido: artificial island

Three piezocone tests were performed at the centre of the Lido inlet, where an artificial is-
land was constructed in 2005. Nevertheless, no information about the exact location of the pie-
zocone tests is available.

A view of the island is shown in Figure 6.25. This structure connects two rows of the mobile

gates to be installed in the inlet which is double the width of the other two inlets.

Figure 6.25: View of the artificial island in the centre of the Lido inlet (image taken from the website salve.it)
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CPTU profiles of the centre of the Lido inlet subsoil are reported in Figures 6.26, 6.28 and
6.30, showing the corrected cone resistance g, the pore water pressure u, and the sleeve friction
fs. Such profiles confirm once again the presence of a highly stratified subsoil.

Classification of the Lido inlet sediments from CPTU has been also performed using the al-
ready used four classification systems. Points mainly fall in zones 2 to 6 in Jefferies and Been
and Robertson’s charts. The more sophisticated chart proposed by Schneider et al. (2008) reveals
points falling in zones 1b, 1a, 3 and 2.

Thin layers of clay plot with By values in excess of one, which means that points fall in
zones 1c and 1 in the Schneider et al. (2008) and Robertson’s (1991) chart, respectively.

As Robertson (2012) remarked, in shallow soft fine-grained soils, where the accuracy of the
cone resistance g; may be limited, the Schneider et al. (2008) chart becomes a useful check on
the data. Figure 6.33 shows soils from 5.6 to 8.7 metres below sea-level (CPTU 129) plotted in
the soil classification charts. Data between these depths plot in zones 5, 6 and 7 of the Q(1-By)+1
- Fr (%) chart, in zones 1, 3, 4, 5 and 6 of the Q - By chart, and in zones 5 and 6 of the Q, and F,
(%) chart, while points in the Q - Auy/c’\o chart all fall in zone 1b (clays).

Despite the dense alternation of different grain-sized sediments, the soil profile below the
test site can be described as follows:

» 1-3m: clay and silty clay (Unit A);

» 4 —7m: sands and sand mixtures (Unit B);

» 20 - 25 m: alternate layers of silty sand, sandy silt, clayey silt, clays and organic soils
(Unit C). Interbedded within this unit there is a sandy layer 4 - 5 m thick (Unit C”),
though not everywhere;

» 6 -8 m: silty sand to sandy silt (Unit D).
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Figure 6.27: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test 127
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Figure 6.29: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test 129
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Figure 6.31: Soil classification according to the approaches proposed by: a) Jefferies and Been (2006); b) Robertson
(1991); c) Schneider et al. (2008) and d) Robertson (2009) applied to test 130
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Figure 6.32: Schneider et al. (2008) and Robertson (2009) classification methods applied to Lido tests and stress ex-
ponent profiles
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Figure 6.33: Location of shallow fine-grained soils (5.6 to 8.7 m) from CPTU 129 in four soil classification charts
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6.5 Soil compressibility characteristics from CPTU

6.5.1 Constrained modulus

The two different correlations already presented in Chapter 5 for the 1D modulus have been

applied to the offshore piezocone tests carried out at Malamocco, Chioggia and Lido.
M =2.3(q, —u,) (5.2)
M =1.351.(q, —o,,) (5.3)

where I is the soil behaviour type index (Robertson and Wride, 1998).

Predictions using Equations (5.2) and (5.3) are reported in Figures 6.34, 6.35 and 6.36. As
can be observed, both result in similar values of constrained modulus, although Equation (5.2)
seems to predict lower values. Typical values of M for sands generally fall in the interval 20-60
MPa, with the highest values found in the deepest layers. The constrained modulus turns out to
range between 5 and 20 MPa in silt and sand mixtures and values lower than 5 MPa are gener-
ally observed in clays.

However, as Tonni and Gottardi (2011) remarked, the approaches described by Equations
(5.2) and (5.3) fully disregard the complex mechanics of piezocone penetration in intermediate
soils. They suggest that a more accurate interpretation of piezocone data should take into account

the partial drainage phenomena during cone penetration.
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Figure 6.34: Constrained modulus predicted from Malamocco piezocone data
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Figure 6.36: Constrained modulus predicted from Lido piezocone data

6.5.2 Coefficient of secondary compression

Empirical correlations between C,, and penetration test measurements, expressed in terms

of the cone resistance g;, have been obtained from calibration on the TTS field data (Bersan et

al., 2012; Tonni and Simonini, 2013). The approach is based on the experimental evidence that,
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in Venetian soils, both cone resistance and secondary compression are governed by frictional re-
sponse, therefore empirical correlations between C,. and g; were taken as an alternative on the
classical laboratory tests for the estimate of creep features.

Log regression analyses performed on the available data from TTS provided the following
more significant relationships, both expressed in terms of the dimensionless normalized cone re-

sistance Qqn:

C, =003-(Q,)"* (5.5)

-0.74
C, =0077-(Q, )** -(1+ Au ) (5.6)

v

In this approach, an iterative nonlinear stress normalization procedure is applied to the cor-
rected cone resistance ¢ in order to determine Q. It is worth mentioning that the regression in-
cluding the excess pore pressure ratio Au,/c’\o allows accounting in some way for the different
pore pressure response in relation to the drainage conditions around the advancing cone.

The available piezocone data located along the Malamocco and Chioggia breakwaters and in
the artificial island of the Lido inlet have been used to determine reliable values of C,.. Figures
6.37, 6.38 and 6.39 provide the profile of the computed C,. obtained from Equations (5.5) and
(5.6) for piezocone tests performed at three inlets.

As evident from figures, both formulations result in similar values of C,., although Equation
(5.5) seems to estimate higher values of C,.. However, it has been observed that Equation (5.6)
predicts higher values in some isolated points, when Au,/c’yo reach values close to -1.

In this way, the predicted mean C,. values for the soil classes of the Venice Lagoon include
approximately the following ranges:
sands (SBT 6) : 0.0002+0.0009,
sand mixtures (SBT 5) : 0.0007+0.002,
silt mixtures (SBT 4) : 0.001+0.004,
clays (SBT 3) : 0.004-+0.007.

It is worth observing that the computed values are in good agreement with the reference val-

ues of C,, derived from interpretation of long-term settlements observed at the Treporti Test Site.

Organic soils and peats (SBT 2) generally present C,. values that vary between 0.008 +
0.015. Nevertheless, it has to be remarked that Equations (5.5) and (5.6) have not been calibrated
on such soil class, therefore in this case the computed values of C,. are subject to a great deal of

uncertainty.
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Figure 6.37: Profiles of the computed C,, from Malamocco piezocone data
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Figure 6.38: Profiles of the computed C,. from Chioggia piezocone data
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Figure 6.39: Profiles of the computed C,, from Lido piezocone data
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6.6 Predicting long-term settlements of coastal defences

Using the secondary compression coefficient derived, the secondary compression settlement
Seec OCcurred beneath the two breakwaters and the artificial island in the period March 2008-

January 2009 has been carried out, using the following equation:

Ssec = _i (Cag )i : Hi : Ioglo{tiJ (61)

ref
where n is the number of soil layers interested by the load, H; and C,. are the thickness and sec-
ondary compression index of each layer, respectively, and the reference time for calculating the
secondary settlement is assumed here as t.¢s = (March 2008-Construction Start Date). The Con-
struction Start Date has been selected for each structure from the historical photo archive found
on the website salve.it.

Based on previous experiences on Venetian sediment behaviour, the analysis has been car-
ried out to a depth of approximately 45-50 m from sea bottom.

Plots of the local and the total vertical displacements predicted are shown in Figures 6.40,
6.41 and 6.42. Curves have been obtained by plotting the displacements calculated using Equa-
tion (6.1) just at the end of the period of data acquisition (January 2009). Furthermore, Predic-
tion 1 refers to the local (or total) displacements calculated using the secondary compression in-
dex computed from Equation (5.5), and Prediction 2 to displacements calculated using the one
obtained from Equation (5.6).

The largest differences between these trends are observed in Chioggia profiles, being always
the settlements from Prediction 1 higher. Differences between the local displacements illus-
trated by the two trends in the clay layer (Unit B from Figure 6.17) reach values up to 1.2 mm in
CPTU C2 profile.

Finally, Figures 6.43, 6.44 and 6.45 show the calculated trends of settlements versus time for
Malamocco breakwater, Chioggia breakwater and Lido artificial island together with vertical
displacements measured for the radar reflectors located between the available piezocone tests (
see Figure 6.2). The figures clearly show that the calculated trends using Equations (5.5) and
(5.6) fit fairly well the measurements detected by TerraSAR-X scenes over the period March
2008-January 2009.
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CHAPTER 7: NUMERICAL MODELLING OF COASTAL
DEFENCES OF THE VENETIAN LAGOON

7.1 Introduction

In this Chapter, the attention has been focused on the numerical modelling of the long-term
settlements of the two breakwaters built in the period 2003-2004 and 2004 at the Malamocco and
Chioggia inlets respectively, using finite element code PLAXIS 2D in conjunction with a consti-
tutive formulation specifically developed for simulating the creep behaviour of soft soils (Ver-
meer and Neher ,1999). However, one has to be aware that these particular soils are so heteroge-
neous that any material model may have intrinsic limitations in describing such soils.

Although an accurate description of the breakwater settlements would certainly require a 3D
approach, especially in relation to the horizontal spatial variability of the Venetian subsoil, it was
decided to first develop a 2D model in order to better understand the basic mechanisms of the
soil response and verify the applicability of the numerical method to the analysis of such struc-
tures. Latter on Section 7.4, PLAXIS 3D will be used for the modelling of the long-term re-
sponse of the Chioggia breakwater, whose length is smaller than the one constructed at the Ma-
lamocco Inlet.

In Chapter 6, the stratigraphic condition of the lagoon basin in this area as well as the rele-
vant geotechnical parameters of the different soil units were derived from a number of piezocone
tests carried out prior to the breakwaters construction.

The calibration of the Soft Soil Creep (SSC) Model constitutive parameters adopted in the
numerical analysis, with special reference to the secondary compression coefficient, is performed
by mainly using a number of piezocone-based site-specific correlations for the geotechnical
characterization of Venetian soils, originally developed in the context of a comprehensive, long-
lasting research project carried out at the Treporti Test Site (Tonni and Gottardi 2011). Further-
more, the SSC model was applied without distinguishing between granular and cohesive layers.

A preliminary application of the computed secondary compression coefficient C,; to the
prediction of the long-term settlements of this coastal defence structures is shown in Chapter 6,
using a simplified one-dimensional approach, and reasonable fits with the PSI-derived vertical
displacements have been found (Tonni et al., 2013).Finally, the whole approach is validated by
comparing numerical results with settlement measurements provided by a very accurate monitor-
ing system, based on an advanced technique known as Persistent Scatterer Interferometry. As al-
ready mentioned in Chapter 6, the long-term displacements of these coastal structures of the Ve-

netian Lagoon were monitored by PSI from March 2008 to January 2009. These breakwaters
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built at the Malamocco and Chioggia inlets have shown settlement rates that remain in the other

of 5+25 mm/year and about 15 mm/year, respectively.

7.2 Soft Soil Creep model

The Soft Soil Creep (SSC) model takes into account creep behaviour (i.e. secondary consoli-
dation) of soft soils. As soft soils are considered near-normally consolidated clays, clayey silts or
peat. A characteristic feature of these materials is their high compressibility.

Creep oedometer test is the simplest test to assess the time dependent behaviour. It consists
on an axysimmetric test in which deformations occur only in the vertical direction (e;) whilst ra-
dial strains are constrained (¢ = 0). Hence, volumetric strain coincides with axial strain (g, = &;).
In this sense, ratio

the compression process is usually described using the void

e=—ck,(l+e,)+e,.
Figure 7.1 shows the main components of the oedometer apparatus: an undisturbed soil
specimen is placed into a rigid metal ring that does not allow horizontal displacements or radial

flow of water during compression. Porous stones at the top and bottom allow drainage during the

consolidation process.
The oedometer soil stiffness is referred to as constrained modulus, M(= oo, léga), which

increases as the axial stress increases (Figure 7.2). Due to lateral confinement, the critical state in

oedometer test is never reached.
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Figure 7.1: Oedometer testing apparatus (from Lancellotta, 2008)
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Figure 7.2: Typical stress-strain and M-stress curve from oedometer tests for clays (Janbu, 1969)

For the ideal normally consolidated clay, M increases linearly with effective stress:

M=m-o’, (7.1)
Hence, the strain equation can be expressed as follows:
1 1 do, do',

de, =—do',=— =1
M m o, o

(7.2)

where 2" is the modified compression index. Integrating Equation (7.2) between o, and o;:

£ =L.In : _ .2z (7.3)

m o z,0 o z,0

When making use of the void ratio (e) — base 10 logarithm of stress, the modified compres-

sion index A" is defined as:

P 1 Ag, C, C.. (7.4)

“m Alng, Ini0-(+e,) In10
where C. is the compression index.
According to Janbu (1963), the most general expression for the constrained modulus is given

by:

o

1-n
M:m.gref(o-Z] (75)

ref
where m is the modulus number, o IS a reference stress, o, is the effective stress and n is the
stress exponent. As for normally consolidated clays, the stress exponent n is equal to 0 (n = 0).

Therefore:
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M=m-o, (7.6)

Assuming that the secondary compression is a small percentage of the primary compression,
problems involving large primary compression will involve important creep deformation (Ver-
meer and Neher, 1999). This is for instance what happens when embankments are constructed on
soft soils. On the other hand, when loading overconsolidated soils, which exhibit relative small
primary settlements, a state of normal consolidation may be reached and relevant creep deforma-
tion may follow. In all these cases, computations with a creep model are advisable.

Buisman (1936) observed that soft-soil settlements could not be interpreted within the clas-
sical consolidation theory and proposed a creep law for clay. Other researchers such as Bjerrum
(1967), Garlanger (1972) and Mesri and Godlewski (1977) continued Buisman’s work on 1D-
secondary compression. Lines of research on 3D creep modelling were followed, among others,
by Sekiguchi (1977), Adachi and Oka (1982) and Borja and Kavaznjian (1985). However, as
Vermeer and Neher (1999) remarked, conflicts exist. They stressed that there is a need to first
formulate 1D-models as differential equations and then make an extension to a 3D-model.

The Soft Soil Creep model was proposed by Vermeer and Neher (1999). Some basic features
of the SSC model are:

e Soil stiffness as a function of the effective stress

e Distinction between primary loading and unloading-reloading
e Memory of pre-consolidation stress (o)

e Time-dependent compression

e  Use of the Mohr-Coulomb criterion to describe failure

e Yield surface adapt from the Modified Cam Clay model

e Associated flow rule for plastic strains

7.2.1 Soft Soil Creep model: One dimensional creep

The fundamental 1D-creep model for the Soft Soil Creep model proposed by Vermeer and
Neher (1999) is constructed based on research made by Buismain (1936), Suklje (1957), Bje-
rumm (1967) and Garlanger (1972). Accordingly, the total strains can be decomposed in two
terms: the elastic and inelastic (visco-plastic or creep) strains. The basic idea of this visco-elastic
constitutive law is that all inelastic strain are time-dependent. Furthermore, the preconsolidation
stress depends on the amount of creep strain accumulated during the time (Bjerrum, 1967).

The SSC model takes into account the evolution of preconsolidation pressure with creep
strain and results in an isotache approach model. The isotache model is based on the existence of
a unique relationship between the current stress and strain for a given constant strain rate
(de’/dt). The family of curves made of stress-strain point corresponding to a specific strain rate

are called isotaches. The original model was proposed by Suklje (1957) and later deeply investi-
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gated by other authors such as Leroueil (2006). A detailed description of the isotache model will
not be reported here.

Clays left at constant effective stress develop secondary compression strains. Figure 7.3
shows this response using isotaches (dashed lines). At constant stress, strain increase at a de-
creasing rate as the clay moves down across the family of isotaches (AB path) and this creep can
be supposed to have happened over geological time for samples presently in the ground. If an
oedometer test would be performed on a clay sample taken from the ground, increasing total
stress would cause the strain rate to increase (BC path). Nevertheless, the rate of strain will af-
terward decrease (CD path) again as the creep strains dominate over the effects associated to re-
sidual pore pressures dissipation (Muir Wood, 2004). Examples of the application of the isotache
model to the assessment of creep can be found in Nash (2001) and Nash and Ryde (2001).

In the following Sections a description of the compression parameters will be first provided
and then a constitutive law in differential form will be formulated. Finally, the role of the over-
consolidation ratio (OCR) in the SSC model will be discussed.

7.2.1.1 Compression parameters

The Janbu equation for the constrained modulus M (Equation (7.5)) with n =0 is used to de-

scribe the oedometric virgin compression:

M = mo-ref 2 : = Mref O-Z = G*Z (77)
Gref O-ref ﬂ“

=2 _ const (7.8)
M

ref

1
m o'y

strain rate

i W

Figure 7.3: Family of isotaches for one-dimensional compression of clay (from Muir Wood, 2004)
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As previously mentioned, this form of constrained modulus offers the logarithmic expres-
sion of strain in virgin compression shown in Equation (7.3). In oedometer testing, the mean

stress is proportional to axial stress by means of the earth pressure coefficient at rest Ko:

. 1+2K,)o,

7.9
3 (7.9)
Hence, the compression index can be expressed in terms of vertical stress and mean stress:
Ag Ag Ag Ag
= = Y= , v = E 7.10
AnG, | T PEIATZK) " anp 10

o', Po(3/1+2K,))
The compression index A~ can be defined in terms of the compression index (C.) derived from

oedometer test as follows:

. C
A=—"c (7.11)
In10(1+e,)
Unfortunately, the same can not be deduced for the slope of the unloading-reloading line be-
cause Ky is not constant for overconsolidated soils. Making use of the elastic constitutive law in

oedometric condition, Ky is expressed as a function of Poisson’s ratio in the unloading-reloading

phase (Vyr):
g = i(— v, o, +1-v, )0 )=0—>0c' = Yur o,~>K,= Yur (7.12)
E 1-v,, 1-v,,
In this way, the mean stress can be expressed as:
1 v
dp'==|1+2— |do’ 7.13
TR 019

Besides, for isotropic unloading/reloading situations, the modified Cam Clay model formu-

lates the elastic volume strain as:

det :K*d_plzd_p (7.14)
P Ky

or by integration

& =x"In pﬂ (7.15)

where «" is the modified swelling index and Ky is the bulk modulus, which is stress dependent
according to the rule K, = p'/« .

Substituting dp’ from Equation (7.13) into (7.14):
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(v+1)do',
e .dp' . 31-v) _1+v  «°  do
L -V 29, 7.16
T (T 49 =R vl (P ) (7:10)
3

where K, depends to a great extend on the degree of consolidation. As proposed in Vermeer and
Neher (1999), the derived one-dimensional swelling index (C,) from oedometer test in terms of
void ratio and 10 base logarithm is transformed to «" as follows:

X C, 1-v
K = .
In10(1+e,) 1+v

(1+2K,) (7.17)

The creep index, whose applicability will be clarified later on the next Section, does not in-

volve stresses and it is related to the creep coefficient (C,) obtained in 1-D compression:

. C

100+ e,) (7.18)

U

It is worth observing here that all the strains used in the model are Henky strains (i.e. the
strain measured incrementally with respect to the momentary dimension). Hence, the void ratio

in the previous expressions should be the current value and not the initial one (Berengo, 2010).

7.2.1.2 Differential law for one-dimensional creep

As Vermeer and Neher (1999) remarked in their work, previous studies on secondary com-
pression in oedometer tests had been concentrated on behaviour related to step loading. Several
creep equations were proposed by researchers (e.g. Buisman (1936) and Garlanger (1972)).

Butterfield (1979) suggested a creep equation of the form:

M=l v u -In(TC ”) (7.19)

Te

where ™ is the logarithmic strain (or Henky strain) defined as:

M :—}d—v=—|n(iJ=—|n 1re (7.20)

Y, V, 1+e,

Vo
and &, is the deformation during consolidation, 4" is the modified index that describes the sec-

ondary compression per logarithmic time increment and ¢’ is the effective creep time. The time z.
is not the consolidation time t.. This parameter depends not only on the consolidation, but also
on the geometry of the sample (Neher et al., 2001).

By differentiating Equation (7.19) with respect to time, one obtains:

*

=1 (7.21)
7.+t

c
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Figure 7.4: a) Consolidation curve from standard Oedometer tests, b) Janbu (1969) method

Janbu (1969) developed a method for evaluating the parameters x" and 7. from experimental
data. In Janbu’s construction, shown in Figure 7.4Db, z. is the intercept with the linear time axis of
the straight creep line. For t < t, the relation between 1/ £ and t is not linear due to consolidation.
The difference between 7. and t. can be also observed in the figure.

For isotropic stress states the same x4 can be found. Considering the expressions from the
modified Cam Clay model for virgin isotropic compression and isotropic unloading/reloading
situations and the secondary compression part, the total volumetric strain due to an increase in

mean effective stress from p', to p’in a time period of 7 =t + ¢ will be:

7, +t

e cr e cr cr * p' * * p'pc *
go=el+el = g8 +ed 468 =k It (1 =k )IN=E 4 47 In (7.22)

pIO p p0o Tc
The elastic strain is denoted by &; and the visco-plastic creep strain byé, . Besides the

visco-plastic part is separated into a part during consolidation and a part after consolidation,
given by the subscripts ¢ and ac respectively.

As already mentioned, the SSC model uses the intrinsic time concept and there is still the
question of how to express 7. analytically. In order to find an analytical expression, the basic idea
adopted is that all inelastic strains are time dependent. Besides, the Bjerrum’s (1967) idea that
preconsolidation stress totally depends on the creep strain accumulated by time is supposed.
Thus, Equation (7.22) can be expressed as:

=t te =i Iy (1 —x)in Do (7.23)
p 0 p p0
where
, , Ag)
P =P em(ﬂ* _K*J (7.24)
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The more the soil sample is left to creep, the more the preconsolidation pressure (p'p)

grows. In this way, the visco-plastic part after consolidation can be written as:

P

TP PR R P B (7.25)

Ego =&y —Egi = (ﬂ* —K*)In
po p po pc 7c

vac

In conventional oedometer testing the load is increased stepwise and in each step the load is
maintained for a constant period of z = t; + ¢’, being  one day. Hence, the IC-line withp’, =p’is

obtained. For OCR =1 and entering p’, = p’and t’ = 7 - t; into Equation (7.25) it follows that:

(& )P oy el (7.26)
pc 2

Assuming that (TC —tc)<< T, Equation (7.26) is simplified:

A —x*

7, =T.[ P ‘TCJ (7.27)
p

Once 7. has been derived, it is possible to formulate a constitutive law in differential form. Equa-
tion (7.22) is differentiated to obtain:

&, =&, +&, =K -—+ : (7.28)
p° 7, +t
P P o Pp POP . .
[ > Inp
K . . L
1 €= In(p/p’,)
"l-\
E‘;u:(/"' K)ln [p pu/p p[]]
1 “ *
€. =W In (1, +t'/t.)
[C-line
v (1-day load step curve)
£

v

Figure 7.5: Logarithmic relationship between volumetric strain and mean stress including creep (from Neher et al.
2001)
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Then, substituting z. + ¢’ from Equation (7.25) into (7.28) one gets:

K
s . %
g =g ss = LM | Poe (7.29)
P Py
Finally, on entering z. from Equation (7.27) into (7.29) it is found that:
K
. * ] Iu*
g=elret =it L P (7.30)
P Py

7.2.1.3 The overconsolidation ratio (OCR) in the SSC model

The Soft Soil Creep model is an extension of the original Soft Soil (SS) model based on the
modified Cam Clay model, but it further includes time and strain rate effects.

The SSC model distinguishes between primary loading and unloading/reloading behaviour
and in this sense is similar to Soft Soil model. In the SS model, the position of the cap, i.e. the
curve plane in stress space that defines the limit stress between primary loading and unload-
ing/reloading, is initially determined by the maximum stress state that has been reached in the
past. Nevertheless, in the SSC model the position of the cap it is determined not only by the pre-

consolidation stress, but it is also a function of time (Waterman and Broere, 2011).

OCR £

1.0 Enc
13 £nc 107
LN Enc - 107°
ey

B, = g M OOR= )
BT T AT OOR=15
T I | el )]

Imp*
Figure 7.6: Variation of creep rate with OCR (Vermeer et al., 2006; Berengo, 2010)

As already mentioned in last Section, the SSC model belongs to the isotaches family in

which the overconsolidation ratio plays an important role. In fact:
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* 1 B
o [ j (7.31)
r \OCR

where ﬂ:(/’t* —K*)/,u* and OCR=p', / p'. For typical soil values, the exponent /8 ranges be-

tween 20 and 30.

Figure 7.6 shows the influence of OCR on the creep rate. It can be observed that as OCR in-
creases, the creep rate decreases. If the applied load remains constant, the soil will continue to
compress with time, which results in an increase of the preconsolidation pressure and OCR
(without any change in effective stress) and the creep (strain) rate decreases.

The significant influence of the overconsolidation ratio on the creep rate has been studied by
several researchers such as, for example, Brinkgreve (2001) and Waterman and Broere (2011),

using the Soft Soil Creep model implemented into the finite element software PLAXIS.

7.2.2 Soft Soil Creep model: Three dimensional creep

To extend the 1-D formulation to a 3-D theory, the ellipses from the Modified Cam Clay

model are considered, being the convenient way in which to write the equation of the ellipse:

' 2
quz M : (7.32)
P Mum
pl
or
q2
«a _ gy 7.33
P =P . (7.33)

where p” and q are the stress invariants for isotropic stress and deviatoric stress respectively, and

M represents the slope of the critical state line:

p'Z%(G'XX +0'y+') (7.34)
9= \/% ((O-Ixx —0y, )2 + (O-'yy -o', )2 +(o',—c', ) + G(O'XZy +o5 +0 )2) (7.35)
M= 36—S lri]n(pgj)v (7.36)

where ¢, is the critical state friction angle.
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Figure 7.7: Diagram of peg-ellipse in a p-q plane (Vermeer and Neher, 1999)

The equivalent pressure p* is constant along ellipsoids in principal stress space and it is a

way to project a stress state p’-g to the isotropic axis. Focusing the attention on normally con-

solidated states as met in oedometer that yield o', = o', = K", , it follows that:

o 12K B-KNe)
pq_al{ 3 MZ[+2K) (730
W |1e2K) B-KMeF
P, O'p|: 3 +M2(1+2K0Nc) (7.38)

The volumetric component of the creep strain is then defined using the 1-D formulation re-
ferred to the equivalent pressure. On the other hand, the deviatoric part has to be considered, as

soft soils also exhibit deviatoric creep strains.

* eq H*
g = £ { peq J (7.39)
Py
with
e e Ag\‘;r
pet = p%d exp[/l* _K*J (7.40)

In order to introduce general creep strains, the concept that creep strain is a simply time-
dependent plastic strain is adopted. As done in plasticity theory, the 3-D model has a flow rule
giving the ‘direction’ of the rate of creep strain. It is also assumed associated plasticity and thus

ellipses are taken as plastic potentials. For defining such flow rule, vector notation and principal
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directions are adopted. Using Hooke’s law to relate stress rates to the elastic strain rates and a

flow rule for the creep strains, one gets:

og°
oo’

. . . -1
E=£"+&°=D 6+

(7.41)

where D s the elasticity matrix and the plastic potential function (g") is assumed equal to the

equivalent pressure (g° = peq).

In this way, it follows that:

eq eq eq eq
PO LT | I I i F L I (7.42)
do', 0o, oo, op'
Then, making use of Equation (7.39) and (7.42), Equation (7.41) can be written as:
A =i
- C eq o eq u eq
g=Dle+ &P _pigy L AP P (7.43)
= a 0o = a t(p} oo’
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7.3 Two-dimensional numerical modelling

7.3.1 General settings, soil layering and parameter identification

Plaxis 2D may be used to performed 2D finite element analysis. Real geotechnical problems
may be modelled either by an axisymmetric or a plain strain model.

A plain strain model (Figure 7.8) is used in this study assuming geometries with a uniform
cross section. Displacements and strains perpendicular to the cross section (z-direction) are as-
sumed to be zero. On the other hand, a mesh of 15-noded triangular elements (Figure 7.9) was
chosen, which is an accurate element that produces high quality stress results for difficult prob-
lems.

Horizontal displacements were prevented along the vertical geometry lines for which the x-
coordinate is equal to the lowest or highest x-coordinate in the model, whilst both horizontal and
vertical displacements were prevented along the horizontal geometry line for which the y-
coordinate is equal to the lowest value in the model.

The soil layers distribution assumed in this study for numerical modelling has been retraced
according to the CPTU profiles described in Chapter 6. For each piezocone profile, a single sec-
tion has been defined, giving a total of 7 sections, 4 for Malamocco and-3 for Chioggia breakwa-
ters. Following the classification profiles from the available piezocone tests, a limited number of
main soil units were first identified. However, due to high heterogeneity of such layers, typically
composed of a complex assortment of sands, silts and silty clays, a significant variation in the as-
sociated values of C,., was observed. Accordingly, each soil layer was in turn subdivided into
sub-layers approximately characterized by a constant secondary compression coefficient (con-

tinuous lines in plots of Figures 7.10 and 7.11).

.........

Figure 7.8: Example of a plain strain model (figure taken from Plaxis manual)
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nodes stress points
Figure 7.9: Position of nodes and stress points in a 15-node triangle (figure taken from Plaxis manual)

For all the sediments, including those having a significant sandy fraction, the isotropic SSC
model has been adopted in order to describe their long-term response. A previous successful ap-
plication of such constitutive formulation to Venetian sediments can be found in Berengo et al.
(2011), in relation to the analysis of creep deformations observed at the Treporti Test Site.

The use of this formulation requires the definition of the failure parameters ¢', ¢, v as well
as of the stiffness parameters A", ¥~ and x’, corresponding to the modified compression, swelling

and creep indexes respectively. Cohesion and dilation have been neglected in all layers.
As regards the stiffness parameters, the modified creep index x#” =C,_,/In10 was derived

from the selected C,; values plotted in Figures 7.10 and 7.11 (continuous lines) and that the sec-
ondary compression coefficient C,. was derived from the CPTU-based empirical relationships

(Bersan et al. 2012; Tonni and Simonini 2013), given by:

Cas = 003( tn )70.89 (55)

-0.74
C. =0.077-(Q, )—““-(1+ Al J (5.6)

GVO
In the absence of any well-established CPTU-based correlation, the modified compression
index 2 =C_,/In10was obtained using the C_,/C., concept developed by Mesri and

Godlewski (1977) for the analysis of secondary settlement.

Mesri and Godlewski (1977) observed that the magnitude and behaviour of C, with time is
directly related to the behaviour and magnitude of C. with consolidation pressure. Generally, C,
decreases, remains constant, or increases with time, in the range of consolidation pressure at

which C. decreases, remains constant, or increases with o’y, respectively. The ratio C, / C.in

conjunction with the end-of-primary e-logs’, curve totally defines the secondary compression
behaviour of a soil (Mesri and Castro, 1987).

Following this concept, the relationship between C,. and C.. was analyzed by Bersan et al.
(2012) in relation to the different classes of the Treporti sediments. It was found that the ratio
C../C.. ranged between the interval 0.02+0.04. This value has been assumed herein equal to 0.03.

Hence, reliable values of the oedometric stiffness (1~ = C.. /In10) have been obtained from the
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empirical relationship 2* = 4'/0.03. Finally, the modified swelling index x has been taken as
A'15, as also proposed in Berengo et al. (2011).

For useful comparison, an alternative calculation of 2~ has been performed using the correla-
tions developed by Tonni et al. (2010) and Tonni and Gottardi (2011) for deriving the con-
strained modulus M for the Venetian lagoon sediments:

M =2.3(q, ~u,) (5.2)
M =135 Ic(qt _GVO) (53)

where I is the soil behaviour type index (Robertson and Wride, 1998).
In this way, A" can be computed applying the Janbu’s (1963) formulation for normally con-

solidated soils:

M = mo—ref Z : = Mref 2 : = O-*Z (77)
Gref Gref ﬂ’

Figure 7.12 shows the A profiles derived from the application of Equation (5.5) and the rela-

tionship 4~ = 4/0.03 to CPTU C3. Besides, the figure also includes the profiles of 2* computed
using Equation (5.2) and (5.3) and Janbu’s formula (ﬂ* =o', /M )

It can be observed from Figure 7.12 that the application of Equation (5.3) provides the
smallest values of the modified compression index, whereas higher values are obtained using

Equation (5.5) and the C_, /C, concept. The latter is more evident in the sandy units. On the

other hand, the A" values computed by means of Equation (5.2) exhibit more scatter.

With regard to the friction angle ¢, reliable estimates have been obtained by applying some
well-known CPTU-based empirical correlations based on calibration chamber test results and
field results. Robertson and Campanella (1983) suggested a correlation to estimate the peak fric-
tion angle (¢") for uncemented, unaged, moderately compressible, predominately quartz sands
based on calibration chamber test results. For sands of higher compressibility, the method will

tend to predict low friction angles:

¢'= arctan{zll68 [Iog(dC j + 0.29]} (2.19)

Kulhawy and Mayne (1990) suggested an alternate relationship for clean, rounded, unce-

mented quartz sands, and evaluated the relationship using high quality field data:
¢'=17.6+11log(q,, ) (2.20)

Where qtl = (qt / patm )/(O_'vo/patm )Ol5 '
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On the other hand, for normally to lightly overconsolidated clays and silts (c’=0), the NTH

solution (see Senneset et al., 1989) for 20°<¢4'<45° and 0.1<B_  <1.0, is approximated as fol-

lows (Mayne and Campanella, 2005):

| 0.121
#'=29.5-B,***(0.256+0.336- B, +log Q, ) (7.44)
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Figure 7.10: Profiles of the computed C,, from Malamocco CPTU data and selected values in the numerical analysis
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Figure 7.11: Profiles of the computed C,, from Chioggia CPTU data and selected values in the numerical analysis

168



Chapter 7- Numerical modelling of coastal defences of the Venetian lagoon

}\‘*
0.001 0.01 0.1 1
0 W.T.
See‘ib‘(‘e‘d‘ »x  From Equation (5.2)
= From Equation (5.3)
10 e From Equation (5.5)
20

Depth (m)
w
o

N
o

50

60
Figure 7.12: Profiles of 4" from CPTU C3 using different approaches

Figures 7.13 and 7.14 show the profiles of friction angle estimated using the above formulas.
The computed ¢ " usually range between 20+45°, observing some drops below 20° in clay layers
and some spikes showing values greater than 45° in shallow layers.

Finally, in order to properly set the initial conditions, the overconsolidation ratio (OCR) is
necessary. As already mentioned, the OCR-value is defining the initial settlement velocity, the
creep rate the Plaxis calculation starts. In order to properly capture the creep behaviour, the
OCR-value has to be selected carefully. It has been observed that the use of a default initial value
of 1 leads to unreasonable initial settlement velocities.

In this study, the OCR-values have been obtained applying the site-specific correlation de-
veloped for Treporti Test Site (Venice) by Tonni and Gottardi (2011), which showed the most

realistic values:
—u 0.23
OCR= 0.91(%,—2] (5.14)
o vO0
The computed values using Equation (5.14) turned out to generally vary between 1+3, show-

ing values higher than 3 in the shallowest layers. Figures 7.15 and 7.16 illustrate the profiles of
the computed OCR-values from CPTUs.
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Results obtained from the application of two further correlations, Robertson (2012) and
Tonni et al. (2010) respectively, to CPTU C3 to get the OCR profile, are presented in Figure
7.17, together with that obtained applying the already mentioned Equation (5.14).

The correlation suggested by Robertson (2012) for fine-grained soils is given by:

OCR=(2.625+1.75log F, ) ***(Q,)** (2.37)
The third correlation applied was proposed by Tonni et al. (2010), obtained by calibrating OCRs

on Treporti sediments:

1.21
OCR=0.038-F, (uJ (5.13)

GVO
Figure 7.17 clearly shows that Equations (2.37) and (5.13) provide unrealistic estimates of

OCR of coarse Venetian sediments.

OCR
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172



Chapter 7- Numerical modelling of coastal defences of the Venetian lagoon

7.3.1.1 Malamocco: external breakwater

June 2003

April 2004 ——~—Nlayvember 2004

e

———— e S S

=

September.2005

Figure 7.18: Construction history of the breakwater in the Malamocco Inlet (images taken from the website salve.it)

When using the Soft Soil Creep model, the time between the construction of the breakwater
and the data of interest, in these cases March 2008, is important. In this way, the construction of
the Malamocco breakwater was supposed to have started in June 2003 according to archive im-
ages from the website salve.it.

A sequence of the whole construction history of the breakwater is shown in Figure 7.18. On
the other hand, Figure 7.19 indicates the 4 cross-sections selected for the 2D numerical analysis,

passing through the piezocone verticals (M1, M2, M3 and M4).
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Figure 7.19: Location of the examined cross-sections in the Malamocco breakwater and location of radar reflectors
(satellite view)

The soil layers distribution for the numerical analysis is shown in Figures 7.20-7.23 for each
section examined. The highly stratified subsoil results in a high number of layers identified for
each section.

The material parameters used in the FE analysis are summarized in Tables 7.1-7.4. As for the
stiffness parameters, two alternative sets have been considered, depending on the empirical cor-
relation initially adopted to estimate C,.. The input stiffness parameters with subscript () have
been calculated using Equation (5.5) and those with subscript (2, using Equation (5.6). It has to
be noticed that the most compressible layers are generally identified at depths greater than 20 m
below the ground surface.

The breakwater was modelled with a simple linear elastic constitutive law. This is also valid
for the breakwater of Chioggia inlet. The total height of the structure and the water level for each
section have been retraced from available cross-section images and from the piezocone tests.
Heights of the embankment fluctuate between 9.4 and 17.65 m, corresponding to sections M4 —
M4 and M1 — M1 respectively. Nevertheless, some uncertainties exist about accurate horizontal
dimensions of the structures. In this regard, some simplifications were adopted.

In the numerical analysis, a drained material behaviour has been assigned to all clusters, being
the attention focused on the simulation of the only long-term response. In this way, the long-term
behaviour is modelled without modelling the precise sequence of undrained loading and consoli-
dation. On the other hand this assumption is coherent with the experimental evidence that in Ve-
netian soils the rate of consolidation is quite high, hence the decay of excess pore pressures is
likely to have developed almost simultaneously with the breakwater construction.

To prevent any influence of the outer boundaries, the model has been extended in horizontal
direction to a large radius. When the full geometry was defined and all material properties were
assigned, the finite element mesh (very fine option) was generated. In areas where large deforma-

tion was expected, local mesh refinement procedure was used.
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Table 7.1: Soft Soil Creep model parameters used in Section M1 — M1
Material Set 1 Material Set 2
Layer Depth AW k" Ve @ k"2 W @) (0} OCR
(m) @]
A 0-24 0.0146  0.0029  0.00044 | 0.0022  0.0004  0.00006 36.3 2.4
B 2.4-3.55 0.0075  0.0015 0.00023 | 0.0083  0.0017  0.00025 39.1 2.9
C 3.55-6.15 0.0290  0.0058 0.00087 | 0.0126  0.0025  0.00038 40.7 1.8
D 6.15-7.85 0.0118  0.0024 0.00035 | 0.0158  0.0032  0.00047 36.9 2.4
- 7.85-9.05 0.0885  0.0177 0.00266 | 0.0553  0.0111  0.00166 33.2 1.3
F 9.05-11.35 | 0.0115  0.0023  0.00034 | 0.0146  0.0029  0.00044 38.5 2.4
G 11.35-17.7 | 0.0066  0.0013  0.00020 | 0.0066  0.0013  0.00020 40.6 2.7
H 17.7-20.6 0.0325  0.0065 0.00098 | 0.0286  0.0057  0.00086 34.7 1.9
1 20.6-22.3 0.0110  0.0022 0.00033 | 0.0104  0.0021  0.00031 37.4 2.3
- 22.3-23.8 0.0917  0.0183  0.00275 | 0.0844  0.0169  0.00253 28.0 1.4
K 23.8-24.5 0.0176  0.0035 0.00053 | 0.1413  0.0283  0.00424 34.5 2.1
- 24.5-29 0.1178  0.0236  0.00354 | 0.1327  0.0265  0.00398 24.1 1.3
M 29-30.35 0.0213  0.0043  0.00064 | 0.0513  0.0103  0.00154 34.1 2.0
- 30.35-31.75 | 0.0915  0.0183 0.00275 | 0.0783  0.0157  0.00235 29.8 1.4
(o] 31.75-33.8 | 0.0153  0.0031 0.00046 | 0.0287  0.0057  0.00086 35.4 2.1
P 33.8-34.7 0.0764  0.0153  0.00229 | 0.0835  0.0167  0.00251 23.5 1.5
Q 34.7-35.85 | 0.0212  0.0042 0.00064 | 0.0283  0.0057  0.00085 34.2 2.0
-l 35.85-42.85 | 0.0935 0.0187 0.00281 | 0.0862  0.0172  0.00259 27.2 1.4
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Table 7.2: Soft Soil Creep model parameters used in Section M2 - M2
Material Set 1 Material Set 2
Layer Depth Y AEY) k" W 1) @ k" W @) o' OCR
(m) )
A 0-3.1 0.0053  0.0011 0.00016 | 0.0027  0.0005  0.00008 41.8 3.6
- 3.1-4.75 0.0199  0.0040 0.00060 | 0.0168  0.0034  0.00051 36.9 2.3
c 4.75-5.65 0.0218  0.0044 0.00065 | 0.0094  0.0019  0.00028 37.0 2.0
- 5.65-7.6 0.0495  0.0099 0.00149 | 0.0263  0.0053  0.00079 34.9 1.6
E 7.6-9.55 0.0098  0.0020 0.00029 | 0.0072  0.0014  0.00022 38.2 2.5
- 9.55-11.15 | 0.0640  0.0128 0.00192 | 0.0553  0.0111  0.00166 34.7 1.5
G 11.15-13.5 | 0.0123  0.0025 0.00037 | 0.0107  0.0021  0.00032 37.5 2.3
- 13.5-19.6 0.0882  0.0176 0.00265 | 0.0870  0.0174  0.00261 26.5 1.4
I 19.6-21.9 0.0191  0.0038 0.00058 | 0.0188  0.0038  0.00057 35.4 2.1
21.9-23.65 | 0.0708  0.0142 0.00213 | 0.0564  0.0113  0.00169 32.8 1.5
23.65-24.65 | 0.0182  0.0036 0.00055 | 0.0177  0.0035  0.00053 35.2 2.1
24.65-26.25 | 0.0922  0.0184 0.00277 | 0.0998  0.0200  0.00300 24.9 1.4
M 26.25-26.8 | 0.0184  0.0037 0.00055 | 0.0154  0.0031  0.00046 34.8 2.0
- 26.8-29.15 | 0.1072  0.0214 0.00322 | 0.1003  0.0201  0.00301 24.9 1.3
o] 29.15-31.2 | 0.0247  0.0049 0.00074 | 0.0242  0.0048  0.00073 33.2 1.9
P 31.2-336 0.0092  0.0018 0.00028 | 0.0078  0.0016  0.00023 37.5 2.3
Q 33.6-38.8 0.0159  0.0032 0.00048 | 0.0180  0.0036  0.00054 35.4 2.1
38.8-41.1 0.0457  0.0091 0.00137 | 0.0710  0.0142  0.00213 33.2 1.7
41.1-44.85 | 0.1131  0.0226 0.00340 | 0.1049  0.0210  0.00315 27.2 1.3
44.85-47.2 | 0.0216  0.0043 0.00065 | 0.0248  0.0050  0.00074 34.5 2.0
u 47.2-50.8 0.0137  0.0027 0.00041 | 0.0135  0.0027  0.00041 36.0 2.2
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Figure 7.22: Finite element mesh for Section M3 — M3
Table 7.3: Soft Soil Creep model parameters used in Section M3 - M3
Material Set 1 Material Set 2
Layer Depth Y EY) k' m [TRNEY) A @ k* 2 [TRo) [0} OCR
(o)
(m) )
A 0-6.6 0.0120 0.0024 0.00036 0.0163 0.0033 0.00049 38.8 2.9
- 6.6—10.2 0.0564 0.0113 0.00169 0.0288 0.0058 0.00086 35.3 1.5
C 10.2-11.1 0.0102 0.0020 0.00031 0.0165 0.0033 0.00050 36.8 2.3
- 11.1-13.2 0.0682 0.0136 0.00205 0.0578 0.0116 0.00174 29.4 1.5
E 13.2-15 0.0134 0.0027 0.00040 0.0179 0.0036 0.00054 36.3 2.2
- 15-20.85 0.0560 0.0112 0.00168 0.0528 0.0106 0.00159 31.7 1.6
G 20.85-22.85 0.0156 0.0031 0.00047 0.0302 0.0060 0.00091 35.2 2.1
22.85-30.85 0.0531 0.0106 0.00159 0.0555 0.0111 0.00167 32.1 1.7
30.85-34.25 0.0102 0.0020 0.00031 0.0093 0.0019 0.00028 36.9 2.3
34.25-36.9 0.0151 0.0030 0.00045 0.0164 0.0033 0.00049 35.3 2.1
36.9-40.6 0.0125 0.0025 0.00038 0.0133 0.0027 0.00040 36.1 2.2
40.6-43.2 0.0417 0.0083 0.00125 0.0655 0.0131 0.00197 32.3 1.8
43.2-46.4 0.1201 0.0240 0.00361 0.1095 0.0219 0.00329 27.1 1.2
46.4—52.95 0.0189 0.0038 0.00057 0.0216 0.0043 0.00065 34.3 2.0
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Figure 7.23: Finite element mesh for Section M4 — M4
Table 7.4: Soft Soil Creep model parameters used in Section M4 - M4
Material Set 1 Material Set 2
Layer Depth Y AEY) k" W 1) @ k" W @) (0} OCR
(m) @]

A 0-2.55 0.0041  0.0008 0.00012 | 0.0215  0.0043  0.00064 43.0 41

B 2.55-6.7 0.0114  0.0023 0.00034 | 0.0172  0.0034  0.00052 37.5 2.6
6.7—7.65 0.0494  0.0099 0.00148 | 0.0306  0.0061  0.00092 34.5 1.6

7.65-8.8 0.0240  0.0048 0.00072 | 0.0147  0.0029  0.00044 36.6 2.0

E 8.8-10.1 0.0403  0.0081 0.00121 | 0.0197  0.0039  0.00059 36.9 1.6
10.1-13.05 | 0.0520  0.0104 0.00156 | 0.0351  0.0070  0.00106 33.6 1.5

13.05-14.7 | 0.0755  0.0151  0.00227 | 0.0479  0.0096 0.00144 32.2 1.4

H 14.7-17.05 | 0.0156  0.0031 0.00047 | 0.0151  0.0030  0.00045 36.7 2.2
- 17.05-21.6 | 0.0863  0.0173  0.00259 | 0.0735  0.0147  0.00221 29.0 1.3
J 21.6-24.1 0.0313  0.0063 0.00094 | 0.0516  0.0103  0.00155 33.5 1.9
- 24.1-27.4 0.0667  0.0133  0.00200 | 0.0710  0.0142  0.00213 30.9 1.5
L 27.4-2875 | 0.0176  0.0035 0.00053 | 0.0208  0.0042  0.00063 35.9 2.1
- 28.75-35.15 | 0.0901  0.0180 0.00271 | 0.0900  0.0180  0.00270 27.5 1.4
N 35.15-40.35 | 0.0174  0.0035 0.00052 | 0.0203  0.0041  0.00061 35.1 2.1
- 40.35-44.25 | 0.0811  0.0162 0.00244 | 0.0782  0.0156  0.00235 29.4 1.4
P 44.25-4555 | 0.0200  0.0040 0.00060 | 0.0302  0.0060  0.00091 34.3 2.0
- 4555-46.7 | 0.0615 0.0123 0.00185 | 0.0531  0.0106  0.00159 29.8 1.5
R 46.7-49.05 | 0.0164  0.0033  0.00049 | 0.0298  0.0060  0.00090 35.6 2.1
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7.3.1.2 Chioggia: external breakwater

October 2004

April 2005

Figure 7.24: Construction history of the breakwater in the Chioggia Inlet (images taken from the website salve.it)

The construction of the approximately 550-m-long curved breakwater is assumed to have
started in April 2004 according to the sequence of construction works found in the website
salve.it (see figure above). Figure 7.25 indicates the 3 cross-sections selected for the numerical

analysis passing through the piezocone verticals (C1, C2 and C3).

Figure 7.25: Location of the examined cross-sections in the Chioggia breakwater and location of radar reflectors
(satellite view)
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The different layer distribution for each section is shown in Figures 7.26-7.28. In the same
way as in Malamocco sections, in order to capture more details of the variation of the C, values
along the depth, the subsoil was divided into several sub-layers, which vary in number from 10
to 11. It is worth to note here that the number of sub-layers identified for the Chioggia sections is
smaller than that obtained for the Malamocco ones due to the less variability of the C,. values
observed within the main units.

The input parameters for the SSC model are summarized in Tables 7.5-7.7. As in Malam-
occo sections, sets 1 and 2 have been considered, depending on the empirical correlation initially
adopted to estimate C,. (Equations (5.5) or (5.6), respectively). The selected OCR and ¢’ for the
specific range of depths are also specified.

As can be observed in these tables, the topmost soil layer (A) and the layers between ap-
proximately 10 to 25 m and 35 to 50 m represent the stiffest formations, with OCR-values in the
range of 2+3.3. The most compressible layers are generally identified at the second soil type
(formation B) and at depths between 24 to 36 m below the seabed.

As in the Malamocco analyses, it was assumed that the material behaviour of the subsoil and
the breakwater was drained. In this way, the consolidation process has been not investigated.

The total height of the breakwater and the water level for each section was retraced from
available cross-section images and from the piezocone tests. Heights of the embankments fluctu-
ate between 10.4 and 13.9 m, corresponding to sections C3 — C3 and C1 — C1 respectively. Un-
certainties within the horizontal dimensions entails the assumption of some geometry simplifica-
tions.

The purpose of the analysis is to find the long-term vertical displacements in the soil from
March 2008 to January 2009. To avoid any influence of the outer boundaries and to observe the
settlements of the subsoil outside the loaded area, the model is extended in horizontal direction
to a large radius.

When the geometry model was completed, the mesh was generated. The Element distribu-
tion was first set to very fine option in order to gain optimum performance. Afterwards a local
mesh refinement procedure was used within clusters defined under the loaded area, where large

deformation gradients were expected.
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Figure 7.26: Finite element mesh for Section C1 — C1

Table 7.5: Soft Soil Creep model parameters used in Section C1- C1

Material Set 1 Material Set 2
Layer Depth Y AEY) k" W 1) @ k"2 VO] o' OCR
(m) )
0-3.25 0.0208 0.0042 0.00062 0.0211 0.0042 0.00063 34.0 2.4
3.25-8 0.0511 0.0102 0.00154 0.0211 0.0042 0.00063 35.0 1.5
8-12 0.0085 0.0017 0.00026 0.0085 0.0017 0.00026 39.0 2.6
12 -16 0.0057 0.0011 0.00017 0.0045 0.0009 0.00014 41.1 2.7
16 —23.45 0.0074 0.0015 0.00022 0.0060 0.0012 0.00018 39.3 2.5
23.45-27.95 0.0650 0.0130 0.00195 0.0590 0.0118 0.00177 31.7 1.6
27.95-31.05 0.0259 0.0052 0.00078 0.0289 0.0058 0.00087 34.2 2.0
31.05-35.3 0.1038 0.0208 0.00312 0.0811 0.0162 0.00244 29.4 1.3
35.3-473 0.0114 0.0023 0.00034 0.0124 0.0025 0.00037 36.8 2.2
47.3 -48.55 0.0785 0.0157 0.00236 0.0673 0.0135 0.00202 30.3 1.4
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Figure 7.27: Finite element mesh for Section C2 — C2
Table 7.6: Soft Soil Creep model parameters used in Section C2- C2
Material Set 1 Material Set 2
Layer Depth Y AEY) k" W 1) @ k" W @) (0} OCR
)
(m)
A 0-4.55 0.0120 0.0024 0.00036 0.0092 0.0018 0.00028 36.9 2.7
- 4.55-9.70 0.0881 0.0176 0.00265 0.0511 0.0102 0.00154 33.5 1.2
C 9.70-10.80 0.0171 0.0034 0.00051 0.0130 0.0026 0.00039 36.5 2.2
D 10.80-14.30 0.0048 0.0010 0.00014 0.0033 0.0007 0.00010 41.8 29
E 14.30-24.05 0.0077 0.0015 0.00023 0.0060 0.0012 0.00018 39.4 2.5
24.05-26.55 0.0375 0.0075 0.00113 0.0324 0.0065 0.00097 34.6 1.8
26.55-27.85 0.0783 0.0157 0.00235 0.0715 0.0143 0.00215 28.8 1.4
H 27.85-28.75 0.0216 0.0043 0.00065 0.0195 0.0039 0.00059 34.3 2.0
- 28.75-35.35 0.0917 0.0183 0.00275 0.0861 0.0172 0.00259 28.2 1.4
J 35.35-49.95 0.0126 0.0025 0.00038 0.0138 0.0028 0.00041 36.5 2.2
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Figure 7.28: Finite element mesh for Section C3 — C3

Table 7.7: Soft Soil Creep model parameters used in Section C3- C3

Layer

Material Set 1 Material Set 2
Depth A k' [TRNeY) O] kK" 2 T ' OCR
(m) )

0-5.25 0.0062 0.0012 0.00018 0.0054 0.0011 0.00016 40.7 33
5.25-12.5 0.0767 0.0153 0.00230 0.0519 0.0104 0.00156 31.9 14
12.5-15.7 0.0198 0.0040 0.00059 0.0256 0.0051 0.00077 35.9 2.1
15.7-25.6 0.0094 0.0019 0.00028 0.0086 0.0017 0.00026 38.5 2.4

25.6 —26.85 0.0554 0.0111 0.00166 0.0452 0.0090 0.00136 31.0 1.6
26.85-29.05 0.1240 0.0248 0.00372 0.1016 0.0203 0.00305 30.2 1.2
29.05-32.1 0.0646 0.0129 0.00194 0.0669 0.0134 0.00201 31.7 1.6

32.1-34.7 0.0257 0.0051 0.00077 0.0306 0.0061 0.00092 34.1 19
34.7-36.75 0.1295 0.0259 0.00389 0.1123 0.0225 0.00337 28.0 1.2
36.75-46.3 0.0207 0.0041 0.00062 0.0267 0.0053 0.00080 34.1 2.0

46.3-51.1 0.0148 0.0030 0.00044 0.0149 0.0030 0.00045 35.8 2.2
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7.3.2 Calculation stages

Initial Phase

In PLAXIS, an Initial Phase is used to defined the initial conditions. The initial conditions
comprise the initial groundwater conditions, the initial geometry configuration and the initial ef-
fective stress. The initial stresses in a soil are influenced by the weight of the material and its his-
tory formation. The stress state is characterized by an initial vertical effective stress, 6’y and by

an effective horizontal stress, 6’ho. The horizontal effective stress ¢’y is related to the vertical ef-

fective stress by the coefficient of lateral earth pressure K, =oc",,/0",, -

In this study, initial stresses were generated by using the K, - procedure available in
PLAXIS. This procedure is a calculation method used to define the initial stresses for the model
that takes into consideration the stress history of the soil.

The parameters required for the K - procedure are defined when material properties were in-
troduced in the material data sets. The value of K, for normally consolidated soils is calculated

using the Jaky’s formula:

K¢ =1-sing (7.45)

In an overconsolidated soil, Ko would be expected to be larger than the value given by the
one obtained for a normally consolidated soil. This effect is automatically taken into account for
advanced soil models when generating the initial stresses using Ko — procedure. The procedure
that is followed is described in the PLAXIS MANUAL.

Ty A
SO frees
K{?TC
| 1'1/,[;{
_H-D L yr
¥y
— P -0'xx
~T xx

Figure 7.29: Overconsolidated stress state obtained from primary loading and subsequent unloading (figure taken
from PLAXIS MANUAL)

184



Chapter 7- Numerical modelling of coastal defences of the Venetian lagoon

Considering a one-dimensional compression test, preloaded to ¢, and then unloaded to a’oyy .
During unloading the behaviour of the sample is elastic and the incremental stress ratio, accord-

ing to Hooke’s law, is given by:

Ao’y _ Ky op —0% Ko OCRa", —0"% _ Var (7.46)
Ac’ op— 0 (OCR-1)o", 1-v,,

vy

Consequently the default stress ratio of the overconsolidated soil sample is given by:

0
O xx

X KONCOCR—lL (OCR-1) (7.47)

]
Ovy ~Vur

where v, =0.15 is used if the standard setting for the SSC model parameters is selected and the

OCR-value for each layer of the different sections here studied have been already defined in Ta-
bles 7.5-7.7.

Plastic phases

The breakwater construction would consist in a number of phases, each of them simulated by
activating the different parts of the structure according to the real construction sequence. As the
construction history was unknown by this author and irrelevant for this study purposes, only one
phase was used to simulate the total load applied. Consequently, the calculation stage of Phase 1
is a Plastic analysis, Staged construction.

In this phase, the part of the geometry representing the breakwater is activated. As the Soft
Soil Creep model is used, the Time interval of the calculation phase should be considered. Time
intervals of 580 days (June 2003-January 2005) and 275 days (April 2004-January 2005) have
been considered for Malamocco and Chioggia cases, respectively. In both of them, January 2005
has been supposed to be the date of the end of the works.

Phase 2 and Phase 3 are two additional phases in which no changes to the geometry were
made. In Phase 2, a time interval of 1159 days in entered, which is the period between the end of
construction (January 2005) and the start of the PS records (March 2008). Finally, Phase 3 is
used to simulate the creep behaviour of soils in a period of 330 days (from March 2008 to Janu-
ary 2009). Settlements developed in this last phase were compared with those detected by PSI
from March 2008 to January 2009 using TerraSAR-X images.

7.3.3 Results

In the analysis of the long-term settlements of the breakwater, the attention has been focused
on the time interval March 2008 — January 2009 for which PSI measurements were available. A
comparison between measured vertical displacements and predicted settlements under the centre

of the breakwater are provided in Figures 7.30 and 7.31, showing the numerical results obtained
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from both the parameter sets A1, 1, k 1 and X', 2, K 2. Measured settlements are associated

with the radar reflectors (see Figures 7.19 and 7.25), located close to the piezocone verticals as-

sumed as a base for soil layering and geotechnical characterization.

Despite some simplified assumptions adopted in the analysis, the trend settlement at the Ma-

lamocco breakwater is generally well captured by the numerical model, with similar responses

obtained from the two alternative sets of stiffness parameters. Note that the computed outcomes

fit better the PS11 measurements in all sections except for M3 — M3.Besides, the prediction us-

ing Set 1 provides slightly higher values than Set 2.
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Figure 7.30: Comparison between the predicted secondary settlements and the measurements detected by PSI at the
Malamocco breakwater
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At the Chioggia inlet, the predicted and the recorded displacements trends of the breakwater
clearly show a certain difference among them, being more evident when Set 2 is used. That dif-
ference increases towards the northern portion of the structure.

In order to gain a better insight into the subsoil deformation process, the profile of the inte-
gral vertical displacements computed beneath the centre of the selected sections of each break-
water is provided in Figures 7.32 and 7.33. The greatest differences between the two trends de-
picted (Set 1 and Set 2) in each plot are observed in the fine-grained layers, particularly evident

in Chioggia profiles.
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Figure 7.31: Comparison between the predicted secondary settlements and the measurements detected by PSI at the
Chioggia breakwater

187



Depth (m)

20

30

40

50

60

Chapter 7- Numerical modelling of coastal defences of the Venetian lagoon

- _ B i —

1( cprrumt CPTU M2 I ] cPrums CPTU M4

4| <+ Set1 -+ Set1 4 d 4+ set1 <+ Set1

1 > Set2 > Set2 K 94 > Set2 > Set2

p - — ] iz

i {1 &

-9; ]k

7 1.5

1 o

- &

- -

o 4::

Y Y T13 Y Y Y T3 Y Y Y Y Y Y Y Y Y Y Y Y Y | v v v v v v

0 2 4 6 8 101214 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Cumulative Cumulative Cumulative Cumulative

displacement (mm)

displacement (mm)

displacement (mm)

displacement (mm)

Figure 7.32: Predicted integral vertical displacement at the end of the period March 2008-January 2009 from Ma-
lamocco piezocone tests
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Figure 7.33: Predicted integral vertical displacement at the end of the period March 2008-January 2009 from
Chioggia piezocone tests
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Some remarks about drained and undrained analysis

In Section 7.3.2, calculations have been performed assuming drained conditions in order to
demonstrate the time-settlement response in the long term. In this section the process is simu-
lated by including undrained material type and consolidation analysis in all calculation stages.
The section M2-M2 from Malamocco breakwater has been selected for this purpose.

In each calculation phase, the subsoil is left to consolidate for a predefined period, including
the effects of changes to the geometry. The part of the geometry representing the embankment is
activated in the Construction phase, which follows the Initial phase. In the next phases no
changes in the geometry are made.

Figure 7.34 shows the time-settlement curve of the undrained analysis (blue line). As in the
case of Treporti Test Site, primary consolidation seems to take place during the embankment
construction (tjo0 = 580 days). The figure also includes the curve from the drained analysis for
comparison. As evident, the predicted settlements provided by both analysis are almost the same.
In particular, the vertical displacements from the drained and the undrained analysis, from March
2008 to January 2009 are, respectively, 12.62 mm and 13.46 mm.

Finally, the green line represents the settlements predicted performing a drained calculation
but without any load being applied, just to let the soil creep under its self weight. From Figure
7.34, it turns out that settlement rates vary approximately from 6.5 mm/year at the beginning to
3.2 mm/year when the soil has not been disturbed for years. Differences between creep strain
rates from the analyses carried out applying the bank load (red and blue lines) and that without
any load (green line) are due to the dependence of the creep strain rate on the mean effective

stress.
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Figure 7.34: Settlement predictions at the breakwater centreline (section M2-M2)
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7.4 Three-dimensional numerical modelling

In this section, the numerical analysis of the long-term performance of the Chioggia external
breakwater has been carried out using the finite element code PLAXIS 3D in conjunction with
the Soft Soil Creep model.

This could be considered a useful starting point for the three-dimensional analysis, taking
into account the horizontal spatial variability of the Venetian subsoil. A crucial step at this stage
consists in adopting some simplifications so as to identify soil patterns that can be described with
a model. Nevertheless, difficulties in identifying trends arise when dealing with highly heteroge-
neous soils, such those forming the Venice lagoon basin.

The significant variability of data from CPT results, either in measured or correlated parame-
ters, should be taken into account statistically during the selection of the characteristic values of
each parameter. However, obtaining characteristic values of correlated parameters from CPT
could be complicated and on this aspect not precise guidelines exist (Myftaraga and Koreta,
2013). In this way, the interpretation of the computed C,. values from CPTUs C1, C2 and C3, in
order to select appropriate characteristic values for the soil units depicted in Figure 7.35, was a

complicated task.
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Figure 7.35: Cross section of the test-site area
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The computed C,., obtained from the application of Equations (5.5) and (5.6) to piezocone
tests C1, C2 and C3 are shown in Section 7.3.1 (Figure 7.11). The simple mean value of the C,,
for each soil unit has been considered herein as the characteristic value and has been used to de-
rive the stiffness parameters required in the SSC model.

The same approach applies when selecting characteristic values of the overconsolidation ra-
tio OCR and the friction angle ¢’. The correlations used to estimate these soil parameters have
been already shown in Section 7.3.1.

However, it is worth remarking here that the residuals of C,., calculated as the difference be-
tween the predicted value for each data point and the mean value, did not show in all layers a
good agreement with the theoretical normal distribution (X = 0), questioning in this way the ap-
plicability of the simple mean approach.

The material parameters used in the FE analysis are summarized in Table 7.8. As in the 2D
numerical analysis, two alternative sets of stiffness parameters have been considered, depending
on the empirical correlation initially adopted to estimate C.

A linear elastic behaviour has been assumed for the 13.8 m high breakwater. On the other
hand, a horizontal seabed has been supposed and the water table has been located at 11.4 m
above the seabed.

The drainage type for all clusters was set to drained. As in the 2D numerical analysis, the
consolidation process has been not investigated.

Finally, the mesh was generated setting Element distribution to very fine option.

Figure 7.36: Overview of the model in PLAXIS 3D
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Table 7.8: SSC Model parameters for selected soil layers

Material Set 1 Material Set 2
Layer A K" [TNeb) NN K" ) o @ o OCR
Q)

A 0.0113  0.0023 0.00034 0.0093  0.0019 0.00028 38.0 2.9
0.0734  0.0147 0.00220 0.0430  0.0086 0.00129 33.4 1.4

0.0094  0.0019 0.00028 0.0084  0.0017 0.00025 39.1 2.5

0.0700  0.0140 0.00210 0.0628  0.0126 0.00188 316 1.5

0.0443  0.0089 0.00133 0.0465  0.0093 0.00139 324 1.8

0.1178  0.0236 0.00353 0.0941  0.0188 0.00282 28.5 1.2

E 0.0162  0.0032 0.00049 0.0178  0.0036 0.00053 35.6 21

In the analysis of the long-term settlements of the approximately 550-m-long curved break-
water, the attention has been focused again on the time interval March 2008 — January 2009 for
which PSI measurements were available, taking into account that the construction of the struc-
ture started in 2004.
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Figure 7.37: Vertical displacements at stage “January 2009” using parameters from a) Material Set 1 and b) Material
Set 2
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Figure 7.38: Overview of the location of the selected points and radar reflectors (Persistent Scatterer, PS)

Figure 7.39 shows the predicted settlements under the breakwater at three different points,
placed close to piezocone tests locations (see Figure 7.38), and the measured vertical displace-
ments plotted versus time. The numerical results were obtained from both parameter sets A1, u*l,
K 1and X5, 12, K 2. Measured settlements are associated with the radar reflectors PS# and PS16,
located between the piezocone soundings C1 and C2 and C2 and C3 respectively.

As in the previous two-dimensional analysis, the predicted soil response results in a stiffer
behaviour compared to the recorded displacements. The settlements measured from March 2008
to January 2009 are in all cases underestimated by the isotropic soft soil creep model. Further-
more, the trends obtained using parameters from Material Set 2 predict smaller settlements com-
pared with those predicted using parameters from Material Set 1. In fact, the coefficient of varia-
tion (CoV) of the computed C,. using Equation (5.6) varies between high percentages,
particularly in the sandy units.

In order to get a better insight into the deformation process, the profiles of the integral verti-
cal displacements computed beneath the breakwater at the selected points are provided in Figure
7.40. Note that the contribution to total settlements of the thick silty sand layers (Unit C and E in
Figure 7.35) is negligible.

Despite the differences observed between the predicted and measured trends, it should be

taken into account that only a relative small period of time has been examined. In addition, the
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simplified assumptions adopted in the analysis, regarding the structure dimensions, seabed posi-
tion or time intervals, may have contributed to disagreement in trends.

Furthermore, Equation (5.14) seems to provide rather overestimated OCR-values in the
coarse-grained layers. As a result, this can also have contributed to the underprediction of the

secondary settlements.
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Figure 7.39: Comparison between the predicted secondary settlements and the measurements detected by PSI at the
Chioggia breakwater
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a) c3 c2 c1
Total displacements u, (scaled up 2,00*10" times) Total displacements u, (scaled up 2,00*10" times) Total displacements u, (scaled up 2,00*10” times)
Maximum value = 0,01581*10°3 m Maximum value = -3,559*10°2' m Maximum value = 4,850*10° m
Minimum value = -7,595*10" m Minimum value = -8,292*10°3 m Minimum value = -7,274*10 m
b) C3 Cc2 C1
Total displacements u, (scaled up 5,00°10" times) Total displacements u, (logarithmically scaled up 5,0010" times) Total displacements u, (scaled up 5,00*10" times)
Maximum value = 0,02118*10% m Maximum value = -2,514*102' m Maximum value = 7.421°10°8 m
Minimum value = -5,288*10" m Minimum value = -6,238"10"% m Minimum value = -5,316*10° m

Figure 7.40: Predicted integral vertical displacement from March 2008 to January 2009 using parameters from a)
Material Set 1 and b) Material Set 2 (Plaxis output)
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Conclusions

Geotechnical characterization of intermediate soils (e.g. silts, silt mixtures and sand mix-
tures) must generally rely on in-situ testing, since in these materials undisturbed sampling is in
general difficult to obtain. In the context of site investigations, cone penetration (with or without
pore pressure measurements) is probably the most widely used in-situ testing technique for geo-
technical characterization. However, the interpretation of cone penetration test results in inter-
mediate soils has turned out to be rather difficult, because the experience so far gained has
shown that such soils do not fit easily into existing interpretation framework.

Indeed, cone penetration at the standard penetration rate (20 mm/s) in intermediate soils is
likely to be partially drained. The uncertainty with regard to the extent of partial consolidation
during penetration supposes an obstacle to the estimate of the soil behaviour type and properties
of such soils.

The study proposed in this thesis aims at providing a better understanding and interpretation
of cone penetration data in intermediate soils. For this purpose, the thesis has been organized in
two main parts. In the first part, attention has been focused on the analysis of rate effects on cone
penetration measurements, taking into account some new field data obtained from piezocone
tests in natural sand and silt mixtures. The main idea was to identify drainage conditions when
CPTU are performed at a standard rate, since this condition is likely to strongly affect field
measurements and therefore it should be taken into careful consideration in order to properly in-
terpret the resulting data in terms of geotechnical parameters. Previous experiences in the context
of variable rate CPTU tests have mainly dealt with centrifuge physical models and predomi-
nantly fine sediments, like clays or silty clays. By contrast, this study has provided a preliminary
contribution in the analysis of the rate effects on natural sand and silt mixtures using a full size
penetromter.

Following recent interpretation procedures proposed in the literature, the available data have
been analyzed in terms of normalized CPTU measurements and normalized velocity, so as to de-
rive trend curves of cone resistance and excess pore pressure. The transition point from
undrained to partially drained and drained responses has been investigated. Although the inter-
pretation of field tests turned out to be a difficult task because of heterogeneous soil stratigraphy,
the in-situ behaviour of some data sets substantially confirmed the response already observed in
laboratory test results.

A future extension of this study would require additional variable rate CPTU tests in order to
get a better definition of the normalized drainage characteristic curve for these intermediate soils,
with special reference to tests performed at high penetration velocities. Furthermore, difficulties

in defining the normalized velocities at which drained and undrained conditions begin can be due
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to the uncertainties about the evaluation of the horizontal coefficient of consolidation (cp). The
analysis has shown difficulties for deriving a suitable value of c, and the available approaches
proposed by other authors have shown significant limitations when applied to different data.

Furthermore, the study has focused on the interpretation of CPTU tests in silty sediments of
the Venetian lagoon that are widely recognized as the most studied silty sediments worldwide.
This part of the thesis has been developed in the context of the ambitious research project carried
out in the last decade at the Treporti Test Site, with the aim of better understanding the stress-
strain-time response of the predominantly silty sediments forming the Venetian lagoon basin.
The experience gained on the interpretation of piezocone data in such silty sediments has re-
vealed significant limitations of the available and well-established empirical correlations, devel-
oped for the geotechnical characterization of sands and clays and thus based on a stiff distinction
between drained and undrained conditions. On the basis of the large amount of data, more suit-
able site-specific correlations calibrated in the context of the Trepoti research project, were pro-
posed (e.g. Tonni et al., 2010; Tonni and Gottardi, 2011; Bersan et al., 2012; Tonni and Si-
monini, 2013). This study provides an attempt to validate such site-specific formulations to
independent cases within the area of the Venetian lagoon, with particular reference to the as-
sessment of the long-term response of the Venetian coastal defences. This is likely to provide a
significant contribution to the geotechnical engineering practice in the area.

Accurate measurements of long-term settlements of some coastal defence structures recently
constructed along the Venetian coastline have allowed evaluating the predictive capability of two
slightly different empirical relationships between piezocone measurements and the secondary
compression coefficient (C,.). The application of the one-dimensional settlement method in con-
junction with the C, profiles provided long-term settlement predictions which agree fairly well
with measured displacements, thus confirming the effectiveness of both available correlations.

Furthermore, a numerical analysis of the long-term response of two breakwaters built at
inlets of the lagoon has been proposed, using a constitutive formulation specifically developed
for simulating the creep behaviour of soft soils. The calibration of the constitutive parameters has
been mainly performed by considering CPTU-based empirical correlations proposed for Ve-
netian sediments, such as those for estimating C,. as well as the overconsolidation ratio and the
oedometric stiffness.

The numerical results have proved the effectiveness of the approach in capturing the creep
behaviour of Venetian soils, hence the proposed study can be considered a useful starting point
for the analysis of the long-term settlements of the coastal defence structures located in the la-
goon area. Nevertheless, it must be observed that a more accurate numerical study of the prob-
lem would require a constitutive formulation specifically developed for natural silt mixtures, as

the Venetian soils are.
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