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Kurzfassung

In der gegenstandlichen Arbeit wird fur ein Projekt an der Mittelmeerkiste das dort zur

Anwendung kommende Verfahren zur Bodenverbesserung naher untersucht.

Um die Konsolidierung zu beschleunigen und die Setzungen in der Phase nach den
Bauarbeiten zu reduzieren, sollen zur Bodenverbesserung vertikale Drains in
Kombination mit einer Uberlastschittung fiir einen groRflachigen Bereich angewendet
werden. Das Bodenverbesserungskonzept wird in Ubereinstimmung mit den erwarteten
Betriebslasten und mit den Anforderungen optimiert, die vom Auftraggeber vorgegeben

sind.

Um die Setzungen im vielschichtigen Berechnungsmodell auszuwerten, werden
numerische Analysen durchgefiihrt. Die Geometrie des Berechnungsmodells wird mittels
der Implementierung des CUR 191 (1997) Ansatzes vereinfacht dargestellt. Weil zwei
Typen der Randbedingungen - drainierte und undrainierte - fir den unteren Bereich
zugeordnet werden kdnnen, wurde der Einfluss der darunter liegenden Boden auf die

Setzungen untersucht und ausgewertet.

Die Untergrunderkundungskampagne auf dem groR3flachigen Baufeld wurde mittels
CPTu-Sondierungen ausgefihrt. Die ersten acht CPTu Tests sind als Investigation- 1
genannt. Die gewonnenen Daten werden als die Basiswerte fir die Beurteilung des
Untergrundmodells benutzt, das im Lauf des Projektes in nummerischen Simulationen
verwendet wird. Im Laufe des Untergrunderkundungsprogramms werden die zusatzlich
gewonnenen Daten mit den ersten acht Tests verglichen, um ein erweitertes Verstandnis
Uber den Untergrund zu bekommen und das flr die Modellierung geeignete
Untergrundmodell zu verbessern, wenn eine solche Notwendigkeit erforderlich ist. Der

Vergleich wird mit Hilfe von programmierten Excel Tabbellenblattern durchgefthrt.



Abstract

“In the wide array of existing ground improvement methods, the use of vertical drains
with preloading is considered as one of the most effective and economical methods for
improving soft clays (normally consolidated to lightly over-consolidated) prior to
construction of infrastructure. Vertical drains installed to significant depths promote radial
flow inducing consolidation rapidly enhancing the shear strength of the compressed

ground” (Indraratna et al 2012).

The ground improvement method with prefabricated vertical drains and excess
preloading is applied for the area of great extent, for the located in the North Africa, in
order to accelerate the consolidation and to reduce the post-construction settlement. The
ground improvement concept was optimized in accordance to the expected service loads

and requirements for settlement, stated by the Client.

The numerical analyses with the software GGU CONSOLIDATE 5 are conducted to
estimate the settlement in the multi-layered calculation model. The CUR 191 (1997)
approach is implemented in these calculations in order to simplify the geometry of the
model. As two different types of boundary conditions — drained and undrained — can be
assigned for the bottom edge of the calculation model, the influence of underneath laying

soils on the settlement rate is investigated and evaluated.

The subsurface investigation program in the area of the project is performed by means
of piezocone tests. The first eight CPTu tests are named as Investigation-1. The obtained
data was used as the basis for the assessment of a calculations model, later used in
numerical simulations. With the continuation of the subsurface investigation program, the
received supplementary data is compared to the first tests in order to obtain the
enhanced understanding about the subsurface and to improve the underground model
used in calculations, if necessary. The comparison is performed by the means of

programmed spreadsheets.

Keywords: ground improvement, settlements; saturated soils; soft soils; consolidation;
fine grained; modelling; GGU CONSOLIDATE 5; vertical drains; PVD; preloading; CUR
191 (1997); CPTu; piezocone test.
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1 Introduction

“Coastal clays often have low bearing capacity and high compressibility, causing
excessive and differential settlements upon loading” (Indraratna et al 2007). Due to their
fine size of particles, clays, peat and silts, as typically found in coastal areas, possess
low permeability, what has a negative influence on the consolidation time. Thus, the
ground improvement methods applied for such areas are designed in the way to

accelerate the ground water dissipation from soils.

Within this thesis a case study of a practical project in North Africa is discussed. The aim
of the Project is to use the ground improvement method with prefabricated vertical drains
and excess preloading in order to accelerate the consolidation time and to reduce the
post-construction settlement. For this practical project, this method is applied over a large
area, to be called the area of great extent within this Thesis. The ground improvement
method must fulfill the requirements set by the Client. Some confidentiality is required
for this practical project, thus some changes in names are made by the author of this

Thesis.
The goals of this Thesis are related to the aim of the project and are as follows:

e To gain the necessary theoretical background;

e To create a settlement calculation model based on a proposed subsoil model;
e To calculate settlements according to different loading conditions;

e To check the influence of boundary conditions on settlements;

e To check if estimated settlements fulfill the requirement;

e To develop a CPTu evaluation system to compare incoming CPTu results;

e To check whether the area of great extent has varying geotechnical properties;

e To use new CPTu results to confirm the project’s calculation model.

This Thesis describes the steps taken to achieve above mentioned goals and is divided
into two major parts: the necessary theory is presented in the first part, while the second

part has a focus on practical project-related tasks.

The first part is composed of four chapters, which cover the required theoretical
background. In the first chapter the theory of consolidation is presented in four
subdivisions. The second chapter provides the overview of ground improvemt with
prelodaing and prefabricated vertical drains. The third chapter covers the modelling

principles of vertical drains. The last, fourth, chapter deals with the methods of in-situ
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geotechnical subsurface investigation and the interpretation of gained data, based on
the publication “Guide to Cone Penetration Testing for Geotechnical Engineering” by
Robertson (2012).

The second part covers the practical project related calculations. The generalities about
the Project and geological conditions are summarized in the first two chapters. The third
chapter explains in details the development of ground improvement design concept. The
fourth chapter focuses on the calculation and the comparison of predicted settlement
with different boundary conditions. The fifth chapter describes the method developed for
the evaluation and comparison of CPTu test results. The sixth section summarizes some
points of interest, as well as unanswered questions, which arise from the results of

settlement calculations and performed evaluation of piezocone tests

Finally, the most significant results and conclusions are summarized and presented as

separate chapters.
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2 Theoretical part

2.1 Fundamentals of consolidation

“Consolidation settlement is the vertical displacement of the soil surface corresponding
to the volume change at any stage of the consolidation process” (Knappett & Craig
2012).

The focus of this chapter is to provide the basic theoretical background about the
consolidation and the commonly used equations to evaluate the consolidation

settlement.

2.1.1 General information

“Consolidation is the gradual reduction in volume of a fully saturated soil of low
permeability due to the change of effective stress” (Knappett & Craig 2012). The
consolidation process is generated by the gradual decrease of excess pore water

pressure and results in the increment of effective stress in soil skeleton.

Generally, the consolidation process is divided into three major phases, which are

directly related to time:
1. Phase 1: initial loading
The first phase with the corresponding equations is depicted in Figure 1.

In the first phase the initial loading Ao is instantaneously applied on saturated soil.
This instant application of loading Ao on saturated soils generates the increment of
excess pore pressure pw, which is the sum of initial pore water pressure pw,o and of
the change of pore water pressure Apw,p-0. The change of pore water pressure Apw,p-=o
is equal to the change of vertical stress Ao and is carried by the water, assuming it
is incompressible. In the first phase the effective stress in the soil skeleton ¢’ is equal

to the initial effective stress o%.

Institute of Soil Mechanics and Foundation Engineering 2



TU

; Graz
2 Theoretlcal part Graz University of Technology

apply surcharge load Ao (infinite length) rapidly

(it idiblld

Pw =Pw,o * APy, t=o t=0
Apy, =0 = AC
¢’ =0,
A7 77777777777 77777

rigid impermeable layer

Figure 1 Phase 1: initial loading (UMass Lowell 2013)

2. Phase 2: consolidation takes place
The second phase with corresponding equations is shown in Figure 2.

As time goes on, water runs out of voids due to the applied stress. The excess pore
water pressure will dissipate (Apw,: = Ao — Act’)) and some of the stress increment will
be carried by the soil skeleton (Ao’ = Aoy’+ Acy’). The volume of soils decreases and

this reduction of volume generates settlement.

Consolidation takes place

settlements As;

NN RN RN RN

Pw = Pu,o * APyt
Ap,, = Ac - Ac,

0<t<w

o' =g, +Ac,

rigid impermeable layer

Figure 2 Phase 2: consolidation takes place(UMass Lowell 2013)

3. Phase 3: consolidation process is completed
The third phase with the corresponding equations is shown in Figure 3.

When the excess pore water pressure due to the initial loading pw completely
dissipates, soil skeleton takes the whole loading. As a result, now the increase of
effective stress in the soil skeleton is equal to the applied vertical stress (¢’ = oo™+
Ac’). After the consolidation process is completed, settlement reach the maximal

value.
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Consolidation process completed

settiements As,,

Pw = Pw,o Ll
o' =0, +Ac

rigid impermeable layer

Figure 3 Phase 3: consolidation process is completed (UMass Lowell 2013)

When the consolidation takes place, total, effective and pore water pressures vary with
respect to time and the drainage conditions at the bottom and the top of consolidated
soil layer. The variations of total, pore water and effective pressures with respect to time
in the clay layer, which is surrounded by the two permeable layers, are illustrated in
Figure 4. The sequence of variations agrees with the above described three phases of
consolidation process with respect to time.
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Attimet=10
Pore water Effective
Total stress increase pressure increase stress increase
\ - . >
H

B FAG—H ; Ac' =0
Au= Ao

Depth Depth Depth

At time betweent=0and t=co

Pore water Effective
Total siress increase pressure increase stress increase
> | > -
I
|
H Au<Ac :
|
|

- AT—»] Lt— A —»]
Depth Depth

At time t = 00

Pore water Effective
Total stress increase pressure increase stress increase
H
—AG—] A =10 -~
¥ r Ao’ = Ao
Depth Depth Depth

Figure 4 Variations of total, pore water and effective pressures during the consolidation
(UMass Lowell 2013)

The average velocity of excess pore water pressure dissipation is strongly dependent on

the soil type, grain size and permeability. For saturated cohesionless soils as sands pore
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pressure increase decays rapidly due to the high permeability. In saturated clays the
consolidation takes much longer time because of the low permeability in general. Typical

time — settlement curves for cohesionless soils and clays are compared in Figure 4.

Time ¢ )

Cohesionless soils

( Settlement s

Figure 5 Comparison of dissipation process in cohesionless soils and clays

“The process of swelling, the reverse of consolidation, is the gradual increase in volume
of a soil under negative excess pore water pressure“(Knappett & Craig 2012). In general,
the process of swelling is sub-divided into mechanical and chemical swelling. The
mechanical swelling is linked with the time-dependent stress conditions (loading-
unloading), while the volume change caused by expandable clay minerals is known as
the chemical swelling. In this Thesis only the mechanical swelling is considered in
settlement calculations. In geotechnics the mechanical swelling is defined as heave and

from now on this definition will be used to describe the increase in volume of a soil.

2.1.2 Interpretation of typical void ratio- effective stress plot

One of the key results of the consolidation process is the reduction in volume. The
expulsion of pore water from loading allows soil particles to redistribute. The void ratio is
estimated every time the load is applied on the sample and each current void ratio is
estimated on the basis of previous result. For example, the void ratio for the first loading
is calculated on the basis of initial void ratio, however the void ratio for the second loading
is based on the results from the first loading. The change of volume can be evaluated

with Equation (1) - (5). Figure 6 visualizes the input parameters for these calculations.
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Vv HyA Hy
=l= Yoo (1)
V,  HA ™ Hy
€0 [-] Initial void ratio
A [m?]  Area of specimen
Vv [m3]  Equivalent volume of voids at start of test
Vs [m3]  Equivalent volume of solids at start of test
Hv [m] Equivalent thickness of voids at start of test
Hs [m] Equivalent thickness of solids at start of test
Ae. = AH, (2)
e = HS
Aer [+ Change of void ratio at the end of first increment period
AH;  [m] Change of specimen thickness at the end of first increment period
_ Ae. — AH, 3
€1 = € €1 = € H, (3)
e [-] Void ratio at the end of first increment period
P (4)
e, = HS
Ae;  [] Change of void ratio at the end of second increment period

AH;  [m] Change of specimen thickness at the end of second increment period

B e, = AH,
€2 = € €2 =€ H,
e [-] Void ratio at the end of second increment period

(5)

General equation for estimation of void ratio at the end of any increment period is derived

and presented as Equation ( 6 ):

AH;
e, = e1— Ne;=¢;_1 — H, (6)
€ [-] Void ratio at the end of any increment period
i1 [-] Void ratio at the end of any minus one increment period
Ae; [-] Change of void ratio at the end of any increment period
AHi  [m] Change of specimen thickness at the end of any increment period
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Figure 6 Definition of voids and solids in a specimen (UMass Lowell 2013)

The progress of the consolidation process under a particular total stress increment can
be explained through a change of void ratio with Equation ( 7 ). The estimated value is
denoted as the degree of consolidation U and it indicates how far the consolidation

process in comparison to the initial state is gone.

€ — €
U= x 100% (7)
ey —e
U [%6] Degree of consolidation
e [-] Void ratio at the end of consolidation for t = «

If the degree of consolidation U is equal to zero, it indicates that consolidation process
has not yet begun. If this value U is equal to 100%, it indicates that consolidation is

complete.

The degree of consolidation can be expressed as the settlement ratio, if the final
settlement is known. The degree of consolidation at any time U with the incorporation of
settlement is expressed in Equation ( 8 ).

Si

U= X 100% (8)
sfinal

Si [m] Settlement at any time

Stinal  [M] Final settlement

As Equation ( 7 ) and ( 8 ) are used to estimate the result of the same process, it means

that components of equations can be compared. The settlement due to the consolidation
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are the result of volume reduction or more specifically, the reduction of pore volume. In
both equations the numerator indicates the consolidation stage at any time, while the

denominator corresponds the end result of the process.

An example of oedometer apparatus used to carry out consolidation tests is shown in

Figure 7.

Figure 7 Oedometer apparatus (GDS 2017)

In the oedometer test a soil sample is tested with two types of load application— loading
and unloading. Final plots consist of results of numerous loading and unloading
increments, evaluated with respect to the void ratio and the effective stress. For clays
the relationship between void ration and effective stress depends on the stress history
of soil. According to Knappett et al. (2012), clays are divided into two groups, based on

the stress history:
1. Normally consolidated clays (NC)
The present overburden pressure or in-situ effective stress is the highest loading the

clay sample has ever seen.

The e — logo’ relationship for a normally consolidated soil is linear (nearly so), and is
called the virgin (one-dimensional) compression line. During compression along this
line, permanent irreversible changes in soil structure continuously take place and soil

does not revert to the original structure during expansion.
2. Overconsolidated clays (OC)

The present overburden pressure or in-situ effective stress in lower than the soil has

seen in the past.
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In the e — logo’ relationship plot the resulting curve has one additional loop, which is
called the swelling- recompression part. The changes of soil structure along this loop
are almost totally recoverable and the recompression line ultimately rejoins the virgin

line.

A typical result of void — effective stress plot for normally and overconsolidated clay
samples is presented in Figure 8. In the normally consolidated soil the compression
occurs only along a — b — ¢ — g part, while in the overconsolidated soil the swelling-

recompression part ¢ — d — f must be considered.

Void ratio, e

Effective pressure, o' (log scale)

Figure 8 Typical e — logo’ relationship plot (UMass Lowell 2013)

Figure 8 suggests that a soil in the overconsolidated state will be less compressible than
that in the normally consolidated state, because of the presence of recoverable

components of volume changes, which are in general smaller than irrecoverable.

The preconsolidation pressure, which is referred to the maximum stress the soil has ever
experienced, can be defined by Casagrande’s graphical method (Knappett & Craig
2012). When the preconsolidation pressure or the maximum past pressure is known, the

overconsolidation ratio (OCR) for this soil is estimated as in Equation ( 9).

OCR =% (9)
o

OCR [] Overconsolidation ratio
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H

Oc [MPa] Preconsolidation stress

H

o [MPa] Effective vertical stress
General guidelines suggest to evaluate soils as normally consolidated (NC), when
overconsolidation ratio OCR does not exceed or is equal to 1. Above this value, an

investigated soil falls into the category labeled as overconsolidated (OC).

Possible causes of overconsolidation are the fluctuation of ground water, preloading
generated by thick sediments, glaciers or weight of previously existing structures,

secondary compression and desication above the ground water table.

2.1.3 The settlement — log time plot from the oedometer test

“Consolidation settlement is the vertical displacement of the soil surface corresponding
to the volume change at any stage of the consolidation process” (Knappett & Craig
2012).

The typical experimental curve obtained by plotting the dial gauge readings of settlement
in the oedometer test against logarithm of time is shown in Figure 9. According to the

theory of consolidation, this curve consists of three main parts:
1. Initial compression

The initial compression is the part of consolidation curve, where the degree of
saturation stays close to constant (marginally below 100%). The difference is mainly
based on the compression of air bubbles in water. In this stage the elastic or
recoverable deformations occur in the soil sample. The deformations are said to be
recoverable, because as explained above the degree of saturation stays close to the

constant and the loading is mainly carried by the water and not by the soil skeleton.

In the cohesive, fine- grained soils it is assumed that no initial settlement is generated

in the initial compression stage due to the low permeability.
2. Primary consolidation

In this stage the volume change of the soil sample is caused by the expulsion of
water from voids between particles due to the constant loading. The expulsion of
water from voids between particles results in the dissipation of excess pore water
pressure and rearrangement of soil particles (since the volume of water in the sample

decreases, it creates the empty space between soil particles). Thus, the volume of
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sample reduces (the sample is being compacted by the applied loading) and

settlement is generated.

The final point in this stage corresponds the degree of consolidation equal to 1. This

point is an intersection of linear extents of two parts of the curve.
3. Secondary compression

This secondary compression is the part of consolidation curve, which follows the
primary compression. The general assumption suggests that the secondary

compression should not begin until the primary compression is completed (U = 1).

The secondary compression is related to the cohesive soils with the low permeability.
Due to the low permeability, it continues at the very slow rate for an indefinite period
of time. This part of consolidation process is as well known as creep — deformations

under the constant loading with no change of pore water pressure.
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A

Stage II: Primary
consolidation

Deformation

Stage lll: Secondary consolidation

Time (log scale)

Figure 9 Typical settlement — log time plot (UMass Lowell 2013)

2.1.4 1-D Consolidation theory by Terzaghi

“Terzaghi (1943) developed an analytical model for determining the degree of
consolidation within soil at any time t” (Knappett & Craig 2012). The product of this theory

is the one-dimensional governing equation for pore pressure dissipation (Equation ( 10)

):

2
R (10)
au [%0] Change in void ratio
ot [m] Change in time
0z [m] Change in the elevation head
Cv [m2/s] Vertical coefficient of consolidation
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The vertical coefficient of consolidation is expressed with Equation ( 11 ):

ky

Cy = Yol (11)
Kv [m/s] Vertical coefficient of permeability
Yw [KN/m?3] Effective vertical stress
my [KN/m?] Coefficient of compressibility

For derivation of Equation ( 11 ) the assumptions made in the theory are:

e The soil is homogenous.

e The soil is fully saturated.

e The soil particles and water are incompressible.

e Compression and flow are one-dimensional (vertical).

e Strains are small.

e Darcy’s law is valid at all hydraulic gradients.

e The coefficient of permeability k and the coefficient of volume compressibility remain

constant throughout the process.

e There is a unique relationship, independent of time, between void ratio and effective

stress.

As well, the theory relates the three quantities:

e The excess pore water pressure u.

e The depth z.

e Time t from the sudden application of the constant load.

Since the vertical coefficient of permeability ky and the coefficient of compressibility my
are assumed as constants (based on the assumption that soil skeleton is
incompressible), the vertical coefficient of consolidation c, is constant during the

consolidation.
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After the load is applied instantaneously, the excess pore water pressure is generated.
The decay of excess pore water pressure is caused by the water discharge between sail
particles. Terzaghi solved the consolidation equation (Equation ( 10 ) ) as he presumed,
that the volume change of soil element and settlement rate induced by volumetric
changes and soil particle redistribution is equal to the volume of expulsing water. The

result is provided as Equation ( 12).

cyt
h="% (12)
Tv [-] Dimensionless time factor
ty [years] Time
d [m] Length of drainage path

Variations of excess pore water pressure and the length of the drainage path in the layer

are influenced the surrounding soils, as it is illustrated in Figure 10:

a) A layer for which both upper and lower boundaries are free-draining is described as

an open layer (Knappett & Craig 2012).

b) A layer for which only one boundary is free-draining is a half-closed layer (Knappett
& Craig 2012).

The free draining boundary allows the rapid dissipation of the excess pore water

pressure, while the dissipation through the closed boundary requires much more time.

Curve (1), curve (2), curve (3) under the illustrated initial variations of excess pore water
pressure in Figure 10 are related to the three curves, shown in Figure 11. Curve (1),
curve (2) and curve (3) in Figure 11 are used to solve the equation of consolidation
(Equation ( 12 ) ) for the cases with opened and half-closed layers. In order to solve
Equation ( 12 ), the length of the drainage path d is estimated based on the drainage
conditions from Figure 10. Then the curve with the matching number is chosen in Figure

11. Lastly, the degree of consolidation U is estimated from this graph.
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Figure 10 Initial variations of excess pore water pressure (Knappett & Craig 2012)
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Figure 11 Relationships between average degree of consolidation and time factor

(Knappett & Craig 2012)

2.2 Ground improvement

Ground improvement is used to stabilize soft, compressible soils, increase their bearing

capacity and stiffness. Some techniques are more applicable for saturated soils, as the
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ground improvement induces the reduction of ground water in the soil matrix and thus
increases the consolidation ratio (see chapter 2.1). Overall, the goal of ground

improvement techniques is a densification of a soil layer with or without special additives.

This chapter provides the general overview of commonly used ground improvement
methods and then focuses on the principles of the ground improvement with preloading

and vertical drains.

2.2.1 Classification of ground improvement techniques

Chu et al (2009) has listed and grouped commonly used ground improvement techniques
according to TC17 in the following way:

A. Ground improvement without admixtures in non-cohesive soils or fill materials
¢ Dynamic compaction;
e Vibrocompaction;
e Explosive compaction;
e Electric pulse compaction;
e Surface compaction (including rapid impact compaction).
B. Ground improvement without admixtures in cohesive soils

o Replacement/displacement (including load reduction using lightweight

materials);
e Preloading using fill (including the use of vertical drains);
e Preloading using vacuum (including combined fill and vacuum);
e Dynamic consolidation with enhanced drainage (including the use of vacuum);
e Electro-osmosis or electro-kinetic consolidation;
e Thermal stabilization using heating or freezing;
e Hydro-blasting compaction;

C. Ground improvement with admixtures or inclusions
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e Vibro replacement or stone columns;

e Dynamic replacement;

¢ Sand compaction piles;

e Geotextile confined columns;

¢ Rigid inclusions (or composite foundation);

e Geosynthetic reinforced column or pile supported embankment;
e Microbial methods;

e Other methods (mostly unconventional methods or use of natural materials, like

bamboo, timber and etc.).
D. Ground improvement with grouting type admixtures
e Particulate grouting;
e Chemical grouting;
e Mixing methods (including premixing or deep mixing);
e Jet grouting;
e Compaction grouting;
e Compensation grouting.
E. Earth reinforcement
e Geosynthetics or mechanically stabilized earth (MSE);
e Ground anchors or soil nails;
¢ Biological methods using vegetation.
All'in all, main purposes of ground improvement can be summarized as:

e To increase the bearing capacity;
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e To increase stiffness;

e To control deformations;

e To accelerate consolidation;

e To provide lateral stability;

e To form seepage cut-offs;

e Toincrease resistance to liquefaction.

Better results can be achieved combing two techniques. For example, it is common to
couple vertical drains or the vacuum consolidation with preloading for saturated, very

soft to soft, fine grained soils of low permeability.

In the context of this Thesis only the ground improvement with vertical drains and

preloading is discussed with respect to the practical Project.

2.2.2 Preloading

2.2.2.1 General information about preloading

“It is well known that the compressibility and shear strength of soil can be greatly
improved if the water content in the soil can be significantly reduced. One common
method for improving soft soil is to reduce the water content of the soil through
consolidation” (Chu et al 2014).

The introduction of the additional (equal to or higher than the weight of structure) loading
on soils for a defined range of time prior to the placement of structure in order to increase
the stiffness and bearing capacity of soils, decrease their volume due to the weight of
structure generated settlements is noted as preloading. When the higher weight than the
weight of the structure is applied on soil prior to the construction process, it is known as

the overloading or excess preloading (over-loading).

In the most elementary case, additional vertical stresses are generated by the
embankment, constructed on the site. This method is known as a conventional
preloading. Vertical stresses are influenced by the height of embankment and weight of

fills and calculated as in Equation ( 13).

Overtical = N Ymaterial ( 13 )

Overtical [KN/M?] Vertical stress
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h [m] Height of embankment

Yimaterial [KN/M3] Unit weight of embankment material

“Depending on how a preload is applied, the preloading methods can be subdivided into
preloading using fill, preloading using vacuum pressure and combined fill, and vacuum
preloading methods” (Chu et al 2014).

The applied preloading prior to the construction generates the excess pore water
pressure. With time, the generated excess pore water pressure dissipates, because
water is being expulsed from soils. It results in the decrease of volume and consequently,
settlement due to the preloading (see section 2.1.1). Thus, this compacted soil has the
higher bearing capacity and this increase in the soil strength results in the reduction of
the post- construction settlement (the settlement, defined as the difference between the
final settlement generated by the construction and settlement generated by the

preloading applied prior to this construction).

After the required degree of consolidation is reached, the embankment can be totally or

partially removed or used as a new surface, building platform.

2.2.2.2 Principles of the mechanism

The aim of the preloading is to achieve a required amount of settlement prior to the
placement of constructions. The basic principle of the mechanism is to estimate how
much and how long loading must be applied on soils prior to the placement of

constructions in order to achieve this required amount of settlement.

The design steps, which lead to the estimation of this loading, can be summarized as

follows:

1. To define design loads and the final settlement, generated by these loads.
Additionally, the resulting log time — settlement curve for these loads should be
plotted in order to estimate, how many settlement are generated at the specific time
ranges. In Figure 12 the dashed curve corresponds the log time — settlement curve,

generated by the design loads.

2. To define the type of preloading: at this step it should be defined, whether the applied
preloading is equal to the design loads or is higher than these design loads (excess
preloading). When the excess preloading is applied, the resulting log time —
settlement lays underneath the log time — settlement curve due to the design loads (

in Figure 12 this is the continuous curve underneath the dashed curve). That
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corresponds higher settlements. In Figure 12 it is shown that higher than design loads

are achieved with the applied surcharge.

3. To define the duration of the preloading. The excess loading (or surcharge as in
Figure 12) can be removed, when the desired settlement due to the preloading is

reached.

4. To estimate what combination of embankment’s and surcharge’s heights and used

material will correspond the applied preloading (see Equation ( 13)).

5. This iteration loop (steps 1-4) may be repeated several times in order to achieve the

optimization of design.
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Figure 12 Resulting settlement due to preloading (Stapelfeldt 2000)

In general, itis more common to use the ground improvement with the excess preloading
in order to reduce the post-construction settlement. The more detailed working principle
of the excess preloading is illustrated in Figure 13, where the concept of time — settlement
behavior under preloading and over-loading is visualized. Time — settlement curve 1
depicts the soil behavior, if in the preloading and reloading stages the maximal applied

stress is equal to the service load o5. Time — settlement curve 2 shows soil behavior with
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overloading o, in the preloading stage and service load o in the reloading. For both
curves the stress gy in the unloading stage is lower than the service load agg. In the
unloading stage the time — settlement curve 1 indicates heave, but later returns to the
initial settlement curve while it reaches the value of final settlement. In the time —
settlement curve 2 a value higher than expected portion of final settlement is already
reached in the preloading stage due to the applied over-loading. After the part of
overloading is removed, soil stays in the overconsolidated state and secondary
settlements in the reloading stage do not exceed the settlement predicted with the

service load op.
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Figure 13 Time — settlement behavior under preloading and overloading (Veder and

Prinzl 1983)

2.2.2.3 Pros and cons of the technique

Advantages of preloading:

e Economical technique (but depends on the availability of material for the preloading);

e Suitable for large areas;

e Suitable for saturated, compressible soils, such as soft silts, clays, silty clays;

e Fill can be later re-used as a construction material, if required.

Disadvantages of preloading:
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e A time — consuming technique, if it is applied for low permeable soils without

additional means of consolidation acceleration;
e Irregularity of settlements due to the size of embankment;

e Stability of embankment slopes must be considered in the design phase of
embankment.

2.2.3 Vertical drains used for the ground improvement

2.2.3.1 General information about vertical drains

Vertical drains are artificially introduced drainage ways into the soils, designed to
increase the permeability of soils and thus to reduce the excess pore water pressure and
accelerate the consolidation in soft, cohesive, fine grained soils. In praxis, vertical drains
are combined with conventional or vacuum preloading, because vertical drains do not
work on their own without the excess pore water pressure. The potential benefit of

application of vertical drains for the acceleration of settlement is sketched in Figure 14.

/ Surcharge \ Surcharge \\

|
Soft ground

consolidates - = ‘ ‘
under load

Without drains With Vertical Drains

a,
l "

\ L-----""‘---x.ﬁ}:Lﬂmm vartical
~With vertieal Tt

— Settlement

-

Time ——=

Figure 14 Benefit of vertical drains (Indraratna 2002)

First vertical drains were installed in California in 1934. Until the early 1970s, mainly large
diameter sand drains were used. These were installed by means of close-ended
mandrels and such installation method was causing the smear zone of considerable
thickness around drains. The problem was solved with the invention of jetted sand drains
in the Netherlands. As negative aspects of this method the additional costs of jetting

pumps and the disposal of massive quantities of water were mentioned.
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The development of synthetic materials and improvement of technical equipment

resulted in the invention of principal alternative to large diameter sand drains, known as

prefabricated vertical drains (PVD). The mechanism of prefabricated vertical drains is

the same as in large diameter sand drains, but they are prefabricated in bands.

Today in geotechnical engineering the following types of vertical drains are used:

Sand drains

Traditionally sand drains are sand filled holes in the soil, prepared by a displacement,
drilling or washing method. Naturally, the permeability of sand is much higher than

the permeability of the surrounding soil.
Sand wicks

Pre-packed drains in a filter stocking are placed in a predrilled hole or into a mandrel.
It saves the used amount of sand and reduces the soil disturbance around a drain
during the installation. The fabric stockings allow sand drains to be extremely flexible
and tenacious, thus allowing to stretch and compress at various points along their
length to compensate lateral and vertical deformations. The granular soil filling in
sand wicks ensures that the drain remains open irrespective of the external soil

pressure.
Prefabricated band — shaped drains

Such drains consist of flat plastic core, wrapped in thin layer of geotextile. Today
several types of cores of various parameters and, consequently, efficiencies are

used. Examples of flat plastic cores are presented in Figure 15 - Figure 17 .

Figure 15 Type of PVD filter (Arizona Geosynthetics 2017)
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Figure 16 Type of PVD filter (Tencate 2017)

Figure 18 Roll of PVD (Keller 2017)

2.2.3.2 Principle of operation

Vertical drains are artificial drainage paths, pushed into a soil, to increase the settlement
rate through the accelerated consolidation. The acceleration of consolidation ratio is
achieved through two main features of drains:

e The groundwater flows in horizontal direction to a single drain:
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Water always looks for the easiest route to the free surface. After the implementation
of vertical drains a faster way for the water flow to reach the surface is to flow in
horizontal direction towards a drain and then dissipate vertically through it. Here, the

higher horizontal permeability of soils is capitalized, too.

Deployed grid of vertical drains over construction area provokes a fairly distributed

water inflow towards a single drain from the surrounding soil.

2.2.3.3 Properties of vertical drains

a)

(o3

b)

Equivalent drain diameter for band — shaped drains

The conventional theory of consolidation with vertical drains assumes that the vertical
drains are circular in their cross-section. As most of the prefabricated drains are
rectangular in cross-section (band-shaped), the rectangular drain for purposes of
design only has to be converted into an equivalent cylindrical shape. That implies
that the equivalent diameter has the same theoretical radial drainage capacity as the
band-shaped drain. Hansbo (1979) suggested that both band-shaped and circular
drains lead to practically the same degree of consolidation if their circumferences are
equal. Thus, the equivalent drain diameter is evaluated with Equation ( 14 ).

_ 2(w+b)

w

(14)
/A

[m] Equivalent diameter of band-shaped drain
[m] Width of band-shaped drain
[m] Thickness of band-shaped drain

Properties of filter

“In general, the drain material of a sand drain and the filter jacket of a prefabricated
drain have to perform two basic but contrasting requirements, which are retaining the
soil particles and at the same time allowing the pore water to pass through”
(Stapelfeldt 2000).

The geotextile used for the filter jacket must ensure proper permeability, retain fine
soil particles, be strong enough to withstand later pressures of soil and not to break
during the installation process. Apparent opening size (AOS) is a criterion introduced
to the filter design and is related to the size of fabric pores. For example, Ogs is the
AOS of the filter, where 95% of fabric pores are smaller than defined Ogs. Ogs < 0,075
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mm is often specified for vertical drains. More information about requirements is
provided in ASTM D4751.

¢) Discharge capacity

Release of excess pore water pressure and discharge of ground water are main
purposes of using vertical drains. Higher discharge capacity ensures better discharge
properties. The discharge capacity is influenced by the lateral earth pressure, the

occurrence of large settlements, clogging of drains and hydraulic gradient of soils.

2.2.3.4 Installation methods of PVD
In many cases a sand blanket filling is placed on the existing original ground surface
before the installation. The blanket ensures the accessibility to a construction site for the

heavyweight rigs and serves as a drainage layer for dissipating water.

As the drain is placed in the steel mandrel lining, an anchor plate is fixed on its end. The
anchor plate serves two purposes in the operation. First, it prevents soil from entering
and clogging the mandrel as it is being driven into the ground, and secondly, it anchors
the drain in place at the desired depth as the mandrel is being retracted. When the
mandrel has been withdrawn, the wick is cut off above the ground surface, leaving a tail.
Then a new anchor plate is installed, the mast is repositioned over the next location and

the cycle is repeated.

The installation process is illustrated in Figure 19.
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Figure 19 Installation of vertical drains (Menard 2017)

2.2.3.5 Factors affecting the performance of PVD
Installation and operation of vertical drains requires a constant monitoring. A

nonconformity with expected settlements can be a results of many factors such as:
e Smear effect

As a mandrel with an anchor plate is being driven into the soil or later the same
mandrel is removed, a portion of material around a mandrel is being compacted, what
causes a reduction of hydraulic conductivity within a certain radius. This reduction of
permeability around a drain due to the installation is called the smear effect. The
smear effect can be implemented into calculations of settlements, however a

significance of this effect on the total amount of settlement is debatable.
e Well resistance

“The relevant features for the design and performance of vertical drains are their
hydraulic properties: the discharge capacity of the cross-section and their filter
permeability. If during the consolidation period the discharge capacity of the drain is
reached, the overall consolidation process is retarded. In such cases, the drains
exhibit a resistance to water flow into them what is known as the well resistance. It
can develop and increase as the deterioration of the drain filter may lead to a

significant reduction of the cross-section. Furthermore, fine soil particles may pass
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through the filter and decrease the area available for flow. Finally, folding of the drain
because of large settlements may result in a reduced discharge capacity” (Holtz et
al. 1991).

e Threat of clogging when prefabricated vertical drains are pushed in the soil

Even though at the end of mandrel a steel anchor plate is placed, which serves two
purposes during the operation - prevent soils from entering and anchors the plate at
the desired depth, the risk, that an anchor plate is weakly attached to a mandrel or is

damaged during the installation, remains.
e Bending of drains

Bending may occur due to the consolidation process. Bending of drains due to the
lateral earth pressure may distort the effective cross-section of vertical drains and
that is likely to influence the overall effectivity of drain properties.

e Sensitivity of geotextile to the chemical properties of soils

Installation and use of vertical drains for improvement of contaminated soils might
have a negative impact on geotextile wrapping. If the geotextile is not compatible
with aggressive chemical particles in soil, a strongly damaged drain can lose its

function.

2.2.3.6 Pros and cons of the technique

Advantages of the technique:

o Decrease of overall time required for completion of primary consolidation due to

preloading;

o Decrease the amount of excess surcharge required to achieve the desired amount

of precompression in the given time;

e Prefabricated vertical drains can withstand considerable lateral displacement or

buckling under vertical or horizontal soil movement;
e Suitable for a rapid consolidation with varying spacing;

e Prefabricated vertical drains can be installed underwater and in a non-vertical

orientation;
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e In comparison to sand drains, prefabricated vertical drains are installed faster, do not

require the source of water for jetting and ensure continuous vertical drainage path.
Disadvantages and design considerations:

¢ If the compression layer is overlain by dense fills or sands, very stiff clay or other
obstructions, drain installation could require predrilling, jetting, and/or use of a

vibratory hammer, or may not even be feasible;

o Where sensitive soils are present or where stability is of concern, disturbance of the

soil due to drain installation may not be tolerable.

2.3 Modelling of vertical drains

As itis explained in section 2.2.3, vertical drains are commonly used in fine-grained soils
in order to accelerate the consolidation. Nowadays settlement predictions are performed
with various softwares and FEM programs, where vertical drains can be implemented in

simulation models.

In the first three sections of this chapter provide general information about the software
used for the calculations in this Thesis and modelling of vertical drains. The fourth section
describes one of the many ways to implement vertical drains, which was specifically

chosen for this Thesis.

2.3.1 Generalities

Implementation of vertical drains in the ground model adds significant difference in the
modelling procedure. Application of vertical drains to the model results in the more
complexed geometry and consequently longer time steps, required by the program to

perform the simulation.

For this Thesis, simulations are carried out with the GGU CONSOLIDATE 5 software,

which performs calculations based on the elasticity theory.

The software GGU CONSOLIDATE 5 offers two possible switches for simulations with

vertical drains:

e Analytical simulation of a unit cell with one vertical drain, where parameters of this

cell are equal to the effective radius and length of the single drain.
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e Numerical simulation of multi-layered underground model with installed vertical

drains within the whole thickness of model.

Due to preloading a generated excess pore water pressure can dissipate anytime

through the opened upper edge of drain element.

However, the software GGU CONSOLIDATE 5 has a limitation for numerical simulations
with multi-layered soil models: the underground model cannot be divided into the upper
part with vertical drains and lower without them. This problem can be solved if two
following conditions are applied:

The opened upper bound is prescribed for the model as an equivalent condition for drains

with opened upper edges.

For calculations in this model, the natural, radial inflow of the vertical drainage must be

converted into a parallel inflow by means of suitable approaches.

2.3.2 Axisymmetric and plane strain model

“Most finite element analyses are conducted based on the plane strain model, even
though actual consolidation around vertical drains is axisymmetric. Therefore, to employ
a realistic 2-D (plane strain) finite element analysis for vertical drains, the equivalence
between the plane strain and axisymmetric analysis needs to be established, in order to

ensure the correct time-settlement relationship” (Indraratna 2012).

In comparison to the axisymmetric consolidation model, where drains are modelled as
well elements, in the plane strain consolidation model a vertical drain is a rectangular
element of very small thickness. Respectively, the effective radius of a single drain
corresponds the change in geometry. Thus, the water inflow towards drain is considered
as parallel rather than radial. It results in the change of flow area. This aspect s illustrated

in Figure 20.
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Figure 20 Axisimmetric and plane strain models (Indraratna 2002)

The equivalence of axisymmetric and plane strain conditions can be executed in three

ways:
1. “Geometric matching approach — the spacing between drains is made equivalent

while keeping the permeability the same “ (Indraratna 2002);

2. “Permeability matching approach - permeability coefficient is made equivalent while

keeping the spacing of drains the same” (Indraratna 2002).

3. “Combination of permeability and geometric matching approach — plane strain

permeability is calculated for a convenient drain spacing” (Indraratna 2002).

2.3.3 Grid based influence zone of drains
Influence zone D around a single drain is a function of the drain spacing and the grip

type.

Two for ground stabilization applicable grids (patterns) — triangle and square — are shown

in Figure 21.
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Figure 21 Triangle and square patterns (Geoengineering 2017)

In modelling following values are prescribed for above shown grids:

* Triangular grid: 1.05

* Square grid: 1.13

Hence, the influence zone D can be controlled and calculated with Equation ( 15 ) and
(16):

D= 1-055triangular ( 15)
D [m] Influence zone
Striangular [m] Distance between drain centers in the triangular grid
D = 1.13Ssqyare (16)
Ssquare [m] Distance between drain centers in the square grid

“A square pattern is often easier to lay out during field installations, however, a triangular
pattern is usually preferred since it provides a more uniform consolidation between
drains” (Indraratna 2002).
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2.3.4 Approach according to CUR 191 (1997)

In the unit cell the consolidation process is influenced by two conditions: horizontal inflow
towards a single drain and a simultaneous decay of excess pore water pressure in the

vertical direction along the drain towards an opened (drained) boundary.

To convert the radial inflow towards the radial drainage element into a parallel flow, the
method proposed by CUR 191 (1997) is chosen for calculations in this Thesis. The main
advantage of CUR 191 (1997) method is a significant simplification of the calculation

model.

CUR 191 (1997) describes the methodology of consolidation simulation with vertical
drains with an explicit modeling of drain elements. It is achieved through the estimation
of equivalent vertical permeability for a homogenous soil layer. Likewise, CUR 191
(1997) provides a simplified approach for the estimation of equivalent horizontal

permeability.

The main difference of CUR 191 (1997) methodology in comparison to other approaches,
for example, to the solution proposed by Hansbo (1979), lays in the estimation of the
consolidation rate for a perfect drain without the consideration of smear and well-

resistance effects, implicated in the method proposed by Hansbo (1979).

2.3.4.1 Equations for radial inflow

Kjellman (1952) proposed a solution for an average degree of consolidation due to the
radial flow towards a sand or prefabricated vertical drain. In this case the excess pore
water pressure dissipated in the horizontal direction via a drain in a unit cell. The
proposed solution is shown in Equation ( 17 ).

_8Th
Uh= 1—e u (17)

Up [%0] Degree of consolidation due to the radial flow

Th [-] Time factor for the radial flow
u [-] Correlation coefficient as in Equation ( 19)
Here:
T Cht ( 18 )
h —
Dcell2
t [s] Consolidation time
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Deen  [M] Diameter of unit cell

Ch [m?/s] Horizontal coefficient of consolidation

And

_on? In(n) 3_|_1<1 1)]
K= 1|V T T e 4n?
(19)
D
withn = —&

dw

The drain diameter dy is design dependent parameter. For sand drains dy is equal to the
designed drain diameter, while for prefabricated vertical band drains this diameter should
be recalculated with respect to the width and length of cross-section as in Equation
(20):

_ (2w +2b)

w
T

(20)

2.3.4.2 Equations of parallel flow path

Based on the dimensionless time factor T, and the assumption that during the
consolidation process the flow paths of pore water are parallel to each other, the
following solutions (Equation ( 21 ) and Equation ( 22 ) ) were derived to estimate the

consolidation degree U.:

T,
U, ~ 2 ;” if T, <02 (21)
Uy [-] Degree of consolidation for parallel flow
Or
7.[2
Uy~1—e a7 %21 T 502 (22)
With
_ cyt (23)
Y Dce112
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Vertical coefficient of consolidation c, is calculated based on Equation ( 11 ).The
implemented permeability must conform the chosen direction, in which the coefficient of

consolidation is determined.

2.3.4.3 Combination

However, in reality the water flow between soil particles towards drains is a combination
of two earlier described flow mechanisms. Water always looks for the “easiest” route to
the free surface. In soils the easiest route is as well the shortest, because the water can
penetrate through voids between grains. For this reason if a soil layer has a boundary
with another layer of higher permeability or lays near the ground surface, water close to
the edge of this bound tends to flow in the vertical direction. On the other hand, within
the layer, water will flow in the horizontal direction, in parallel to each other currents.

Here the radial or horizontal flow dominates over the vertical.
Carillo (1942) considered these conditions in the one Equation ( 24 ):

Upp =1=-A=U,)(A = Up) = U, + U, = U, Uy (24)

Uvh [-] Degree of consolidation for combined flow

The substitution of Uy and U, with Equation ( 25 ) and ( 26 ) provides following solutions:
T,. 81, . 25
Up=1-(1-2 | e * if T, < 0.2 (25)

(26)

2
T 8
e —(—4 Tv+0.21+—#Th)

Upp =1 — if T, > 0.2

2.3.4.4 Equivalent horizontal permeability according to CUR 191 (1997)

Figure 20 in section 2.3.2 which introduces a brief description of two different modeling
concepts shows the unit cell with a vertical drain in axisymmetric and plane strain modes.
This figure depicts, how the change in geometry modifies the modeling concept and

shapes flow conditions.

In both cases the ground water flows in the direction perpendicular to a drainage

element, what corresponds to the shortest way. However, in the plane strain drainage
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elements function as plate elements, located perpendicular to the calculation plane with
unlimited extent in the opposite to the viewer direction. Due to the rectangular cross-
section of drains and unlimited length the water flow is converted into parallel. Thus, the

consolidation in the vertical direction plays a subordinate role in this scenario.

Taking into account above mentioned conditions, the horizontal coefficient of
consolidation is now defined as equivalent horizontal coefficient of permeability kn’. The
implementation of an equivalent horizontal coefficient of permeability ki’ allows to equate

the combined flow with the parallel flow, and it results in the Equation ( 27 )

BZ
kyp =« e ky, (27)
K'n [m/s] Equivalent horizontal coefficient of permeability
Kn [m/s] Horizontal coefficient of permeability
a [-] Function of degree of consolidation
B [m] Width of unit cell
v [m/s] Equivalent vertical coefficient of permeability
Ky [m/s] Vertical coefficient of permeability

a is a function of the degree of consolidation. As it is explained in the previous chapters,
the degree of consolidation is a time-dependent parameter. This suggests that the a
factor is as well governed by time, and estimated as shown in Equation ( 28 ). However,
the Equation ( 28 ) reveals that in order to estimate the equivalent horizontal permeability
the degree of consolidation must be prescribed in advance.

In(1-U) +0.21

@=324— " (28)

Even though the method with the equivalent horizontal permeability allows to switch from
the axisymmetric to the plane strain model, nonetheless it does not result in the
simplification of the model geometry, because the need to vertical drains in the model

still remains.

2.3.4.5 Equivalent vertical permeability according to CUR 191 (1997)
The fundamental idea of this approach is to simplify the geometry of calculation model
with vertical drains. Thus, the effect of vertical drains on the soil permeability is

considered and in modeling replaced with the equivalent vertical permeability.
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As it was discussed in the previous section, the water flow around a single drain is
considered to be radial. As it reaches the drain, it is directed to the surface and results
in dissipation of excess pore water pressure. Based on this pore water dissipation
mechanism with vertical drains, in the contrast to the consolidation without vertical drains

the horizontal permeability of soils is the governing input parameter.

According to CUR 191 (1997) the equivalent vertical permeability is estimated under
assumption that both of the above described models reach the same degree of
consolidation at the same time. This can be expressed as U, = Uy. This is equivalent to

comparison of Equation (22 ) and ( 26 ). The estimated result is shown as Equation ( 29

)

ki, =k, + 32_d
v T[Z.UDcellZ

All in all, if the equivalent vertical permeability is estimated with the CUR 191 (1997)
approach, the calculation model can be simplified and there is no need to model vertical

drains.

2.4 In-situ geotechnical subsurface investigation tests

In geotechnics there are two common ways, how soil properties can be defined: in the
laboratory or in-situ. The in-situ subsurface investigation is performed “locally”, “on the
construction site” and provides the direct measurement of soil properties and
geotechnical parameters. The purpose of the in-situ subsurface investigation is to obtain
the understanding of soil properties, the soil stratigraphy (if possible) and the

hydrogeological conditions.

This chapter provides a brief introduction of adopted in-situ geotechnical tests: Standard
Penetration Test (SPT), cone penetration test (CPT), piezocone penetration test (CPTu)
and seismic piezocone penetration test (SCPT). The chapter contains two sections: the
first section gives the short description of each of the above mentioned tests; the second
section has an emphasis on empirical correlations proposed by Robertson (2012), which

are recently used in the praxis of CPTu testing.

2.4.1 In-situ geotechnical tests

The aim of this section is to provide a brief overview of four popular in-situ subsurface
investigation tests: Standard Penetration Test (SPT), Cone Penetration Test (CPT),

Piezocone Penetration Test (CPTu) and Seismic Piezocone Penetration Test (SCPT).
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The first three types of in —situ subsurface investigation tests mentioned above are
chosen due to their popularity and due to the reason, that the main literature source used
for this Thesis “Guide to cone penetration testing® (Robertson, 2012) provides
correlations derived specifically for these tests. The fourth type of tests is the extension

of CPTu tests, which provides the enhanced understanding of subsurface.
a) Standard Penetration Test (SPT)

The Standard Penetration Test (SPT) is performed during the advancement of a soll
boring to obtain an approximate measure of the dynamic soil resistance, as well as a

disturbed drive sample.

The development of the Standard Penetration Test origins from early beginning of the
20th century, when Colonel Charles R. Gow introduced the exploratory boring technique

with the 1-inch diameter drive sampler.

Nowadays this test involves driving a standard hollow thick-walled sample tube (outside
diameter of 50,8 mm and an inside diameter of 35 mm, and a length of around 650 mm)
into the ground by blows of a slide hammer. The fall height of the standardized 63,5kg
hammer is 0,76m. Then the dynamic soil resistance is evaluated with a number of blows
(N-value).This hammer falls repeatedly from the fall height and must achieve three
successive increments of 0,15m each. According to (UONBI), the first increment is
recorded as a “seating”, while the number of blows to advance the second and the third
increments are summed to give the N-value or SPT-resistance (reported in blows/0,30m

or blows/foot).

The test sequence as it is standardized in ASTM D 1586 is shown in Figure 22.
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Figure 22 Sequence of driving the SPT sampler (UONBI)

The N-value provides an indication of the relative density of the specific driving interval,

and it is used in the empirical correlation to estimate the approximate shear strength

properties in that specific driving interval.

The SPT N-value should be corrected with respect to the energy efficiency. “The main
way to assess the influence of test equipment on the SPT-N value has been through the
measurement of the energy delivered to the SPT rods from the hammer/anvil system.
The energy delivered to SPT rods is hormally expressed in terms of the rod energy ratio

(ER). An energy ratio of 60% has generally been accepted as the reference value [...]
(Robertson 2006). This corrected N-value is desighated Neo and estimated with Equation

(30):

Neo = () (30)

Neo  [blows]Corrected N — values
Nm [blows]Measured N — value of blows

ER [m/s] Rod energy ratio
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According to Robertson (2006), the corrected SPT N — value is used for interpretations
of the relative density, friction angle, stiffness, undrained shear strength, stress history

and overconsolidation ratio OCR.

The main advantage of this in-situ test is the simplicity of its procedure, which provides
numbers suitable for further correlations, such as the strength and the density. This in-
situ test is applicable to many soil types (most often in granular materials) and even weak
rocks, with exception of soft clays and silts, because the act of driving the sampler results
in the significant disturbance of the soil and gives results based on the disturbed soil
properties rather than the intact. If the disturbed sample is received, it is suitable for index

tests only.

The main disadvantage of this method is its roughness, because the received numbers
are limited to the specific driving interval, and the need to “normalize” the received data
with respect to the drilling and borehole technique, sampling technique, SPT equipment

and test procedure and the overburden stress.
b) Cone penetration test (CPT)

The cone penetration test (CPT) is an in-situ testing method, which additionally to the
estimation of geotechnical soil properties assess the subsurface stratigraphy. This
method is as well known as the Dutch Cone test, because it originates from the Gouda
vicinity, Netherlands. The CPT apparatus dates from 1932 and was designed by the civil
servant Mr. Peter Berentsen. He performed the first CPT test with a 10cm? cone, pushing

it into the ground by his own body weight.

Today standardized CPT apparatus has following parameters: cross-section area of
10cm?, annex angle of 60°, sleeve of 150cm?. The ASTM Standard as well allows to use
a larger body of cone (cross-section area of 15cm?, sleeve of 200cm?). The main parts

of the CPT penetrometer are shown in Figure 23.
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Figure 23 Terminology for the cone penetrometer (Robertson 2012)

The test is carried out by first pushing the cone into the ground at a standard velocity of
1 to 2cm/s while keeping the sleeve stationary. This procedure is repeated and the
measurements are made at regular depth intervals, generally 2cm interval are applied,
during penetration. For any depth the resistance of the cone tip gc and the sleeve
resistance fs are monitored. Later these two resistance values are correlated to shear
strength parameters using proposed empirical curves and prescribed for different soil

behavior types.

The CPT test provides a fast and continuous profiling of the subsoil, based on the
measured tip and sleeve resistance. This test is applicable for very soft clays to dense
sands. The investigation of gravely soils may be carried out with cones of larger
parameters, but the received data must be correlated with respect to the standardized

cones. However, no soil samples can be obtained with the CPT test.
c) Piezocone penetration test (CPTu)

Piezocone penetration test (CPTu) is an extension of above mentioned cone penetration
test. In this method additionally to the values of the cone tip resistance gcand the sleeve

resistance fsthe pore pressure measurement is carried out.
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The pore pressure monitoring is enabled through two filters — u: and uz — built into the
measurement apparatus. In commercial penetrometers the filter u; is located at the
midface and the filter u;is located at the shoulder, just behind the tip. In general, the
measured pore pressure at the filter uy is higher than at the filter u,. Locations of filters is

depicted in Figure 24.

—38.7 mm [E— -3 5.7 mm [—
ur = uz2 = shoulder
porewater pressure
(behind the tip)

ut = u1 = midface

. orewater pressure
gt = corrected tip stress P P

10-cm? Standard 10-cm? Type 1

Piezocone Piezocone

Figure 24 Examples of commercial piezocones with two types of built-in filters (Mayne
2000)

In most of the cases, the subsoil investigation is performed with piezocones, where the
filter is located in the shoulder, because of the necessary correction for the measured tip

resistance qc.

The output of CPTu measurement - dc, fsand u; or u; - are plotted with respect to depth.

As the continuous records are provided, the general changes of stratigraphy (the change
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of soil type) and the presence of lenses can be investigated in details. As well, these
output values are used in correlations to estimate other related soil properties (they are

discussed in section 2.4.2).

The advantage of CPTu test is possibility to combine it with the dissipation test. Each
time the penetration of the cone is stopped, the excess pore water pressure starts to
dissipate. The rate of dissipation depends on the permeability and compressibility of
soils. “A dissipation test can be performed at any required depth by stopping the
penetration and measuring the decay of pore pressure with time” (Robertson 2012). In
general it is required to reach the 50% dissipation time tso — the time, which corresponds
to the pore water pressure pso (Equation ( 31 )). The example of dissipation time tso

estimation is presented in Figure 25.

U — Up
2

Pso = Up + ( ) (31)

Pso [kPa] 50% pressure of dissipation test

Uo [kPa] In-situ equilibrium pore water pressure
(VEL [kPa] Pressure in the beginning of the dissipation test
100
o e
80 \
70
2 5 G
g 50 -
a el
B “ = v PS|
30 . S S F— h_‘—
20 -
t;, = 170 sec
10
5 A4
0 200 400 600 800 1000 1200 1400 1600

Time (seconds)

Figure 25 Example of dissipation test to determine tso (Robertson 2012)

The dissipation time tso is lower for coarse grained soils and occurs rapidly. For fine
grained soils as clay and silts it may take up to several hours for the dissipation to reach

the time tso.
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The relationship between tso and the hydraulic permeability is proposed by Mayne (2002)
and is approximated as in Equation ( 32 ):

1
— (_____—  N1z25
k= (251 x t50) (32)

tso [s] Time of 50% completion of dissipation test

However, in this test the dissipation rate depends on the size of the probe: the dissipation
rate decreases with the increase of the probe diameter.

d) Seismic piezocone penetration test (SCPTu)

The addition of a geophone in the piezocone body enables the collection of seismic wave
data, and the calculation of shear and compressional wave velocities during the cone

penetration test.

For SCPTu testing, the selected energy source depends on field conditions and the
specific data which is to be collected for a project. Figure 26 illustrates the typical layout

for a downhole seismic cone test.

Polarized Shear Wave Trace ]

CONE DATA DIGITAL STORAGE
ACQUISITION SYSTEM OSCILLOSCOPE

NORMAL FORCE Shear Wave

i | 4 T

STEEL | - BEAM

TRIGGER CIRCUIT

HAMMER WITH
CONTACT TRIGGER

SEISMIC CONE
PENETROMETER

Figure 26 Layout of downhole seismic cone system (Robertson 2006)

e) Other methods
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The in-situ underground investigation can be as well for example performed by mean
of:

¢ Flat Dilatometer Test (DMT);

e Field Vane Test (FVT);

o Pressuremeter Test (PMT).

2.4.2 Interpretation of results for CPTu test

This section summarizes the empiric correlations used for the interpretation of data,
obtained with piezocone tests. The summarized empiric correlations are taken from the
publication “Guide to Cone Penetration Testing for Geotechnical Engineering” (2012) by
P. K. Robertson.

2.4.2.1 Raw data
The initial records obtained with the piezocone test include measurements of tip

resistance qc, sleeve friction fsand excess pore water pressure Ua.
a) Cone resistance qc[MPa]

Cone resistance dcis the quotient of the force acting on the cone Q. with the projected

area of the cone Ac:

dc = (33)

dc [MPa] Cone resistance
Qc [MN] Force acting on the cone

Ac [m?]  Projected area of the cone

In general, the higher cone resistance is observed in sands than in clays.

b) Sleeve friction fs [MPa]

The sleeve friction fsis the quotient of the frictional force acting on the sleeve Fs with

the surface area of the sleeve As:

_ 5 34
=7 (34)
fs [MPa] Sleeve friction
Fs [MN] Frictional force acting on the sleeve
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As [m?]  Surface area of the sleeve

In general, the higher sleeve friction is observed in fine — grained soils than in coarse

grained sediments.
c) Excess pore pressure (net pressure) 4Au [MPa]

The excess pore pressure (net pressure, shoulder pressure) Au is a temporal
dynamic increase of in-situ equilibrium ground water pore pressure, generated by the

applied external load:

Au =u, —uy (35)

Au [MPa] Excess pore water pressure

Uz [MPa] Pore pressure measured in the filter just behind the cone

2.4.2.2 Values derived from CPTu

1. Corrected values

“Due to the inner geometry of the cone the ambient water pressure acts on the shoulder
behind the cone and on the ends of the friction sleeve. This effect is often referred to as
the unequal end area effect” (Campanella et al., 1982). The influence of pore water
pressure acting on the cone geometry must be considered in calculations and improved

values are named as corrected.

In sandy soil, which distinguish themselves with the higher permeability, calculated cone
resistance must not be corrected for pore water pressures acting on the cone geometry.

Thus, the cone resistance . does not differ from the corrected cone resistance q: (qc -

qy).

“In soft clays and silts and in over water work, the measured g. must be corrected for
pore water pressures acting on the cone geometry, thus obtaining the corrected cone

resistance, q: “(Robertson 2012) (see Equation ( 36 )):

qe = qc tux(1—a) (36)
Ot [MPa] Corrected cone resistance
a [-] The net area ratio determined from laboratory calibration with a typical

value between 0,70 and 0,85
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It is desired to use the penetrometers with the net area ratio a>0,80, because it minimizes

the correction. The value should be provided by the manufacturer.

Correction for the sleeve friction is applied under the same consideration of the ground

water influence:

fe = fs — (Uz24sp — U3Age) [ As (37)
fi [MPa] Corrected sleeve friction
Us [MPa] Pore pressure measured at the top of sleeve

Asb [m?]  Cross- section area of sleeve at base
Ast [m?]  Cross- section area of sleeve at top

As [m?]  Surface area of the sleeve

“However, the ASTM standard requires that cones have an equal end area friction sleeve
that reduces the need for such a correction. All cones should have equal end area friction
sleeves with small end areas to minimize the effect of water pressure on the sleeve

friction measurements” (Robertson 2012).

2. Evaluation of geotechnical properties

The evaluation of geotechnical properties starts with the approximation of normalized

values.

a) Friction ratio R¢[%]
“The ratio, expressed as a percentage, of the sleeve friction, fs, to the cone
resistance, qt, both measured at the same depth” (Robertson 2012)
(Equation ( 38)):

Rf=£x100% (38)

qt

Ry [%0] Friction ratio

“Since both the penetration resistance and sleeve friction increase with depth due to
the increase in effective overburden stress, the CPT data requires normalization for

overburden stress for very shallow and/or very deep soundings” (Robertson 2012).

b) Normalized cone resistance Q:[-]
Normalized cone resistance Q: is the expression of cone resistance in non-

dimensional units, which takes into account the in-situ vertical stresses

Institute of Soil Mechanics and Foundation Engineering 49



TU

2 Theoretlcal part Graz University afTchr:l“:\iqy
(Equation ( 39)):
dr — Ovo
Q= ——— (39)
0 o
Qt [-] Normalized cone resistance

Ovo [MPa] In-situ vertical stress

ovw [MPa] In-situ effective vertical stress

¢) Normalized cone resistance Qi [-]
“The cone resistance expressed in a non- dimensional form taking account of the in
—situ vertical stresses and where the stress exponent (n) varies with soil type and
stress level. When n=1, Q= Q" (Robertson 2012) (Equation ( 40 )):

— P \"
0 = (1522 (%) (40)
Py 0 o
Qmn [-] Normalized cone resistance

Pa [MPa] Atmospheric pressure (100kPa)
Pa2 [MPa] The reference pressure, in general same as Pa

n [-] Stress exponent

d) Normalized friction ratio F[%]
The sleeve friction ratio tends to decrease with the increasing number of fines in the
soil. The same tendency is observed with the normalized friction ratio, calculated with
Equation (41):

FFLMOO% (41)

(Qt - GvO)

Fr [%] Normalized friction ratio

e) The soil behavior type index I [-]

The normalized values are used to estimate the soil behavior type index I¢, as in
Equation (42):

I, = ((3.47 — logQ,)? + (log E. + 1.22)2)%% (42)

lc [ Soil behavior type index

The obtained soil behavior type index I; is a tool to identify the soil type. The Q:- F;

chart (Figure 27) identifies general trends of ground response, where smaller
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numbered zones corresponds the resulting soil behavior index. However, it must be
noted that this chart should be used as the guidelines for the soil type estimation.
The description of zones are given in Figure 28.

e 1/\ s
- Increasing
Y

1000

| L i1

10|

[~ Increasing
* sensitivity
-1

1 L i 5 N | L i i
0.1 1 10

Figure 27 Q: - Fr chart (Robertson 2006)
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Zone Soil Behavior Type
Sensitive fine grained
Organic material

Clay

Silty Clay fo clay
Clayey silt to silty clay
Sandy silt to clayey silt
Silty sand to sandy silt
Sand to silty sand
Sand

Gravelly sand to sand
Very stiff fine grained*
12 Sand o clayey sand*

TS0 NO AWl

* Overconsolidated or cemented

Figure 28 Soil behavior type zones (Robertson 2006)

f)

g)

Soil unit weight y [kN/m?3]

The best way to estimate the soil unit weight is obtaining it from the relatively
undisturbed sample. However, the subsoil investigation with CPT or CPTu does not
provide the soil sample. Robertson (2012) suggests the following correlation

(Equation ( 43)) to estimate the soil unit weight:

X = 0.27[logR;] + 0.36 [log (ﬂ)] +1.236 (43)
Yw Fa

y [kN/m3] Soil unit weight

Yw [KN/M3] Water unit weight

Constrained modulus M [MPa]

The general evaluation of the constrained modulus M is based on Equation ( 44 ):

M = ay(q: — ov0) (44)

M [MPa] Constrained modulus

am [-] A coefficient which varies with the type of soil

Different correlations of estimation of constrained modulus M are proposed and used

for interpretations, such as:

e Meigh (1987): 2 <am < 8.
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e Mayne (2001): suggested the general value of 5;
e Robertson (2012): am varies with Q; and I. as follows:
When Ic> 2,2 (fine grained soils):
am= Qy, if Q¢ <14 or am= 14, if Q; >14

When I.< 2,2 (coarse - grained soils):

ay = 0.0188[10(0-55/c+1.688)] (45)

Note that the evaluated constrained modulus M is the approximate value. It can be

corrected by the qualified geotechnical engineer if necessary.

h) Hydraulic permeability k [m/s]
The dependency of the hydraulic permeability on the soil type is considered in the
correlations proposed by Robertson (2012). The hydraulic conductivity is estimated
based on the soil behavior type index l.. The estimated ranges of hydraulic
permeability based on the CPT soil behavior type chart (this chart is shown above)

are shown in Figure 29.

SBT S5BT Range of k SBT L.
Fone (m's)
1 Sensitive fine-grained 3x107 to 3x10° NA
2 Qrzanic soils - clay 1z10™" to 1x10™ L= 3.60
3 Clay 1z107 to 1x10° 205 =1 =360
4 Silt mixture 3x107 to 1x107 260 =1.=293
5 Sand mixture 1x107 to 1x10™ 205 =1 =280
6 Sand 1x10™ to 1x107 131 =1 =205
7 Densze sand to gravelly sand 1x10” to 1 I. =131
g *Wery dense/ stiff soil 1x107 to 1x107 NA
9 *Very stff fine-grained soil 1x10™ to 1x10” N4

*Therconzolidated and'or camaented

Figure 29 The ranges of hydraulic permeability based on I (Robertson 2012)

According to Robertson (2012), the average relationship between soil permeability

and soil behavior type index I can be represented by following equations:

e When 1,0 <[.<3,27:

Institute of Soil Mechanics and Foundation Engineering



TU

Graz
Graz University of Technology

2 Theoretical part

k = 10(0.952—3,0410) (46 )

k [m/s] Hydraulic permeability

e When 3,27< 1. <4,00:

k = 10(—4.52—1.37IC) (47 )

“Since the normalized CPT parameters respond to the mechanical behavior of the soil
and depend on many soil variables, the suggested relationship between k and I is

approximate and should only be used as a guide” (Robertson 2012).

Additionally to above described soil parameters, the empirical correlations were

proposed to identify following soil parameters:

e Undrained shear strength s,
e Sensitivity index S;

e Undrained shear ratio s./0vo
¢ Overconsolidation ratio OCR
e In- situ stress ratio K,

¢ Relative density D,

e Friction angle ¢’

e Coefficient of consolidation ¢

The correlations used to estimate all above mentioned soil properties are summarized in
the same publication. However, they are not discussed in details in this Thesis, because

they were not directly applied to the evaluation of CPTu data, described in chapter 3.5.

All'in all, the interpretation of data, obtained with various in this section described in—situ
investigation methods, is a tricky part of the project. The general statement of Robertson
suggests that the results obtained with empirical correlations should be used only as
guidelines. The estimated numbers should be reconsidered and if necessary corrected

based on the experience and knowledge of the engineer.
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3 Practical part

This second part of the Thesis presents the calculations performed with the data

obtained from a construction site, located in North Africa.

The practical part of the Thesis consists of two main tasks: the estimation of

consolidation settlement and interpretations of CPTu test data.

The goal of calculations is to estimate the settlement generated by various loading
scenarios. Simulations are performed with the software GGU CONSOLIDATE 5.

The interpretations of CPTu data involve the development of evaluation methods with
spreadsheets, so the taken raw data would provide a set of geotechnical properties

derived from the single test.

3.1 Introduction to the Project

It is planned to build on a territory of great dimensions roads and lightweight buildings,
however local soils do not possess the suitable bearing capacity. For this reason, to

withstand loads, geotechnical properties of soils must be improved.

In order to reduce the construction time, the construction area is divided into smaller
zones, which later were allocated to several companies. One of bids has been submitted
to GENCO, subsidiary of Keller Grundbau GmbH. Austrian Consultant GDP, in
coordination with Keller Grundbau GmbH, is responsible for the development of the
ground improvement design concept. The Client has set the requirement for the ground
improvement concept- construction of prefabricated vertical drains (PVD) with

preloading.

Even though the ground improvement design is developed for the whole zone, foremost
it will be tested on the smaller piece within the allocated zone. This test ground is called
the Trial field. There is no available data about the Trial field so far. Thus, the ground
improvement design is not connected to any selected area, but gives design rules in

general.
3.2 Geological conditions

3.2.1 Literature research

The area under development suggests the presence of relative soft, saturated soils of

lacustrine and marine origin.
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The study area and its environs are occupied by sedimentary rocks of Quaternary age

of fluvial and coastal environments.

The stratigraphic succession of the study area is represented by the surface recent

sediments which overlie fluvial deposits.

The region overlies a large depression filled with 55 meters of silt and mud, indicating
that fluvial branches have been running through the area and that is still obvious in the
borehole data. The data indicated that about 50m of recent and relatively soft deposits

overlie harder soil.

The fluvial deposits in the study area are defined by two formations of Pleistocene-
Holocene age. The Upper unit is the Holocene which is mainly composed of massive
soft clays and evaporates that represent shallow marine environment. The Lower unit is
the Pleistocene formations which are composed of coursing upward brown sand and

mudstone that represented the shallow delta lobes.

The Holocene formation is as well-known as the Tinh Formation. It underlies about 0,5
— 1m of soft clays and sand with evaporates of Sabkha deposits. It attains about 30 —
40m and composed entirely of soft mud with evaporates and contains shell and shell

fragments that indicate its shallow marine origin.

3.2.2 Subsurface investigation campaign

The literature review for this certain region provides only a basic and general overview
of geological characteristics. The development of ground improvement requires more
factual evidences about the underground status. The geotechnical investigation

campaign explored the area with the following geotechnical services:

¢ Drilling, sampling and in- situ testing of seven onshore boreholes

e Undisturbed sampling of cohesive soils utilizing core barrel and Shelby tubes

e Disturbed sampling of granular soils utilizing core barrel and the Standard
Penetration Test (SPT), whenever applicable

¢ Installation and monitoring of groundwater levels

e Performing seven electrical Cone Penetration (ECPTU) tests

e Labeling, boxing, transportation and examination of selected representative sampled

in the laboratory.

The scope of laboratory testing includes:
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¢ Classification of soils

e Grain size distribution analysis

e Atterbergs’ limits analysis

¢ Estimation of unit weight

e Estimation of natural water content

¢ One dimensional consolidation analysis

e Direct shear test

¢ Unconfined compression test

¢ Unconsonlidated undrained and consolidated drained triaxial tests

¢ Chemical analysis of groundwater

However, the results of this complex subsoil investigation are discussed in details in the
Thesis, because all further calculations are based on the supplementary subsoil
investigation (Investigation-1) performed in a localized area. Figure 30 shows the

summary of the received data from the general subsurface investigation campaign.

Level Layer . o
Laye r thickness 5?" . ocr | Unit wmght PI
Top |Bottom [m] description [kN/m?]

Clayey silt/silty
clay with sand
i interlayers, very - -
Formation A 0 |10 10 soft to soft. dark 1 15-16.5 28-30
grey, traces of
breken shells

30-60;
FOl'maﬂOn B 10’ 48 38 Silty clay 1 15.5'1 6.5 increase with

depth

Silty clay with
i interlayers of silty - - -
FormationC |48 | 60 | 12 sand|fine, very
dense}

Figure 30 Summary of properties obtained with the investigation campaign

The supplementary subsoil investigation (Investigation-1) is discussed within the next

sections.
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3.3 Development of design

This chapter describes the first results of settlement calculations (named as Preliminary
Design), performed with the underground model, which is derived from the data of the

subsurface investigation campaign, and the proposed ground improvement design.

The second section of this chapter deals with the localized site investigation
(Investigation-1) performed with CPTu tests. The result of this site investigation is the

idealized underground model, used in the settlement calculations in section 3.4.

3.3.1 Preliminary Design

The Preliminary Design, as it is suggested by its name, summarizes the first results of
settlement calculations, based on the proposed ground improvement strategy with

vertical drains and preloading.

3.3.1.1 Underground model

The underground model developed for the Preliminary Design is based on the data,
obtained from the subsurface investigation campaign. The obtained data was interpreted
and summarized in the way it can be used for calculations. Table 1 shows geotechnical

properties used for settlement evaluation in the Preliminary Design.

This summarized subsurface model extends to 50m depth and consists of three major
layers. The calculation methodology is developed so, that the only input parameters of
soils necessary for settlement evaluation are stiffness modulus Es, unit weight y, vertical

coefficient of consolidation ¢, and Poisson’s ratio v.

Table 1 Input parameters for settlement calculations in Preliminary Design

Depth [m] Input parameters
From to Es Cv \ Y
[MPa] [m?/year] [ [KN/m?3]
0 15 2,00 0,65 0,25 18,00
15 25 2,50 0,65 0,25 18,00
25 50 3,00 1,00 0,25 18,00
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3.3.1.2 Loads and loading conditions
In the beginning of the development of the ground improvement concept, the Client
expressed interest in building two types of constructions — roads and lightweight

structures - with the following loads:

1. For roads
Life loads of up to 30 kN/m?. The total design stress for unloading is a sum of the life
load and the remaining load from the surcharge.
2. For structures
e [Foundation loads :
e For light-weight structures: floor loads 10 kN/m2 and 6kN/m? life load; in total 16
kN/m2,

The excess preloading with the surcharge lasts 6 months. After 6 months, the surcharge
is removed and additionally to the remaining load, the life loads and construction loads

must be considered.

3.3.1.3 Requirements for settlement
Since the goal of the preliminary design has been to develop a general scheme for the

ground improvement works, the requirements are defined in a general way as follows:

o For total settlements for building areas (structures) a requirement of < 15cm within
50 years has been set by the client.
o For total settlements for road areas (roads) a requirement of < 15cm within 20 years

has been set by the client.

At this point the Client has implemented the concept of effective settlement in to the
design and requirements. In the case for roads, the effective settlement is a difference
between the settlement 20 years after preloading and the settlement monitored at the

end of the excess preloading stage.

Seff roads — SZOyears - Spreload ( 48 )

Seffroads [CM]  Effective settlement for roads
Sooyears [CM]  Settlement 20 years after preloading

Spreload [CM]  Settlement at the end of preloading stage

In the case for structures, the effective settlement is a difference between the settlement
50 years after preloading and the settlement monitored at the end of the excess

preloading stage.
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Seff struct = SSOyears - Spreload ( 49 )

Seftstuct [CM]  Effective settlement for structures

Ssoyears [CM]  Settlement 50 years after preloading

Spreload [CM]  Settlement at the end of preloading stage

Maximum differential settlements caused by foundation of columns / structure is limited
with 25 mm assuming a 10% criteria within the settlement calculations (final approach to
limit the maximum differential settlements to 1/300 for the foundation of columns

[structure).

3.3.1.4 Specific considerations set for the design
Besides above described requirements for loading conditions and settlement, further
specifications were implemented into the design concept:

e A working platform has to be built by placing fillings (land fill) up to 1 m.a.s.l. in
advance (see Figure 32).

e Requirement to reach 2 m.a.s.l. height after consolidation or preloading process. It
will be achieved through division of embankment into two parts: the lower permanent
part and the upper temporal part, which is called a surcharge and will be removed
after the preloading (see Figure 32).

¢ From the original surface level up to the final surface level (ground level after removal
of preloading material and after initial settlements) competent fillings must be placed
in layers of maximal 0,5m (e.qg. roller compacted layering of sands) in order to ensure
competent foundation conditions. The quality of these fillings is essential for the
expected differential settlements and it is the governing factor for the bearing
capacity of the single footings.

e Vertical drains are going to be installed after the construction of the working platform

is completed (see Figure 32).

3.3.1.5 Specific considerations for settlement evaluation

Further considerations are adopted for settlement prediction by the Consultant:

e The grid of vertical drains is kept constant for both roads and structures, because the
exact locations of roads and structures are not specified.

¢ Calculations performed with the assumption of perfect drains: smear effect and well
resistance is not considered in the preliminary design.

e Settlement estimation carried out under the assumption that beneath the investigated

soil layers a soil of very low permeability is situated.
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e The assumption of equivalent vertical permeability based on CUR 191 (1997)
methodology is implemented in the calculations for the layer with vertical drains (see
section 2.3.4).

e During the whole duration of the field investigation program, the measurements of
stand — pipe piezometers in two ground water observation boreholes were taken.
The water table measured from the existing ground level varies within the range of
1,3 - 1,9m. However, for design purposes the groundwater level is assigned to be at

the sea level.

3.3.1.6 Ground improvement design proposed by the Consultant
The developed ground improvement design is going to be tested in the trial field and its

accuracy will be evaluated based on the recorded settlement.

1. Solution for design of vertical drains

Triangle grid for vertical drains is chosen because of the higher efficiency compared to
the square grid. The constant distance of 1,50m between drain centers for roads and

structures is estimated.

The 50m thick underground model is divided into two parts: in the upper part the length
of vertical drains matches the thickness of the layer (25m); the lower part of the
underground model without vertical drains is 25m thick. In this lower part the drainage
path of the ground water corresponds to the thickness of this layer (25m), because this
layer is assumed to have an undrained bottom boundary. The diameter of single drain is
chosen as 0,05m (supplementary results of settlement calculations with the effective

drain diameter are shown in Table 17, section 3.4.5).

2. Solution for embankment design

In the ground improvement design proposed by the Consultant two types of
embankments are planned. Each embankment consists of three parts (described from

the bottom to the top, repeats the construction sequence):

e Working platform
This working platform is a layer made of draining granular material and placed on the
construction site, so rigs have an access to the site. As well, this working platform
build of granular material functions as a drainage layer underneath the constructed
embankment for the ground water which reaches the ground surface through vertical
drains.

e Filling “wet”
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This part should cover the generated settlement. In the settlement calculation the
ground water level is prescribed to be at the sea level and the filling is considered to
be in constant contact with water, because at the end of the preloading stage it sinks
underneath the water. Therefore, the effective unit weight of filling is used in
calculations.

Filling

This is the part which after the removal of surcharge and consolidation will be used
as a 2m height building platform, required by the Client.

Surcharge

This is the part of the embankment which is removed after 6 months, when the

preloading stage is finished.

A sketch in Figure 31 visualizes the arrangement of layer without dimensions.

Surchage
Filling
Filling "wet"

Working platform

Figure 31 Sketch of typical embankment design developed for the Project

Construction process of embankment consists of following steps and is depicted in
Figure 32.

2 T o A

A working platform is build.

Installation of vertical drains

Placement of “wet” filling.

Placement of filling.

Placement of surcharge.

After surcharge is placed, the apparent period of consolidation, important for
evaluation of settlement, starts. After 6 months the surcharge is removed. Two lower

layer of embankments serve further their design purposes.
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a) EEEEm Working platform ) =SSy Filling
b)iZZZ] Filling "wet" d)ZZZZ) Surchage

Figure 32 Construction process of embankment with vertical drains

Loads generated by embankments are summarized in Table 2.
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Table 2 Loads generated by embankments for roads and structures
Roads Structures
Specific h [m] Stress h [m] Stress
unit [KN/m?] [KN/m?]
weight
[KN/m?3]
Filling “wet“ 10 1,00 10 1.50 15
Filling 20 2,00 40 2,00 40
Surcharge 18 2,5 45 4,00 72
Total 95 127
preloading

The calculated preloading is higher than the sum of remaining loads (filling “wet” + filling
+ life loads), thus this method should be called the excess preloading.

The monitoring program for the Trial field is as well foreseen in the Preliminary Design.
Four reference points are going to be installed in the corners of the square, where the
embankment is constructed. 21 ground measurement points are planned to be installed
at the ground surface. The displacements of the embankment are going to be monitored
with two inclinometers and two extensometers. The data for generated pore water

pressure is collected with two wire piezometers.

3.3.1.7 Results of Preliminary Design

Settlement evaluation in the Preliminary Design is performed with the previously
described underground model (Table 1) and two types of excess preloading (Table 2).
The stresses in soils are generated by embankments with the base area of 1.000.000m?
(2000m x 1000m).

After the series of optimizations, the length of vertical drains was estimated and set to
25m. It is agreed that in the lower 25m thick part of the underground model the length of
the drainage path corresponds to the thickness of this part. With the excess preloading
as described in the previous section and the 25m long vertical drains the following

effective settlements were calculated:

e For roads: with OkN/m? life load 5,8cm; with 10kN/m? life load 7.5cm; with 20kN/m?
life load 14,2cm and with 30kN/m? life load 27,4cm;
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e For structures: with 16kN/m?2 life load 15,1cm.

It can be stated that based on the calculations with methods, approved in the
Preliminary Design, only with the life load of 30kN/m? the requirement for the effective

settlement is not fulfilled.

3.3.2 Investigation-1

Investigation-1 is the localized site investigation, performed in the reduced area within
the whole are of great extent. It consists of 8 CPTu tests. The approximate location of
the investigated area and the layout of piezocone tests is sketched in Figure 33. The
average distance between two CPTu tests is 250m. Due to the confidentiality of the
Project, only data about the top levels and depth of tests is provided in Figure 34. Note
that the depth of the each of the performed CPTu test is given from the actual ground

surface and in reality none of performed tests have reached the 50m.b.s.I. depth.

& B B £
SN eE cE E g8

Investigation-1

Figure 33 Layout of piezocone tests
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CPT No. | Top Level [Depth (m)
CPTu-1 1.428 50.50
CPTu-2 1.155 50.58
CPTu-3 1.034 50.50
CPTu-4 1.024 50.56
CPTu-5 1.373 50.48
CPTu-6 1.065 50.52
CPTu-7 1.499 50.62
CPTu-8 1.256 50.52

Figure 34 Data about performed piezocone tests

For improved estimation, pore pressure dissipation tests should be performed

additionally to piezocone tests. For each CPTu four dissipation tests were performed at

different depths with a step of approximately 10m between each dissipation test. It sums

up as 32 dissipation tests in total. Data from pore pressure dissipation tests is used to

get an enhanced value of hydraulic conductivity and coefficient of consolidation.

The CPTu data was interpreted using CPeT-IT software and reviewed by the

geotechnical engineer. The output of this site investigation is the idealized underground

model, which is a result of performed piezocone tests. This model is shown in Figure 35.
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Level Layer P Constrained | Time settlement parameters
Soil Layer thickness UI;:P:.:;’EJ”“ OCR meociulus M
Top | Botiom [m] [MPa] eh [mia] ev i) mh feaia]| kv [wis]
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sifty | | 241 | 8.0
! 9,66 3.22 : 04
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1 n
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| 6.5

Figure 35 Idealized underground model

Compared to the underground model, used for settlement evaluation in the Preliminary
Design Report, this new model has two clearly defined formations, with respect to
prescribed soil types and the hydraulic conductivity. The upper formation of silty
clay/clayey silt with interlayers of sand is 15m thick and can be further divided into two
thinner layers: 1-A with constant 5,0MPa stiffness and 1-B with constantly increasing
stiffness from 2,5 MPa to 3,0 MPa. Respectively, the first layer is 10m thick; the second
is 5m thick. For the second formation of silty clay the increasing stiffness from 3,0 MPa
to 6,5MPa is prescribed. According to the current report, the light overconsolidation is

exhibited in both upper and lower formations.

The final values of stiffness for this idealized underground model are defined from two
types of plotted constrained modulus curves: one estimated with the soil behavior type
index | and another estimated with the coefficient a. The evaluated values of constrained
modulus M for eight CPTu tests are summarized as the plot of data points in Figure 36

and Figure 37.
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The results show that the average stiffness estimated with the factor Ic in the upper 10m
thick layer is considered as 7,5 MPa. Below this depth, the constrained modulus
increases gradually from 2,5 MPa to 5,0 MPa at depth of 50m. The 50m depth mentioned
in the report is measured from the local ground level. The evaluation of tests with respect
to the sea level shows that none of the executed tests have reached this level. The plot
is provided in Figure 36.

Constrained Modulus (Mpa)
0 5 10 15 20 25 30 35 40 45 50

|.Hll‘|l

: B CPTu-01
-0 ! ® CPTu-02
" : CPTud3
CPTu-04

—+ ® CPTu05
45 -CPTu06
e ' % CPTu-07
# CPTu08

Figure 36 Variations of constrained modulus M values versus depth for the executed
eight CPTu considering factor I

The report provides the second interpretation of constrained modulus M with the factor
a = 6. The graph as it is given in the report here is provided as Figure 37. Based on

Figure 37, the constrained modulus for the upper 15m can be considered as 5,0 MPa.
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Below this depth the modulus gradually increases from 2,5 MPa to 8.0 MPa at the depth

close to 50m.

Constraimed meduolos (Mpa)

Figure 37 Variations of constrained modulus M values versus depth for the executed

eight CPTu considering factor a= 6

For the resulting idealized model (Figure 35), the stiffness profile in the upper Formation
A is entirely obtained from the evaluation with the coefficient « = 6. The stiffness profile
in the Formation B is obtained when the two of the above described stiffness evaluation

methods were combined and this resulting profile is equal to the average value.

The horizontal coefficient of permeability for both soft formations is evaluated from
dissipation tests. It varies from 0,1m/year in the upper formation to 0,0075m/year in the
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lower formation, and according to Robertson (2012) soils of low permeability are

indicated.

In general, the horizontal coefficient of permeability in soils is higher than the vertical
permeability. In the current report the evaluation of the ratio between the vertical and
horizontal coefficients of permeability is based on guidelines from FHWA RD-86/168.

Representative ratios for soft clays are presented in Figure 38.

Taole 5 Representative ratios of ky/ky for soft clays.*

thkv

1. o evidence of layering
(Partially dried clay has 1.2+ 0.2
completely uniform appearance)®* -

No or anly slightly developed

macrofabric {e.g. sedimentary clays 1 to 1.5
with discontinuous lenses and

layers of more permeable soil)***

2. slight lTayering (e.g. sedimentary
clays with occasional silt dustings 2to5
to random silty lenses)**

Fairly well to well developed

macrofabric {e.g. sedimentary clays 2 to ¢
Witn discontinuous lenses and layers

of more permeable material}***

3, Varved clays in dortheastern US ** 10+ 5
Varved clays and other deposits

containing embedded and more or less 3 to 15
continuous permeable layers*+*

Figure 38 Guidelines from FHWA RD-86/168

As the upper formation contains many continuous permeable sand lenses between
clayey silt/ silty clay layers, category 3 is applied. The ratio between horizontal and
vertical permeability is taken conservative as 10. For the lower formation category 2 is
applied and ratio of 3 is chosen as a conservative evaluation. The same ratios are applied

for estimation of vertical coefficient of consolidation.

Overall, the underground model obtained from the Investigation-1 indicates the presence
of slightly stiffer soils, which are divided into two formations, based on the evaluated

inhomogeneity and hydraulic conductivity.
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3.4 Settlement calculation with the idealized subsoil model

This chapter compiles five smaller sections: the first is dedicated to general design
considerations, used in the evaluation of settlements; the second describes the
modelling procedure and the third summarizes the calculation results; the settlement
results provided in the fourth section are obtained from calculations with modified
drainage conditions; the last, fifth, section gives the comparison of settlement, obtained

from calculations with two different drainage conditions.

3.4.1 General design considerations

3.4.1.1 Requirements for the ground improvement concept and effective
settlement
The ground improvement concept and settlement requirements for roads and structures

are adopted from the Preliminary Design without additional modifications.

Despite the initial agreement, this requirement might be reconsidered after results from
the Trial field are obtained or the additional ground investigation reveals new data about

geotechnical properties.

3.4.1.2 Loads and loading conditions

Originally approved loading conditions have undergone minor modifications. Differently
than in the Preliminary Design, the total end loading generated by the remaining
surcharge and various life load occurs 9 months after the completion of surcharge. The
excess preloading with the surcharge still lasts 6 months, as defined in the Preliminary
Design. Two quantifications of applied loads due to the embankment and various life

loads are depicted in Figure 39 for roads and Figure 40 for structures.
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Figure 39 Loading scenario for roads
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Figure 40 Loading scenario for structures

3.4.2 Modelling with the software GGU CONSOLIDATE 5

3.4.2.1 General switches
Settlement evaluation is performed via combination of constrained modulus and
permeability. The coefficient of consolidation c, is automatically calculated by the

software from the constrained modulus Es and permeability k.

Secondary settlements are not considered in the calculations in this Thesis. However, it
is recommended to incorporate the calculations of secondary settlements for the future

calculations (outside this Thesis) as a safety measure.
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The numerical solution is chosen for simulations (see 2.3.1), because it allows the use
of multi-layered system, load increase, implementation of vertical drains through the

equivalent permeability and arbitrary pore water pressure distribution.

3.4.2.2 Loading conditions in the software

Even though the application of continuously increasing or decreasing loading due to the
construction process can be considered in simulations with the software, in the used
loading model the progressive decrease caused by the gradual removal of the surcharge
between 6 and 9 months is neglected. Loads in all construction stages are applied

instantaneously.

The initial loading, unloading and reloading are applied instantaneously instead of the
gradually increasing/decreasing loading. It is considered as a conservative approach,
because the scheme how the surcharge is going to be dismantled and when exactly the

next construction phase starts is not approved.

The decrease of loading in the software is expressed as a percentage of the initially
applied loading. Figure 41 shows how this change of loading is applied in the software

with respect to time for the case with 20kPa for roads.

Load increase ﬂ
Done | Fonmard | Back | Cancel | Sort | Repeat |
9 load increment(z] to edit | Save | Load |

Switch to entering Time az date’

Mo. Time [months] Load component [%]
1 0.0000 [Tooog

2 | 1.0000 | 100.00

3 | s.0o00 | 100.00

4 | &0i00 | 5283

5 | 90000 | 5283

& | 90100 | 7388

7 | 120000 | 7aE@

8§ |243.0000 | 7aEs

8 |sooooooooo | F3Es

Figure 41 Applied loading for roads with 20kPa life load

Table 3 shows the loading is converted into percent and implemented into calculations.
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Table 3 Load increase expressed in percent’s for each simulation case

Roads Structures

Life load With With With With With
OkN/m? 10kN/m? | 20kN/m? | 30kN/m? 16kN/m?

0 - 6 months 100% 100% 100% 100% 100%
95kN/m?2 95kN/m?2 95kN/m? | 95kN/m? 127kN/m?

6 — 9 months 52.63% 52.63% 52.63% 52.63% 43.31%
50kN/m? 50kN/m?2 | 50kN/m? | 50kN/m? 55kN/m?

From 9 months 52.63% 63.16% 73.68% 84.21% 55.91%
50kN/m?2 60kN/m? 70kN/m? | 80kN/m? 71kN/m?

The initial loading curve is generated with ““Stresses due to foundation " function. This
function automatically generates the stress curve in the middle of the applied imaginary

foundation, based on its geometry.

3.4.2.3 Idealized subsurface model

The modelled multi-layer underground consists in total of 11 layers. Based on the
idealized underground model from section 3.3.2, the developed model is adapted to
simulations by prescribed intermediate values of stiffness. The sketch of the
underground model with 11 layers and stiffness values for each of these 11 layers used

in further calculations is presented as Figure 42.
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Figure 42 Underground model with 11 layers

Thus, the unloading — reloading stiffness in the software is evaluated through the defined
ratio E./E. The ratio Eu/E = 3 is used in simulations as the most practice — oriented

value.

The hydraulic conductivity in the Formation A is reevaluated in order to comply with the
limitations, caused by the implementation of the CUR 191 (1997) approach. Designed
vertical drains cross layers with variable vertical and horizontal hydraulic conductivity.
However, in the CUR 191 (1997) approach the recalculated equivalent permeability is
prescribed for the whole layer with drains, because the length of a single drain is used
in the equation. Thus, the lower value of horizontal hydraulic conductivity from the
Formation B is applied for the whole layer with drains as the conservative approach. A
separate Excel spreadsheet is programmed to reevaluate permeability parameters for
the part of subsurface model with vertical drains. The same diameter of drains (agw =

0.05m?) is used in simulations as in the Preliminary Design.

Classical (numerical) consolidation switch (see 2.3.1) is used, because the presence of
drains is prescribed through the recalculated equivalent vertical permeability with CUR
191 (1997).
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Note that even though none of eight performed CPTu tests have reached the depth of
50m.b.s.|, for calculations the thickness of 50m is assigned for the model. At this point
the undrained bottom boundary was assigned for the model under the assumption that

the Formation B made of low permeable silty clay extends below 50m.b.s.I.

As well, the closed (undrained) bottom bound corresponds to the previously approved

25m drainage path in the layer without drains.

The idealized underground model with the closed bottom bound as it looks in the

software is depicted in Figure 43.

System
Pemmeable u {max) [kN/m?] 0.00
10.00 85.0
| 95.0
o 5.0 100N
i" 85.0 1200
i : 15.00
x> 95.0
*‘ 85.0 20,00
g ] 5.0
=T 95.0 25.00
I E.1h 85.0
T f 45 0 30.00
‘ 83.0 35.00
BT 85.0
v 95.0 40,00
2 85.0
* 821 45.00
] .
i J x 94.9 50.00

Man-permeakle

Figure 43 Idealized underground model

The screenshot with the input soil parameters for the idealized underground model is

shown in Figure 44.
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| | Cancel | IWI Save| Load |
Soit 11 sols) o edit |

Mo, Drepthm] Ez [kM/mE] k. [rne'g] Dezignation
1 | 5000.0 | 7.2935E -8 |Clapey Sil Calculate
2 | 120000 | 28000 | 7.2935E -5 |ty Clay Calculate
3| 140000 | 28000 | 7.2935E-B |Silty Clay Calculate
4 | 150000 | 283000 | 7.2935E -8 |ilty Clay Calculate
5 | 200000 | 32500 | 7.2935E-8 |Silty Clay Calculate
& | 250000 | 3780.0 | 7.2935E -5 |ty Clay Calculate
7| 300000 | 42500 | 8.0375E-11 |ilty Clay Calculate
& | 350000 | 4750.0 | 2.0375E-11 |ty Clay Calculate
3 | 400000 | 52500 | 8.0375E-11 |Silty Clay Calculate
10| 450000 | 5750.0 | 5.0375E-11 |ty Clay Calculats
11| s0oooo | B250.0 | 2.0375E-11 |ty Clay Calculate

Figure 44 Input option in the software

3.4.3 Predicted settlement

This section is dedicated to the summarized settlement from simulations. Data is
submitted in tables and later compared in charts. The second column in each table
shows the final settlement (ssosoo00), When consolidation process is completed.
Settlement ratio after 6, 9, 249 months (corresponds to 20 years after the end of excess
preloading, therefore 9months + 240months = 249months) or 609 months (corresponds
to 50 years after the end of excess preloading, therefore 9months + 600months =
609months) is given with the corresponding degree of consolidation U. Note that 9

months are the sum of 6 months of preloading and 3 months of unloading (manipulation).

All output of calculations as it is given in the software is attached to this Thesis in

Appendix A.

The results are summarized in Table 4 - Table 8. The data in these tables is presented

in the same style. Note that in these tables:

e In the most upper road the loading conditions are summarized as XX/XX/XX. The
first number corresponds the applied excess preloading for the first six months; the

second number corresponds to the remaining loading in the period between 6 and 9
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months, when the surcharge is removed; the last number corresponds the sum of
remaining and life loads.

e Calculated settlement and the degree of consolidation in these tables are denoted
as s and U. These abbreviations are given with two indices, where the first index
correspond to the case with the sum of applied life and remaining load (for roads
case with OkN/m? corresponds to 50, 10kN/m? corresponds to 60, 20kN/m?
corresponds to 70 and 30kN/m? to corresponds 80) and the second index indicates
the time in months, when the settlement is calculated. For example, the sSsog
corresponds the settlement calculated for the case with OkN/m? life load estimated
249 months after the beginning of calculations. The settlement calculated 50000
months after the beginning of consolidation corresponds to the final settlement
generated with applied loading.

e The total settlement calculated for the 50m model after 6, 9, 249 or 609 and 50000
months is shown in the last row of each table. Additionally, it was investigated how
many settlement is generated at the certain time in the upper part of the model with
PVD (25m thick) and in the lower part without vertical drains (as well 25m thick, see
specifications in section 3.4.2.3).

e The degree of consolidation for each case is calculated with respect to the generated

final settlement due to the applied life load.

3.4.3.1 Roads
Results of simulations for roads with four different life loads are summarized in Table 4,
Table 5, Table 6 and Table 7.

Table 4 Evaluated settlement ratio for roads with OkN/m? life load

95/50/50
$50,50000 S50,6 Uso6 S50,9 Uso,0 S50,249 Uso.240 [%]
[em] [cm] [%] [cm] [%] [em]
vai?ﬁrpﬁ’/a[;t 45,8 515 | 112,45 | 47,7 | 104,15 | 457 100
Lower part 24,3 1,0 4,12 1,4 5,76 6,3 26
s 70,1 52,5 49,1 52,0
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Table 5 Evaluated settlement ratio for roads with 10kN/m? life load

95/50/60
$60,50000 S60,6 Ueo,6 S60,9 Uso,9 S60, 249 Usozas [%]
[cm] [cm] [%] [cm] [%] [cm]
uppet part 47,9 51,5 | 107,52 | 47,7 | 9958 | 47.9 100
Lower part 29,2 1,0 3,42 14 4,79 7,5 26
> 77,1 52,5 49,1 55,4

Table 6 Evaluated settlement ratio for roads with 20kN/m? life load

95/50/70
$70,50000 S70,6 Uroe S70,9 Uros S70, 249 Uro240 [%]
[cm] [cm] [%] [cm] (%] [cm]
lﬁifﬁrp%” 50,2 515 | 102,59 | 47,7 | 952 | 50,2 100
Lower part 33,9 1,0 2,95 14 4,13 8,6 26
> 84,1 52,5 49,1 58,8

Table 7 Evaluated settlement ratio for roads with 30kN/m? life load

95/50/80
$80,50000 S80,6 Uso,6 S80,9 Uso,9 Sgo, 249 | Uso,249
[cm] [cm] [%] [cm] | [%] [cm] | [%]
xﬁﬂegVD part 54,4 55| 9458| 47,7| 87,60| 54,4 100
Lower part 38,9 1,0 2,57 14 3,60 9,9 25
> 93,3 52,5 49,1 64,30

As it can be seen from the tables above, generated settlement between 9 and 249
months after the beginning of preloading stage (Sxx249 —Sxx9) in the lower part is 3 to 5
times higher (it depends on the loading) than in the upper part with PVD. Only for the
case with 30 kN/m? life load the settlement generated in the lower part in this period of

time is almost equal to the settlement generated in the upper part with PVD. As well, it
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can be seen from tables above that after 249 months the consolidation in the upper part
with PVD is completed (degree of consolidation U = 100%). In all four cases after the
removal of the surcharge (it corresponds to the time period of 6 months), the volume of
soils increases due to the unloading and following the settlement rate decreases (see
columns in tables with the index “9”). Then, depending on the applied life load, within the
next 240 months the soil undergoes further deformations (see columns in table with the
index “249”). It is obvious from these tables that the higher applied life load leads to
higher settlements after 249 months and after 50000 months, what corresponds the final

settlement.

However, in the case with OkN/mZ life load the increase of soil volume — heave —
continues in the period between 9 and 249 months (settlement decreases from 47,7 to
45,7cm).

Four figures below (Figure 45, Figure 46, Figure 47, Figure 48) provide an overview for

each of the four cases with different life loads.

The following plots show that the expected log time — settlement curve (blue) fits between
two curves: the green curve which indicates the expected settlement generated only by
the load applied in the reloading stage and the red curve which indicates the expected

settlements if the preloading was never removed.

Note that curves with the constant loading (50/50/50, 60/60/60, 70/70/70, 80/80/80 and
95/95/95) should not show two bendings. Log time — settlement curves due to the
constant loadingin should indicate a smooth, constant increase of settlement (see line 2-
2b in Figure 13). However, the reason why the software provides these curves was not
defined (the following reasons were checked: input data, the way how time series were
generated (linear, quadratic, exponential, etc.), loading conditions). The presence of two

bends may be caused by the multiple layers, implemented in to the calculation model.
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Log time — settlement curves for roads with OkN/m? life
load
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Figure 45 Log time — settlement curves for roads with OkN/m? life load

Log time — settlement curves for roads with 10kN/m? life
load
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Figure 46 Log time — settlement curves for roads with 10kN/m? life load
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Log time — settlement curves for roads with 20kN/m? life
load
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Figure 47 Log time — settlement curves for roads with 20kN/m? life load

Log time — settlement curves for roads with 30kN/m? life
load
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Figure 48 Log time — settlement curves for roads with 30kN/m? life load

It was expected that within the first 9 months all four log time — settlement curves
indicates identical settlement, because loading conditions starts to differ only after the 9

months mark (see section 3.4.1.2). Independently from the settlement within the first 9
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months, the end settlement after 50000 months must increase with the increase of

loading. Following expectations are proved and presented in Figure 49.

Log time — settlement curves for roads with the closed
bottom boundary
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Figure 49 The variations of log time — settlement curves for all four life load for roads

3.4.3.2 Structures
The resulting settlement for structures is summarized in Table 8.

Table 8 Evaluated settlement ratio for structures with 16kN/m?2 life and constructional

load
127/55/71
$71,50000 S71,6 U716 S71,9 U719 S70,609 U71,600
[cm] [cm] (%] [cm] [%0] [cm] [%0]
Upper part
with PVD 62,0 68,9 111,13 62,1 100,16 62,0 100,00
Lower part 34,5 1,3 3,77 1,8 5,22 13,8 40,00
Y 96,5 70,2 63,9 75,8
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In this case in the time period between 9 and 609 months the upper part with PVD
indicates close to the same value. However, it must be taken into account that the
calculations are performed without consideration of the secondary settlement (or creep)
and in reality, the additional settlement due to the constant loading may occur in the

upper part.

The log time — settlement plot for the case with structures is given in Figure 50. The
following plot shows that the expected log time — settlement curve (blue) fits between
two curves: the green curve which indicates the expected settlement generated only by
the load applied in the reloading stage and the red curve which indicates the expected

settlements if the preloading was never removed.

Log time — settlement curves for structures
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Figure 50 Log time — settlement curve for structures

3.4.3.3 Effective settlement

The requirement to keep the resulting effective settlement 20 years after preloading for
roads and 50 years after preloading for structures below the 15cm limit is given by the
Client. The explanation of the effective settlement concept and corresponding equations

are given in the section 3.3.1.3.

Resulting effective settlement are summarized in Table 9. The effective settlement in
Table 9 is calculated for the upper part with PVD, the lower part and as the sum of both
parts (denoted as Z in the table).The graphical comparison of resulting effective

settlements for the whole 50m thick model is given in Figure 51.
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Table 9 Summarized effective settlement

Roads Structures
0 kN/m? 10 kN/m? 20 kKN/m?2 30 kN/m?2 16 kN/m?
Upper part ) )
with PVD 2 0,2 2,5 6,8 0,1
Lower part 4,9 6,1 7,2 84 12
> 2,9 6,3 9,7 15,2 11,9

Comparison of effective settlement [cm]
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S 15,2
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B Undrained

Figure 51 Resulting effective settlement for roads and structures

The summary of settlement calculations show in general a very good agreement with the
requirement: only the case with 30kN/m? life load exceeds the required 15cm limit.
Although, the evaluated settlement should be considered as conservative (these should

be treated as recommendations) values.

3.4.4 Settlement with the drained bottom boundary

The idealized underground model used in calculations is estimated up to the
50m.b.s.l.depth with the 25m drainage path in the lower part of it, as it was agreed by

the Client and the Contractor.

The subsoil investigation performed in various construction sites in the vicinity has

revealed the likelihood of soil of high permeability underneath the 50m.b.s.I. mark. The
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presence of such soils would affect the consolidation process. If the soil underneath the
50m.b.s.l. depth possesses significantly higher permeability properties than the defined
hydraulic conductivity in the lower part of the used calculation model, the drainage path
must be considered as the half of its initial length (see Chapter 2.1 with the theory of
consolidation). Thus, the time required for consolidation reduces and the higher

settlement rate is generated within the same amount of time.

The assumption of underground, framed by the permeable soil layer under the 50m.b.s.I.
is applied for calculations. The calculations with the opened (drained) bottom bound are

carried out for the same loading scenarios as described previously.

3.4.4.1 Roads
Results of simulations for roads with four variable life loads and the drained bottom

boundary are summarized in Table 10, Table 11, Table 12 and
Table 13.

Table 10 Evaluated settlement ratio for roads with OkN/m?2 life load and the drained
bottom boundary

95/50/50
$50,50000 S50,6 Uso,6 S50,9 Uso,9 S50,249 Uso,249
[cm] [cm] [%] [cm] [%] [cm] [%]
Uppet part 458 51,5 | 11245 | 47,8 | 104,37 | 457 | 99,78
Lower part 24,5 2,6 10,61 2,9 11,84 11,8 48,16
> 70,3 54,1 50,7 57,5
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Table 11 Evaluated settlement ratio for roads with 10kN/m? life load and the drained

bottom boundary

95/50/60
$60,50000 S60,6 Uso,6 S60,9 Uso,9 S60, 249 Ue0,249
[cm] [cm] (%] [cm] (%] [cm] (%]
Lfls’i?ﬁrpﬁ’%t 48,0 51,5 | 107,29 | 47,8 | 99,58 | 48,0 | 100,00
Lower part 29,2 2,6 8,90 29 9,93 13,9 47,60
3 77,2 54,1 50,7 61,9

Table 12 Evaluated settlement ratio for roads with 20kN/m? life load and the drained

bottom boundary

95/50/70
S70,50000 [CM] | S706 [cm] | U7o06[%] [S(Z?T?] [L;/Zi’g [Sg?n ]249 ;/703'249
\lfvf’tf]e;\fg” 50,2 51,5 | 10259 | 47,8| 9522| 50,1| 99,80
Lower part 34,0 2,6 7,65 29 8,53 16,1 47,35
> 84,2 54,1 50,7 66,2

Table 13 Evaluated settlement ratio for roads with 30kN/m? life load and the drained

bottom boundary

95/50/80
$80,50000 S80,6 Uso,6 S80,9 Uso,9 S80, 249 Uso,249
[cm] [cm] [%] [cm] (%] [cm] (%]
Uvei‘é’ﬁrpﬁ’%t 54,5 515 | 9450 | 47,8 | 87,71 | 54,5 | 100,00
Lower part 38,9 2,6 6,68 2,9 7,46 18,2 46,79
> 93,4 54,1 50,7 72,7
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Figure 52 shows the log time — settlement curves generated by four cases of different

life loads.

Log time — settlement curves for roads with the drained
bottom boundary
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Figure 52 Variations of log time — settlement curves for roads with four different life

loads

3.4.4.2 Structures
Results of settlement calculations for structures are summarized in Table 14 and

presented in Figure 53.

Table 14 Evaluated settlement ratio for structures with 16kN/m? life load and the

drained bottom boundary

127/55/71
$71,50000 S716 U716 S719 U710 $70,609 U71,609
[cm] [cm] [%] [cm] [%] [em] [%]
Lfls’i‘t’ﬁrpﬁ’%t 62,1 689 | 110,95 | 62,1 | 100,00 | 61,9 | 99,68
Bottom part 34,7 34 9,80 3,9 11,24 25,1 72,33
5y 96,8 72,3 66,0 87,0
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Log time — settlement curve for structures with the

opened bottom boundary
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Figure 53 Log time — settlement curve for structures with 16kN/m? life and structural

load

3.4.4.3 Effective settlement with the drained bottom bound

Results of settlement calculations with the drained bottom boundary are summarized in

Table 15 and presented in Figure 54.

Table 15 Resulting effective settlement for calculations with the drained bottom

boundary
Roads Structures
0 kN/m? 10 kN/m? 20 kN/m? 30 kN/m? 16 kN/m?
Upper part i i
with PVD 2,1 0,2 2,3 6,7 0,2
Lower part 8,9 11,0 13,2 15,3 21,2
> 6,8 11,2 15,5 22,0 21,0
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Comparison of effective settlement [cm]
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Effective settlement [cm]
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Figure 54 Resulting effective settlement for calculations with the drained bottom

boundary

Simulations where the drained bottom boundary is applied reveal that the 15cm
requirement is satisfied only in cases where the lowest life loads for roads — with 0 and
10kN/m?2. This is linked with the twice shorter drainage path in the lower layers from 25

to 50m.b.s.l, when the drained bottom boundary is assigned to the model.

3.4.5 Comparison of effective settlement

The effective settlement rate 20 or 50 years after unloading, depending on the type of
construction, is compared in Table 16. The calculation results with the drained lower
boundary are marked with the blue color and the abbreviation DR; the results with the

closed bottom boundary are shown in red and marked with the abbreviation UNDR.
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Table 16 Comparison of effective settlement for simulations with drained and undrained

bottom boundary.

Roads Structures

0 kN/m? 10 kN/m? 20 kKN/m?2 30 kN/m?2 16 kN/m?

DR | UNDR | DR | UNDR | DR | UNDR | DR | UNDR | DR | UNDR

Upper part

withpvp | 21| 2 [02] 02 [ 23] 25 | 67 | 68 [-02] -01

Lower part | 8,9 4,9 11 6,1 13,2 7,2 15,3 8,4 21,2 12

> 6,8 29 11,2 6,3 15,5 9,7 22 15,2 21 11,9

Figure 55 presents the graphical comparison of the results (for the total effective
settlement ) ), summarized in Table 16.

Comparison of effective settlement [cm]

25 2
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H Drained ® Undrained
Figure 55 Comparison of effective settlement for simulations with the drained and

undrained bottom boundary

The comparison of results show that the presence of permeable soils below 50m.b.s.I.

increases the effective settlement:
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e For roads with OkN/m? life load settlements with the drained bottom boundary are
134% higher than in the case with the undrained bottom bound.

e For roads with 10kN/m? life load settlements with the drained bottom boundary are
178% higher than in the case with the undrained bottom bound.

e For roads with 20kN/m? life load life load settlements with the drained bottom
boundary are 137% higher than in the case with the undrained bottom bound.

e For roads with 30kN/m? life load life load settlements with the drained bottom
boundary are 145% higher than in the case with the undrained bottom bound.

e For structures with 16kN/m? life load life load settlements with the drained bottom
boundary are 110% higher than in the case with the undrained bottom bound.

The following conclusions can be made from the present settlement comparison for the

two types of simulation and can be considered as the major design concerns:

a) The subsurface investigation must be performed below the 50m depth to estimate

the soil characteristics, required for settlement calculation.

b) The settlement evaluation was performed on the idealized underground model,
which blends the range of stiffness and permeability parameters into the single
values within the area of great extent. This can result in differential settlement

under the constructed embankment with roads and structures.

c) Negative settlement due to the unloading (where the negative excess pore water
pressure is generated) is used in the estimation of effective settlement. In the
case of negative outcome, the negative settlement may be overestimated, which
results in the higher effective settlement rate. As well, the differential negative
settlement may occur due to the sporadic construction of embankments and the

irregular removal of the temporary surcharge.

d) Because the construction sequence influences the generated settlement,
detailed description how exactly the embankment with transition zones is going

to be build, should be defined between the Client and Contractor.

e) The starting time of the effective settlement measurements — whether
immediately after the construction or after waiting until the design height of

embankment is reached — should be defined in the contract.

Q) In this section simulations were carried out without the implementation of the

effective drain diameter. The influence of this diameter must be considered in
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further evaluations. The additional set of calculations with the effective drain
diameter dw was performed in order to assess this influence. The recalculated
value of the effective drain diameter dw = 0,065m?is higher than the value used in
above described calculations. The comparison of results is summarized in Table

17 for the case with the closed bottom boundary.

Table 17 Settlement comparison for calculations with and without the effective drain

diameter
Cross-section After
. 6 After 9 After 249 | After 609 Effective
area of adrain
[m?] mont | months months months settlement
hs
adw=0,05m? 52,5 49,1 52 2,9
OkN/m?2
adw =0,065m? 54,3 50,3 53,1 2,8
adw=0,05m? 52,5 49,1 55,4 6,3
10kN/m?
adw =0,065m? 54,3 50,3 56,5 6,2
adw=0,05m? 52,5 49,1 58,8 9,7
20kN/m?2
adw =0,065m? 54,3 50,3 59,9 9,6
adw=0,05m? 52,5 49,1 64,3 15,2
30kN/m?
adw =0,065m? 54,3 50,3 64,5 14,2
adw=0,05m? 70,2 63,9 75,8 119
16kN/m?
adw =0,065m? 72,6 65,5 77,2 11,7

The implemented effective drain diameter dy, results in the slight change of settlement
ratio (vast majority below 1% difference and the case with 30kPa life load below 10%),
which in general does not indicate the significant difference. It is likely to add the
insignificant difference for the case with the drained bottom boundary. The main
influence of the increase of the drain diameter is seen only in the upper part with PVD
and, as it is mentioned previously, the drained bottom boundary does not have a strong

influence on the drained upper part with PVD.

3.5 Piezocone test evaluation

For ground improvement projects, the effectiveness of design is highly dependent on the

estimated underground model. The quality of performed work is defined by the
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comparison of soil properties before and after the applied improvement technique. The
ground improvement concept must include the goal to achieve the homogenous soail

characteristics all over the area independently from the applied method.

Achievement of uniform soil characteristics is an important design criterion for areas of
great extent. The larger the area is, the higher is the possibility of variable stratigraphy
and the higher is the chance of the presence of sporadic underground features as lenses,

boulders or cavities.

The estimation of reasonable underground model used for the development of ground
improvement strategy is the essential of the effective design. The limitation to use a
single underground model in areas of great extent can lead to the failure, because the
effect of simplification to one set of values does not reflect all permutations of variable
soil characteristics. The suitable solution would be the subdivision of the total area into

smaller plots based on their found similarities.

As the proposed ground improvement design with vertical drains and preloading is going
to be applied to the area of great extent, it is important to consider the possibility of
variable underground conditions and their influence on settlement. The comparison of
new data with the eight supplementary piezocone tests from the Investigation-1(see
section 3.3.2) can indicate the lower effectivity in areas, where the subsoil conditions

vary.

To reduce possible geotechnical risks, the further investigation (Investigation-2) of this
area of great extent with additional piezocone tests has been started in January, 2017.
The data gained with these additional tests must be evaluated and then compared to the
results of eight previous CPTu tests, which provide the basis for the used underground
model. This comparison is significant for the further evaluation of settlement and the
further work with the estimated calculation model. The previously used calculation model
and the ground improvement design must be corrected, if the additional CPTu tests show
different results than the Investigation-1. As well, the use of several calculation models,
developed specifically for smaller areas, may be considered, if the further subsurface
investigation shows that the area of great extent can be split into smaller parts with similar

geological and geotechnical properties.
The evaluation of piezocone tests consists of six steps:

1. Recreation of constrained modulus My, corrected cone resistance q:;, permeability kn

and soil behavior type I graphs from the Investigation-1 with the programmed
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spreadsheets and their comparison to the graphs provided in the results of this
Investigation-1.

2. Delimitating lines for constrained modulus M, horizontal permeability ki, soil behavior
type SBT and settlements are generated.

3. Evaluation of in-the-future received additional CPTu data with the previously
programmed spreadsheets.

4. Comparison of evaluated new data with defined delimitating lines for constrained
modulus M, horizontal permeability kn, and soil behavior type SBT.

5. Comparison of time — settlement curves, if possible.

6. Comparison of results, if the fifth step was completed.
These steps are described in details in the following sections in this section.

3.5.1 Programmed spreadsheets for CPTu evaluation

The underground model used for the calculation of settlement bases on the eight CPTu
tests with correction from dissipation tests. CPe — IT takes the CPTu data and performs
basic interpretation in terms of Soil Behavior Type (SBT) and various geotechnical soil
design parameters using current published correlations based on the comprehensive
review by Lunne, Robertson and Powel (1997), as well as recent updates by Professor
Robertson. The correlations required for these basic interpretations are discussed in

section 2.4.2.

The further subsurface investigation in the area will result in the new data, which must
be compared to these eight CPTu tests. The initial idea is to create the relatively
automated system which can be used in the future for evaluation of additional CPTu tests

and their comparison to the first eight tests.

The idea of evaluation is realized as the set of spreadsheets. The spreadsheets take the
raw data as input, calculate the raw data according to chosen correlations, and output
graphs suitable for comparison to the graphs presented in results of the Investigation-1.
The output can be only completed, if the access to the raw data is provided. The
constants required for correlations (see section 2.4.2 with the theory and section 3.5.1.1)
are calibrated to achieve the closest similar results to provided graphs, because these
constant are not specified in the provided results for each test. A set of calibrated

constants will be applied to future evaluations as default, if no further data is provided.

In the spreadsheet the constrained modulus M is evaluated with two different equations:

the first with the net area ratio a and the second with the correlation constant am. As it is
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explained in the Investigation-1 results, the final values of constrained modulus M
proposed for the idealized underground model are the combination of these two

calculations (see section 3.5.3).

3.5.1.1 The layout of spreadsheets
The programmed spreadsheet consist of two parts: the first part on the left hand side is
used for input data and calculations; the second part located on the right hand side

outputs the graphs.

In the part for input data and calculations constants prescribed for corresponding cells
are summarized in the separate table. The constants and coefficients stay identical within
the whole sheet and do not vary with depth. Unit weight of water is set to 10kN/m? for all
spreadsheets. For the correlation constant au value of 6 is assigned, because this
number is mentioned in the results of the Investigation-1. However, keeping the same
aw value of 6 for the whole underground model does not indicate the presence of various
soils and it leads to the overestimation or underestimation of the stiffness (this should be
considered for the future calculations).The atmospheric pressure is required in
correlations and set to 100kPa, as it is suggested by Robertson (2012). The two ratios
of the haorizontal coefficient of permeability ki to the vertical coefficient of permeability ky
(kn/ky) corresponds numbers and depth limitations provided in the Investigation-1. For

the net area ratio a the chosen value varies between 0,7 — 0,85.

The spreadsheets are programmed in the way that results are calculated with respect to
the sea level. The data provided with respect to the local elevation and in 0,02m steps is

adjusted to the Om.a.s.l. if the local elevation at the time of test is known.

3.5.1.2 Input data

The output graphs are products of following raw data:

e Cone resistance qc
e Sleeve friction fs

e Pore pressure u;

Additionally to them, the net area ratio a, the local ground level, the name and the date

of test should be given.

For settlement calculations in this Project the soil properties of the working platform
constructed on the original ground surface are not considered. The evaluation of soil

characteristics starts at the sea level and continues to the end depth of test.
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Note that during the manual input of raw data, the proper local elevation must be

considered.

3.5.1.3 Analysis method and estimation of the net area ratio a

The comparison of graphs is performed in two steps.

In the first step the range of possible values of the net area ratio a is approximated. After
the raw data is manually input in spreadsheets, the most suitable net area ratio a is
assigned for the each test. The net area ratio a is estimated from the laboratory
calibration with the typical values 0,7 — 0,85 and tuned till the recreated graphs of
constrained modulus and corrected tip resistance show the best agreement with the

graphs provided in the results of the Investigation-1.

The second step is based on the assumption that only one input number of net area ratio
a is used for the set of tests and assigned for interpretations with the software. As the
range of possible net area ratio a values is found, the median value of this ratio is chosen
and repeatedly assigned for eight tests. The assigned a value will be applied for the

future calculations as default, if no other calibration data are given.

3.5.1.4 Comparison of graphs
The resulting recreated graphs of eight CPTu tests are presented in Appendix C.

It can be stated that the recreated constrained modulus M, corrected cone resistance
and soil behavior type SBT curves based on soil behavior type index I show the good
agreement with the presented graphs, even then the single value of the net area ratio a

was assigned for all eight tests.

For the eight CPTu tests from the Investigation-1, the range of approximated net area
ratio a varies between 0,7 to 0,8. The tuned value a used for calculations is set to 0,75,
because it has shown on average the better agreement with provided charts than other
values in the approximated range. When the approximated net area ratio a = 0,7 was
applied for all eight cases, the resulting constrained modulus M was overestimated in
comparison to the provided graphs (in general, 5-10% higher); when the approximated
net area ratio a = 0,8 was applied for all eight cases, the resulting constrained modulus
M was underestimated in comparison to the provided graphs. The evaluated values of
constrained modulus M for eight CPTu tests are summarized in the results of provided

Investigation-1 as the plot of data points (see Figure 36).
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The evaluation of stiffness with the factor Icin the programmed spreadsheets shows that
in the upper layer, where the interlayering of silty, clayey and sandy soils is defined by
borehole drillings, the evaluated stiffness has the wide spread of values (0,5-48,0 MPa).
In comparison to the presented in the results of the Investigation-1 graphs, in the
recreated graphs the sharp increases of stiffness are slightly overestimated
(approximately 5-10%). This overestimation may be caused by unit weight of water,
which is set to 10kN/m? for all spreadsheets, because the exact value of the unit weight
of water used in the software is not known and might vary in the range of 9,5 - 10 kN/m3.
Another possible cause of this overestimation may be the way, how the total and effective
vertical stress is estimated. In the programmed spreadsheets the total and effective
vertical stress in the 0,02m thick soil layer (this thickness is equal to the rate of

penetration) is calculated using the calculated soil unit weight per each depth:

Oyo = Z(Zi]/i) (50)
Owo [kPa] Total vertical stress
Zi [m] Depth
Yi [KN/m?3] Soil unit weight

In general, with exception of random interlayers of higher resistance, recreated
constrained modulus M profiles from 10m down to 50m depth show constant, but not
large increase of stiffness. At the 10m depth the approximated stiffness varies in the
range of 2,0 — 3,1 MPa, while at the lowest end it increases to the range of 5,0 — 5,5
MPa.

The report provides the second interpretation of constrained modulus M with the factor

a = 6. The graph as it is given in the report here is provided as Figure 37.

Similar results are calculated in the spreadsheets with coefficient am = 6. The constrained
modulus profile approximated with the coefficient am shows similar behavior to the first
profile evaluated with Ic. In the second profile from the ground level below to 10m depth
the estimated values of constrained modulus have a wide spread (1,0 to almost 40,0
MPa), what suggests the presence of sands and fines interlayering. However, in general
more data points within this depth interval tend to reach lower values of stiffness than in
the first approximation. From 10m down to 15m depth the range of approximated
stiffness values show a reasonably good agreement with the range evaluated in the first

profile, but the evaluation am = 6 indicates on average slightly higher values (2,5 — 4,0
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MPa with am = 6; 2,0 — 4,0 with I¢ ). Lastly, from 15m down to 50m depth the increase of
approximated values is constant, but contrary to the first approximation more distinct,
because the higher maximum value is reached (7,5 — 8,5 MPa contrary to 5,0 - 5,5
MPa).

All'in all, it can be said that the stiffness values in the upper 10m thick layer, proposed
for the idealized underground model, are approximated based on the lower values,
obtained from the evaluation with the factor a= 6. It can be considered as the
conservative evaluation. The stiffness values for the depth interval 15-50m.b.s.I. are

based on the average number, received from two evaluation methods.

The plots of corrected tip resistance, permeability, normalized friction ratio and soil
behavior type SBT are assessed for the each separate CPTu tests. However, eight
variations are not summarized in the one plot, as it is done with the stiffness. Therefore

they are compared in the separate graphs and this comparison is shown in Appendix C.

The overall observation is that all eight corrected cone resistance plots in the upper layer
(0-10m.b.s.l.) show a wide range of values (2,0-close to 7,0 MPa). All eight plots show
the tendency of the sharp increases in the corrected cone resistance in the depth at
approximately the 1-4m.b.s.l. It is likely to be due to the interlayer of sand, because this
peak reaches 4,0-6,6 MPa resistance. In the depth 6-8m.b.s.l. all eight CPTu tests
indicate the second peak of resistance. This peak is slightly lower than the first and

reaches 2,5-4,3 MPa resistance.

The lower layer (10-50m.b.s.l.) shows the same behavior trend in all eight profiles: the

corrected tip resistance has the constant increase from 0,5 MPa to 2,2 MPa.

The soil behavior type plots evaluated in the spreadsheets were compared to the original
plots from the Investigation-1 and it can be said that they really precisely recreate the
given graphs with following evaluation: in the upper layer due to the interlayering of soils
the soil behavior type index I falls within the range 1,8-4,2; in the lower layer it falls within
the range 3,2-3,6 and stays close to constant with respect to depth for eight out of eight

tests.

The graphs of permeability and normalized friction ratio are compared to the provided
graphs too. They show a good agreement. Both graphs prove the trend described above:
the upper 15m thick layer with the soil interlayering and variable permeability and
normalized skin friction; the lower layer 35m thick layer with the more constant evaluated

soil parameters. In the upper layer two interlayers of higher permeability can be defined
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in the depth intervals between 0-5m.b.s.l. and 7-9m.b.s.I. (these boundaries varies with
different CPTu tests) and two less permeable intervals 5-7m.b.s.l. and 9-15m.b.s.I. In the
lower layer the permeability is gradually decreasing from 1,5E-9 to 8E-10 m/s for
CPTu_1, CPTu_2 and CPTu_8 or is constantly lower than 1E-9 m/s for CPTu_3,
CPTu_4, CPTu_5, CPTu_6 and CPTu_7.The normalized friction ratio graphs for all eight
CPTU reveals an interesting trend: from the approximately 40m.b.s.l. depth the plot starts
to bend and the normalized friction ratio starts to increase. “The increase of the
normalized friction ratio is likely to indicate the increase of fines in soils and decrease of

grain size” (Robertson 2012).

3.5.2 Delimitating lines

The next step in the evaluation is to mark out the extent of the data. The delimitating
lines are created according the approximated data from the eight CPTus. The
delimitating lines are a quick way to see, if evaluated data from new piezocone tests fit

within the range thus far considered.

The extent of data is marked out with two lines: the first line picks out the absolute lowest
values of evaluated properties and the second consists of the absolute highest values

from eight piezocone tests.

The three types of delimitating lines are created on the basis of the eight programmed
spreadsheets: for the constrained modulus M, horizontal coefficient of permeability ky

and soil behavior type (SBT) based on the soil behavior type index I..

3.5.2.1 Delimitating lines for constrained modulus M.
After the good agreement of evaluated with the spreadsheets curves with results
approved in the Investigation-1 was defined, the corresponding delimitating lines are

created.

It was decided to create only one set of delimitating lines for the constrained modulus

M. based on approximations with the soil behavior type index Ic.

The obtained plot of delimitating lines for the constrained modulus M. with the soil
behavior type index Ic is shown in Figure 56. In order to improve the visual properties,
the step 0,5m between points is taken. Two delimitating lines meet at one point at the

depth of 49.5m.b.s.l., because this depth was reached only by one CPTu test.
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Delimitating lines for M,

M,. [MPa]
0 5 10 15 20 25 30 35 40 45 50
0
/

10

15

N
o

N
w

Depth m.b.s.l.

w
o

35
40
45

50

— M,min — M, max

Figure 56 Delimitating lines for constrained modulus M.

Based on the performed evaluation of raw data and considering the plots displayed in

Figure 56, the following comments can be made:

a) Considering the fact that the blue delimitating line (lower bound) consists only of
absolutely lowest estimated values of constrained modulus M, based on
approximations with the soil behavior type index I and the red delimitating line (upper
bound) consists only of absolutely highest values, both lines show the presence of
soil interlayering in the upper 10m of deposit. It can be observed from the variety of
spikes in these two lines.
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b) Below this depth, the delimitating lines run near parallel to each other with the
exception of the stiffer part in the red profile between 26,20 and 28,40m.b.s.I. These
spikes come from the results of CPTu_2, CPTu_3 and CPTu_6, which neighbors
with each other (see Figure 33).

¢) The stratigraphy of deposit cannot be determined only on the estimated stiffness

parameters. Other geotechnical properties must be attributed.

3.5.2.2 Delimitating lines for horizontal coefficient of permeability ky
Based on the same principle of absolute lowest and highest values, two delimitating lines

for the horizontal coefficient of permeability are plotted.

Figure 57 illustrated the results of evaluation. Originally the coefficient of horizontal
permeability is estimated for each 0,02m step starting from the sea level. In order to
improve the visual properties, the step 0,5m between points is taken. Two delimitating
lines meet at one point at the depth of 49,5m.b.s.l, because this depth was reached only
by one CPTu test. Like in the previous plot with delimitating lines, the lowest values of

permeability is marked with the blue color and the highest- with the red.
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Delimitating lines for k,,
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Figure 57 Delimitating lines for horizontal coefficient of permeability ks

The following observations can be drawn from Figure 57:

a) In the upper part the estimated variation of horizontal hydraulic conductivity falls
within an extremely wide range. The absolute lowest value in the upper part is 1,2E-

10 m/s and the absolute highest value is 2,4E-03 m/s. Such a wide range of
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evaluated permeability values is likely due to the presence of inhomogeneous soil
stratigraphy.

b) In the depth interval from approximately 26 to 28m.b.s.l. the spikes of the red
delimitating line from the graph of permeability show the really good agreement with
the red delimitating line from the plot of constrained modulus M. It is likely to indicate
the precedence of the permeable lens.

¢) From the 10m.b.s.l. to the almost 50m.b.s.l. depth the delimitating line of minimal
values indicates considerably constant hydraulic permeability in the underground.
There, values vary within the range of 1E-10 m/s to almost 7,5E-10 m/s. It is worth
to mention that the minimal permeability increases over the depth.

d) Contrary to the blue delimitating line, the red line shows about constant behavior from

almost 30m.b.s.l. depth.

3.5.2.3 Delimitating lines for soil behavior type (SBT) based on soil behavior type
index Ic

In general, soil properties depend on the soil type. For example, fine-grained soils show

significantly lower permeability than the coarse-grained ones. In the evaluation

methodology proposed by Robertson, the identification of soil behavior type is an

important output of the underground investigation.

The comparison of soil behavior profile with the evaluated range is a helpful tool of quick

identification of stratigraphy changes.

Based on the identical principles as earlier, the delimitating lines for soil behavior type
are illustrated in Figure 58. In order to improve the visual properties, the step 0,5m
between points is taken. Two delimitating lines meet at one point at the depth of

49,5m.b.s.l, because this depth was reached only by one CPTu test.
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Delimitating lines for SBT
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Figure 58 Delimitating lines for SBT

Based on Figure 58 the underground can be again divided into two formations: the upper
(0-15m.b.s.l.) with soil behavior type index I. varying from almost 1,1 to 3,9 and the lower
(15-50m.b.s.I.), where with the exception of several higher than average values the index

stays within the average range of 3,1 to less than 3,5.

Robertson estimated that the typical soil behavior type index I for sands falls within the
range 1,31 <l < 2,05 and for sand mixtures — 2,05 < I < 2,60. That means that the lower
is the estimated I. value, the coarser are the particles. Respectively, the permeability of

soils increases with the lower I..
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The significant part of the blue delimitating line in the upper layer falls in the range, where
investigated soil could be named as the sand or sand mixture based on the I index. The
values of permeability for such soils should vary from 1E-07 m/s to 1E-04 m/s. From the
depth approximately 4m.b.s.l. to 4,5m.b.s.l. and from the 7.m.b.s.l. to 8m.b.s.|. the red
profile line peaks reach the index value of 2,2. The index values of the blue profile show
really close agreement to the red profile within these intervals. It can be interpreted as

the presence of continuous permeable layers in the tested area.

From 16m.b.s.l. to almost 50m.b.s.l. depth the distance between the delimitating lines
reduces from 0,25 on the top to almost 0,1 in the bottom. The narrower the range
between two delimitating lines is, the higher is the possibility of homogenous
underground. In this depth interval both lines in general do not exceed the index limits of
3,10 and 3,50. The table with general trends of ground response shows that silty clay to
clay fits within the range between 2,95 — 3,6, and the evaluated soils are in the good

agreement with the proposed range.

Lastly, based on the soil behavior type index I and permeability correlations proposed
by Robertson, the soil behavior type index Ic and horizontal hydraulic permeability curves

approximated with correlations show good agreement with proposed ranges.

3.5.2.4 Delimitating lines for hydraulic permeability based on dissipation tests
The dissipation test is an additional test performed during the CPTu testing procedure in

order to define the hydraulic properties of soils.

The eight CPTu tests used as the basis for the idealized underground model were
performed with four dissipation tests for each. All together the results of 32 dissipation

tests are available.

The results of these dissipation tests are summarized in Table 18 .
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Table 18 Results of 32 dissipation tests

Depth [m] kn[m/s] Depth [m] kn[m/s]
17 1,8E-09 11.5 1,1E-10
25 2,3E-10 21 3,8E-10
CPTu_1 CPTu_5
33 1,7E-10 30 4,9E-10
41 2,1E-10 38 2,0E-10
15 3,2E-09 16 5,6E-10
23 3,3E-10 26 2,0E-10
CPTu_2 CPTu_6
31 2,7E-10 34 1,6E-10
42 4,5E-10 43 2,3E-10
10 8,1E-09 12 2,3E-08
20 2,4E-10 24 2,2E-10
CPTu_3 CPTu_7
30 2,5E-10 34 2,3E-10
40 1,6E-10 45 7,4E-11
13 3,1E-09 14 2,2E-08
27 2,8E-10 22 2,7E-10
CPTu_4 CPTu_8
3 2,7E-10 30 2,5E-10
44 2,3E-10 39 2,7E-10

The upper dissipation tests are performed within the range of approximately 10-
17.m.b.s.l. depth; the lower dissipation tests are carried out from 17 to 47m.b.s.l. depth.
The group of upper dissipation tests is comprised of one dissipation test per CPTu
(resulting in 8), while the lower group is comprised of three tests per CPTu (resulting in
24). The calculated permeability values in the upper group in general are higher than in
the lower. The same tendency is spotted in permeabilities, estimated in the spreadsheets

(see section 3.5.1.4).

Figure 59 and Figure 60 summarize results of estimated permeabilities from dissipation

tests.
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Figure 59 is dedicated for the upper group, while Figure 60 is dedicated for the lower
group. In these two figures the second number after the comma in the name of test

corresponds the depth, where the test was carried out.

It is worth to mention that in the upper group the results of six tests with exception of
CPTu_7 and CPTu_8 show a really good agreement and vary in the range from 1E-10
to 8,1E-9 m/s. CPTu_7 and CPTu_8 results show higher permeability (see Table 18). In
the lower group two tests — CPTu_5 at depth 30m.b.s.l. (CPTU_5,30) and CPTu_2 at
depth 42m.b.s.l. (CPTu_2,42) show higher permeabilities than other tests. However,

these test are not excluded from the further investigation.

Hydraulic conductivity estimated from dissipation
tests (upper group)

Horizontal coefficient of permeability k, [m/s]

0 1E-08 2E-08 3E-08 CPTu-1,17
0 CPTu-2,15
M CPTu-3,10
> CPTu-4,13
< CPTu-5,11.5
<
g 10 = CPTu-6,16
[a)
CPTu-7,12
15 CPTu-8,14

Figure 59 Estimated permeabilities of the upper group
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Hydraulic conductivity estimated from
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Figure 60 Estimated permeabilities of the lower group

3.5.2.5 Delimitating lines for the horizontal coefficient of permeability from the
dissipation tests

The delimitating lines for hydraulic permeability from the dissipation tests are estimated

based on the same principles as previously mentioned in this section. However, here the

delimitations are set as single values for chosen depth ranges, as shown in Table 19.

The estimated permeabilities are regrouped.
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Table 19 Delimitations of horizontal coefficient of hydraulic permeability obtained from

dissipation tests

Prescribed
Depth [m] depth interval Kn, min [M/S] Kn, max [M/S]
[m]
10-17 0-15 1,1E-10 2,3E-08
20-25 15-25 2,0E-10 3,8E-10
30-36 25-35 1,6E-10 4,9E-10
40-45 35-49 7,4E-11 4,5E-10

The plots of the delimitations are presented in Figure 61 and Figure 62. Even though the
dissipation tests carried out at 42m.b.s.l. depth with the CPTu_2 ant at the 30m.b.s.l.
depth with the CPTu_5 have indicated difference from other values (see Figure 60), they

are not excluded from the evaluation.

Delimitating lines for hydraulic conductivity estimated
from dissipation tests

Horizontal coefficient of permeability k, [m/s]

5,0E-11 1,0E-08 2,0E-08

0

5 e kmin,0-15
E = kmax,0-15
-
=}
Q.
(]
2 10

15

Figure 61 Delimitations for the upper group
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Delimitating lines for hydraulic
conductivity estimated from
dissipation tests
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Figure 62 Delimitations for the lower group

3.5.2.6 Comparison of hydraulic permeability obtained with correlations and
dissipation tests

Permeability values obtained from dissipation tests and derived from correlations are

compared. Through this comparison the confidence of results can be assessed. The

better the agreement, the higher is the confidence to use either one of these methods.

The comparison of results obtained with two described methods is illustrated in Figure
63.
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Investigation-1. Comparison of permeability
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Figure 63 The comparison of delimitating lines obtained from dissipation tests and
approximated with correlations by Robertson (2012)

As it is seen in Figure 63, the delimitating lines approximated in the spreadsheets show
in general higher values of permeability than resulting delimitations from the dissipation

test.

The delimitating lines obtained from the spreadsheets show good agreement with the
delimitations from the dissipation tests only in the upper layer. The wider range seen in

the upper layer is likely to be influenced by the interlayering of soils.
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In the lower layer both sets of delimitating lines indicate the much narrower range of
values. The narrow range between the delineations (for both sets) are likely due to the
homogeneity of the lower layer (here the subsoil investigation data is considered).
However, the two sets do not match. Indicating that only one set can be used in the
estimation of settlement, the conservative approach is to use the set with higher values

for the whole underground.

3.5.2.7 Delimitating lines for settlement
The estimated ratio of settlements is a function of permeability and stiffness with respect
to time. While the stiffness governs the total amount of settlement, the permeability

influences the rate of the process.

The time — settlement relationship varies with every single combination of hydraulic
conductivity and stiffness. The proposed idealized underground model used for
settlement calculation in chapter 3.4 provides its own unigque time — settlement behavior
curve and settlement ratio. However, the eight piezocone tests which were used to derive
this idealized model do not possess exactly the same geotechnical soil properties. As it
is expected, time — settlement curves calculated individually for each of eight CPTu tests
do not produce the same results as the idealized underground model, which used the

average numbers.

It is of interest to compare the results of individual CPTu tests to get the indication of the

variety of results that may be seen over the whole site.

To perform the comparison of each individual CPTu to the idealized model, the
assumptions with which the settlement calculations are performed must be the same for

all simulations.

This section describes the process used to consolidate all the geotechnical properties
into the single values, which are later used in the software. This process is specifically
developed to estimate the input values of stiffness and permeability, and applied for all

eight spreadsheets in the same way.

1. Stiffness evaluation

As discussed in section 3.4, the stratigraphy of idealized underground model has been
idealized to allow the increase of stiffness with depth. Exactly the same discretization
model with 11 thinner sublayers is applied for the eight CPTu to assess the better

comparison.
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The input values of stiffness are defined from the two types of plotted constrained

modulus curves — the one estimated with |; and another estimated with the coefficient a.

Further stiffness evaluation is performed with the same logic as in the results of

Investigation-1 (see section 3.3.2): in the upper Formation A the stiffness values are

evaluated with the coefficient a; in the lower Formation B the stiffness is the average of

two number calculated with the soil behavior type index I and the coefficient a.

The used process of evaluation is divided into two parts with respect to the depth:

Formation A (0 - 15m.b.s.l.)

In the idealized underground model from the Investigation-1 the stiffness defined for
the first 15m is based on the lower numbers from clayey and silty soils, rather than
on numbers from intrusions of higher resistance. The average stiffness obtained from
the plot of constrained modulus based on the coefficient a in this report is lower than
its average value from the evaluation with soil behavior type index I.. The
conservative approach was applied and the lower value of stiffness in the upper

formation for the idealized underground model was chosen.

Applying the same logic, stiffness values for the upper Formation A are obtained from

the My graph.

The stiffness values used as the input for calculations were approximated in the

following way:

1. The visually approximated stiffness for each of 5 sublayers in the upper layer was

used as the reference value for the next step.

2. Then a series of statistical variations was used to find the closest match to the
reference value in all eight CPTu tests. The final approach was chosen due to
the best match with the visually estimated stiffness and is described as follows:

to calculate the average stiffness with all values lower than 15,0 MPa.

Formation B (15-50m.b.s.I.)

All eight evaluated piezocone results indicate the constant increase of stiffness with
an exception of several lenses of higher resistance. Thus, in the lower formation no
specific limitations are applied as in the upper layer, and the constrained modulus is

defined as the average value of the certain range.
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Again, two plots of stiffness are considered in derivation of the average values. In the
Investigation-1 the stiffness approximated on the basis of the soil behavior type index
Icis lower than the one estimated with the coefficient a = 6. Applying the same logic
(correction of the stiffness with consideration of higher values from the second

method), the ranges of two methods are averaged.

Based on the available raw data obtained from the set of first eight CPTu tests and the
performed evaluation of this data with the above described method, resulting input values

of constrained modulus for the single tests are summarized in Table 20.
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Table 20 Approximated stiffness E [MPa] used for CPTu_1 — CPTu_8

Depthm.b.sl. | CPTu_1 | CPTu 2 | CPTu_3 | CPTu 4

0-10 51 6,0 4,3 3,8
10-12 4,1 2,8 2,5 2,0
12-14 4,1 3,8 3,1 2,4
14-15 3,5 3,1 3,0 2,5
15-20 3,4 3,1 2,7 2,4
20-25 4,2 3,5 3,4 3,1
25-30 4,8 4,3 4,1 3,8
30-35 54 4,7 4,5 4,4
35-40 6,0 54 51 50
40-45 6,7 6,1 5,8 5,8
45-50 6,8 6,5 6,2 6,2

Depthm.b.sl. | CPTu5 | CPTu 6 | CPTu_7 | CPTu_8

0-10 4,2 52 52 50
10-12 2,8 2,5 3,2 2,7
12-14 3,1 3,2 3,0 3,0
14-15 2,8 2,8 3,5 3,2
15-20 2,6 2,7 2,8 2,7
20-25 3,2 3,1 3,2 3,4
25-30 3,8 4,1 3,9 4,0
30-35 4,3 4,3 4,4 4,7
35-40 50 50 51 54
40-45 57 57 5,6 6,0
45-50 6,1 6,0 6,2 6,5

The following comments can be made with regard to the comparison of the idealized
underground model with the evaluated data of the single test:
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The following comments can be made with regard to the comparison of the idealized

underground model with the evaluated data of the single test:

a)

b)

Both types of recreated constrained modulus input data sets (the first with the net
area ratio a = 0,75; the second with the coefficient a = 6) show a reasonably good
agreement with the evaluated average numbers from data points charts from the

Investigation-1.

The evaluation results given in the Investigation-1 state that in the upper part of
deposit (0-15m) the stiffness values assessed with the coefficient a = 6 are lower
than the estimated with the soil behavior type index I.. Contrary to this interpretation,

the spreadsheet evaluation indicates following:

e In the depth 0-10m, where the first layer is assigned, the stiffness in CPTu_1,
CPTu_2, CPTu_3 and CPTu_5 evaluated with the coefficient a = 6 is lower than
the stiffness based on the soil behavior type index I¢; in CPTu_4, CPTu_6 and
CPTu_8 the stiffness evaluated with the coefficient a = 6 is 110% higher than the
stiffness based on the soil behavior type index I¢; in CPTu_5 both methods show

the same result.

e In the depth 10-14m, where stiffness is evaluated and assigned for two 2m thick
layers, in CPTu_1 and CPTu_2 and stiffness evaluated with the coefficient a = 6
is lower than the stiffness based on the soil behavior type index I¢; in other six
CPTu the stiffness the stiffness evaluated with the coefficient a = 6 is 110-130%

higher than the stiffness based on the soil behavior type index I.

¢ Inthe depth 14-15m the stiffness evaluated with the soil behavior type index Icis
lower for all eight CPTu. On the average, the stiffness estimated with the
coefficient a = 6 is 115-140% higher.

¢ In the depth 15-50m the stiffness evaluated with both methods show a constant
increase in all eight CPTu tests: with the soil behavior type index I from 2 MPa
to 5,8 MPa; with the coefficient a = 6 from 2,5 MPa to 8,2 MPa.

This difference may be attributed to the fact that the evaluation of stiffness with the
soil behavior type index Ic includes directly measured parameters, such as cone
resistance qc and sleeve friction fs, which provide better understanding of subsoil
conditions. The evaluation with only one coefficient a = 6 for the whole underground

lacks precision and may be considered as less sensitive.
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c) The discrepancies between proposed average input values from the report and the
values estimated in the spreadsheets can mainly be attributed to the evaluation

method, which can be based on personal judgement.

Generally, the evaluated results from the programmed spreadsheets (where the net area
ratio a = 0,75 and coefficient a = 6 are assigned, because such numbers are provided in
the report), show the reasonably good agreement with the provided stiffness profile of

the idealized model.

2. Permeability

As discussed in section 3.5.2.4, the permeability values estimated with correlations do
not show a good agreement compared to the results of dissipation tests. The
conservative approach is to use the higher values. In this case, the higher numbers are

obtained from the correlations.

As discussed in chapter 3.4, for simulations with the software two types of permeability
are used: the equivalent vertical permeability determined with the CUR 191 (1997)
method for the part of subsoil from the ground level to 25m.b.s.l. depth; the vertical

coefficient of permeability for the part of the underground below 25m depth.

The principle of discretization used for the assignment of permeabilities does not consist
of as many layer as the principle used for stiffnesses. Here, the equivalent vertical
permeability defined with the CUR 191 (1997) method is estimated from the hydraulic
properties of soil in the 15-25m.b.s.l. depth interval and then assigned for the whole layer,
where vertical drains are planned. The implementation of equivalent vertical permeability
based on the permeability in the 15-25m.b.s.l. depth interval, as it was as well done in
Chapter 3.4, allows to skip the evaluation of the horizontal coefficient of permeability for
the above laying soils. Thus, the average values of permeability are calculated for three
depthintervals: 15-25, 25-35 and 35-50m.b.s.I. In turn, the same ratio of kn/ky calculations

is assigned for all three depth intervals as in previous calculations for the lower layer.

Note that for the soil in the depth 25-50m.b.s.l. the vertical coefficient of permeability ky

must be used in the assessment of settlement in the software.

The resulting input values of permeability are given in Table 21.
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Table 21 Approximated input values of permeability k [m/s]

n?_i‘_’g‘l_ CPTu 1 | CPTu 2 | CPTu 3 | CPTu 4
0-25 53E-07 | 32E07 | 2,7E-07 | 3,7E-07
25 - 35 32E-10 | 26E-10 | 2,9E-10 | 2,2E-10
35 - 50 2.8E-10 | 23E-10 | 2,9E-10 | 2,2E-10
n?_i‘_’;ﬁ_ CPTu5 | CPTu6 | CPTu 7 | CPTu.8
0-25 23E-07 | 2,6E-07 | 2,4E-07 | 2,6E-07
25 - 35 20E-10 | 3,6E-10 | 2,0E-10 | 2,3E-10
35 - 50 21E-10 | 25E-10 | 2,0E-10 | 2,3E-10

3.5.2.8 Results
The input values for eight CPTu tests are presented summarized in Table 20 and Table
21.

Calculations are carried out with the applied condition of closed lower bound, as in

chapter 3.4.

In total five cases are investigated. Four cases are dedicated for settlement due to roads
with variable life loads, as it is defined by the Client; one case is dedicated for the

settlement due to the structures.

In the Project the ratio of generated settlement 20 years after preloading for roads and
50 years after preloading for structures is limited with the maximum value of 15cm. The
effective settlement (see the section 3.3.1.3) for all eight CPTu tests with different

loadings are summarized in Table 22.
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Table 22 Effective settlement evaluated for all eight CPTu with variable loading

conditions
Effective Corresponding life loads for roads Structures
settlement

[cm] OkN/m? | 10 kN/m? | 20 kN/m? | 30 kN/m? | 16.00 kN/m?
CPTu_1 8,4 12,4 16,5 20,7 20,6
CPTu_2 7,9 11,9 16 20,2 20,2
CPTu_3 8,2 12,8 17,5 22 22
CPTu_4 6,7 12,3 17,1 22,1 22,1
CPTu_5 6,7 11,1 15,5 20,1 20
CPTu_6 7,8 13,5 18,3 29,9 23,2
CPTu_7 6,9 11 15,2 19,5 19,4
CPTu_8 7,1 11,4 15,7 20,0 20,1

Resulting five sets of log time — settlement curves are presented in Appendix D with
corresponding delimitating lines. These corresponding delimitating lines are illustrated in
Figure 64, Figure 65, Figure 66, Figure 67 and Figure 68 below. In four cases with the
different life loads for roads, the delimitating lines indicate the identical behavior until the

reloading stage, because the applied loading do not change until then.

After these sets of log time — settlement curves and delimitating lines were compared,

the following remarks are made:

a) The blue delimitating line, which is composed of the lowest settlement values (lower
bound), within the first two months of the excess preloading corresponds the part of
the log time — settlement curve of CPTu_7 and after two months till the end of
calculations it corresponds the log — time settlement curve of CPTu_1.

b) The red delimitating line, which is composed of the highest settlement values (upper
bound), almost entirely (with the exception of the first 10 days) repeats the log time
— settlement curve of CPTu_4.

c) Two above mentioned statements are applicable for all five loading cases.
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The above mentioned remarks are likely to be influenced by:

a)

b)

d)

The stiffness profile evaluated for CPTu_4 has the lowest values of all eight CPTu
tests. The lower is the stiffness, the higher is the final settlement. This explains, why
the blue delimitating line corresponds the log time — settlement curve of CPTu_4.
CPTu_7 stiffness profile show on average higher values in the upper 15m thick layer
(Formation A) than other CPTu tests. As well, the lower permeability was evaluated
within the whole thickness of this CPTu profile. This may be linked to the fact that
evaluated settlement for CPTu_7 is lower than in other CPTu tests within first two
months.

CPTu_1 stiffness profile indicates the highest values of all eight evaluated CPTu
tests. This is especially obvious in the Formation B (15-50m.b.s.l.). The higher is the
stiffness, the lower is the final settlement. This may be used as an explanation, why
the blue delimitating line partially corresponds the log time — settlement curve of
CPTu_1.

Note that the net area ratio a = 0,75 used in the estimation of settlement is not
provided in the report and was calibrated (see section 3.5.1.3). The lower is the
calibrated net area ration, the higher is the evaluated stiffness and the higher is the

estimated permeability.

Delimitating lines for settlement (roads with OkN/m?)

Time [days]
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Settlement [cm]

Figure 64 Delimitating lines for settlement with OkN/m? for roads

Institute of Soil Mechanics and Foundation Engineering 121



TU

; Graz
3 Pract|CaI pal’t Graz University of Technology
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Figure 65 Delimitating lines for settlement with 10kN/m? for roads
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Figure 66 Delimitating lines for settlement with 20kN/m? for roads
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Delimitating lines for settlement (roads with 30kN/m?)
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Figure 67 Delimitating lines for settlement with 30kN/m? for roads
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Figure 68 Delimitating lines for settlement with 16kN/m? for structures

3.5.3 Investigation-2

In January, 2017 eight additional CPTu tests (Investigation-2) were performed as a part

of extended underground exploration study. The new tests have been numbered
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according to the detailed division of the construction site into the smaller areas.

Approximate locations of new tests are sketched in Figure 69.

Investigation-2

Investigation-1

Figure 69 Sketched locations of Investigation-1 and Investigation-2

The tests are listed under following names: CPTu_135, Cptu_136, CPTu_137,
CPTu_143, CPTu_144, CPTu_145, CPTu_151 and CPTu_151.

This section provides estimated geotechnical properties and calculated settlement rates,
determined from these new eight piezocone tests. The estimation of geotechnical

properties is carried out with the previously programmed spreadsheets.

3.5.3.1 Comparison of new CPTu data with delimitating lines for constrained
modulus M

The plots of constrained modulus My, generated with the previously programmed

spreadsheets, for the new data are compared with the previously determined delimitating

lines. The comparison of each separate new CPTu with the delimitating lines is shown

in Appendix E. Figure 70 shows the comparison of all eight new CPTu tests with

delimitating lines in one picture.
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CPTu_135-152 with delimitating lines for M,
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Figure 70 Comparison of new CPTu tests with the delimitating lines

The eight assessed CPTu tests show in general an average agreement with the created
delimitating lines. The eight new interpretations indicate the presence of two layer: the
upper with the average thickness of 15m contains the soil interlayering with the wide
range of stiffness (from 1,0 to 47,0 MPa); the lower layer which starts approximately at
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the depth of 15m.b.s.l. in the all eight cases indicates a slight increase in stiffness with
depth.

In the upper layer the assessed graphs of constrained modulus M show the tendency to
stay close to the middle part of the delimitated area. In the lower part, the eight new
generated graphs are either closer to the blue delimitating line, which defines the
combination of lowest stiffness values from the first eight CPTu tests, or from the depth
of 25m.b.s.l. they indicate the tendency to stay outside the area, limited by previous
estimations. It suggests the lower stiffness in the upper layer in the new eight tests than

in the idealized model.

The calculations with these eight tests are likely to show higher values of total settlement

due to the lower stiffness in the bottom part.

3.5.3.2 Comparison of new CPTu data with delimitating lines for horizontal
coefficient of permeability kn

The plots of horizontal coefficient of permeability kn, generated with the previously

programmed spreadsheets, for the new data are compared with the previously

determined delimitating lines. The comparison of each separate new CPTu with the

delimitating lines is shown in Appendix E. Figure 71 shows the comparison of all eight

new CPTu tests with delimitating lines in one picture.
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CPTu_135-152 with delimitating lines for kh
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Figure 71 Comparison of new CPTu tests with delimitating lines

The assessed graphs of horizontal coefficient of permeability from the eight new
piezocone tests are compared with the delimitating lines from the previous tests.
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The assessment of the new tests has indicated that in the area, where these new tests
were executed, the horizontal coefficient of permeability strongly varies with the depth.
The three main depth intervals can be defined: the upper 0-15, the middle 15-25 and
the lower 25-50m.b.s.I. In the upper part the hydraulic conductivity is strongly influenced
by the interlayering of soils and shows the highest values. In the middle part the hydraulic
conductivity gradually reduces and for the all evaluated tests at the bottom point of the
middle part is lower than 1,0E-09 m/s (with the exception to CPTu_145 and CPTu_152).
In the bottom interval all eight cases indicate close to the constant permeability. Based
on recommended permeability values by Robertson (2012), the permeabilities lower than
1,0E-09 m/s are indicators of clayey soils. In the bottom part all eight cases show the
tendency to be closer to the blue delimitating line than to the red. That suggest the

general trend of lower permeability.

However, note that the horizontal coefficient of permeability assessed with empirical

correlations is significantly higher than permeability values from the dissipation test.

3.5.3.3 Comparison of new CPTu data with delimitating lines for soil behavior
type (SBT) based on the soil behavior type index I¢

The plots of soil behavior type (SBT), generated with the previously programmed

spreadsheets, for the new data are compared with the previously determined delimitating

lines. The comparison of each separate new CPTu with the delimitating lines is shown

in Appendix E. Figure 72 shows the comparison of all eight new CPTu tests with

delimitating lines in one picture.
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CPTu_135-152 with delimitating lines for Ic
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Figure 72 Comparison of generated soil behavior type (SBT) based on the soil behavior

type index I graph for new CPTu tests with previously plotted delimitating lines

The soil behavior type index graphs obtained from the new eight CPTu tests show the
general trend of lower index values in the upper layer and higher index values in the
lower. In the Formation A the generated graphs are closer or partially overlap with the
blue delimitating line. In the Formation B generated graphs tend to be closer to the red

delimitating line or from the depth of approximately 25m.b.s.l. and later overlap with this
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line or cross it. According to Robertson (2012), the higher is the soil behavior index I,

the higher is the contain of fine particles in the soil.

3.5.4 Comparison of dissipation tests

Dissipation tests estimate the in-situ horizontal coefficient of permeability in soils. The
permeability of soils is measured on the basis of excess pore water pressure decay,
caused by mechanical penetration of the cone, when the test is stopped at the certain
depth. The coefficient of permeability is a function of tso (See section 2.4.1).

3.5.4.1 Dissipation tests from CPTu_135-152
After the new CPTu tests were performed in January 2017 (Investigation-2), the new
dissipation test data was received in February.

As with the first piezocone tests, these recent CPTu tests were each followed by 4
dissipation tests. However, the recent dissipation tests were performed at different
depths than previously. Also, the recent data does not include the evaluation of hydraulic

permeability based on tso.

Thus, the missing estimation of hydraulic conductivity from dissipation tests is performed
by the means of programmed Excel spreadsheets, which go through the single
dissipation test and check, whether it is complete or not. The dissipation test is complete,
when the pso is reached (see section 2.4.1). If this assumption is not satisfied, the
hydraulic conductivity cannot be evaluated with the spreadsheet and must be

extrapolated.
In the spreadsheets next considerations are adopted:

a) Unit weight of groundwater is practice-oriented and prescribed as yw=10kN/m? for all
calculations.

b) The hydrostatic ground water pressure or ground water pressure at rest is a product
of the unit weight of ground water and the depth, at which the tests are performed.

¢) Within the first seconds of a dissipation test the ground water is not in the balanced
condition anymore. Due to this, first several values of measured excess pore water
pressure might show a significant upswing contrary to the rest measurements. The
initial measurements of questionable excess pore water pressure are excluded from
interpretations.

d) The psowis estimated as it is explained in section 2.4.1.
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e) Lastly, the data is filtered for possible false results- for example, if dissipation test

was terminated and performed again, but the measurements were still recorded.

The graphs (output of spreadsheets) are presented in the Appendix F. Dissipation curves
are plotted on the right hand side of the sheet. Curves are plotted twice: with regular and
logarithmic horizontal x axis. The logarithmic plot is used as a tool to perform a rough

estimation of OCR.
The graphs (see Appendix F) indicate the following results with dissipation test data:

1. The depth intervals are not the same as in previous CPTu tests. Here tests are
performed each 10m.
Dissipation tests in lower layers are not performed the value psg.
Taking into account the rapid increase of pore water pressure due to the mechanical
penetration of the cone, the log time — most of pressure plots indicate the reasonable
(up to 50kPa) increase of excess pore water pressure in the beginning of tests. It
may be interpreted as the sign of light overconsolidation in soils.

4. The influence of factual surface level to the depth of each test is neglected.

Hydraulic permeabilities, calculated in the spreadsheets, are summarized in Table 23.

Note that “Evaluation impossible” in this table means that the test was not performed

properly.
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Table 23 Values of hydraulic permeability for dissipation tests, approximated with the

programmed spreadsheets

Depth Estimated Depth Estimated
CPTu [n?] permeability CPTu [rﬁ] permeability

kn [m/s] kn [m/s]

10,04 2,4E-09 10,26 1,9E-09

15 2,6E-09 15 4,8E-09

CPTu_135 CPTu_136

25 Extrapolation 25 Extrapolation
35 Extrapolation 35 Extrapolation

10 4,1E-07 10,62 6,8E-09

15 4,0E-09 15 6,9E-09

CPTu_137 CPTu_143

25 Extrapolation 25 Extrapolation
35 Extrapolation 35 Extrapolation

10,06 |  1,9E-09 10,04 | EStimation

impossible

CPTu_144 15 2,0E-09 CPTu_145 15 6,9E-09
25,02 | Extrapolation 25,02 | Extrapolation
35 Extrapolation 35 Extrapolation

11,58 | 2,2E-09 10,18 | Estimation

impossible

CPTu_151 15 1,5E-08 CPTu_152 15,18 1,7E-08
25,26 | Extrapolation 25 Extrapolation
35 Extrapolation 35 Extrapolation

3.5.4.2 Comparison of results

The dissipation test results from recent CPTu tests can be compared only in the extent

of the upper layer or so-called Formation A. Figure 73 serves this purpose.
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Comparison of permeability ——kh,min,10-17
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Figure 73 Comparison of dissipation tests for CPTu_132-152 with the delimitating lines

The horizontal coefficient of permeability estimated with CPTu_137 at the depth of
10m.b.s.l. is much higher than other values (4,1E-07 m/s) and does not fall into the
estimated range (nor in this plot). Otherwise, the results of dissipation tests from the new
eight CPTu tests show a very good agreement with the previously defined delimitating
lines. Most of recently estimated values lay in the range within 1,9E-09 — 6,8E-09m/s in
the depth 10-12m.b.s.l. and 2,0E-09 — 1,7E-08m/s in the depth 15-15,5m.b.s.I.

3.5.5 Comparison of time — settlement curves from the new CPTu data
with the delimitating lines

The further settlement interpretation is performed with the horizontal hydraulic

permeability, evaluated with the empiric correlations, due to the lack of data from

dissipation tests. As well, higher values obtained with empiric correlations are considered

as the conservative approach.

The settlement estimation for the new CPTu_135 — 152 is carried out in the same way
as for previous CPTu tests. In the previous sections a good agreement of created
constrained modulus M. and horizontal coefficient of permeability k, with the delimitating
lines was observed. Thus, the input values of stiffness and permeability were evaluated

in the same way as for the first set of piezocone tests.
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Input values for the new eight CPTu are summarized in Table 24 and Table 25. If the

CPTu tests has not reached the depth 45m.b.s.l, the stiffness of previous sublayer is

assigned to it.

Table 24 Input stiffness E [MPa] for CPTu_135- 152

n?_‘ff_’g"l_ CPTu_135 | CPTu_136 | CPTu_137 | CPTu_143
0-10 4,5 5,2 5,4 5
10-12 3,2 3,6 2,7 2,7
12-14 3 4,3 3,3 2,8
14-15 3.1 4 3,3 3
15-20 2,9 34 3 2,7
20-25 3,3 3,3 3.1 3
25-30 3,8 3,6 3,4 35
30-35 4,1 4,1 38 3,9
35-40 4,4 4,5 4,2 4.4
40-45 4,8 4,8 4.4 4,8
45-50 4,8 4,8 4.4 4,8
n?_‘ff_’:‘l_ CPTu_144 | CPTu_145 | CPTu_151 | CPTu_152
0-10 4,9 5,1 5,2 5,3
10-12 2,7 3,6 3 3,6
12-14 3,2 3,6 2.7 3,1
14-15 3.4 3,5 3,3 3,9
15-20 2,8 3,6 2,8 33
20-25 3,2 3,8 3 35
25-30 3,6 4,2 3,4 38
30-35 4,1 4,6 37 4,2
35-40 4,7 5 4,1 4,6
40-45 5 5,3 4.4 5
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Table 25 Input permeability k [m/s] for CPTu_135 — 152

n?%péhl CPTu_135 | CPTu_136 | CPTu_137 | CPTu_143
0-25 42E-07 | 7,2E-07 | 38E-07 | 3,9E-07
25 - 35 26E-10 | 2,6E-10 | 1,9-10 | 2,0E-10
35 - 50 1,96-10 | 1,4E-10 | 1,6E-10 | 1,8E-10
n?%pg} CPTu_144 | CPTu_145 | CPTu_151 | CPTu_152
0-25 3,5-07 | 7,8E-07 | 48E-07 | 1,0E-06
25-35 22E-10 | 2,8E-10 | 1,9E-10 | 3.2E-10
35 - 50 20E-10 | 24E-10 | 1,7E-10 | 24E-10

In general, the approximated permeability in the upper 25m thick layer is 2 — 3 times

higher than in the CPTu_1 — 8 and slightly lower in the lower layer (25-50m.b.s.l.).

The stiffness in the Formations A (0-15mb.s.l.) show similar values to the first eight CPTu

tests. However, in the Formation B the stiffness approximated for the new eight CPTu

tests is on average 10 — 20% lower than in the previous set of tests. Also, it should be

noticed that the new tests were not performed to the depth below 45m.b.s.I. mark and

the stiffness value for the lowest 5m thick layer is equal to the stiffness from the layer

above.

The estimated log time — settlement curves for the eight new CPTu are compared with

the delimitating lines in the next figure.
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CPTu_135-152 for roads with OkN/m? life
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Figure 74 Comparison of log time - settlement curves for the eight new CPTu with the
delimitating lines for roads with OkN/m? life load
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Figure 75 Comparison of log time - settlement curves for the eight new CPTu with the

delimitating lines for roads with 10kN/m? life load
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Figure 76 Comparison of log time - settlement curves for the eight new CPTu with the

delimitating lines for roads with 20kN/m? life load
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Figure 77 Comparison of log time - settlement curves for the eight new CPTu with the

delimitating lines for roads with 30kN/m? life load
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CPTu_135-152 for structures
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Figure 78 Comparison of log time - settlement curves for the eight new CPTu with the

delimitating lines for structures with 16kN/m? life load

The eight new log time — settlement curves are compared with the delimitating lines and

general observations state that:

a) In all five cases the estimated settlement within the first several months for
CPTu_136, CPTu_145 and CPTu_152 is outside the area, limited with the
delimitating lines (they are below the red delimitating line). At the same time
CPTu_135 and CPtu_151 overlap with the same red delimitating line. CPTu_137,
CPTu_143 and CPTu_144 within the same time stay inside the area, marked by the
delimitating lines.

b) After approximately 3 months of the excess preloading, all eight log time —settlement

curves of new CPTu tests stay inside the area, marked out by the delimitating lines.

The effective settlement of eight new CPTu is summarized in Table 26.
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Table 26 Effective settlement [cm] approximated for CPTu_135 — 152 and the

delimitating lines

Effective Corresponding life loads for roads Structures
settlement
[cm] OkN/m2 | 10 kN/m2 | 20 kN/m? | 30 kN/m? 16 kN/m?
CPTu_135 8,6 13,1 17,6 22,2 24,6
CPTu_136 8,6 12,8 17,1 21,3 23,6
CPTu_137 7,7 11,9 16,1 20,4 22,7
CPTu_143 7,8 12,2 16,6 21,1 20,1
CPTu_144 7,9 12,3 16,6 21,1 23,2
CPTu_145 8,5 12,6 16,7 21 23,7
CPTu_151 7,9 12,2 16,5 20,9 23,4
CPTu_152 9,5 13,9 18,4 22,9 28,2
Blue
delimitating | = g , 12,4 16,5 20,6 22,4
line (lower
bound)
Red
delimitating | ¢ - 12,3 17,1 22,1 23,1
line (upper
bound)

The comparison of provided graphs and data in Table 26 can be summarized with

following statements:

a) The evaluated effective settlement in the eight new CPTu tests CPTul135-152 shows
a good agreement with the effective settlement, evaluated for the eight first CPTu
tests, because the effective settlement estimated for two delimitating lines
corresponds two critical cases from the first underground estimation with the
piezocone tests (see comments in section 3.5.2.8).

b) The CPTu_152 shows the highest effective settlement in comparison to other 7 tests.
Even though the stiffness profile evaluated for this test varies in the same range as
seven other stiffness profiles, the CPTu_152 has much higher permeability in the

upper 25m thick layer. Despite the similar final settlement similar to other seven
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CPTu tests, the rate of consolidation in CPTu_152 is much faster and consequently,
results in faster generation of settlement.

¢) Within the approximately first three months CPTu_136 and CPTu_152 possess really
similar log time — settlement curves. However, at the end of consolidation CPTu_136
has higher final settlement, It is likely to be influenced by the lower stiffness of the
lower partin CPTu_136.

d) Although in all five studied cases (four cases for roads and one for structures) the
calculated effective settlement shows a reasonably good agreement for all eight new
CPTu tests, it does not eliminate the risk of differential settlement. 9 months after
preloading soils different amount of settlement is generated in soils due to the
variable stiffness and permeability. The evaluation of eight new CPTu tests has
shown that settlement 9 months after preloading in the investigated area may vary
within the range of 52-62cm and soil is compacted up to different depth levels. The
similar tendency is seen 20 or 50 years after the preloading stage has finished (see
figures with log time — settlement curves for CPTu_135-152). This is likely to result
in the occurrence of differential settlement. Thus, the level of the compacted soil from

which the effective settlement is measured must be taken into account.

The acceleration of consolidation and consequently of settlement is dependent on the
estimated hydraulic permeability. Note that above summarized results were estimated
with the hydraulic permeability based on the empiric correlations. As it was discussed in
the previous section, the permeability calculated with the empiric correlations is higher
than the permeability estimated from the dissipation test. Thus, the above calculated
effective settlement is likely to be either overestimated, or have a really similar value, but
be based on the lower values of settlement 9 months and 249 months after the beginning

of preloading.

3.6 Discussion

Some points of interest, as well as unanswered questions, arise from the results of
settlement calculations and performed evaluation of piezocone tests. These points are

summarized in this section.

1. The unloading — reloading stiffness in the software is evaluated through the defined
ratio E,/E. The ratio Eu,/E = 3 us used in previously described simulations as the
most practice — oriented value. The input ratio has a direct influence on the resulting
settlement, because it controls the inclination of the re-compression line in the e —

logo’ relationship plot (see Figure 8). The lower is the E/E ratio, the steeper is the
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inclination of this line. The steeper is the inclination of the re-compression line, the

higher is the recovery of the void ratio e during the swelling.

The loading case for roads with 20 kN/m? life load is chosen to test the influence of
the ratio E./E on calculation results. The calculations are performed with two different
ratios (E./E = 1 and E,/E = 5) for two different drainage conditions assigned at the

bottom of calculation model (see section about the drainage conditions 3.4.4).

Results are graphically presented in Figure 79 and Figure 80. Figure 79 corresponds
calculations with the undrained bottom boundary, while Figure 80 shows the results
of calculations with the drained bottom. Resulting effective settlement is compared

in Figure 81.

Figure 79 and Figure 80 show that the ratio Eur/E brings in the difference as soon as
the unloading stage starts. The final settlement with the ratio Eur/E=3 and Eur/E=5
does not show the significant difference (0,5cm with the undrained bottom boundary
and 0,7cm with the drained bottom boundary). However, it can be observed that the
final settlement with the ratio Eur/E=1 is more than 3cm lower than with the ratio
Eur/E=3.

Comparison of effective settlement shows the strong influence of the chosen ratio on
results. The calculations with the ratio E,/E=1 estimated approximately 5cm higher
effective settlement than with the ratio E./E=3 in both cases. The ratio E./E=5 has
provided, as expected, lower values of effective settlement (approximately 1cm).
Thus, it can be stated that the use of the lower ratio E./E is considered as the

conservative approach.
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Investigation of Eur/E influence on settlement
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Figure 79 Influence of Eur/E ratio on settlement (undrained bottom of the model)

Investigation of Eur/E influence on settlement

(drained bottom)
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Figure 80 Influence of Eur/E ratio on settlement (drained bottom of the model)
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Comparison of the effective settlement with the
different Eur/E ratio
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Figure 81 Comparison of effective settlement

2. In settlement calculations described in section 3.4 loads in all construction stages
are applied instantaneously. The influence of gradually decreasing loading is

simulated for roads with 20kN/m? life load.

The loading variation with time for this simulation is illustrated in Figure 82. The
following conditions are assigned: 1-6 months 95 kN/m?, 6-7 months 80 kN/m?, 7-8
months 60kN/m?, 8-9 months 50 kN/m? and from 9 months 70 kN/m?2. These values
correspond the percentage in Figure 82.
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Figure 82 Gradual decrease of the applied loading

The resulting settlement 6, 9 and 249 months after the beginning of embankment

construction are summarized in Table 27.

Table 27 Calculated settlement with gradually decreasing loading

Settlement Settlement Settlement after
after 6 months | after 9 months 249 months
[cm] [cm] [cm]
52,5 51,1 59,2

This applied loading results in 8,1cm effective settlement (with the instantaneous
applied loading this settlement 9,2cm). It means that instantaneous loading is a

conservative approach and results in the higher effective settlement.

The results of settlement calculations presented in section 2.4 are carried out for the
area of great extent, where the stresses in soils are generated by embankments with
the base area of 1.000.000m? (1000m x 1000m). However, the embankment built on
the Trial field has the base area of 22.500m? (150 x 150m). Thus, the lower stresses
are generated in soils due to the lower loading. The comparison of two stress
distribution models across the consolidation layers due to the different parameters of
embankments is shown in Figure 83. On the left hand side of the picture the stress
distribution due to the 2000m x 1000m base area is shown, while on the right hand

side the stress distribution due to the 150m x 150m base area is presented.
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Figure 83 Stress distribution models due to different embankment’ parameters

When the measured deformations in the Trial field are going to be compared to
predicted settlement values, the influence of embankment size on the generated

settlement must be taken into account.

4. The used calculation model was simplified, when the CUR 191 (1997) approach was
implemented. In order to implement this approach in calculations, the permeability of
upper 10m thick layer was ignored (see section 3.4.2.3). For the whole 25m thick
layer with vertical drains the lower value of permeability, estimated in Formation B,

and was assigned. This solution is considered as conservative.

However, in order to perform the more precise settlement predictions, it would be
useful to carry out simulations with the higher order software like PLAXIS, where the
more detail underground model can be implemented into calculations. As well, the
GGU CONSOLIDATE 5 software calculates settlements based on the theory of
elasticity. Using the higher order software would allow to calculate the settlement

with the elasto-plastic model.

5. The underground model, used in GGU CONSOLIDATE 5 simulations, consists of
eleven parallel soil layers and settlements are estimated under the assumption that
the bottom boundary is a straight horizontal line (see Figure 43 Idealized

underground model).
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In the developed ground improvement strategy, the main portion of effective
settlements comes from the lower layers, those without vertical drains. The concept

of effective settlement is explained in section 3.3.1.3.

The length of the drainage path in the lower layers is influenced by their thickness. If
a layer has a narrowing thickness, the drainage path shortens; if a layer thickens, the
drainage path extends. The consolidation time varies with the length of the drainage

path and influences the settlement rate (see chapter 2.1).

However, in reality the soil stratigraphy is more complex: soil layers may vary in
thickness with respect to depth, contain multiple lenses or boulders or interlay with
other deposits. As this Project covers a large area, the likelihood of a variable
stratigraphy is high. This is especially important for the lower layers, because their
thickness defines, how much effective settlement is generated. Also, the bottom
boundary is not clearly defined. The worst case scenario would be the permeable
bottom boundary in combination with the narrowing of these lower layers. This worst

case scenario is illustrated in Figure 84.

L PVD

Figure 84 Influence of opened bottom boundary and narrowing of layers

Consequently, in such case the generated effective settlement would exceed the

predicted value, leading to differential settlement.
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6. The idealized underground model used for the settlement calculations in section 2.4
is a product of interpretations of eight CPTu tests performed during the Investigation-
1. As itis explained in section 3.3.2, the stiffness assigned for this idealized model is
a combination of two different empiric correlations: one proposed by Robertson
(2012) and another proposed by Mayne (2001). This method was chosen by the
geotechnical engineer, who was responsible for the evaluation. However, the reason
why such interpretation method has been chosen is not provided in the report with
the evaluation. The use of different evaluation methods would result in different soil
parameters and different settlements. This shows the influence which a personal
judgement has on the interpretation of CPTu results. As mentioned, prescribing only
one value a = 6 for two different formations with variable geotechnical properties is a

questionable approach.

7. As it was explained in previous sections, the estimated permeability values with the
empiric correlations by Robertson (2012) provide higher numbers as the results of
dissipation test. Although hydraulic permeabilities evaluated with both methods are
in the range of low permeability values (1E-11 — 1E-9), it has an influence on the
settlement: the increasing permeability shifts the log time — settlement curve close to

the y axis.

The influence of permeability is checked with CPTu_1, because as it was explained
in section 3.5.2.8 the blue delimitating line (the lower boundary) mostly repeats the
log time — settlement curve of CPTu_1. For calculations the same set of stiffness
values has been used as in Table 20 for CPTu_1 and the simulations were performed
with the same conditions as all previous calculations with the closed bottom

boundary.

The log time — settlement curves for CPTu_1 with the permeability estimated with the
empiric correlations and permeability estimated with the dissipations tests is shown
in Figure 85. Comparison of effective and final settlements is shown in Table 28 and
Table 29.

In this figure four cases with different life loads for roads are compared. Four
continuous lines represent log time — settlement curves with empiric correlations and
four solid lines represent log time — settlement curves with results from dissipation

tests.
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Table 28 Comparison of effective settlement for CPTu_1

Effective settlement

[cm] 95/50/50 | 95/50/60 | 95/50/70 | 95/50/80

CPTu_1 with Robertson
(2012) 8,4 12,4 16,5 20,6

CPTu_1 with dissipation

2 4,9 7,8 11,3
test

Table 29 Comparison of final settlement for CPTu_1

Final settlement [cm] 95/50/50 | 95/50/60 | 95/50/70 | 95/50/80

CPTu_1 with Robertson

(2012) 68,8 74,8 81 87,1

CPTu_1 with dissipation

63,3 69,5 75,7 82,6
test

CPTU_1 settlement with two types of permeability
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Figure 85 CPTu_1 settlement with two types of permeability
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As it is seen from Figure 85, due to the reduced permeability the four cases with
results from dissipation tests do not show such a rapid increase in settlement within
the first six months. Due to the reduced permeability the influence of heave on the
settlement is lower (the bend generated by the unloading within 6 and 9 months is
less pronounced). In general, the effective settlement estimated with empiric
equations is 2-4 times higher than the numbers estimated with the dissipation tests.
However, the final settlement at the end of consolidation is approximately 5¢cm higher
for cases with the empirical correlations.
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Eight CPTu tests were performed in the Investigation-1 area (a parcel within the area of

great extent, see Figure 33) and based on the results of this Investigation-1 the

underground model was summarized. This summarized underground model was

adopted for calculations of the effective settlement for the area of great extent (see
section 3.4.2.3).

The effective settlement is calculated for two cases: with the closed bottom boundary

(UNDRY) and with the opened bottom boundary (DR) of the model. These results are

compared in Table 30 and in Figure 86.

Table 30 Comparison of effective settlements with the closed and open bottom

boundary
Roads Structures
0 kN/m? 10 kN/m? 20 kN/m? 30 kN/m? 16 kN/m?
DR | UNDR | DR | UNDR | DR [ UNDR | DR | UNDR | DR | UNDR
Upper part i i i
with PVD 2,1 2 0,2 0,2 2,3 2,5 6,7 6,8 0,2 0,1
Lower part | 8,9 4.9 11 6,1 13,2 7,2 15,3 8,4 21,2 12
> 6,8 2,9 11,2 6,3 15,5 9,7 22 15,2 21 11,9
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Comparison of effective settlement [cm]
25
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22 21
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H Drained ® Undrained

Figure 86 Comparison of effective settlement with the closed and opened bottom

boundary

The comparison shows that the drained bottom boundary results in significantly higher
settlement in the lower part and thus, the higher effective settlement. This is linked with
the twice shorter drainage path in the lower part from 25 to 50m.b.s.l, when the drained

bottom boundary is assigned to the model.

The next step in the evaluation is to mark out the extent of the data. The delimitating
lines are created according the approximated data from the eight CPTus performed in
the Investigatio-1 area. The delimitating lines is a quick way to see, if evaluated data

from new piezocone tests fit within the range thus far considered.

The extent of data is marked out with two lines: the first line picks out the absolute lowest
values of evaluated properties and the second consists of the absolute highest values

from eight piezocone tests.

The three main types of delimitating lines are created on the basis of the eight
programmed spreadsheets: for the constrained modulus M, horizontal coefficient of
permeability k, and soil behavior type (SBT) based on the soil behavior type index ..
The fourth type of delimitating lines for settlement was obtained as a part of study, when
the conservative approach (the permeability obtained from the empirical correlations) is

applied.

In January, 2017 eight additional CPTu tests (Investigation-2) were performed as a part

of extended underground exploration study. The tests are listed under following names:
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CPTu_135, CPTu_136, CPTu_137, CPTu_143, CPTu_144, CPTu_145, CPTu_151 and
CPTu_151.

The comparison of eight new CPTu tests with the three types of delimitating lines is
shown in the next three figure.

CPTu_135-152 with delimitating lines for M,

Mic [MPa]
0 5 10 15 20 25 30 35 40 45 50
0
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e
<
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=
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40
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......... CPTu_135 ——— Mmin —— Mmax --------- CPTu_136
--------- CPTu_137 - CPTu_143 --—------CPTu_144 ---—-----CPTu_151
_________ CPTu_152  ---------CPTu_145

Figure 87 Comparison of new CPTu tests with the delimitating lines

Institute of Soil Mechanics and Foundation Engineering 152



TU

4 Summary of results Graz University afrﬂiﬁgy

CPTu_135-152 with delimitating lines for kh
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Figure 88 Comparison of new CPTu tests with delimitating lines
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CPTu_135-152 with delimitating lines for Ic
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Figure 89 Comparison of generated soil behavior type (SBT) based on the soil behavior

type index I graph for new CPTu tests with previously plotted delimitating lines

In general, the results of eight new piezocone tests fit in the range thus far considered.
The new eight piezocone tests have as well indicated the presence of two sediment
formations: the upper formation is about 15m thick and contains a variety of interlayers
(this observation is based on the wide scatter of data point in all three above shown

graphs); the lower formation with close to homogeneous soil profile. According to the
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evaluations with the soil behavior type index I (Robertson 2012), the interlayering of silty
clay/clayey silt with sands in the upper formation can be noticed, what shows a good
agreement with the Investigation-1. In the lower formation the constant increase, which
for some tests exceeds the red delimitating line, in the soil behavior type index I is
noticed. According to the interpretation by Robertson (2012), this shows the increase of
fines in the sediments. This could explain the decrease of permeability in the lower

formation, shown in Figure 88.

The resulting effective settlement obtained from the eight new piezocones is compared
to the effective settlement of delimitating lines in. In this section as a supplementary
example to the Table 31, Figure 90 is given and it shows the resulting log time —

settlement curves for roads with 20 kN/m?. Other plots can be found in 3.5.2.7.

Table 31 Effective settlement [cm] approximated for CPTu_135 — 152 and the

delimitating lines

Effective Corresponding life loads for roads Structures
settlement
[cm] OkN/m?2 | 10 kN/m? | 20 kN/m? OkN/m2 | 10 kN/m?
CPTu_135 8,6 13,1 CPTu_135 8,6 13,1
CPTu_136 8,6 12,8 CPTu_136 8,6 12,8
CPTu_137 7,7 11,9 CPTu_137 7,7 11,9
CPTu_143 7,8 12,2 CPTu_143 7,8 12,2
CPTu_144 7,9 12,3 CPTu_144 7,9 12,3
CPTu_145 8,5 12,6 CPTu_145 8,5 12,6
CPTu_151 7.9 12,2 CPTu_151 7,9 12,2
CPTu_152 9,5 13,9 CPTu_152 9,5 13,9
Blue Blue
d¢I|m|tat|ng 8.4 12.4 d_ellmltatlng 8.4 12.4
line (lower line (lower
bound) bound)
Red Red
d'ellmltatmg 6.7 123 dgl|m|tat|ng 6.7 123
line (upper line (upper
bound) bound)
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CPTu_135-152 for roads with 20kN/m? life load
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100
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Figure 90 Comparison of log time - settlement curves for the eight new CPTu with the

delimitating lines for roads with 20kN/m? life load

The main result of this comparison of effective settlement shows that even though the
calculated effective settlements for the eight new piezocone tests are similar to the
values obtained from the delimitating lines and the corresponding log time — settlement
curves stay within the marked out area, the risk of differential settlement remains,
because after preloading-unloading stage the soil is compacted up to different depth

levels.
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The concept of soil improvement for the area of great extent on about 50m of saturated
weak silty clayey deposit has been presented in this Thesis. According to the boundary
conditions of the project a combination of excess preloading with 25m vertical drains is

used to accelerate the consolidation and increase the strength of soils.

As the starting point of this Thesis, the goal to gain the necessary theoretical background

was set. The overview of this theory is presented in the four sections of chapter 2.

The settlement calculations for five different loading cases in the chapter 3 are carried
out with the software GGU CONSOLIDATE 5. The CUR 191 (1997) approach is

implemented in these calculations.

Settlement calculations for five different loading cases are carried out with two boundary
conditions, related to the soil permeability underneath the 50m.b.s.l. depth: with the
closed (undrained) boundary under assumption that underneath the 50m.b.s.l. depth the
extend of low permeable clayey silty soil is located; with the opened (drained) bottom
boundary under assumption that underneath the 50m.b.s.l. depth the stratum of
permeable sand is located. The results are described in detail in sections 3.4.3, 3.4.4
and 3.4.5.

The evaluation of data obtained from piezocone tests is performed by means of
programmed Excel sheets. The evaluation is carried out for two sets of data: the first set
is gained from the Investigation-1; the second set is gained from the supplementary
Investigation-2. Four different types of delimitating lines (for constrained modulus M,
horizontal coefficient of hydraulic permeability kn, soil behavior type index I. and
settlement) are obtained from the first set of data. The evaluated data from the second
set is compared with these delimitating lines and these results are presented in section
3.5.3.

Some points of interest, as well as unanswered questions, arise from the results of
settlement calculations and performed evaluation of piezocone tests. These points are

summarized in the chapter 3.6.

Finally, the brief summary of the significant results is given in the chapter 0.
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GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fur Forschung und Lehre

Boden [kNEI?nZ] [mkls] [mc275] ES(EZ’]IES Bezeichnung
. . L [ 50000 7.29-10° 3.65-10° 3.00 Clayey Silt
One-dimensional consolidation theory % gggg.g ;.gg . 18;3 %‘32&8? 3'88 g:{y g::y
Settlement calculation for roads with OkPa life load after 9 months : 29100 204 - 100 . ity Clay
Schrittweite (Tiefe) = 0.500 m B9 30500 739 10° 537 10° 300  SityClay
Endsetzung = 1087 om = e oo e see
C—1 47500 8.04-10" 382-10° 3.00  Silty Clay
E— 5250.0 8.04-10" 422.10° 3.00  Silty Clay
[ 5750.0 8.04-10" 4.62-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 5.02-10° 3.00 Silty Clay
100
System
durchlassig u (max) [kN/m?] 0.00
0 - ‘ T=—r——— S ——
Zeit U s e § t [Monate] 80 10.‘00 950
[Monate] B [cm] ( /I’ \\\\\ | i oo
0.00 0.004 0.5 N = 60 ¥ %0 1200
- - > \/ \\\\ NN 8 15.00
0.34 0112 123 5 HE YOS NN | £ b 95.0
0.50 0.136 14.9 @ 20.00
0.67 0.159 17.4 X//H \\\ \\ N \\\ ~ | = 40 8 ep 0
0.75 0.168 18.5 / \\ \ \\ N\ N 'l = 95.0 25.00
1.00 0.196 215 10 Nl | A\ N\ | z 050 30.00
2.00 0.286 313 / \ \ \ NN NN 20 r 5500
3.00 0.353 38.7 [N \ NEAN \\ \ | 050 :
4.00 0.406 44.5 I / I \‘ \ \\ \ | 95.0 40.00
5.00 0.446 49.0 15 | v\ \ O R\ o 40000 oo 15,00
6.00 0.478 525 ' e :
6.01 0.477 52.4 l I” ' \\ \ \ \\ \\\\\l zett Monatel 94.9 5000
7.00 0.459 50.4 undurchlassig
8.00 0.452 49.6 20 ! ” ' \| \ \ \ \\ \\\_ \|!
9.00 0.448 49.1 ' l ' | \ \ \ \ v \l
9.01 0.448 49.1 \ \ \ \ \ "
10.00 0.444 48.7 — A ‘ g \ | 100
15.00 0.436 47.8 3 gg:8 $S g g 818 S 5] g
25.00 0.436 47.8 Q@ 25 Toltlnclni’.stg‘lxla — T Y= e Ve TS T
50.00 0.443 48.6 2 Lilw 'ﬁ&\§ = itus ST ==
100.00 0.454 49.8 e NN
150.00 0.462 50.7 \\\\ N\ NN \ g
200.00 0.468 514 30 !&\ J X \\\\\ \\\ |
249.00 0.474 52.0
500.00 0.498 54.6 ” \\\\\\\ \\\ \ |
750.00 0.515 56.5 \\\\\ \ \ T
1000.00 0.529 58.1 35 “ \\\\ \\\ ) | S,
1250.00 0.542 59.4 A\ \ w
1500.00 0.553 60.6 || ) \\\ \\\ | g
1750.00 0.562 61.7 \\\ \\ \ﬁ B
2000.00 0.571 62.6 | | \\\\\ \ | @
2250.00 0.578 63.5 40 I AR \‘\ |
2500.00 0.585 64.2 \ \ \
5000.00 0.622 68.3 l \ \\ \ |
7500.00 0.634 69.5 \\ \ \ \
10000.00 0.637 69.9 45 i } H \ \\\ i
20000.00 0.639 70.1 ‘ \ \ \ \
30000.00 0.639 70.1 | | \ \ |
40000.00 0.639 70.1 l | | | |
50000.00 0.639 70.1 |1 | R |

50

-20 0 20 40 60 80 100 0 5000 10000 15000 20000 25000 30000
Zeit [Monate]

Porenwasserdruck [kN/m?]




GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fir Forschung und Lehre

Boden [kNEI?nZ] [mkls] [mc275] ES(EZ’]IES Bezeichnung
. . L [ 50000 7.29-10° 3.64-10° 3.00 Clayey Silt
One-dimensional consolidation theory % gggg.g ;.gg-igg %‘32'18? 3'88 g!:{y g:ay
Settlement calculation for roads with 10kPa life load after 9 months : 2210 -04 - 107 . ity clay
Schrittweite (Tiefe) = 0.500 m B $%0 1%de s 3% SWew
Endsetzung = 108.7 cm = X iR N
] 47500 8.04-10" 3.82-10° 3.00  SiltyClay
[ 5250.0 8.04-10 4.22.10° 3.00  SiltyClay
[ 5750.0 8.04-10" 4.62-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 5.02:-10° 3.00 Silty Clay
100 System
T T ol | ® O L
Zeit U s
v § t [Monate] 10.‘00 050
[Monate] [-] [cm] \k\ % '8 1000
0.00 0.004 05 ( MN N\ \\} < | — 60 g 950 100
034 0.112 12.3 PR UR/R/ER\\\\iR > S 950 1500
. . . \ /” AL \ \ \ | 5 00
0.50 0.136 14.9 « 20.00
0.67 0.159 17.4 X// A \\\ \\ \\ \\\ N | - 40 g8 0
0.75 0.168 185 / \\ NEENEN -8—1 950 25.00
1.00 0.196 215 N / O\ D | T 30.00
10 \ AN 95.0
2.00 0.286 31.3 / \ \ NN NN 20 r
3.00 0.353 38.7 [V \ \ AN \\ \ | 95.0 300
4.00 0.406 44.5 I / , ’\ \ \ \\ \ | 0 95.0 40.00
5.00 0.446 49.0 15 L\ \ \ 0 40000 5.0 45.00
6.00 0478 52.5 [ \ \\ \ \ \ \\\ \| Zeit [Monate] - oo
7.00 0.459 50.4 \ \ \ undurchlassig -
8.00 0.452 49.6 ” , \ L) \ \\ \\\ \|I
9.00 0.447 49.1 20 |'| [ ) — I Y \ v \\l"
9.01 0.448 49.1
10.00 0.451 49.4 — N 8‘ ‘ \ | \ \ \ W 100
1500 | 0.453 49.7 = 8883 g3 ss8ls sl s | se
25.00 0.458 50.2 Q 25 TGI??IN‘I’I’Eg‘ﬁ’ — :‘ﬁ:frfﬁrﬁ?:g?s;:ﬁ’*f
50.00 0.467 51.3 @ w0 ,_‘\§ QE«‘!:’: n \‘..‘ — ==
100.00 0.480 527 = NS ST \
150.00 0.490 53.8 \\\\\ NN \
200.00 0.498 54.7 30 | N NN\ N |
249.00 0.505 55.4 N AN R
500.00 0.533 58.5 ﬂ\ \\\ \\\ N\ J\J |
750.00 0.554 60.8 =
1000.00 0.571 62.7 35 "‘ \\\\ \\\\\ \Y \{\ | 5
1250.00 0.586 64.3 \\ \ N 2
1500.00 0.599 65.8 | | \ \\\\ \ ‘1\\ I g
1750.00 0.611 67.0 \\\ J r\ .g
2000.00 0.621 68.2 I \\\\\\ \ \\' | »
2250.00 0.630 69.2 40 | | AR \ i |
2500.00 0.638 70.0 \\\ \ i
5000.00 0.683 74.9 I | \\\ \\ \ I
7500.00 0.697 76.4 \ \ \ \
10000.00 0.701 76.9 45 i i \ \ \ ! i
20000.00 0.703 77.1 ‘ \ \ W\ \ |
30000.00 0.703 77.1 || | | ‘ \ || |
40000.00 0.703 77.1 I I ‘ \ ‘ ‘
50000.00 | _0.703 77.1 50 |1 L |
-20 0 20 40 60 80 100 0 5000 10000 15000 20000 25000 30000

Zeit [Monate]

Porenwasserdruck [kN/m?]




GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fir Forschung und Lehre

One-dimensional consolidation theory
Settlement calculation for roads with 20kPa life load after 9 months

Schrittweite (Tiefe) = 0.500 m

Endsetzung = 109.7 cm

Zeit U s
[Monate] [-] [em]
0.00 0.004 0.5
0.34 0.112 12.3
0.50 0.136 14.9
0.67 0.159 17.4
0.75 0.168 18.5
1.00 0.196 21.5
2.00 0.286 31.3
3.00 0.353 38.7
4.00 0.406 445
5.00 0.446 49.0
6.00 0.478 52.5
6.01 0.477 52.4
7.00 0.459 50.4
8.00 0.452 49.6
9.00 0.448 49.1
9.01 0.448 49.2
10.00 0.457 50.2
15.00 0.470 51.6
25.00 0.480 52.6
50.00 0.491 53.9
100.00 0.507 55.6
150.00 0.518 56.9
200.00 0.528 57.9
249.00 0.536 58.8
500.00 0.569 62.4
750.00 0.593 65.1
1000.00 0.613 67.3
1250.00 0.631 69.2
1500.00 0.646 70.9
1750.00 0.660 72.4
2000.00 0.672 73.7
2250.00 0.682 74.9
2500.00 0.692 75.9
5000.00 0.744 81.6
7500.00 0.760 83.4
10000.00 0.765 83.9
20000.00 0.767 84.1
30000.00 0.767 84.1
40000.00 0.767 84.1
50000.00 0.767 84.1

Tiefe [m]

10

15

20

25

30

35

40

45

50

-~ \§ T _t‘[Monate]‘
(\ /ﬁl \t\QA:\\\%\\} J !
\ 71T vw N\ NN |
(RTINS |
IN W\ \\‘\\\\\\\\\\:\\ |
SAY AR AR AN
\
I/II\H _\\\\ A \\\\\\|
[l }\\ \ EW
N \
IS AREERT
TR RIR Y
Tl St e tE S ||
S SSSNT
NS I
IRNNRN
I \ W
WA \
I }\\\\ \\\ Ol
BTV AN
\\
- \\\\\\\\P\\\\U
|1 [ |
WAL
i Y
cL
-20 0 20 40 60 80 100

Porenwasserdruck [kN/m?]

Last [%]

Es k [ Esw)/Es .
Boden [kN/m?] [mis] [mefs] 8] Bezeichnung
[ 50000 7.29-10° 3.65-10° 3.00 Clayey Silt
[ 26000 7.29-10° 1.90-10° 3.00 Silty Clay
[ 2800.0 7.29-10° 2.04-10° 3.00 Silty Clay
3 2900.0 7.29-10° 2.12.10° 3.00 Silty Clay
[0 32500 7.29-10° 2.37.10° 3.00 Silty Clay
[ 37500 7.29-10° 2.74-10° 3.00 Silty Clay
[ 42500 8.04-10" 3.42-10° 3.00 Silty Clay
[ 47500 8.04-10" 3.82-10° 3.00 Silty Clay
[ 5250.0 8.04-10" 4.22.10° 3.00 Silty Clay
[ 5750.0 8.04-10" 4.62-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 5.02:-10° 3.00 Silty Clay
100
System
durchlassig u (max) [kN/m?] 0.00
-— -—— 95.0 = e e 0.
80 10,00
i 95.0
-5
: 0o
60 3 STl
r 95.0 15.00
20.00
95.0
40 Sh s
3 25.00
B ES 95.0
20 T ¥ 95.0 30.00
. 'U 95.0 35.00
0 ¥ 95.0 40.00
0 40000 95.0 45.00
Zeit [Monate] °°
94.9 50.00

100

Setzung s [cm]

undurchlassig

5000

10000

15000

20000 25000

Zeit [Monate]

30000




GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fir Forschung und Lehre

Boden [kNEI?nZ] [mkls] [mc275] Es(i‘i’]/ES Bezeichnung
. . o [ 50000 7.29-10° 3.65-10° 3.00 Clayey Silt
One-dimensional consolidation theory % gggg.g ;.gg-igg %‘32'%2 2'88 g!:{y g:ay
Settlement calculation for roads with 30kPa life load after 9 months : 2910 -04 - 10° . ity clay
Schrittweite (Tiefe) = 0.500 m B $%0 1%de s¥ e 3% SWew
Encaetzung - 109.7 o = e o i 8 e
[ 4750.0 804 10" 382-10° 3.00  SityClay
= 52500 804-10" 4.22.10° 300  SiltyClay
[ 5750.0 8.04-10" 4.62-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 5.02:-10° 3.00 Silty Clay
100
System
durchlassig u (max) [kN/m?] 0.00
0 - . ‘ T=—r——— AP ——X
Zeit U s 80
yd f t [Monate] 10.‘00 050
[Monate] [ [cm] ( /I’ n\\\\\\§% | - .
0.00 0.004 05 NI = 60 3 %0 1700
034 0112 123 5 W \ N & 950 15.00
] . i \Z/E | “I\ NN N I p m
0.50 0.136 14.9 « 20.00
0.67 0.159 17.4 Y/l | ) \ \\ N\ \\\ N | = 40 8 op 0 oo
0.75 0.168 185 / \ NEENEN N 8—1 95.0 :
1.00 0.196 215 N [\ O\ N | T 30.00
2.00 0.286 313 10 N \RNANRR NN 20 95.0
3.00 0.353 38.7 / [T\ || \\ \ \ \ AN \\\ \ | T 95.0 35.00
4.00 0.406 44.5 . 40.00
5.00 0.446 49.0 15 I ” \I / \ W\ \ \ \ ‘\\ I 00 40000 { “z 45.00
e U IR N W e
7:00 0:459 50:4 I , \ \ \ \ \ undurchlassig 94.9
8.00 0.452 49.6 ’ || \ \ \ \ \\\ \|I
9.00 0.448 49.1 20 11 FN - | \ ) \\l"
9.01 0.449 49.2
10.00 0.464 50.9 — ' [ 2h | ‘ \ \ \ \ \ L 100
15.00 0.493 54.1 3 8388 S s 8 8 88 S 5] g
25.00 0.518 56.8 o 25 R oo O Cug S O = 16 < i = N O |
50.00 0.534 58.6 :0:7 Lin s g? S E':;'ml‘s;k"ig'gi ﬂ%
100.00 0.552 60.6 o NN ‘ﬁ\
150.00 0.566 62.0 ! \\\\\\ \\ X RIS\
200.00 0.577 63.3 30 \ \ \} \\~ ~N Q 1.\\{ \
249.00 0.586 64.3
500.00 0.624 68.4 |\ \\\ \\\\ N \\Q\ {\\
750.00 0.652 715 \ N\ N\ N\ \ =
1000.00 0.675 74.1 \ \ ‘\\\\\ NN |\\f‘\ S
1250.00 0.695 76.3 35 VY NI\ o
1500.00 0.712 78.2 I | \\\ \ | ‘{\\ =
1750.00 0.728 79.9 \ \ \ \ \\ g
2000.00 0.742 81.4 |l \\\\ \ I\ |\ @
2250.00 0.754 827 40 B Y B TR\
2500.00 0.765 83.9 \\\ \ \l \ \
5000.00 | 0.824 90.4 I | \\ \ ‘
7500.00 0.843 92.5 \ \ \ \ |\
10000.00 0.848 93.1 45 i I| X \\ \ \ i\\
20000.00 0.851 93.3 \ \ \ \ \| \
30000.00 0.851 93.3 || | \ \ | \
40000.00 0.851 93.3 | | \ | \
50000.00 | _ 0.851 93.3 Il | 1 ‘ Jb

50
-20 0 20 40 60 80 100 0 5000 10000 15000 20000 25000 30000

Zeit [Monate]
Porenwasserdruck [kN/m?]




GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fir Forschung und Lehre

One-dimensional consolidation theory

Settlement calculation for structures with 16kPa life and structural loads after 9 months
Schrittweite (Tiefe) = 0.500 m

Endsetzung = 146.7 cm

0 —_————— .
Zeit u s s § t [Monate]
[Monate] [ [cm] \\ % |
0.00 0.004 0.6 ( /l ,\\ \\ N |
\ | /y W N
0.34 0.112 16.4 5 \NRA] W N TN
0.50 0.136 20.0 NN N \\ N |
0.67 0.159 23.3 \ // \ O
\ NN

0.75 0.168 247 I\ | \ NN \\ \\ |
1.00 0.196 28.8 10 ! N N \\\
2.00 0.286 41.9 / \/ \\ N AT\ [
3.00 0.353 518 / | \ \ \\ \
4.00 0.406 59.5 [ / )‘ \\ N\ |
5.00 0.446 65.5 , ) l NAN \ S\ [
6.00 0.478 702 57 [ | VYN N
6.01 0.477 70.0 ' \ \ \
7.00 0.452 66.4 | | ] \ \ \ \\ \|
8.00 0.443 65.0 | L \ \ \|
9.00 0.436 63.9 20 =1 I T \ \ AU
9.01 0.436 64.0 | \ \ \\
10.00 0.439 64.3 _ [11] 1s \ ol \l
15.00 0.438 64.3 E gg3lzg ‘s glg g g 3 g©;
25.00 0.442 64.8 R R e T ke = =t
me o om e | EOUETTESSETIN TS
150.00 0.470 68.9 \\ N :‘\ ‘

200.00 0.477 70.0 30 | &\ RN AN |

250.00 0.483 70.9 \ N WY I

500.00 0.508 745 I\ \\\ \ |

609.00 0.516 75.8 \ \\\ k\

1000.00 0.542 795 a5 I L \ A |

1250.00 0.555 81.4 \\ | !

1500.00 0.567 83.1 I W \\ \\\ |

1750.00 0.577 84.6 I \\\\\ | \.

2000.00 0.586 85.9

2250.00 0.594 87.1 40 '\‘\\\\\ \ \!\ |

250000 | 0.601 88.2 [ \\ |

5000.00 0.641 94.0 | l \\\\ k

7500.00 0.653 95.7 \ \ \ \ |

10000.00 | _ 0.656 96.3 25 ] ‘,\,\ ‘\.

20000.00 | 0.658 96.5 I ‘ \ \ | [

30000.00 0.658 96.5 || | H ‘ \\

40000.00 | 0.658 96.5 | | | | |

50000.00 0.658 96.5 50 |1 H . H |

-40 -20 0 20 40 60 80 100 120

Porenwasserdruck [kN/m?]

Last [%]

100

0.00 m)

Setzung s [cm] / s (Tiefe

E. k ¥ Esw/Es .
Boden [kN/m?] [mis] [mefs] 8] Bezeichnung
[ 50000 7.29-10° 3.65- 3.00  Clayey Silt
[ 26000 7.29-10° 1.90-10° 3.00 Silty Clay
[ 2800.0 7.29-10° 2.04-10° 3.00 Silty Clay
3 2900.0 7.29-10° 2.12.10° 3.00 Silty Clay
[0 32500 7.29-10° 2.37.10° 3.00 Silty Clay
[ 37500 7.29-10° 2.74-10° 3.00 Silty Clay
[ 42500 8.04-10" 3.42-10° 3.00 Silty Clay
[ 47500 8.04-10" 3.82-10° 3.00 Silty Clay
[ 5250.0 8.04-10" 4.22.10° 3.00 Silty Clay
[ 5750.0 8.04-10" 4.62-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 5.02:-10° 3.00 Silty Clay
100
System
durchlassig u (max) [kN/m?]
-— -—— 197.0 = e e 0-00
80 10,00 127.0
! 127.0
'S 127.0 1000
60 5 127.0 1200
i 127.0 15.00
40 g 5.00 127.0
-3 127.0 25.00
" St 127.0
20 T ¥ 1270 30.00
2 127.0 35.00
590 127.0
o 127.0 40.00
&g 126.9
0Z - 40000 X 126.9 45.00
eit onate 1
[ 1 126.9 50.00

undurchlassig

0 5000

10000

15000
Zeit [Monate]

20000 25000

30000




TU

Graz
Graz University of Technology

Appendix B

Appendix B

GGU CONSOLIDATE 5 calculations with the opened

bottom boundary

(Contains 5 pages)

Institute of Soil Mechanics and Foundation Engineering 167



GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
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Boden [kNE/?nzl [mk/s] [mcz"/s] ES([W-)]/ES Bezeichnung
. . L [ 50000 807-10° 4.03-10° 3.00 Clayey Sil
One-dimensional consolidation theory E= 26000 807-10° 210-10° 3.00 Silty Clay
i H i 2800.0 8.07 - 10° 2.26 - 107 3.00 Silty CI;
Settlement calculation for roads with OkPa life load after 9 months E=1 20000 807.10° 234.10° 300  Sity c|:§
Schrittweite (Tiefe) = 0.500 m E= 32500 807-10° 262-10° 3.00 Si:ty C:ay
= 3750.0 8.07- 10 3.03 - 10° 3.00 Silty Cla
Endsetzung = 109.7 cm C— 42500 804 10" 3.42-10° 3.00 SiIt; C|a§
C—1 47500 8.04-10" 382-10° 3.00  Silty Clay
[ 5250.0 8.04-10% 4.22.10° 3.00  SiltyClay
[ 5750.0 8.04-10" 4.62-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 5.02-10° 3.00 Silty Clay
100 System
0 gl —_—— e = = =00
_————— : :
[Mzent ] [U] : s ] e ‘\\§ t [Monate] 80 10100 5.0
onate - cm S
0.00 0.008 0.9 ( /ﬂ \\\ N | = 60 ¥ %0 1700
- - , TN \ S 15.00
0.34 0.122 13.4 5 \ 4l AN L S 95.0
0.50 0.149 16.3 NN N\ I g 2000
: : : \\ N\ s S 95.0 -
0.67 0.173 19.0 /II [ \ N RN | 40 sl
075 0.183 201 / \ \ \ \\\ \\ 1 $5.0 2500
1.00 0.214 23.4 Mo\ \ N | z 3000
10 \H— \ \ AR T 20 £ 95.0
2.00 0.310 34.0 -
3.00 0.382 41.9 / /N ' \ \ \ \ \\\ | I 95.0 35.00
4.00 0.436 47.8 [ ”\I \ \ N\ \\ o 95.0 40.00
5.00 0.477 524 15 —\ NN N I 0 40000 050 45.00
6.00 0.509 55.9 I I ” \l \ \ \ \ | Zeit [Monate] QL :
6.01 0.508 55.7 \ \\ \ _—de = —— 040 = e e 50.00
7.00 0.486 53.4 I I ' ' ‘ \ \ \ \ durchlassig
8.00 0.479 525 ik LV . \\ l||
9.00 0.473 51.9 20 7] ” | I \ \ Y
9.01 0.473 51.9 ' \ | \\
10.00 0.469 515 z | ] [ | A \ \ Al 100
;:'gg 8'222 32'3 % 2 838c2 g 88 8 8§ 3 813
. . . (] 5 MO0 0= Qpe—— SO0 L=< O V= O
50.00 0.477 52.4 kS L ﬂﬂﬁ_ﬁ %g\\llsll‘g.;'::'ll— s SN
100.00 0.496 54.4 . =N\ NI N\ N 5
150.00 0.511 56.0 N L
200.00 0.523 57.4 AN O\ |
249.00 0.534 58.6 \\\ \\
500.00 0.575 63.1 \ |
750.00 0.601 66.0 \ \ =
1000.00 0.619 67.9 \ \\ | S
1250.00 0.630 69.1 ! i | °
1500.00 0.637 69.9 l | \ =
1750.00 0.642 704 | | Iy
2000.00 0.645 70.7 / / // [
2250.00 0.647 70.9 / It |
2500.00 0.648 711
5000.00 0.650 71.3 // / |
7500.00 0.650 713 /// /
10000.00 0.650 713 ./ / |
20000.00 0.650 713 ./ é v Y/
30000.00 0.650 713 4 o’ / J
40000.00 0.650 713 1T — ==
50000.00 0.650 713 — —
20 40 60 80 100 0 5000 10000 15000 20000 25000 30000

Zeit [Monate]

Porenwasserdruck [kN/m?]




GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fur Forschung und Lehre

One-dimensional consolidation theory

Settlement calculation for roads with 10kPa life load after 9 months

Schrittweite (Tiefe) = 0.500 m
Endsetzung = 109.7 cm

Zeit U s
[Monate] [-] [em]
0.00 0.008 0.9
0.34 0.116 12.8
0.50 0.141 15.5
0.67 0.164 18.0
0.75 0.174 19.1
1.00 0.203 22.2
2.00 0.294 32.3
3.00 0.363 39.9
4.00 0.417 45.8
5.00 0.459 50.4
6.00 0.493 54.1
6.01 0.491 53.9
7.00 0.473 51.9
8.00 0.467 51.2
9.00 0.462 50.7
9.01 0.463 50.8
10.00 0.466 51.1
15.00 0.470 51.6
25.00 0.478 52.5
50.00 0.495 54.3
100.00 0.518 56.8
150.00 0.536 58.8
200.00 0.551 60.4
249.00 0.564 61.9
500.00 0.613 67.3
750.00 0.645 70.8
1000.00 0.666 73.0
1250.00 0.679 74.5
1500.00 0.688 75.5
1750.00 0.693 76.1
2000.00 0.697 76.5
2250.00 0.700 76.8
2500.00 0.701 76.9
5000.00 0.704 77.2
7500.00 0.704 77.2
10000.00 0.704 77.2
20000.00 0.704 77.2
30000.00 0.704 77.2
40000.00 0.704 77.2
50000.00 0.704 77.2

Tiefe [m]
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Porenwasserdruck [kN/m?]

Last [%]

100

Setzung s [cm]

durchlassig

Es k [ Esw)/Es .
Boden [kN/m?] [mis] [mefs] 8] Bezeichnung
[ 50000 7.29-10° 3.65-10° 3.00 Clayey Silt
[ 26000 7.29-10° 1.90-10° 3.00 Silty Clay
[ 2800.0 7.29-10° 2.04-10° 3.00 Silty Clay
3 2900.0 7.29-10° 2.12.10° 3.00 Silty Clay
[0 32500 7.29-10° 2.37.10° 3.00 Silty Clay
[ 37500 7.29-10° 2.74-10° 3.00 Silty Clay
[ 42500 8.04-10" 3.42-10° 3.00 Silty Clay
[ 47500 8.04-10" 3.82-10° 3.00 Silty Clay
[ 5250.0 8.04-10" 4.22.10° 3.00 Silty Clay
[ 5750.0 8.04 10" 462-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 502-10° 3.00 Silty Clay
100
System
durchlassig u (max) [kN/m?] 0.00
-— -—— 95.0 = e e 0.
80 10,00
i 95.0
-5
: 0o
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40 Sh s
3 25.00
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20 T ¥ 95.0 30.00
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0 40000 95.0 45.00
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GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fir Forschung und Lehre

One-dimensional consolidation theory
Settlement calculation for roads with 20kPa life load after 9 months

Schrittweite (Tiefe) = 0.500 m

Endsetzung = 109.7 cm

Zeit U s
[Monate] [-] [em]
0.00 0.008 0.9
0.34 0.116 12.8
0.50 0.141 15.5
0.67 0.164 18.0
0.75 0.174 19.1
1.00 0.203 22.2
2.00 0.294 32.3
3.00 0.363 39.9
4.00 0.417 45.8
5.00 0.459 50.4
6.00 0.493 54.1
6.01 0.491 53.9
7.00 0.473 51.9
8.00 0.467 51.2
9.00 0.462 50.7
9.01 0.463 50.8
10.00 0.473 51.9
15.00 0.488 53.5
25.00 0.502 55.1
50.00 0.522 57.3
100.00 0.550 60.3
150.00 0.570 62.6
200.00 0.588 64.5
249.00 0.603 66.2
500.00 0.661 72.6
750.00 0.699 76.7
1000.00 0.723 79.3
1250.00 0.738 81.0
1500.00 0.749 82.1
1750.00 0.755 82.9
2000.00 0.760 83.3
2250.00 0.762 83.6
2500.00 0.764 83.8
5000.00 0.767 84.2
7500.00 0.768 84.2
10000.00 0.768 84.2
20000.00 0.768 84.2
30000.00 0.768 84.2
40000.00 0.768 84.2
50000.00 0.768 84.2

Tiefe [m]
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Porenwasserdruck [kN/m?]

Last [%]

Boden

I

Ee k
[kN/m2] [m/s]
5000.0 7.29 - 10°
2600.0 7.29 - 10°
2800.0 7.29 - 10°
2900.0 7.29 - 10°
3250.0 7.29 - 10°
3750.0 7.29 - 10°
4250.0 8.04- 10
4750.0 8.04 - 10
5250.0 8.04 10"
5750.0 8.04 .10
6250.0 8.04 .10

c,
[m2/s]

3.65- 10°
1.90-10°  3.00

Esw/E
[]

3.00 Clayey Silt

Silty Clay

s Bezeichnung

Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay

100

Setzung s [cm]

durchlassig

100
durchléssig u (max) [kN/m?]
-— — — 95.0 = e e 0.00
8o 10.00
| 95.0
- 1000
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60 i 1200
%0 95.0 15.00
40 S 500 95.0 20.00
3
8 25.00
[ | n 5.00 95.0
20 = %5 95.0 30.00
s 'u 95.0 35.00
0 500 95.0 40.00
0 ) 40000 050 4500
Zeit [Monate] ]L
-— — — a— 04.0 m emm e 50.00

5000 10000

15000

Zeit [Monate]
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30000




GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fir Forschung und Lehre

One-dimensional consolidation theory
Settlement calculation for roads with 30kPa life load after 9 months

Schrittweite (Tiefe) = 0.500 m

Endsetzung = 109.7 cm

Zeit U s
[Monate] [-] [em]
0.00 0.008 0.9
0.34 0.116 12.8
0.50 0.141 15.5
0.67 0.164 18.0
0.75 0.174 19.1
1.00 0.203 22.2
2.00 0.294 32.3
3.00 0.363 39.9
4.00 0.417 45.8
5.00 0.459 50.4
6.00 0.493 54.1
6.01 0.491 53.9
7.00 0.473 51.9
8.00 0.467 51.2
9.00 0.462 50.7
9.01 0.463 50.8
10.00 0.480 52.7
15.00 0.512 56.2
25.00 0.542 59.5
50.00 0.568 62.3
100.00 0.600 65.9
150.00 0.625 68.5
200.00 0.645 70.8
249.00 0.662 72.7
500.00 0.729 80.0
750.00 0.772 84.7
1000.00 0.800 87.7
1250.00 0.818 89.7
1500.00 0.829 91.0
1750.00 0.837 91.8
2000.00 0.842 92.4
2250.00 0.845 92.7
2500.00 0.847 93.0
5000.00 0.851 93.4
7500.00 0.851 93.4
10000.00 0.851 93.4
20000.00 0.851 93.4
30000.00 0.851 93.4
40000.00 0.851 93.4
50000.00 0.851 93.4

Tiefe [m]
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Porenwasserdruck [kN/m?]

Last [%]

Es k [ Esw)/Es .
Boden [kN/m?] [mis] [mefs] 8] Bezeichnung
[ 50000 7.29-10° 3.65-10° 3.00 Clayey Silt
[ 26000 7.29-10° 1.90-10° 3.00 Silty Clay
[ 2800.0 7.29-10° 2.04-10° 3.00 Silty Clay
3 2900.0 7.29-10° 2.12.10° 3.00 Silty Clay
[0 32500 7.29-10° 2.37.10° 3.00 Silty Clay
[ 37500 7.29-10° 2.74-10° 3.00 Silty Clay
[ 42500 8.04-10" 3.42-10° 3.00 Silty Clay
[ 47500 8.04-10" 3.82-10° 3.00 Silty Clay
[ 5250.0 8.04-10" 4.22.10° 3.00 Silty Clay
[ 5750.0 8.04-10" 4.62-10° 3.00 Silty Clay
[ 6250.0 8.04-10" 5.02:-10° 3.00 Silty Clay
100
System
durchlassig u (max) [kN/m?] 0.00
-— -—— 95.0 = e e 0.
80 10,00
i 95.0
-5
: 0o
60 + BEaUl
r 95.0 15.00
20.00
95.0
40 Sh s
3 25.00
B ES 95.0
20 T ¥ 95.0 30.00
5.'0 95.0 35.00
0 ¥ 95.0 40.00
0 40000 95.0 45.00
Zeit [Monate o
[ ! —_— — —— 4.0 == e e 50.00
durchlassig
100

Setzung s [cm]
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GGU-CONSOLIDATE - Studentenlizenz Marija Zagoniajeva
CampusLizenz zur nicht kommerziellen Nutzung fir Forschung und Lehre

One-dimensional consolidation theory
Settlement calculation for structures with 16kPa life and structural loads after 9 months

Schrittweite (Tiefe) = 0.500 m

Endsetzung = 146.7 cm

Zeit U s
[Monate] [-] [em]
0.00 0.008 1.1
0.34 0.116 17.1
0.50 0.141 20.7
0.67 0.164 24.1
0.75 0.174 25.5
1.00 0.203 29.7
2.00 0.294 43.1
3.00 0.363 53.3
4.00 0.417 61.2
5.00 0.459 67.4
6.00 0.493 72.3
6.01 0.491 72.0
7.00 0.466 68.4
8.00 0.457 67.0
9.00 0.450 66.0
9.01 0.451 66.1
10.00 0.453 66.5
15.00 0.455 66.7
25.00 0.461 67.6
50.00 0.475 69.7
100.00 0.495 72.7
150.00 0.511 75.0
200.00 0.524 76.9
250.00 0.536 78.6
500.00 0.580 85.0
609.00 0.593 87.0
1000.00 0.626 91.8
1250.00 0.638 93.5
1500.00 0.645 94.7
1750.00 0.650 95.4
2000.00 0.654 95.9
2250.00 0.656 96.2
2500.00 0.657 96.4
5000.00 0.660 96.7
7500.00 0.660 96.8
10000.00 0.660 96.8
20000.00 0.660 96.8
30000.00 0.660 96.8
40000.00 0.660 96.8
50000.00 0.660 96.8
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Porenwasserdruck [kN/m?]

Last [%]

Es k [
Boden nnN/mz mis] [mefs]
[ 50000 7.29-10° 3.65-10°
—
—
| —
 —
—
—
 —
—
—
—/

Esw/E
[]
3.00 Clayey Silt

s Bezeichnung

2600.0 7.29-10° 1.90-10° 3.00 Silty Clay
2800.0 7.29-10° 2.04-10° 3.00 Silty Clay
2900.0 7.29-10° 2.12-10° 3.00 Silty Clay
3250.0 7.29-10° 2.37-10° 3.00 Silty Clay
3750.0 7.29-10° 2.74.10° 3.00 Silty Clay
4250.0 8.04-10" 3.42.10° 3.00 Silty Clay
4750.0 8.04 10" 3.82-10° 3.00 Silty Clay
5250.0 8.04-10% 4.22.10° 3.00 Silty Clay
5750.0 8.04 10 4.62-10° 3.00 Silty Clay
6250.0 8.04-10" 502-10° 3.00 Silty Clay

100

System
durchléssig u (max) [kN/m?]
— 127.0 = e e 0.00
80 10.00 127.0
! 127.0
= 127.0 1000
60 P 127.0 1200
m 127.0 15.00
127.0 20,00
40 8 sp 127.0
-3 127.0 25.00
u 127.0
20 = %5 127.0 30.00
3 127.0 35.00
5.0 127.0
127.0 40.00
0 T 126.9
0 40000 1 ot 4500
Zeit [Monate !
(Monate] N 126 w000
durchlassig
100

0.00 m)

Setzung s [cm] / s (Tiefe

0 5000 10000 15000
Zeit [Monate]

20000 25000

30000
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Appendix C

Recreated with the Excel spreadsheets graphs for the
Investigation-1 (CPTu_1 - CPTu_8)

(Contains 24 pages)
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1. CPTu_1

Evaluated constrained

modulus M

Evaluated M with Ic

0 5 11 16 21 26 32 37 42 47 53 58

Depth [m]
Do o
=

M with Ic [MPa]

Evaluated constrained

modulus Mam

Evaluated M with a

0 5 11 16 21 26 32 37 42

=

Depth [m]
o)
=y

M with o [MPa]

Constrained modulus M

-224

Elevation {m)

-2g4
-30 F
-324
_32
~364
_384
_ap4
_42d
_aa
_ag
-484 1

from the report

Constrained Modulus

10 20 30 a0
M{CPT) (MPa)
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Evaluated corrected cone Corrected cone resistance q:
resistance q; from the report

Cone resistance qt

Evaluated corrected cone resistance g,

0 -
0 1 2 3 4 5 6 7 -2
2 I -
s e
-2 >
-4 "8 e [
6 -10+ t
8 -124 1 i
-10 el = L
12 -16
14 -184 1
16 204 | |
18 E
20 :'22" R 1 | I
E -22 % -24
£ 24 3 264t b
§-26 o e |
-28 -30
=30 -32
32 a4 {1
34
e oy I |
38 -38
40 -40
-42 -a24 |
-44 -44
-46
a8 -46
50 -ag
qt [MPa] 122456 7
Tip resistance (MPa)
Evaluated soil behavior type index Ic Soil behavior type index Ic
from the report
Evaluated SBT
0 1 2 3 4 SBTn Index
. =
0
-2
-4
-6
-8
-10
-12
-14
-16
-18
—_— -20 -
E» €
£ T 5
g -26 b %.
28 e 8-
-30 3 w.
32 =
34 £
-36 3
-38 F
-40 -
42
-44 -
-46
b ;
-50

Ic[-]
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Depth [m]

Evaluated normalized

friction ratio Fr

Normalized friction ratio Fr [%}

0 1 2 3 4 5 6
2
0 —— —
-2 _— i
-4 e —
6 _—
8 =
-10
12 —
o L
-16 —
,lg ?—L
— 20 i
E » =
£ 2 =
26 e
8 28
-30
32 =
34 =
-36 =
,33 _2;_
-40 —_—
-4 =
-46 =
-48 .;Z;
-50

Evaluated permeability kp

Permeability
1E10  2E09 4E09 6E09  B8E09

2

o

2

-4

6 | —
-8
210 —
12

kh [m/s]

Normalized friction ratio Fr

from the report

Norm. friction ratio

Elevation (m)
ek
-

1

-30+4
-324
-344
~36+
-38
-40-
-42-4
-44-
-46+
-48-

Permeability kn from the report

Permeability

——

—_—

-22

'
b
B

|
a

Elewatian (m)

'
b
=

=30

& 3

1kl 1x10
Ksbt (m/s)
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2. CPTu_2
Evaluated constrained modulus M Constrained modulus M. from the

repo rt
Evaluated M with Ic

Constrained Modulus

2
0 0
2 -2+
4 ad
-6 -5
-8 g
10 -10+
12 -12+
-14 _14d
-16
s -16-
20 18
E By E-zu—
g - =2
g% S -24+
-28 2 -26
-30 IJlJ.I -284
32 -30-
34 -3
36 14
38
40 36
42 38
44 40—
-46 42+
48 44
0 M with Ic [MPa] ':Z_
44

' IIIEIIZIDIEIDI‘HJ
M(CPT) (MPa)

Evaluated constrained modulus Mawm

Evaluated M with a

G Ao N

-12
-14
-16
-18

-22
-24
-26
-28
-30
-32
-34
-36

Depth [m]

-40
w5

-46
-48

-50
M with a [MPa]
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Evaluated corrected cone resistance Corrected cone resistance q:
o]t from the report
Cone resistance qt
Evaluated corrected cone resistance g, o ———
0 1 2 3 a 5 -2 —
2 -4
: i
2
-8
2 io r
8 12
10 -1
-12 -16
-14 -18
-6 —.-20
18 E
20 T2
E» 24
5 S -26
& 26 o -284
a
-28 -30
-30 32 \
2 34
34
36 -36
-38 -38
-40 40
-42 -42
44 -44
a6 -
8 -48
50
qt [MPa] 1234567
Tip resistance (MPz)
Evaluated soil behavior type Soil behavior type index Ic
index Ic from the report
Evaluated SBT SBTn Index
0 1 2 3 4
2
0
2
-4
5
-8
-10
-12
-14
16 ;
-18 E
_ 20 z
E» 2
£ 24 g'
& 26 z.-
a
-28
-30 -
32 3
34
-36
38 S
) r
42 -~
-44
-46 {
. i
-50
le[-]
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Evaluated normalized

friction ratio Fr

Normalized friction ratio Fr [%]

0 1 2 3 4 5 6
2
0 | R S
2 =
-4 —— :
i —
e e
-10 ——
g —
-14 —_.__':E—z—
-16 =
18 %_
— -20 =
E» B8 ——
£ 2 =
T .6 =
Il B
a g B el
-30 [=——sm—
-32 —_—
34 =i
= =
40 =
42 ;f
-4 =
-
-45 _—
43 —=
-50 =

Evaluated permeability kn

Permeability

1610  2E09 4FE09  6E09  BE09

Depth [m]
B

kh [m/s]

Elevation (m)

Normalized friction ratio Fr

from the report
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3. CPTu_3
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4. CPTu 4
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6. CPTu_6
Evaluated constrained modulus M Constrained modulus M. from the

report

Constrained Modulus

N ———
Evaluated M with Ic -3
0 5 11 16 21 27 32 37 43 48 53 -4
2 -6
0 -8 |
2 10
-4 F
12
: =
-8 14
-10 16H—
-12 -i8
-14 —-20
16 £
-18 =
o -24
-20 B
= -26
- =
E -2 H
.g -24 w-28
@ -26 -30
o
-28 -32
-30 -34
32 -
36
34
6 -38
38 -40
-40 o -42
42 3 -44
a4 i 45
-46 1 -a8
_48 b
-50 5 10 20 30 40
M with Ic [MPa] M(CPT) (MPa)

Evaluated constrained modulus Mawm

Evaluated M with a

o Ao N

Depth [m]

M with a [MPa]

Institute of Soil Mechanics and Foundation Engineering 189



Appendix C

TU

Grazn
Graz University of Technol

o n kMO N

-12
-14
-16
-18
-20
-22
-24
-26
-28
-30
-32
-34
-36
-38

Depth [m]

-42

-46

-50

Evaluated corrected cone

resistance q;

Evaluated corrected cone resistance g,

0 1 2 3 4 5 6

2
0

2 &
-4
-6
-8
-10
12
-14
-16
-18
_ 20
E-n
-'E. -24
g -26
-28
-30
-32
-34
-36
-38
-40
-42
-44
-46
-48
-50

qt [MPa]

index Ic

Evaluated SBT

1 2 3 4
Ic[-]

Evaluated soil behavior type

Elevation (m)

Corrected cone resistance q:

from the report

Cone resistance qt

%

=

1 2 3 4

3 6

Tip resistance (MPa)

Soil behavior type index Ic

from the report

Elevation (m)

SBTn Index

Institute of Soil Mechanics and Foundation Engineering

190



Appendix C

TU

Graz

Graz University of Technology

Depth [m]

Evaluated normalized

friction ratio Fr

Normalized friction ratio Fr [%]

_——— ———
S i =
10 —
-12 o ————— |
-14

Evaluated permeability kp

Permeability

1610 2E09  4FE09 6E09  8EO09
2

|

|

= N )

T

&
S

kh [m/s]

Elevation (m)

Normalized friction

from the report

Norm. friction ratio
o J—

Elewation (m)

o 3

- %

-4 4

s i

-4 8 : I?
4

0 2

& B b4}
Fr (%)

ratio Fr

Permeability ki from the

report

Permeability

2244

oo
NN
® o A
L1 1

=301
=32
=344+
3644
-1g4%Y
-404F
-42-44
-4 4

ot
-48-3

T T T
1x10?  1x10°®  1x1073
Ksbt (m/s)

Institute of Soil Mechanics and Foundation Engineering

191



TU

Graz

Appendlx C Graz University of Technology
7. CPTu_7
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8. CPTu_8
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(Contains 3 pages)
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Settlement curves for CPTU_1-8 (roads with OkN/m?)
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Settlement curves for CPTU_1-8 (roads with 20kN/m?)
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Appendix E

Appendix E

Comparison of results from Investigation-2
with delimitating lines
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(Contains 8 pages)
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Appendix F

Results of programmed Excel spreadsheets of the
dissipation tests for the Investigation-2
(CPTu_135-CPTu_152)

(Contains 16 pages)
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