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ABSTRACT

Determination of soil characteristics is important for the design of foundations. The
magnitude of settlement, bearing capacity, heave and various other engineering behaviors
should be experimentally determined or initially predicted from models, before the design
of structures. In order to assess the available in situ and experimental data and to model
soil-structure interaction for local soils, Tuzla is chosen as the study area, which is the
most disputable area in North Cyprus, regarding the soil formations and soil-structure

interactions.

The study consists of four phases: collection of all the available in situ and laboratory
data and deriving soil profiles for each parcel in the area; using well known correlations
to predict engineering parameters; finite element modeling of the soil-structure
interaction and establishing a mathematical model for settlement. A database of the
engineering parameters of soils in Tuzla area is formed based on 43 boreholes, and in situ
and laboratory experimental data available. Borelogs were plotted and the soil profiles for
each parcel of the Tuzla area, and water table profile for the entire area were obtained
using RockWare. The SPT-N values were used to correlate with the engineering
parameters, including the shear strength parameters and the bearing capacity using the
methods available in NovoSPT. The bearing capacity was determined from the available
correlations in the software as well as manually using well known methods, such as

Burland and Burbidge (1985) and Bowels and Meyerhof (1976) correlations.

In the soil-structure interaction part of the thesis, square mat foundations were modeled in
different sizes, and placed at varying depths in the soil profile for the worst borehole

location of BH-24 in Parcel No. XXIV 50 W2 Finite element method is implemented by



PLAXIS 2D for the axis-symmetric case and using Mohr-Coulomb criterion. Elastic
settlements and consolidation settlements at different time intervals, up to 50 years were
studied. It was concluded that the bearing capacity should only be found in relation to

consolidation settlement in the region.

In the final phase, an exponential relationship is proposed for the prediction of total
settlements for this specific location based on bearing capacity, foundation size, depth,
and time. To generalize this relationship for the whole area, further research is required

using all the borehole data and the profiles of the other parcels in the region.

Keywords: SPT correlations, Bearing capacity, Settlement, Soil-structure interaction.



Oz

Zemin karakteristiginin ve davranisinin 6nceden tesbiti temel tasarimi i¢in onemlidir.
Zeminlerin yapilar altinda olabilecek oturma miktari, tasima giicii, sisme ve diger
mithendislik 6zellikleri laboratuvarda calisilmali veya modeller kullanilarak binalarin
tasarimindan O6nce On tesbit yapilmalidir. Bu arastirmanin ilk asamasinda Jeoloji ve
Maden Dairesi, ve Dogu Akdeniz Universitesi’nde Geoteknik Ana Bilim Dalinda
tamamlanmis tez ¢alismalarindan elde edilen sondaj datasindan ve zemin
parametrelerinden Tuzla bdlgesi icin bir veri tabani olusturulmustur. Bu veri tabani 43
sondaj logunun GPS koordinatlari, zemin katmanlarinin siniflandirilmasi, bdlgenin
topografik haritasi, ve yeralt1 su seviyesi derinliklerini icermektedir. Boélgede bulunan 13
parselin zemin profilleri RockWare yazilimi kullanilarak elde edilmistir. SPT sonuglari
kullanilarak, NovoSPT yazilimmdaki empirik yaklagimlarla zemin parametreleri elde
edilmistir. Bu parametreler ve sondaj loglarindan en kotii sonuglarin bulundugu parsel
icin farkli boyutlarda radye temelin davranisi zamana bagli olarak PLAXIS yazilimi

kullanilarak modellenmistir.

Calisma dort asamada yapilmistir: Birinci asama data toplanmasi ve sondaj loglariin ve
zemin profillerinin elde edilmesini igerir. Ayrica yeralti su seviyesi profili de bu asamada
belirlenmistir. Ikinci asama NovoSPT yazilimindan zemin parametrelerinin elde
edilmesini icerir. 43 sondaj lokasyonu i¢in tiim korelasyon sonuglari ve Jeoloji ve Maden
Dairesi’nden elde edilen laboratuvar deney sonuglari toparlanmis ve istatistiki bir caligma
ile deneysel sonuclarla korelasyonlardan elde edilenler karsilastirilmistir. Calismanin
liclincli asamasi elde edilen verilerle en kotii sondaj lokasyonunda kare radye temelin
zemin-yap1 etkilesiminin bir sonlu elemanlar yazilimi olan PLAXIS’le modellenmesini

icerir. Sonlu elemanlar yontemi ile farkli radye boyutlari, temel derinlikleri i¢in elastik ve



zamana bagli konsolidasyon oturmalari calisilmis ve oturmaya bagli zemin emniyet
gerilmesi degerleri literatiirde bulunan bazi analitik yontemlerle karsilagtirilmistir. Bu
yontemler arasinda sonlu elemanlardan elde edilen sonuglara en yakin degerleri Burland

and Burbidge (1985)’in verdigi tesbit edilmistir.

Tezin son asamasinda ise MATLAB yazilimi kullanilarak toplam oturma icin tagima
gucd, temel boyutu, derinligi ve zamana bagli olan bir eksponansiyel denklem elde
edilmigtir. Bu denklem sadece bir lokasyon i¢in elde edildiginden, tiim bdlge zeminleri
icin genelleme yapilamaz. Bu calismanin devami olarak, daha kapsamli bir aragtirma

programinda irdelenecektir.

Anahtar Kelimeler: Zemin karakteristigi, SPT, Sonlu elemanlar yontemi, Oturmalar
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Chapter 1

INTRODUCTION

Cyprus, is the third largest island in the Mediterranean Sea, with a surface area of 9251
km?. Based on the geological evolution and emplacement, Cyprus includes six different
zones which are: Troodos or the Troodos Ophiolite, North Cyprus (Kyrenia), Mamonia
Zone or Mamonia Complex, South Cyprus, Mesaoria, Alluviums, (Atalar & Kilic, 2006).

Tuzla, the study area in this thesis, is a region located in the east of Northern Cyprus.

This research consist of a comprehensive soil data management, correlations and
modeling soil-structure interaction. The study is divided in to four phases as explained in
the following sections.

1.1 Geologic Information of the Region

The geological properties of the region are simulated by Rockware based on soil
properties of 43 boreholes. This software is specialized in obtaining soil stratification,
estimating geological structure of an area, and defining ground water table levels as well

as the topography of surfaces.

In the first phase of this study, the sub soil stratification of Tuzla region was obtained
based on the borehole characteristics and their coordinates. The approximate soil profile
for each parcel in Tuzla area was obtained together with the ground water table profile for

the whole area.
1.2 Correlations Based on SPT Data by NovoSPT

NovoSPT is applied in order to correlate the soil properties by using standard penetration

test blow count value. This software includes 270 various correlations which are



extracted in different years. In the performed SPT tests energy level, borehole diameter,
sampling method and overburden corrections are based on 60%, 65-115 mm, standard

sampler and Canadian Foundation Engineering Manual formula, respectively.

In this section soil data of 43 boreholes are gathered and correlations with some
engineering properties are studied based on the following criteria:
1- The degree of popularity of the formulae,
2- The year of publication of the formulae,
3- Based on the prevailing soil types in the region.
4- The degree of closeness of the extracted data to the available laboratory data
reported by the Department of Geology and Mining, and data from previous

research in the subject area (Erhan, 2009).

After comparing the extracted bearing capacity results from NovoSPT, and the N values
of each borehole with the other boreholes, borehole 24 was selected as the worst location

in the region for studying soil-structure interaction.

1.3 Finite Element Models by PLAXIS

PLAXIS is a software created based on finite element method. This powerful program is

applicable to calculate the physical characteristics of the soil such as settlement.

In this study the mat foundations of dimensions 10, 14, 18, 22 and 26 m were selected
under pressures ranging from 10 kPa to the level of failure. Finite element model chosen
in PLAXIS is the axis-symmetric model, since the shape of mat foundations are assumed
square in shape. The finite element mesh consist of triangular element of 15 nodes.

Settlements under different conditions are investigated, based on the above assumptions.



1.4 Curve and Surface Fitting by Matlab

Matlab is strong multi-purpose software with various applicable toolboxes provided for
different fields of science. Two useful tool boxes of this huge program are utilized which
are for curve and surface fitting. To do this part of research, the extracted data from
PLAXIS are imported into these tool boxes and the data are modeled both in two and
three dimensions. The numerical model obtained models the settlement behavior of the

Specific location chosen.



Chapter 2

LOCATION AND SOIL DISTRIBUTION OF STUDY AREA

2.1 Introduction
Cyprus is the third largest island in the Mediterranean Sea, with a surface area of 9251
km?. The general geographical status of Cyprus is shown in Figures 2.1 and the Google

earth map is given in Figure 2.2.

Eyelalt 1017.99mi £

Figure 2.1. The general geographic status of Cyprus (Google earth images of Cyprus, 35
1157.84" N 3309 38.92" E, 27 ft)
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Figure 2.2. Island of Cyprus (Google earth images of Cyprus, 35 06 53.80" N 33 29
57.93" E, 327 ft)

In general, based on the geological evolution and emplacement, Cyprus consists of six
geological zones which are shown in Figure 2.3.
These zones are:
a) Troodos Zone or the Troodos Ophiolite
Troodos ophilite was formed in the upper cretaceous geologic time by the subduction of

the African plate beneath the Eurasian plate.

Troodos Ophiolite is comprised of plutonic, intrusive and volcanic rocks, and covers
Troodos range in the southern central part of the island (Atalar & Kilic, 2006).

b) North Cyprus (Kyrenia) Zone
Kyrenia zone may be divided into two subzones. The first subzone is composed of
autochthonous sedimentary rocks of Upper Cretaceous to Middle Miocene. The Kythrea

group is within this zone The second subzone is composed of allochthonous



massive and recrystallized lime stones, dolomites and marbles of Permian-Carboniferous
to Lower Cretaceous age which have been thrust southward to their present position in
the Miocene (Atalar & Kilic, 2006).

¢) Mamonia Zone or Mamonia Complex
“The allochthonous Mamonia Zone or Mamonia Complex comprises of igneous-
volcanic, sedimentary and metamorphic rocks of Middle Triassic to Upper Cretaceous
age. During the Maastrichtian the movement to Cyprus took place. It only appears near
Paphos in the south west part of South Cyprus (Atalar & Kilic, 2006).

d) South Cyprus Zone
“In the south of Cyprus, sedimentary rocks ranging in age from Upper Cretaceous to
Miocene, are extensively exposed in an area extending between the south of the Troodos
Ophiolite and the south coast from Larnaka in the east to Paphos in the west and less
extensively in the north of Troodos Ophiolite. This zone is composed of mostly chalks,
clays, marls and gypsum. Bentonitic Clays, Lefkara, Pakhna and Kalavasos formations
are within this zone (Atalar & Kilic, 2006).

e) Mesaoria Zone
“The Mesaoria Zone is located between the Kyrenia and Troodos ranges and consists of
rocks of deep and shallow marine environment of marl, sandy marl, calcarenites and
terraces belonging to Pliocene and Pleistocene ages. They outcrop at the Mesaoria plane,
southern slopes of the Kyrenia range and are spreading towards the Troodos mountains.
Nicosia and Athalassa formations are within this zone.”, (Atalar & Kilic, 2006).

f) Alluviums
The alluviums Holocene to recent in age containing gravel, sand, silt, and clay are
widespread in the Mesaoria plain, especially at Nicosia and Famagusta and at the east and

west coasts as well as the stream beds all over the island (Atalar & Kilic, 2006).



The most part soils of Cyprus are composed of alluvium and clays. The characteristics of
this soil are low bearing capacity and low to extremely high swelling potential, (Atalar &
Kilic, 2006). Tuzla, the study area, is a region located in the east of northern Cyprus. The
prevailing soils in the region are alluvial deposits underlain by soft rocks. The alluvial
soils have been usually conveyed by river flow and accumulated in the region

(Papadopoulos et al., 2010).

In order to evaluate the soil properties of Tuzla, various laboratory and field
investigations were carried out. Field investigations included standard penetration tests

(SPT).

Troodos ophiolite Zone

South Cyprus Zong

Figure 2.3. Geological zones of Cyprus (Atalar & Kilic, 2006).

2.2 Boreholes Locations in Tuzla Region

A total of 43 boreholes were drilled in the region; disturbed and undisturbed samples
were recovered. The borehole locations in WGS84 (World Geodetic System dating from

1984 and last revised in 2004) coordinate system are shown in Figure 2.4 and the



coordinates of these locations are presented in Table 2.1. The depths of boreholes vary

between 10 to 25 m.

[ Image © 2012 DigitalGlobe
"5“'&* : ©2012 Basarsoft
Q""‘*ra.;., © 2012 Google N 7 )
Imagery Date: 5/10/2011 ‘& | 2003 35°09'14.75" N 33°53'10.02"E elev 3m Eye alt “4.52 km

Figure 2.4. Borehole locations in the area of study (Google earth image of Tuzla, 35
0914.75" N 33 53 10.02", 3m)

In this system earth surface is divided into plots, also called parcels. In the current study
the soil profile of the area have been characterized for each parcel. There are a few
boreholes in each parcel as depicted in Figure 2.5 and the list of the boreholes are given

in Table 2.2.

Figure 2.5 is created based on the fact that the original information published by the
Department of Geology and Mining is in ED50 (European Datum 1950) coordinate
system. In order to interchange this coordinate system to WGS84, one can use the
formulae bellow (Govsa, 2011):

WGS84=ED50-178.64 for x direction,

WGS84= ED50-27.56 for y direction.



Table 2.1. Coordinates of borehole locations in WGS84 coordinate system (Erhan 2009;
Necdet et al. 2007)

Site Coordinates Coordinate
location Borehole Borehole
N E N E

BH-1  3891121.36 578544.44 BH-23 3890176.36 580827.44
BH-2  3891798.36 578588.44 BH-24 3890793.36 580614.44
BH-3  3891146.36 580154.44 BH-25 3890269.36 580348.44
BH-4  3891101.36 57973044 BH-26 3890756.36 579929.44
BH-5  3889837.36 580515.44 BH-27 3890564.36 579597.44
BH-6  3888927.36 58125344 BH-28 3890777.36 579543.44
BH-7  3891654.36 58112044 BH-29 3890733.36 579369.44
BH-8  3892054.36 581505.44 BH-30 3890737.36 578896.44
BH-9  3891365.36 580981.44 BH-31 3890941.36 579115.44
BH-10 3891697.36 581431.44 BH-32 3890835.36 582695.44
BH-11 3891595.36 581511.44 BH-33 3891359.36 582682.44

e BH-12 3891595.36 581292.44 BH-34 3891355.36 582699.44
BH-13  3891163.08 582189.22 BH-35 3891166.36 582186.44
BH-14  3891215.36 580847.44 BH-36 3891520.36 579081.44
BH-15 3891174.36 580662.44 BH-37 3891520.36 579649.44
BH-16 3891058.36 580830.44 BH-38 3890322.36 578737.44
BH-17 3891091.36 581734.44 BH-39 3891800.62 582533.15
BH-18 3890577.36 581760.44 BH-40 3891102.32 580947.856
BH-19 3890945.36 582087.44 BH-41 3890079.88 580569.613
BH-20 3890383.36 581165.44 BH-42 3889473.53 581535.481
BH-21 3890049.36 581295.44 BH-43 3889149.12 581619.577
BH-22 3889845.36 581763.44




Moreover, to draw the points in Google Earth and interchange the coordinates WGS84 to

longitude and latitude system the software PHOTOMOD GeoCalculator is applied.

Based on the given data in this software, Cyprus is located in UTM (Universal Transverse

Mercator Geographic) zone 36N.

Table 2.2. The boreholes existing in each parcel (Necdet et al., 2007; Erhan, 2009)

No Parcel No. Borehole No.

1 XXIV41E2 BH-2

2 XXIV42 E2 BH-8,BH-10

3 XXIV 43 W2 BH-34,BH-39

4 XXIV51 W1 BH-33,BH35,BH-19

5 XXIV50E1 BH-7,BH-12,BH-11,BH-9,BH-14,BH-40,BH-13,BH-17
6 XXIV50W1 BH-16,BH-15,BH-3,BH-37,BH-4

7 XXIV49E1 BH-1,BH-36,BH-31

8 XXIV49 E2 BH-38,BH-30,BH-29,BH-28,BH-27
9 XXIV50W2 BH-26,BH-24,BH-25,BH-23

10 XXIV50E2 BH-20,BH-18

11 XXIV51W2 BH-32

12 XXIV53W1 BH-41,BH-5

13 XXIV58 E1 BH-21,BH-22,BH-42

14 XXIV58E2 BH-6,BH-43

10
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2.2 Borelogs Information

In this investigation the borelog information used was obtained from the Department of

Geology and Mining and is shown in Appendix A. The borelogs included information on

soil types, depth of ground water level and the SPT depths and numbers as well as

average water content at each depth.

2.3 Topography

The topography of the region is important in the design of structures. In the present study

the maps estimated by Rockwork are based on borehole data. As can be seen in Figure

2.6 and 2.7, the study area is approximately flat and 0 to 12 m above sea level. The

highest point of the region is located in the northwest and the lowest is placed in the

eastern region close to the sea.
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Figure 2.7. Topography map of study area (3D)
2.4 Variation of Water Table Depth

One of the important characteristics in the study of soil behavior and structural design is
water table level. It can affect the SPT blow count, and hence the bearing capacity which
can be calculated using one of the formulae suggested in literature (Bowles 1996; Das
2011; Budhu 2008). The position of water level can also influence the settlement which

has direct relationship with the bearing capacity.

Figure 2.8 indicates that the shape of aquifer and the ground surface are the same. The

only difference between them is the elevations.

13



Top

Figure 2.8.Aquifer model of study area

As can be seen in Figure 2.9, water table depth decreases in the region closer to the sea,

varying from -0.84 to 10 m elevation above sea level.
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Figure 2.9.Water table level variation of study area (2D)

14



Figure 2.10 shows that the water table level varies proportionally with the ground surface

elevation.

Ground Level
= Water table

Figure 2.10. Comparison between water level and ground level

2.5 Soil Distribution

From the engineering viewpoint, characterization of soils and area lithology are
important, since all civil engineering designs are dependent on the behavior of soil
materials. This significance is because most structures and their materials are directly
related to soils. Therefore, the accurate study of soils can basically affect the quality of

the design, safety and the cost of the projects.

In Tuzla area, soil stratification varies from one parcel to another. A general view of the

area is illustrated in Figure 2.11which shows the heterogeneity of the subsoils.
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Figure 2.13.The composition surface soils (3D)

Figures 2.12 and 2.13 show that the surface soils are mainly fine soils and sands,
deposited as alluvial soils in the delta of the River Pedia. It is also noted that some parts
of the surface area are covered by organic soils which are very poor soils for civil

engineering applications.
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2.6 Soil Profiles

In this study soil profiles are obtained based on existing field data. The profiles for each
parcel are given in the Appendix C and Figure 2.14 shows the soil profile between BH-23
and BH-24 for parcel number of XXIV 50 W2. There are very large differences in the

soil types within short distances, which may cause differential settlement problems.
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Chapter 3

LITERATURE REVIEW

3.1Introduction

Soil characterization and behavior are the most important parameters in the design of
foundations. Therefore the site investigation and characterization are essential using one

of the various methods appropriate for a specific project.

The Standard penetration test (SPT) is one of the most frequently used in situ methods for
defining subsurface materials, the data of which can be used for modeling the soil
behavior by finite element method (FEM) in a numerical study. This research is based on
the SPT data provided by the Department of Geology and Mining, Nicosia.

3.2 Standard Penetration Test

SPT was first used by an American company in 1902, which was later modified and
improved in 1927. Then Peck et al. (1953) introduced a correlation table related to
number of blows, consistency for silt and clay, and relative density for sand, as shown in
Table 3.1. Although nowadays it is covered by ASTM D1586 and many other various
standards, such as IRTP (International Reference Test Procedure), it was not standardized
till 1958 in USA. It is worth stressing that later Karol (1960) approximated the value of
cohesion and friction angle corresponding to the type of soil and the number of blows,
however, at that time over burden correction was not defined as it is presented in Table

3.2 (Bowles, 1996; Coduto, 2001; Budhu, 2008; Rogers, 2006).
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Table 3.1. Relative density and consistency correlations based on SPT-N
(Peck et al., 1953)

Relative Density Consistency
Sands and Blows Silts and Strength Blows
Gravels (N SPT) Clays (kPa) (N SPT)
Very loose 0-4 Verysoft  0-25 0-2
Loose 4-10 Soft 25-50 2-4
Medium 10-30 Firm 50-100 4-8
Dense 30-50 Stiff 100-200 8-16
Very Stiff 200-400 16-32
Very dense overs0
Hard Over 400 Over 32

In this test a standard 5 cm outside diameter thick walled sampler is driven into ground
by using a 63.5 kg hammer which is able to fall through 76 cm. The SPT N-value is
calculated as the number of blows needed in order to reach a penetration of 45 cm. This
value will be counted after a primary seating drive of 15 cm. The process of counting has
three stages. In the first stage the number of blows is counted to a penetration depth of 15
cm, next is counted until 30 cm penetration is achieved and finally to 45 cm. At the end
the SPT N-value is computed as the summation of the two latter mentioned values

(Robertson., 2006).
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Table 3.2. Correlations of cohesion and friction angle based on SPT-N (Karol, 1960)

Undisturbed Soil
Soil Type SPT Blow Counts

Cohesion (kPa)  Friction angle (°)

Cohesive soils

Very Soft <2 12 0
Soft 2-4 12-24 0
Firm 4-8 24-48 0
Stiff 8-15 48-96 0

Very Stiff 15-30 96-192 0
Hard >30 192 0

Cohesion less soils
Loose <10 0 28
Medium 10-30 0 28-30
Dense >30 0 32
Intermediate soils
Loose <10 5 8
Medium 10-30 5-48 8-12
Dense >30 48 12
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Figure 3.1. SPT thick walled sampler (Coduto, 2001)

The ASTM split-barrel sampler is illustrated in Figure 3.1. The most commonly used
hammers are shown in Figure 3.2. Although none of them are 100 percent efficient, the
statistics show that they have been used frequently and more than other available types.
For instance US hammer (Figure 3.2. b) is used approximately 60 percent and the other
two types around 20 percent. Hammer (Figure 3.2. ¢) is applied mostly outside of the US

(Bowles, 1996; Robertson., 2006; Coduto, 2001).

Cable 10
s Support
Hammer
l Vent
lw 63.5kg
)
63.5k; /
2
3 - ~lad
E Anvil Guide Cylinder
Q or drive
l""l : head
{ E
p X
{ .8; 1 140-1b Weizht
5
I &}
I Autonmatic
I — - Hoisting
| & N Mechaaism
| Ty
| Ly
Bl -
E { : / /“'—';\m‘.l
o~ 08
Rod (Connects
(a) Early style “pinweight” 1o Sampler)
hammer. (¢) Donut or center-hole
Dnill rod hammer.
(b) Safety hammer. Automatic Hammer

Figure 3.2. Types of hammers for SPT test, (Coduto, 2001)
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3.2.1 N Value Corrections

The SPT N number is standardized by applying correction factor to account for the effect
of energy delivered, overburden stress, and ground conditions. The most applicable
method is the standardized SPT corrections method, which includes different factors
given in the following sections (Robertson, 2006).

3.2.1.1 Overburden Pressure Factor Cy

The over burden pressure or vertical stress is weight of upper layer of soil per unit area.
Therefore the effect of this overburden must be included in the SPT N value. This factor
is very important because it can change penetration resistance. Gibbs and Holtz (1957),
Peck and Bazaraa (1967), Peck, Hanson and Thornburn (1974), seed et al. (1975),
Tokimatsu and Yoshimi (1983), Liao and Whitman (1986), Skempton (1986), Samson et
al. (1986) and Canadian Foundation Engineering manual (2006) have explained
overburden pressure correction for different types of soils. Figure 3.3 shows the

overburden pressure factor curves from various sources.

Ca
9 0 1.0 20 30 4.0
E 0
HP’ rﬁ 3 —'__'_,_,_n—-"""" - o
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g |
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£ 3.0l i Legend
@ o Skempton 1966
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: —-=— coarse sand
L B Peck, H. A
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'.g s | [— Pﬁr‘;{ & Bazaraa |
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ﬁ ;‘[': . ... Teng 1962
A osoladi || et M

Figure 3.3. Overburden pressure factor curve (Knowles, 1991)

Table 3.3 consists of a summary of the formulae related to the discussion above.
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Table 3.3. Empirical formulae of overburden correction factor (Das 2011; Budhu 2008;
Takimatsu & Yoshimi 1983; Atkinson 2003; Canadian Geotechnical Society 2006)

Equation for Depth

Reference Factor Cy

Comment Unitof 6’

Corrected N value [
See Figure 3.4
Measured N value

Gibbs and Holtz (1957)

4 ’
1+4 [p—] Pa
Peck and Bazaraa (1967)
4 E"'F
6 — = 0.75% kPa& ksf
325+ (p—) Pa
0.77logy, () Ch<2 >24kPa
Peck, Hanson and Thornburn
(1974) sf
40
0.77l0g,, (%) Ch<2 >0.5ks
Seed et al.(1975) 1—1.25log,, (p—) ----- kPa& kst
Tokimatsu and Yoshimi 7 kgflcm?
(1983) 6+ 0.7
(E)i Cr<2 kPa
-
Liao and Whitman (1986)
2000 - pSf
(=)
- <
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Table3.3. (Continued)

Reference Equation for Depth Comment Unit of
Factor Cy 0
2 For normally of
118 consolidated fine P
Pa sand
2 For normally of
Skempton (1986) 14 o’ consolidated coarse P
Pa sand
2
= For over psf
1+ oo consolidated sand
8’ < 0.25 tsf
0771 (192[])
. o] —
S\ kPa &
(24 kPa)
ksf
Canadian Foundation
Engineering manual
(2006) _ d" = 0.25tsf
See Figure 3.5
kPa
(24kPa)
corrected N value
Correction factor =
measured N value
50 f —
Effective
overburden 100 /

pressure /
(kN/m?) e //'

250

Figure 3.4. Gibbs and Holtz (1957) overburden correction factor (Atkinson, 2003)
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Figure 3.5. Depth factor chart for 6'>24 kPa (Canadian Geotechnical Society, 2006)

3.2.1.2 Energy Ratio Factor Cg
In recent researches the amount of calculated hammer energy efficiency has been
indicated by E, (%), the output energy given to the rod in the SPT ranging from 30 % to

90% and can be defined as

actual energy to the sampler

E, (%) = x 100 (3.1)

input energy

Theoretical input energy= Wx h = 0.474kN-m (4200 in-Ib), (3.2)
Where,

W=Weight of the hammer =~ 0.632kN (140 Ib)

H=height of drop~ 0.76 mm (30 in)

In fact this energy varies corresponding to the different types of hammer, anvil, and

operator characteristics (Das, 2011).

Schmertmann and Palacios (1979), proved that the SPT blow count is approximately
inversely proportional to the given hammer efficiency energy. Kovacs et al. (1984), Seed
et al. (1984) and Robertson et al. (1983) observed that for most SPT based empirical

correlations energy level of 60 % give satisfying results. Furthermore, Seed et al. (1984)
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determined that for liquefaction analyses the SPT N values must be corrected to an
energy level of 60 %. Therefore energy ratio factor is the proportion of E; over 60. It is
worthwhile to note that because of various methods used by different geologists and
geotechnical engineers all over the world, different values of Cg have been calculated.
Table 3.4 contains these values for some different countries, (Canadian Geotechnical

Society, 2006).

Table 3.4. Ce factors used in different countries (Canadian Geotechnical Society, 2006)

Country Hammer Release E/(%) E./60
Donut 2 turns of rope 45 0.75
North and
South Safety 2 turns of rope 55 0.92
America
Automatic @~ ----- 551083 0.92101.38
Donut 2 turns of rope 65 1.08
Japan
Donut Auto-Trigger 78 1.3
Donut 2 turns of rope 50 0.83
China
Automatic Trip 60 1.0
Safety 2 turns of rope 50 0.83
U.K.
Automatic Trip 60 1.0
Italy Donut Trip 65 1.08

3.2.1.3 Borehole Diameter Factor Cg

Up to now, geotechnical engineers have performed SPT test with various diameters. For
instance in Japan the test is usually made in 66 mm or 86 mm boreholes but never larger
than15 mm. Nixon (1982) however could do the test in 200 mm borehole. It is worth
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noting that some countries usually use size 65-115 mm diameter for this test. Therefore,
the borehole diameters usually are classified to the sizes 65-115mm, 150 mm, and 200

mm.

Although it is possible to neglect the role of testing in rather large boreholes in cohesive
soils, there are some evidences found in sands which result for lower N values in larger
boreholes. Table 3.5 suggests the borehole diameter factor Cg with minimum correction

factors (Skempton, 1986).

Table 3.5. Borehole diameter correction factor (Rogers, 2006)

Borehole diameter
Correction factor

(mm)

65-115 1.0
150 1.05
200 1.15

3.2.1.4 Rod Length Factor Cg
Rod length is another factor which influences the SPT. Morgano and Liang (1992)
extracted some tables and curves to prove this effect as shown in Table 3.6 and Figure

3.6, and presented rod length correction factors in Table 3.7 for this aim.
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Table 3.6.Maximum energy transferred by various rod lengths (Morgano & Liang, 1992)

Ultimate Resistance, kips-(kN)

0.5(2.23) 1.0(4.45) 2.5(11.1) 4.0(17.8) 7.0(31.2) 13.0(57.9)
Rod length

fi(m)
EMX' EMX e EMX EMX e EMX EMX e EMX EMX e EMX EMX e EMX EMX &

kipft kI % kipft kI % kipft kI % kipft kI % kipft kI % kipft kI %

10 (3.05) 023 031 82 024 033 86 025 034 8 025 034 8 025 034 8 025 034 89

20(6.10) 024 033 8 024 033 8 025 034 8 025 034 8 025 034 8 025 034 89

50(15.24) 026 035 93 026 035 93 026 035 93 026 035 93 026 035 93 026 035 093

100(30.49) 026 035 93 026 035 93 026 035 93 026 035 93 026 035 93 026 035 93

! Emx-Energy transferred to rod.
? et= Emx/Ei where Ei is the actual kinetic energy (Ei=0.5 mv2=0.8 wih) of the ram.
* 1kip.ft=1.356kJ
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Figure 3.6. (a) Transfer efficiency for various rod lengths (b) Average transfer efficiency
for various rod lengths, (Morgano & Liang, 1992).
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Figure 3.7. Correction factor for various rod lengths (Morgano & Liang, 1992)

Table 3.7. Currently used rod length correction factors (Rogers, 2006)

Rod length (m) Correction factor
3-4 0.75
4-6 0.85
6-10 0.95
10-30 1.0
>30 <1.0

3.2.1.5 Sampling Method Factor Cs
Generally there exist two sampling methods for SPT which depend on advancement of
the sampler. Therefore, in order to standardize SPT-N value, correction factors are

suggested by Rogers (2006) as can be depicted in Table 3.8.
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Table 3.8. Sampling method correction (Rogers, 2006).

Sampling method Correction
Standard sampler 1.0
Sampler without liner 1.1-1.13

3.2.2 Young’s Modulus of Elasticity Correlations

The modulus of elasticity which is known also as Young’s modulus of soil is a parameter
of soil elasticity and it is most frequently used in the approximation of settlement from
static loads. This parameter can be computed by using empirical correlations, or

laboratory insitu test methods on undisturbed samples.

There are some equations for correlation between Young’s Modulus and N value. For
instance AASHTO (1996), Bowles (1996) ,Bowles and Denver(1982), D’ Appolonia et al.
(1970), Ghahramani and Behpoor (1989) for saturated clays, Kulhawy and Mayne
(1990), Mezenbach (1961), Papadopoulos (1992), Schultz and Muhs (1967), Skempton
(1986), Stroud (1988) and Tan et al. (1991) could extract some empirical or theoretical

formulae for this mission (Afkhami, 2009).

Mezenbach (1961) defined a correlation between Young’s Modulus and N-value as given

in Equation 3.3.

Es= C1+CoN (kg/cm?) (3.3)

Later Bowels (1988) proposed a new formula based on particle size, given in Equation

3.4.

Es= C1 (N+Cy) (kg/cm?) (3.4)
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Where, C; and C; in both formulae are dependent on particle size, water table and the of

N value.

Papadopoulos (1992) obtained the Equation 3.5(Som & Das, 2006).

Es= 75+8N  (kg/cm?) (3.5)

3.2.3 Friction Angle Correlations
One of the important engineering characteristics of soils is friction angle ¢. Victor de
Mello (1971) extracted an empirical relationship among the blow count, friction angle

and effective stress, as illustrated in Figure 3.8.

SPT N Value, Blows/ft or 305mm
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Figure 3.8. De Mello’s empirical calculation to approximate friction angle in sand
(Robertson, 2006)

It is worth stressing that these correlations are revised by many researchers and still they

are being improved.

As it can be seen from the Table 3.9 and Figure 3.9, Peck et al. (1974) provided some

relationships between friction angle and SPT-N value (Kulhawy & Mayne, 1990). Also

33



Equation 3.6 is offered by Wolff (1989) that is attributed to Peck et al. (1974) (Das,

2011).

2
0= 27.1 + 0.3Ngp - 0.00054[Neo] (36)

Later, Schmertmann (1975) suggested a new formula which analyses the SPT data as

given in Equation 3.7 (Kulhawy & Mayne, 1990).

-1 0.34
®=tan [N/(12.2+20.3(c’/P,))] (3.7)

The other formulae which are remarkable in this section are given by Hatanaka and

Uchida (1996) in Equations 3.8-3.9 (Robertson 2006; Ruwan 2008).
05 0
¢=(15.4 (N1)eo) +20, (3.8)

1/2 0
e=35(N) +223 (3.9)

Rajapakse (2008) revised Equation 3.9 based on Bowels (2004) relationships and particle
size of soil. He could compute three relationships and change the second part of equation

to 20 for fine sand, 21 for medium sand, and 22 for coarse sand (Ruwan, 2008).
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Table 3.9. Correlation between Ngo value and friction angle by Peck et al. (1974)
(Jackson et al, 2008)

Friction angle(degrees)
SPT below count

Peck,Hanson and Meyerhof
(305 mm) Consistency
Thornburn (1974) (1976)
0-4 Very Loose <28 <30
4-10 Loose 28 - 30 30-35
10 - 30 Medium 30 -36 35-40
30 -50 Dense 36 -41 40 - 45
>50 Very Dense >41 >45

n
o)

H

SPT N Value
(blows/ ft or 305mm)

Friction Angle, '4-’1.:

Figure 3.9. Peck et al. (1974) relationship between N and ®@ (Kulhawy & Mayne, 1990)

3.2.4 Undrained Shear Strength Correlations
Undrained shear strength is another characteristic which is vital for recognizing soil
properties. It is usually correlated to unconfined compressive strength (q,) as given in

Equation 3.10 (Hara et al., 1974).

S.=0.5q, (3.10)
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Terzaghi & Peck (1967) suggested a relationship for fine grained soils and to determine
gu from SPT blow count. Later other researchers considered other approaches to
determine S,, such as from plasticity index (PI). Sanglerat (1972) suggested a new
formula to achieve this goal by studying the fine-grained soils and silicate. Another
researcher who demonstrated the effect of Pl on S, is Stroud (1974). He considered the
results of unconsolidated undrained test (UU). He concluded that the undrained shear
strength depends on plasticity index and N value. So when PI increases, S, decreases.
Therefore he divided the relationships to three categories which are shown in Table 3.10,
(Stroud, 1974). However Sowers (1979) concluded a relationship vice versa. It is worthy
to note that Schmertmann (1975) mentioned that side friction influences standard
penetration test resistance by more than 70%. Moreover Ladd et al. (1977) reported that

there is a little difference between these values in cohesive soils, (Robertson., 2006).

Finally Décourt (1990), Nixon (1982), Ajayi and Balogum (1988), Sivrikaya & Togrol
(2009) and Hettiarachchi & Brown (2009) updated formulae by previous experiences and

new experimental data. All these relationships are given in detail in Figure 3.10 and

Table 3.10.
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Figure 3.10. Relationships between Syand SPT blow count (Robertson, 2006).
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Table 3.10. Relationships between S, and SPT blow count

Researchers D S(.)'I . Undrained Shear Strength (kPa)
escription
Clay 12.5N
Sanglerat (1972) Silty clay 10N
Terzaghi & Peck (1967) Fine-grained soil 6.25N
Hara et al. (1974) Fine-grained soil 29N 072
Highly plastic soil 12.5N
Medium plastic 75N
Sowers (1979) clay i
- 3.75N
Low plastic soil
Nixon (1982) Clay 12N
. . - 485N field
Highly plastic soil 6.82Nsp
Sivrikaya & Togrol (2002)  Low plastic soil 3.35N fieg
4.93Nso
. : i 4.32N fieiq
Fine-grained soil 6.18Neg
P1<20 (6-7)N
Stroud (1974) 20<PI<30 (4-5)N
PI1>30 42N
. 12.5N
Décourt (1990) Clay 15Negg
Ajayi &Balogun (1988) Fine-grained soil 1.39N+74.2
Hettiarachchi & Brown . : .
(2009) Fine-grained soil 4.1Ngo
3.33N - 0.75w,+ 0.20LL +
UU Test 167PI
4.43Ngo— 1.29w, + 1.06LL +
o UU Test 1.02PI
Sirvikaya (2009)
2.41N - 0.82w, + 0.14LL +
UCS Test 1.44PI
3.24Ngo— 0.53w, — 0.43LL +
UCS Test 2 14P|
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3.2.5 Shear Wave Velocity Correlations

Shear wave velocity, Vs is one of the factors for determining dynamic response of soil.
The first studies about V are obtained from laboratory test results hence some common
relations were generated. There are different methods for determining correlations of Vs,
such as cross-hole, seismic CPT, spectral analysis of surface waves (SASW), and
suspension logging. By using these methods measurement of V; in various depths has

been possible.

As can be seen in Table 3.11, various correlations are suggested for different soil types.
Investigating on 192 samples, Imai and Yoshimura (1975) found an empirical equation
for seismic velocities and indicator data which were obtained from soil parameters.
Sykora and Stokoe (1983) stated that uncorrected SPT-N might be for finding Vs,
geological age and soil type instead of alone. Then they suggested a strong relationship
which is the comparison of dynamic shear resistance and standard penetration resistance
(Sykora & Koester, 1988). lysian (1996) extracted a new correlation for all soils by
investigating on data which were obtained from eastern part of Turkey. He could not find
any correlation for gravels. Jafari et al. (2002) examined the statistical correlation based
on earlier studies. They achieved a new statistical relation between N value and shear
wave velocity. Hasancebi and Ulusay (2006) revised the statistical correlations by a
survey of 97 samples which were extracted from north western part of Turkey. They have
defined new empirical relationships for sand, clay and all soil types regardless of their
constituents. Finally, Ulugergerli and Uyanik (2007) presented an empirical correlation
by studying on 327 samples which were chosen from different regions of Turkey and
obtained seismic velocities and relative density curve for these data. They found different

values between upper and lower bounds in lieu of a single curve.

38



3.2.6 Shear Modulus Correlations
Shear modulus, G, is an important parameter in studying soil dynamic response. Shear

wave velocity can be estimated from Gmax, and also soil density, p, using Equation 3.11.

max — PV52 (3.11)

Gmax IS often used together with modulus reduction (G/Gmax-y) and damping (D-y)
curves to solve dynamic problems when shear strains drive the soil beyond its elastic
range. Modulus reduction curves describe the reduction of secant modulus with increase
in cyclic shear strain, y.. Damping curves describe the hysteretic energy dissipated by the
soil with increase in yc. These curves can be obtained through laboratory cyclic loading
tests, but are typically assumed for a given soil type. The curves obtained by Seed and
Idriss (1970) for sand and by Vucetic and Dobry (1991) for clay are shown in Figures

3.11-3.12.

Ground motion is another subject which can be examined by shear modulus based on
comparison of the reference shear wave velocity and obtained Vs. For instance Choi and
Stewart (2005) obtained attenuation relations by applying the average of shear wave

velocity which is known as V3.
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Table 3.11. Correlations between shear wave velocity and SPT blow count

Researchers Soil Type ShearCWave Velocity
orrelation
Imai and Yoshimura(1970) All soils 76N0.33
Shibata(1970) sand 31.7N%>*
Ohba and Toriuma(1970) Al soils 84N023!
Ohta et al (1972) Sand 87.2N%%
Fujiwara(1972) Al soils 92.1N%3¥
Ohsaki and Iwasaki(1973) Al soils 81.4N%¥
Imai etal(1975) Al soils 89.9N%3
Imai(1977) Al soils 91N03¥
Sand 80.6N%t
Clay 80.2N%?
Ohta and Goto(1978) Al soils 85.35N%343
Seed and Idrees(1981) Al soils 61.4N°°
Imai and Tonouchi(1982) Al soil 96.9N%3
Sykora and Stokoe(1983) Sand 100.5N%#
Jinan(1987) Al siols 116.1(N+0.3185)%%%
Okamoto et al(1989) Sand 125N°3
Lee(1990) Sand 57.4N%%
Silt 105.64N%
Clay 114.43N%*
Athanasopoulos(1995) Al soils 10.6N%3¢
Clay 76.55N%4%
Sisman(1995) Al soils 32.8N%*!
lyisan(1996) Al soils 51.5N%°1
Kanai(1966) Al soils 19N°®
Jafari et al(1997) Al soils 22N0®
Pitilakis et al.(1999) Sand 145(Ngo)**™
Clay 132(Nego)?"
Kiku et al(2001) All soils 68.3N "%
Jeferi et al(2002) Silt 22N°77
Clay 27N%7
Hasancebi and Ulusay(2006) Al soil 9ON 309
Sand 90.82N°1°
Clay 97.89N%%%*
Hasancebi and Ulusay(2007) All soils 23.39Ln(N)+405.61
Al soils 52.9 01N
Dimken(2009) All soils 58N%
Sand 73N%
Silt 60N
Clay 44N
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Imai and Yoshimura (1970) offered the first formula corresponding to soil unit weight
which is shown in Table 3.11. They stressed that the relationship is valid when there is no
large difference between studied soil and existing soil. Parallel to their work, Ohaba and
Toriumi (1970) suggested a new equation as the result of their observations in Osaka.
They varied the obtained Rayleigh wave velocities and also assumed that unit weight is
equal to 16.67 kN/m® as well as Imai and Yoshimura (1970). Ohta et al. (1972) could
extract a new correlation through a survey of 100 sampled data which were obtained from
15 regions. Findings based on the study of diluvial sandy and cohesive soil, and alluvial
sandy and cohesive soil, showed that G in cohesive soils is a little larger than sandy soils
with similar N value but it may not occur. Ohsaki and Iwasaki (1973) established new
numerical relationships revised on another correlation which was extracted earlier. They
considered sand and cohesive soil like that Ohaba and Toriumi (1970) although they

believed that the correlation should be different for each soil type. Hera et al. (1974)
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presented another relationship based on collected data from 25 regions. They classified
data based on soil formation similar to the previous works, and extracted correlations
between G and N values in cohesive soil. Imai and Tonouchi (1982) studied 400 samples
which were chosen from different regions of Japan and consequently introduced
empirical correlations for S-wave and P wave distinctly. Kramer (1996) modified the
correlation which was established by Imai and Tonouchi (1982). Other researchers have
listed and introduced different correlations based on previously published data .The most

available correlations are listed in Table 3.12.

Table 3.12.Different correlations between shear modulus and SPT blow count.

Shear Modulus

Researchers Soil Type Correlation( MPa )
Imai and Yoshimura(1970) Mixed soil 1000N°78
Ohba and Toriuma(1970) Alluvial sand,clay 1220N 2
Ohata et al(1972) Tertiary soil, diluvial sandy and 0.72
cohesivesoil 130N
Ohsaki and Iwasaki(1973) All soils 1218N°"8
Sandy soil 650N
Intermediate soil 1182N°
Cohesive soil 1400N° "
All soils 1200N°8
Hera et al(1974) Alluvial diluvialandtertiarydeposit 158N 0668
Imai and Tonouchi(1982) Alluvial clay 176N
Alluvial sand 125N
Diluvial clay 251N05%
Diluvial sand 177N0631
All soil 144N°-68
Seed et al(1983) No data about this 65N
Anbazhagan and Silty sand with less percentage 24.28NC55
Sitharam(2010) of clay
Kramer(1996) Sandy soil 325(Ngg)>®

3.3 Mat Foundations

Foundation is defined as a connector joining the structure to the soil and which transfers
the loads from the buildings to the soil. Mat foundation can be considered as one of the
important types of shallow foundations which are used to control the differential
settlements in weak soils.
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Various methods are established to compute bearing capacity and settlement of mat
foundations. One of the common methods is the manual computation using analytical
approaches. Nowadays with the advent of geotechnical software, both analytical and
finite element approaches can be done more efficiently.

3.3.1 Review of Bearing Capacity

Bearing capacity (q) is a vital engineering parameter for designing structures, and is
defined as the amount of soil resistance against an applied load. The proposed structure
can be designed by allowable bearing capacity (gan) which is the outcome of dividing the
ultimate bearing capacity (qu:) by a factor of safety (FS). In geotechnical engineering
problems it is common to consider this factor as 3. There are various analytical

approaches for determining bearing capacity which are explained as follows.

Karl Terzaghi (1943) was one of the pioneers who offered plenary theory about g He
defined shallow foundation as the foundation with the least dimension, B to be less than
or equal to the depth at which it is placed. Later another scientist, Meyerhof (1951),
suggested a new theory related to bearing capacity which was applicable for different
foundations. Then Hansen (1970) offered relationship for this factor. He highlighted that
this equation is special for continuous foundations. Vesic (1975) revised this formula and
investigated the value of bearing capacity factors neglecting the effect of slope. There are
some other researchers such as Hu (1964) and Balla (1962) who offered relationships
which are not as applicable as previously mentioned ones. Later a general relationship for
ultimate bearing capacity for a case without slope, inclined foundation base or load

inclination, is defined as in Equation 3.12 (Das, 2009).

Quit = CNcFesFea + QNgFgsFqa +0.5 v BNyFysFyq (3.12)
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Where,

N¢,Ng,N, = Bearing capacity factors, (given in Table 3.14 ).

Fes, Fgss Fys = Shape factors.

Fed, Fqd, Fya = Depth factors.
The commonly used formulae for the shape and depth factors are given in Equations
3.13-3.30.

1) Meyerhof (1963) shape factors

For ¢=0;

Fe=1+0.2C) (3.13)

Fs=F,=1 (314)
q Y

For ¢ greater than or equal to 10;

Fes=1+0.2(D)tan’(45+(2)) (3.15)

Fos=F=140.10)tan’(45+(%)) (3.16)

2) Meyerhof (1963) depth factors:

For ¢=0
Fo=1+0.2(3) (3.17)
Foo=Fy=1 (3.18)

For ¢ greater than or equal to 10
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ch:1+0.2(%)tan (@5+(5)) (3.19)

Df
Fa=Fa=1+0.1(2)tan(45+(3)) (3.20)

3) De Beer (1970) shape factors :

ch:1+o.2(E) (%) (3.21)
qs= 1+(§)tan 0 (3.22)
Fys=1-0.4(§) (3.23)

4) Hansen (1970) depth factors:

Df
For (E] equal or less than 1:

Df
Feg =1+ 0.4(3) for ¢=0 (3.24)
_ i 1-Fqgd
Fed= qu Nqtang (3.25)
., Df
Fqa=1+tane(1- sing) (Ej (3.26)
Fa=1 (3.27)

Df
For (E) greater than 1:
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Fei= 140.4 tan'lr[%j (3.28)

Fea=1+2tang(1- sing)” tan'l[%] (3.29)

Fra=1 (3.30)

Table 3.13. Bearing capacity factors (Das, 2009).

[0) N Ng NY [0) N¢ Ng NY
0 5.14 1 0 26 22.25 11.85 8
1 5.38 1.09 0.002 27 23.94 13.2 9.46
2 5.63 12 0.01 28 25.8 14.72 11.19
3 5.9 1.31 0.02 29 27.86 16.44 13.24
4 6.19 1.43 0.04 30 30.14 184 15.67
5 6.49 1.57 0.07 31 32.67 20.63 18.56
6 6.81 1.72 0.11 32 35.49 23.18 22.02
7 7.16 1.88 0.15 33 38.64 26.09 26.17
8 7.53 2.06 0.21 34 42.16 29.44 31.15
9 7.92 2.25 0.28 35 46.12 33.3 37.15
10 8.35 2.47 0.37 36 50.59 37.75 4443
11 8.8 2.71 0.47 37 55.63 4292 53.27
12 9.28 2.97 0.6 38 61.35 48.93 64.07
13 9.81 3.26 0.74 39 67.87 55.96 77.33
14 10.37 3.59 0.92 40 75.31 64.2 93.69
15 10.98 3.94 1.13 41 83.86 73.9 113.99
16 11.63 4.34 1.38 42 93.71 85.38 139.32
17 12.34 4.77 1.66 43 105.11 99.02 171.14
18 13.1 5.26 2 44 118.37 11531 21141
19 13.93 5.8 24 45 133.88 134.88 262.74
20 14.83 6.4 2.87 46 152.1 158.51 328.73
21 15.82 7.07 3.42 47 173.64 187.21 41432
22 16.88 7.82 4.07 48 199.26 22231 526.44
23 18.05 8.66 4.82 49 229.93 26551 674.91
24 19.32 9.6 5.72 50 266.89 319.07 873.84
25 20.72 10.66 6.77
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3.3.2 Review of Settlement
Settlement is another factor which should be considered before design of structures. This
parameter is divided into immediate and time dependent settlement. In this study the

settlement calculations based on SPT results will be considered only.

Terzaghi and Peck (1948) explained settlement based on plate load test result initially.
They considered the effects of water table and depth of footing. They suggested two
correction factors to account for their effect. They also introduced another relationship
between bearing capacity and N value. Meyerhof (1956) suggested a new formula for
settlement by studying eight structures and assuming that allowable bearing pressure is
more than 50%. Peck and Bazaraa (1969) revised Terzaghi & Peck’s (1948) equation
based on the settlement variations. They used corrected N value for computing the
relationships. Burland and Burbidge (1985) predicted a new relationship between
settlement and Ngo. They classified their suggested formula based on soil type and the
effective stress of layers.

3.3.3 A Brief Explanation of Finite Element Method

Finite element method (FEM) is an accurate and economic way to study the soil structure
interaction. In this method progressive mathematical procedures are applied by
considering a mesh including similar geometrical shapes which are called elements.
Then, critical elements are investigated in order to see the effect of soil subjected to
structural loads (Srilakshmi & Rekha, 2011). In the old methods in order to interpret the
behavior of a mat foundation, which will be investigated in this study, two vital
simplifying hypotheses where considered. The first is an infinitely rigid mat and the
second one-dimensional bending (ACI, 1988). Assuming these two assumptions for some
types of mats, such as stiff mats under the uniformly distributed load may not lead to
considerable mistakes. In case that the first assumption is made, bearing capacity can be

specified by static modeling, while high pressure accumulations close to utilized forces
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and the regions with low pressure far from the forces are neglected. Applying the second

assumption allows to estimate in one dimension only instead of two.

To tackle these restrictions, finite element method is evolved which has solved the

problems mentioned above easily by the aid of basic computer codes (Edward, 1995).

PLAXIS is one of the available powerful software which enables the geotechnical
engineers to utilize FEM in the shortest time. The application of this software, besides
some important expressions related to FEM are explained in detail in the following

chapters.
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Chapter 4

ENGINEERING PARAMETERS RETRIEVED FROM
NOVOSPT

4.1Introduction

NovoSPT is advanced software which supports nearly 270 different correlations. This
software is able to perform some corrections by choosing corresponding formulae
according to the suggested methods, based on soil type and also by using

recommendation section of software as shown in Figure 4.1.

File View Tables Graphs Tools Help
PH>-2 2@ K D0 Se
Input Data | Comelated Soil Parameters @ Z=0.3m. N60=6 |
Following comelations are calouiated for =0 3m . Effective Stress = 358 kFa Schematic soll stratigraphy
ME0=6 . M1{60)~4 after Canadian Foundation Engineerng Manual, 2006
%P Show all SPT comslations for. [ Shear Wave Velocty (Vs) =) a5 [l Depth Comelation | [yal _Show Statitics
Shear Wave Velacity (Vs) m/s Clay silt Sand Grd Comments Refe  Var. il
Azgﬁbgzhagan and Sitharam, —135 @ ¥ & @ |basedon 162dats pointsin Bangslore 4350  N1ED)
170 & & & & |functionof NED 45 NGD
Andrés Alfaro, 2007
] 159 @ @ @ @ |function of NED and depth 43 NED
=k « f forallsails 57 NED 3
Athanasopoulos, 1935
==L o for clays 57 nED
%ﬁ;;ﬂ”?&mﬁm@m ar|d= 218 « « « o |forallsoilsinliran (functionof depth) 58 16D}
Fujiwars, 1972 147  F ¥ 57 NED
for all soils I
Hasancebi and Ulusay, & Yy v v ¢ @ D
20 142 ¥4 for clays 7 =
Imai and Tonouchi, 1982 _@ | 137 v ¥ v 5768 NGO
for all scils
Imai and Yoshimura, 1970 109 o o ¥ 57435 NED
Imai and Yoshimura, 1975 132 F F F F |from192samples 31 NED
Imai etal., 1975 e |13 ¥ v « |forallsals 57 NeD
® 132 « « « « |forQuaternaryand Pleistocenealluvium 57.69 NGO
Imai, 1877
@111 o for clays 57 NED
lyisan Ell o o P 357 NeD
or all soils
Jafari et al., 1957 58 o o 5735 NGb <
Select None | | [#) Select Al Save ssimage b

Figure 4.1. Recomendation tools of the software

Soil properties and SPT records are the main data required for computing correlations as
depicted in Figure 4.2. This program is able to recognize these data which are indeed the

outcome of other software such as Microsoft Excel by selecting “import tools” option.
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Bim}: 0.6 L {md: 0.9
A N 1 SPT Blow Counts Correction Faclor
Df(m): 0.6 Pikpa) 100 Sail layers starting from the existing ground: \@”g”1§| 4 . 5 10 15 20 25 30 35 05 1 15 2 .
; . Thickness| Unit Weight . :
Sheat Failure Safety Factor: 3 (m) (kH/m3) Lithology
E 4 Pile Foundation 25 165 Clay
Length (m): 56 24 187 Sand Z 1
s i 2 15 sit i ;
Diamneter (m): 0.3 22 18 Gravel - _:“
-
E 4~ SPT Correction Clay & 2
Sitt
Apply All Corrections Sand S
Enegry Level (%): &0 Gravel .." 3
i
Borehole Diameter (mm): = é
M values from SPT in-situ tests: MD||°H1§| =
Sampling Method: — E i &
Depth | SPTBlow [ . . c |- i 4=
Overburden Correction: (m) | Counts (N) n : H 2
. 03 [ 3 2 07s 1 Q
1
E o7 Ground Water 06l a 7 2 o7 L
Ground Water Level (m): 4 0.91 1 ] ] 075 Vi ]
. 1.22 12 ] 2 075 |= g
Apply Wiater Level Correction (for ME0=15 £ sk
0 agy g D 152 in & as o7 !
E o' Correlation Settings 183 7 5 177 075 “ 5
1
Overconsolidation Ratio ¢OCRY 1 213 k] 7 182 075 "
244 12 g 1439 073 :
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Depth (m}: 1.52 335 18 14 118 07s 4
H
NEQ: 3 366 13 14 11 076 i
m 396 19 15 1.04 07 * 8
Show only applicable conelations
= = 427 25 20 1 0a2 —4=SPTN wedes Cn
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-\Programs _ new Components. e in' mplel.spt [ '{-' i to: novo
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Figure 4.2. Input Soil Properties and SPT document

NovoSPT calculates N value corrections in home pages according to initial input data.
The corrections shown by C, Cy, Cs, C; and C, are the energy level, borehole diameter,
sampling method, rod-length and overburden corrections respectively. Finally the
program gives the correlation and soil layer identification in “correlated soil parameter”

tab sheet based on initial soil properties and corrected N values as shown in Figure 4.1.

Initial properties of 43 boreholes which are used in this research are based on in situ data
reported by the Department of Geology and Mining, and graduate theses on Geotechnical

Engineering of Eastern Mediterranean University as shown in Appendix A.
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Project: BH-24 Job No.:  Client: Emu__ Borehole:BH24

Consistency
AASHTO, 1988
Terzaghi and Peck, 1948

List of 33 correlations for ::Young's Modulus (Es)::
Young's Modulus (Es) MPa

Ghahramani and Behpoor, 1989

papadopoulos, 1992

Skempton, 1986

Stroud, 1988

t of 32 correlations for ::
Friction Angle deg
Ayuthava

Ayuthaya

Chonburi

Chonburi

Hatanaka and Uchida. 1996
Hatanaka and Uchida, 1996
Hatanaka and Uchida, 1996
IRA, 1990

Kampengsen

Kampengsen

Kulhawy and Mayne, 1990
Meyerhof, 1959

‘Ohsaki et al., 1959 and Kishida, 1967
Peck et al., 1953

Peck, Hanson and Thornburn, 1974
Schmertmann, 1975

Shicl and Fukul, 1954

Shioi and Fukul, 1954

Shiol and Fukul, 1954

Wollf, 1989

Wolff, 1989

riction Angle::

28.8
29.3
28

30.3
29.3
28.9
25.9
29.3
329
27.9
32

22.7
27.9
27.5
27.9
21.2
21.8
27.9
28.3
28

List of 22 correlations for ::Undrained Shear Strength (Su) of Clay/Silt::

Undrained Shear Strength (Su) of Clay/Silt kPa
Afayl and Balogun, 1988
Bowles, 1958

Decourt, 1989

Ghahramani and Behpoor, 1989
Hara et al., 1974

Hatef and Keshavarz, 2004
Hettiarachchi and Brown, 2009
Japanese Road Assoclation
Kulhawy and Mavne, 1990
Meyerhof, 1956

Peck et al., 1974

Reese, Touma and O'Neill, 1976
Sowers, 1979

Sowers, 1979

Stroud and Butler, 1975
Stroud, 1974

Stroud, 1989

Stroud, 1989

Stroud, 1989

Tavares, 1988

Terzaghi and Peck, 1967

List of 63 correlations for ::Shear Wave Velocity (Vs)::
Shear Wave Velocity (Vs) m/s
Anbazhagan and Sitharam, 2008
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3

Comments
for fine-arained solls
for fine-grained soils

Comments
Saturated clays, N60<25

Weak rocks

Comments

for N60>5 , Fi< =45

Dr from Yoshida, 1988

is not recommended for shallow depths (less than 1 to 2 metres)

In aeneral

for roads and bridges

for buildinas

an approximation based on Peck et al., 1974
an approximation based on Peck et al., 1974

Comments

from triaxial UU tests
based on over 100 data in Iran, N60<25

based on 482 SPT and unconfined compression tests in Shiraz city (Iran)
based on several SPT test in US
valid for N60<5

Lean clays (CL)

Fat clays (CH)

valid for N60>5

Insensitive overconsolidated clays
PI=15%

PI=50%

In-sensitive weak rock with N60<200
for clays in Brazil

Comments
based on 162 data points in Bangalore

12,51

Var.
N&O
NEO

Var.
NEO
NED
Neo
NS0

var.
Neo
N1(60)

N1(60)
N1(60)
N1(50)
N1(60)
NEO
NEO
N1(60)
NEO
NEO
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NEO
N1(80)
NEO
nN70
N70
N70
N1(60)
NEO

Var.
N6
NGO
NEo
NEo
NGO
Neo
NEo
NGO
NEO
NEO
N1(60)
NEO
NGO
N&0
NEo
NGO
NGO
NEo
NEO
N&60
NEo

Var.
N1(60)

NovoSPT v 2.32.2012.114 Licensed to: Eastern Mediterranean University , All correlations for N60=2 at depth 2 m; Corrected SPT N1(60)~4 after Canadian Foundation Engineering Manual, 2006

Figure 4.3. NovoSPT output for Borehole 24 at 2 m depth.



4.2 Output Data

As it can be seen from Figure 4.3, after importing data manually, NovoSPT extracts a
report for each depth which shows the type of the correlations and magnitude of
correlated values. It is worth stressing that these data should be recorded by performer

accurately.

4.3 Correlations Based on Different Methods

There are 270 correlations in NovoSPT. This is a large range of selection. Therefore the

data are filtered through several phases which are explained in the following sections.

Figure 4.4 illustrates Young’s Modulus correlation which ranges over 0 to 10 MPa, with
an average of 9.63 MPa. Thus data are chosen which are located close to this mean value.
As a result, Bowels (1996), Bowels and Denver (1982), Mezenbach (1961), Papadopulus
(1992), Schultze and Muhs (1967) and Skempton (1986) correlations satisfy this criterion

regardless of soil type.

In the next phase, regarding the fact that the correlations which are mentioned above are
not suitable for this region which is comprised of different types of soils, those data are
eliminated which do not cover all soil types. Consequently, the two formulae

Papadopulus (1992) and Skempton (1986) are chosen as shown in Table 4.1 .
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Distribution of Comelations
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Figure 4.4.Comparison of Young’s modulus of elasticity correlations
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Figure 4.5. Comparison of friction angle correlations
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Table 4.1.Correlation results for borehole 24 which are extracted from NovoSPT

. Undrained
- Young.s Friction Angle  Shear Strength ; Shear_Wave Shear
£ Modulus; Es ©) S, of Clay/Silt Velocity; Vs Modulus
- « & 5 3 353 2 g . =z g - 9 —~
& &8 2 8 ¢ S > 8§ & 5 3z g 55 8 S 3
[«}) <5} —_ o () ~ (o)) ) z o0 _— O — ~— D
(9] o =z = o T © T o e SR — o X
o zZ 3 5 &2 58 L 5T 2& § =
o} = = =2 <6 TS &2 s
= o o e A = s =2 ) = ©
o o £ < 5 = S5 3 =
wn =] ) c 1] o s = D = D
S X s < m o m N = o8]
< (2] © > I o (9p]
o I Y =
0 0.5 oL
0.5 2.6 CL 2 3 2 3 9.9 8.6 8 12 106 146 34
2.6 4 ML 10.7 9.8 10 16 123 161 49
4 2 2 2 9.1 7.3 5 8 87 127 36
4 6.4 CL
3 3 3 9.9 8.6 8 12 106 146 46
6.4 8.4 SM 13.9 14.8 29.3 31.2 174 204 70
8.4 104 CH 14.7 14.8 22 37 184 213 70
10.4 12 SM 10.5 8 8 8 13.9 14.8 29.3 31.2 174 204 76
12 15 ML 12 7 7 6 13.1 13.6 18 29 162 195 75
15 21 CH 13.9 14.8 20 33 74 204 84
21 30 CL 16.3 18.6 28 45 204 228 92
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Figure 4.5 shows the friction angle correlations. Note that most of the correlations are
placed on points with a distance of nearly 30 degrees around the origin. Also the average
of these correlations is 30.84 degrees. Dunham (1954), Hatanaka and Uchida (1996),
Kulhawy and Mayne (1990), Moh et al. (1989), Peck et al. (1974), Schertmann (1975),
Shioi and Fukui (1959), Terzaghi (1996), Peck et al. (1953) and Wolff (1989) are
applicable to all soil types. Two formulae, Hatanaka and Uchida (1996) and Kulhawy and
Mayne (1990) are selected based upon two factors: their popularity, and the range of their
application in geotechnical engineering. These correlations are available in Table 4.1.
Finally, according to Figure 4.6, comparing the friction angles of the estimated data and
the exprimental data from the Department of Geology and Mining, it can be concluded
that the difference between the average of these two data groups is low. Therfore the

results of this study matches with the experimental data.

60 - » Department of Geology and
. Mining
50 - * o Kulhawy and Mayne, 1990
‘g‘\ Dnnnﬂﬂ a a a 5 nn
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1
=
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Data numbers

Figure 4.6. Comparison of friction angles of the estimated data and the experimental data

of Department of Geology and Mining.
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Distribution of Comelations
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Number of correlations 21
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[ Legend Palar View

Figure 4.7. Comparison of undrained shear strength correlations

Another parameter which is correlated by NovoSPT is undrained shear strength, Sy. As it
is illustrated in Figure 4.7, most of the correlation data are located inside a circle with
radius 20 kPa. It should be noted that inside this circle approximately most of the points
accumulate around 10 kPa. Therefore based on this observation, the two formulae,
Bowels (1988) and Hettiarachchi and Brown (2009) are selected. The results of these
correlations are accessible in Table 4.1. Similar to previous section, as it is shown in
Figure 4.8, comparing the estimated data related to undrained shear strength and the
experimental data available from Department of Geology and Mining, it can be observed
that the average of their difference is low. Therefore, it is concluded once again that the

results of our research match with the experimental data.
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Figure 4.8. Comparison of undrained shear strength of estimated data and the data from

the Department of Geology and Mining
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Figure 4.9. Comparison of shear wave velocity correlations
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Distribution of Comelations
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Figure 4.10. Comparison of shear modulus correlations

Shear wave velocity, Vs is another correlation which can be extracted from NovoSPT. It
can be noticed in Figure 4.9 that the accumulation of most of the points is in the range of
100 to 150 kPa. As a result, two formulae, Seed and Idriss (1981) and Tomio Inazaki
(2006) are offered for all soil types. There are, however no experimental data of shear
wave velocity available for Tuzla area. The results of these formulae are summarized in

Table 4.1.

Finally the last correlation, obtained from NovoSPT in this research is shear modulus (G).
Note that for this case according to Figure 4.10 correlation points are concentrated
between 20 and 40 kPa. Considering the average of these values which is 37.36 kPa, Seed
et al. (1986) is chosen which is both near the average value and also suggested for all soil

types. The results of this correlation are given in Table 4.1.

To sum up the discussions related to the last phase, those correlations are chosen which
give results in agreement with the existing laboratory and in situ data available for the

area. Also, because of huge amount of data the correlations of only borehole 24, which is
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the worst one, are presented here and the correlations for all the other locations are
included in the Appendix C. Moreover, in order to estimate the data which are not
calculable such as void ratio, dry and saturated unit weights, Equations 4.1-4.3 (Das,
2011) Equations 4-4 and 4-5 (Das, 2008), and to approximate permeability Table 4.2 are

applied.

Table 4.2. Rang of coefficient of permeability for various soil types (Das, 2011)

Type of soil Hydraulic conductivity, k (cm/sec)
Medium to coarse gravel Clays 107 or less
Coarse to fine sand 10" to 10
Fine sand, silty sand 10°t0 10°
Silt, clayey silt, silty clay 10 to 10°®
Clays 107 or less
_ I+ w)Gsn (4.1)
1+e
. e T
Td_l—i—e_l—i—w (4.2)
_ (Gs + E}’:‘(w (43)
* 1+e
v~ 0.25+0.00225(P)  For Clays (4.4)
¢, —25°
r=0.1+0.3 (m For Sand (4.5)
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4.4 Bearing Capacity Correlations

The correlations related to this parameter which are available in NovoSPT are Burland
and Burbidge (1985), Terzaghi (1943), Bowles and Meyerhof (1976), and Parry (1977).

A sample of the correlation results related to borehole 24 are shown in Table 4.4.

Meyerhof, (1976) correlation for bearing capacity based upon N value and is based on 25

mm tolerable limit of settlement is given in Equation 4.6 and Equation 4.7.

Oan =Ngo.Kg/F1  for B<F, (4.6)
Jan =Nego.Kq.(B+F3)/(B.F;) for B> F4 (4.7)
where,

K¢=1+D/(3B) <1.33
F1=0.05, F,=0.08, F5=0.30, F4=1.20 (SI units)

Parry, (1977) correlation is for bearing capacity based upon N value and for granular soils

with 25mm tolerable settlement.

Jan=30 Neo for Ds<B (4.8)

Burland and Burbidge, (1985) is defined for bearing capacity based upon N value

obtained from 200 samples and for granular soils with 25mm tolerable settlement.

Gan = 2540.Ngo* /(10 .B%™) (4.9)

where t stands for time and B indicates width of foundation.
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Terzaghi (1943) Formula:

Quit = (4 Ng) + (0.5BN,) (4.10)

where

g = is the overburden stress at foundation level (D),

Nq = e[rt.tan(¢)] [tan(m/4+¢/2)]* (Bowles,1996)
N, = 1.5(N¢-1) tan(¢) (Brinch & Hansen, 1970)

¢ = friction angle correlated from the equation proposed by Hatanaka and Uchida, (1996)

based on SPT at foundation level.
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Table 4.3. The output of approximating BH- 24 data by NovoSPT

=
— [=)]
5 32 >
= S % Undrained Shear £
- ~ L x % g Young's Friction Shear Wave Shear Dilatancy  Poisson S
€ £ 2 B £ I Modulus Angle  Strength of . Modulus Angle Ratio g
o 2 = S ) D . Velocity =
la) a o) > - = Clay/Silt S
w j - =
- =
58]
(9p]
e Yay  Ysa  Es (MPa) o (°) Sy (kPa) Vs (M/s)  Gmax (kPa) v (°) v k (cm/s)
0 05 OL
05 26 CL 069 161 201 8.6 --- 12 106 34 0 0.301 10 -7
2.6 4 ML 084 144 19 9.8 --- 16 123 49 0.256 10-4
4 64 CL 081 141 186 7.95 --- 10 96.5 41 0.286 10 -7
64 84 SM 066 157 19.6 14.8 31.2 174 70 1.2 0.193 10 -3
84 104 CH 1 136 18.6 14.8 --- 37 184 70 0 0.324 10 -7
104 12 SM 1 13 18 14.8 31.2 174 76 1.2 0.193 10-3
12 15 ML 086 143 189 13.6 --- 29 162 75 0.256 10-4
15 21 CH 091 143 19 14.8 --- 33 74 84 0.335 10 -7
21 30 CL 065 165 204 18.6 45 204 92 0 0.387 10-7
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Table 4.4. Bearing capacity correlation by NovoSPT

Dt (m) B (m)

Burland and

Burbidge, (1985) Terzaghi

Bowles & Meyerhof,
(1976) (for 25mm

Parry, (1977) (for

S;(t)trl :rir:nrg (1943) settlement) 25mm settlement)
10 46.76 479.43 91.63 195
14 40.67 657.26 90.44 2325
05 18 33.68 835.09 80.78 252
22 28.97 1012.92 80.37 252
26 2556 1190.75 80.08 252
10 46.76 535.55 93.13 195
14 40.67 713.38 915 2325
ST 33.68 891.21 90.61 252
22 28.97 1069.04 90.04 252
26 2556 1246.86 80.64 252
10 46.76 591.66 94.63 195
14 40.67 769.49 9257 252
15 18 33.68 947.32 91.43 252
22 28.97 1125.15 90.71 252
26 2556 1302.98 90.21 252
10 52.34 647.78 96.13 195
14 40.67 825.61 93.63 252
2 18 33.68 1003.44 92.25 252
22 28.97 1181.27 91.38 252
26 2556 1359.09 90.78 252
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Chapter 5

FINITE ELEMENT MODELING BY PLAXIS 2D

5.1Introduction

Geotechnical engineers are frequently required to solve complex soil-interaction
problems. PLAXIS is becoming an increasingly popular tool for solving such problems.
While PLAXIS is a powerful tool for handling complex geotechnical problems, users
need to be properly trained to develop the necessary skills for running and obtaining

meaningful results using the program.

In 1970, since there was a need for a tool to run the finite element method and
constitutive models for geotechnical design, a group of the Technical University of Delft
under the supervision of Professor Pieter A. Vermeer started a research related to this
matter. Immediate cause for this research was the question from the Dutch Ministry of
Public Works to find a solution to predict the possible movement of the famous Dutch
Oosterschelde-Dam  which protects an important part of the Netherlands against

flooding.

This resulted in a software code that enabled elastic-plastic calculations for plane strain
problems based on high-order elements. Later, the code was enriched and could deal with
axi-symmetric problems too. It was in that time that the name PLAXIS, short for

“Plasticity Axi-Symmetry” was used for the first time.
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In 1986 a new phase of the research was started with the purpose to make the use of the
Finite Element Method applicable to practicing geotechnical engineers. This ended in use
of the codes at the universities for various projects. Later in 1993, it was started to use

PLAXIS code outside the university (Kuory et al., 2002).

Nowadays, there are various types of codes of this software available for the users, such

as PLAXIS 2D, Plax Flow, PLAXIS 3D, 3DFoundation, 3DTunnel.

5.2 Finite Elements and Nodes

There are different definitions for element and nodes in PLAXIS software which are
aided to solve geotechnical problems. Therefore, these definitions are given in the
following sections, from PLAXIS V8 Manual, (Kuory et al., 2002). The information
given refers to mats since this is the foundation type used in this study.

5.2.1 Soil Element

As it is mentioned before, in finite elements method progressive mathematical procedures
are applied by considering the mat foundation as a mesh including similar geometrical
shapes which are called elements. There are two types of elements in this software which
are both triangular; 15 nodes element with 12 stress points and 6 nodes element with 3

stress points, as illustrated in Figure 5.1.

The model chosen in this study is axisymmetric, since the shape of mat foundations are
considered to be square. The element type chosen is 15-nodes with 12 sear points.

5.3 Input Program

Soil properties for each layer, type of modeling for each material and geometry are
variable factors which are defined manually as input to the program. These data are
included as initial soil parameters, coordinates of layers and various modeling which are

defined in PLAXIS. The models of the software are explained in the following sections.
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Figure 5.1. Element types in PLAXIS (Kuory et al., 2002).

5.3.1 Modeling of Soil Behavior

PLAXIS V8 can be used to study the soil behavior in various models including Linear,
Mohr-Coulomb, jointed rock, hardening, soft soil and soft soil creep model. Mohr-
Coulomb model is chosen in this study.

5.3.1.1 Linear Elastic Model (LE)

This model shows that Hooke’s law of “isotropic linear elasticity” consists of Young’s
modulus and Poisson’s ratio factors. It is a very initial model for simulating stiff
material.

5.3.1.2 Hardening Soil Model (HS)

As it is mentioned in PLAXIS V8 manual this is an elastoplastic type of hyperbolic
model, formulated in the framework of friction hardening plasticity. It is a hardening
model that does not account for softening due to soil dilatancy and de-bonding effects.
This model satisfied all soil types and is investigated invariable compaction when soil
under of initial force.

5.3.1.3 Jointed Rock Model

This anisotropic elastic —plastic model is used to simulate the behavior of rock layers

including stratification and particular fault directions. Plasticity can only happen in a
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maximum of three shear directions. The intact rock is assumed to behave fully elastic
with constant stiffness properties.

5.3.1.4 Soft Soil Model (SS)

This model is of the type of Cam-Clay used for normally-consolidated Clay-type soils
and its best performance is when primary compression is considered.

5.3.1.5 Soft Soil Creep Model (SSC)

This model is used when the soil creep is considered. In fact, high degree of creep
phenomenon occurs when we have soft soil such as normally consolidated clay, silt and
peat are to be modeled (Kuory et al., 2002).

5.3.1.5 Mohr Coulomb Model (MC)

Mohr Coulomb model is another model which is widely used to investigate on primary
soil behavior. This model needs five factors to approximate deformations which are
experimentally determined. These factors are the common parameters in geotechnical
engineering: Young’s modulus, E, Poisson’s ratio, v, Friction angle, ¢, cohesion, c, and
dilatancy angle, ¢ which are explained in previous sections (Kuory et al., 2002).

5.3.2 Types of Soil Behavior

Generally, PLAXIS simulates the effect of the load, which is the stress-strain
relationship, as the main output of these simulations. Therefore, study on pore water is
also vital, as it affects the stress-strain behavior of soils. For this aim, PLAXIS suggests
three models which are introduced as follows.

5.3.2.1 Drained Behavior

This case is used when excess pore water pressure information is not important for
simulating soil behavior. Thus it is applied on drained soil or coarse sand under low load.
5.3.2.2 Undrained Behavior

This model is used for a full development of excess pore water pressure, which occurs
when a soil has low permeability as in clays or under a high rate of loading’. This

parameter is a good choice for calculation of consolidation or secondary settlement.
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5.3.2.3 Non-Porous Behavior

This case is used when initial and excess pore pressure information is not important for
simulating soil behavior. Thus it is only applied for drained soil or coarse sand under low
load (Kuory et al., 2002).

5.3.3 Model Generation

As it is seen in the discussions above soil properties has been applied for modeling the
mat foundation. Data for different layers of soil were estimated earlier by Rockware
software (see Appendix B) and correlated by NovoSPT. The simulated model of these
data by PLAXIS V8 2D is depicted in Figure 5.2.

5.3.3.1 Mesh Generation

PLAXIS offers five types of mesh density which are, very coarse, coarse, medium, fine
and very fine mesh. These meshes are generated spontaneously when selected the related
button, but may be different shape in each cluster. In this study very fine mesh was
selected as shown in Figure 5.2.

5.3.3.3 Initial Conditions

Initial conditions should be defined, after creating geometry model and generate mesh.
PLAXIS specifies these by two ways: one way is defining initial water pressure and
another way is generation of effective stress. In this study depth of water table is probed
by information obtained from Department of Geology and Mining, and data from projects
consulted by the Building Sciences Research Centre and the graduate theses on

Geotechnical Engineering of the Eastern Mediterranean University.
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Figure 5.2. Mesh and geometry for finite element model

5.4 Calculation

After extraction of mesh and geometry, and also applying the initial conditions the
calculation steps start. Program has offered three calculation types: plastic calculation,
consolidation analysis and phi-c reduction (safety analysis). These steps are explained as
follows.

a) Plastic calculation: used when plastic analysis is considered. Therefore it is not
needed to analyze of excess pore pressures - time relationship in this type. This
fact does not hold for creep model which is reflected in the software.

b) Consolidation analysis: This choice is selected when soil volume changes are
considered. Therefore the software analyzes excess pore pressures - time
relationship precisely. In the case when all excess pore pressures dissipate, it is

required to choose the “minimum pore pressure” option.

In the current study “all excess pore pressure” is not reduced. Therefore
“minimum pore pressure” is not applied. This shows that the consolidation

settlement of the area is not finished during the time under assumption. “minimum
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excess pore pressure” value is different for each soil but usually it is assume to be
1.
c) Phi-c reduction (safety analysis): This type is used when safety factor is
determined. To achieve this aim “phi-c reduction™ is defined after the steps.
Hence it is not used for the first step. Also in order to perform “phi-c reduction”
shear parameters should be decreased (Kuory et al., 2002).
5.5.1 Loading Types for Calculation Steps
After defining calculation type, the loading is selected. Load types are explained as
follows.
a) “Staged construction”: This kind of loading is the most significant type in the
category of loading. In “staged construction” type PLAXIS allows to adjust the
dimensional properties, load formation, water pressure distribution and reassigning
of the material.
b) Total multipliers: This is utilized to determine the conclusive values of exterior
loads. Finally as the last step of these proses, the exact conclusive value of external
load should be used.
€) “Incremental multiplier”: is chosen when the incremental value of exterior load
should be used, (Kuory et al., 2002).
5.5.2 Calculation Steps
In this study, there are 6 calculation phases: the first phase is to calculate elastic
settlement by “plastic analysis” method choosing the “stage construction” type. In the
other phases, the calculation of the consolidation settlement is carried out as
“Consolidation analysis” by “staged construction” load type. These phases are shown in

Figure 5.3.
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Figure 5.3. Calculation phases of this study.

After calculation, some data can be extracted by PLAXIS software such as stresses, pore

pressures and displacements for soils as a result of finite element analysis.

5.7 Curves

In the “calculation” tab there are some options to give results of the finite element model.

This tool enables us to do comparison of finite element results obtained at different

points. To achieve this, the points should be selected before performing calculation steps

(Kuory et al., 2002).
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Chapter 6

RESULTS AND DISCUSSIONS OF FINITE ELEMENT
MODELLING

6.1 Introduction

In this chapter a database on the characteristics of soil which are categorized by
NovoSPT and are analyzed and interpreted by a finite element method program
(PLAXIS) have been discussed. The relationships obtained are plotted and a discussion
including the comparison among them is done. Finally, a model describing the behavior

of the soil is created using the curve fitting method of Matlab software.

Assessing he extracted bearing capacity data by NovoSPT and comparing the SPT-N
values from each borehole, the location of borehole 24 is selected as the area with the
weakest soil properties. Mat foundations of dimensions 10, 14, 18, 22 and 26 meters were
selected and subjected to pressures ranging from 10 kPa to the stress level at which soil
fails. The finite element mesh at failure is illustrated in Figure 6.1. The analysis of data

are presented in Appendix D.
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Finite Element Code for Soil and Rock Analyses

6.2 Total Settlement Analysis

The results of the analysis of the settlement of 133 models at depths of 0.5, 1.0, 1.5 and
2.0 meters, are shown in the Figures 6.2 - 6.6 and given in Appendix D. The amount of
settlement increases with the load per unit area. But with the increase of depth of the
foundation, the magnitude of elastic settlement decreases, while consolidation settlement
increases. This behavior can be explained as deeper the foundation depth closer will be

the loaded area to the consolidating layer below the water table.
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Figure 6.2. Total settlement in 50 years for 10 m footing width.
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Figure 6.4.Total settlement in 50 years for 18 m footing width
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Figure 6.6.Total settlement in 50 years for 26 m footing width

6.3 Consolidation Settlement Analysis

Investigating the consolidation charts up to 50 years, one can conclude that the
consolidation slows down yet progresses further in time. This is because mostly fine
grained soils prevail in the region with a low coefficient of permeability. The analysis is
stopped at 50 years due to the assumption that if the allowable life time of a building is
considered as 10 years, it can be increased by renewing the building to a lifespan of 50

years. The consolidation analysis results are presented in Figure 6.7 and Appendix D.
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Figure 6.7.Consolidation settlement curves for 10 m footing width at 0.5 m depth.

6.4 Bearing Capacity Analysis

If the allowable total settlement is assumed to be 50 mm, based on Table 6.1 (Das, 2011),
the magnitude of bearing capacity of the region corresponding to the depth and
foundation dimension can range between 30 and 65 kPa. For a factor of safety of 3, the

allowable bearing capacity varies between 10 and 20 kPa.

In the last part of this chapter, the extracted bearing capacity by NovoSPT (4
correlations), by general bearing capacity equation which is explained in Chapter 3 and
also by PLAXIS are compared. The results are presented in Figure 6.8 as well as in Table
6.2. As it is clear from the figure there is a significant difference between the results of

finite element analysis by PLAXIS and general bearing capacity equation.
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Table 6.1. Recommendations of European Committee for Standardization on Differential
Settlement Parameters, (Das B. , 2011)

Item Parameter ~ Magnitude Comments
Limiting values S 25 mm Isolated shallow foundation

- age T
for serviceability 50 mm Raft foundation

5mm Frames with rigid cladding
(European . . .
Committee for ASt 10mm Frames with flexible cladding
Standardization, | 20mm Open frames
994a)
B 1/ 500

X:iggtgltj)?; S 50 Isolated shallow foundation
Iggcsr‘;té?‘? ASt 20 Isolated shallow foundation
(European

Committee for
Standardization, |
994b)

B ~1/500

ST: Tolerable settlement, AST: Tolerable differential settlement, [5: Angular distortion

Moreover, Figure 6.8 depicts that while the Bowels and Meyerhof (1976) correlation has
a small difference with general bearing capacity equation, Burland and Burbidge (1985)
shows a noticed difference from the results found by PLAXIS. As a result, the most
reliable correlation to calculate bearing capacity from SPT-N value can be concluded
from this study to be Burland and Burbidge (1985) correlation. It should be noted that
comparing the bearing capacity results, Perry (1977) and Terzaghi (1943) correlations

have given significantly higher estimates than the other correlations.
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Table 6.2.Comparison of bearing capacity values from different methods .

Burland and General BC Génﬁ:;:oic Bglsai?ign Based on
Burbidge Terzaghi Bowles/Meyerhof,  Parry (1977),for Equation bascl) d on de settlement total
D¢ (m) B (m) (1985), for (1943) (1976),for 25mm 25mm based on Beer and charts settlement
25mm settlement settlement Meyerhof’s Hansen’s (for 25 mm charts in 50
settlement formulae formulae settlement) years
10 46.76 479.43 91.63 195 83.51 83.90 43.19 44,58
14 40.67 657.26 90.44 232.5 83.29 83.48 43.26 40.71
05 18 33.68 835.09 89.78 252 83.18 83.25 29.30 35.62
22 28.97 1012.92 89.37 252 83.10 83.10 25.02 32.92
26 25.56 1190.75 89.08 252 83.05 83.00 22.39 30.04
10 46.76 535.55 93.13 195 92.30 93.43 56.25 54.45
14 40.67 713.38 91.5 232.5 91.87 92.59 43.94 42.35
1 18 33.68 891.21 90.61 252 91.64 92.12 36.85 38.59
22 28.97 1069.04 90.04 252 91.49 91.82 32.60 36.57
26 25.56 1246.86 89.64 252 91.39 91.61 30.64 30.04
10 46.76 591.66 94.63 195 101.09 102.95 65.18 60.40
14 40.67 769.49 92.57 252 100.45 101.69 52.26 51.07
1.5 18 33.68 947.32 91.43 252 100.10 100.99 4414 54.69
22 28.97 1125.15 90.71 252 99.88 100.54 40.05 40.94
26 25.56 1302.98 90.21 252 99.72 100.23 38.01 37.47
10 52.34 647.78 96.13 195 109.88 112.47 72.63 65.33
14 40.67 825.61 93.63 252 109.03 110.79 59.27 55.42
2 18 33.68 1003.44 92.25 252 108.56 109.85 4153 49.85
22 28.97 1181.27 91.38 252 108.26 109.26 47.48 4451
26 25.56 1359.09 90.78 252 108.05 108.85 45.56 41.23
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Figure 6.8. Comparison of bearing capacity values from different methods .

As can be observed in Figure 6.8, the bearing capacity approaches without settlement
control overestimate the bearing capacity. However, Meyerhof (1976) approach limiting
settlement to 25 mm also gives similar results. Whereas finite element method gives
much smaller values and Burland and Burbidge (1985) is the only method discussed

herein, which is in good agreement with these results.
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Figure 6.9 shows the comparison of bearing capacity for different foundation depths. As
it can be seen from this figure, bearing capacity increases with depth. To justify this fact
it should be noted that soil consolidates under higher loads at deeper foundation depths,

hence becomes denser. Therefore, it is natural to expect an increase for bearing capacity

as well.
B(m)
0 5 10 15 20 25 30
0 | | | | | |
——Df=05m
107 _m DE10m
iﬁ'zg | kD15 m
z. —<—Df=2.0m
5 30 -
=
53
(&7 40 -
)
£
S 50
faa)
60 -
70 -

Figure 6.9. Comparison of bearing capacity values at different foundation depths .

6.5 The Effect of Water Table Level on Settlement

Water table level is one of the important factors which affect settlement. The increase or
decrease of the water table level can occur either as a consequence of natural events such
as raining/draught or as a result of mankind activities like pumping water used for

personal or industrial purposes.

In this study, the measured water level is equal to 2.30 m. The variation of water level is
considered to be £0.5. Therefore, according to Figure 6.10 it is clear that settlement
increases regardless of the variation of water level. The reason can be justified by
considering the fact that while water level drops the effective stresses increase which
leads to an increase in settlement. On the other hand when the water level rises, the fine
grained soils become submerged and therefore able to consolidate. Hence the settlements

increase. This can be considered as a hazard for foundations mainly due to possibility of
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large differential settlements, which may cause detrimental damage to the structures.
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Figure 6.10. Foundation settlements with respect to water table level at foundation depths
of (@) 0.5m, (b) 1.0 m, (c) 1.5 m and (d) 2.0 m.

6.6 The Effect of Variations of Modulus of Elasticity

Modulus of elasticity is one of the parameters, the variation of which can have a great
impact on settlement. There are many ways to modify the modulus of elasticity, such as
by soil mix and jet grout methods. In mix method the soil is mixed with another soil type
with higher modulus of elasticity. Thus increasing the stiffness of the soils on which
structures are to be built. In jet grout method, a grout is injected into soil by a special
instrument as shown in Figure 6.11. It should be noted that in some cases both methods

can be applied together.
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Figure 6.11.Jet grouting method (Menard Co., 2011)
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Figure 6.12. The relationship of settlement with modulus of elasticity at foundation
depths of (a) 0.5 m, (b) 1.0 m, (c) 1.5 mand (d) 2.0 m.
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As it is observed in Figure 6.12, the settlement of the soils in the region decreases with

the increase of modulus of elasticity.

6.7 Mathematical Model of Settlement of Tuzla Soils based on SPT-N

Matlab is a multipurpose powerful tool which enables research in various fields to
perform time consuming calculations in a percent of a second. This useful software also
possesses various tool boxes. Curve fitting is one of the most frequently used tool box of
Matlab. This tool box is special for fitting numerical data which ranges over an

independent interval.

There are various categories of different types of functions available in curve fitting tool
box which enable us to fit the data to a curve passing nearly the same positions on the
plane of considered data, and also take the corresponding mathematical function.
Therefore, there are two possibilities in Matlab in order to study the behavior of data: that
are discussing the fitted curve which is known as graphical method as well as analyzing
the mathematical known formula which is called theoretical method. In order to fit some
data the first step is to choose a function which can be either selected from the available
category in tool box or defined by the user in “Custom Equations” option, provided that
the data matches with the initial conditions of the function. The available functions in
this software are classified as “Exponential”, “Fourier”, “Gaussian”, “Polynomial”,
“Power”, “Rational”, “sum of sine functions”, and “Weibull”. One can find a brief

explanation of these categories in Table 6.3.
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Table 6.3. The available functions in Matlab for curve fitting (Mathwork, 2011).

Function
Name Type Comment
Exponential ae®™ a,b are constant
Fourier ap + a;cos(wx) + bisin(wx) ao ,a1,W and by are constant
Gaussian aze(-((x-by)/c1) 2 ai,biandc; are constant
Polynomial PnXn + PraXn1t...+P1x+Pg Pn...Poare constant
Power ax’ a,b are constant
. P(x) and Q(x)are polynomials
Rational P(X) /1Q(X) and Q(x) = 0
Weibull abx 1) g(ax) a,b are constant

In this research we fit the extracted data related to borehole 24 by PLAXIS by applying
the mentioned tool box. It should be mentioned that this borehole is a representative one,
chosen out of 43 existing boreholes.

6.7.1 Choosing the Best Fitted Function

It is not only possible to study one data class in curve fitting tool box, but also to compare
different data categories with at least one common characteristic. Besides one can fit a set
of data with various functions simultaneously and select the best curve among them as

well as its corresponding formula.

Matlab provides two ways in order to compare the fitted data and find the best formulae.
The first way is to use some statistical indexes available in “Goodness of fit” section.
This section consists of “The sum of squares due to error (SSE)”, “R-Square”, “Degrees
of freedom adjusted R-Square”, “Root Mean Squared Error (RMSE)” which are

explained in Table 6.4.

The second way in order to determine the goodness of data fitting is to analyze a type of

graph which is available in “Residuals” option from the view menu. In this method for
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each fitted curve a graph including some straight lines which join the successive points
together is sketched separately. Then comparing these straight lines which are called
residues, the most similar graph to a straight line indicates the best fitting. To achieve the
best curve, we applied various kinds of the mentioned functions above to the chosen data.
Comparing both the goodness of fit and residuals of the outcomes, one can determine that
the best function in order to justify the behavior of our data is exponential function.
Figure 6.13 and Table 6.5 confirm this fact. According to Table 6.5, since the values of
indexes for the exponential function are the nearest values to the expected numbers for a
good fitting, one can conclude that the exponential model is the best indicator of the

behavior of the data under study.

Besides the theoretical model, also one can observe this behavior by comparing different
fitted curves applied to the data. To distinguish the best curve among the sketched graphs,
the residual graphs can be studied as well as the graphs themselves. To do this,
comparing the corresponding residuals the best curve is the curve whose residuals is the

most similar to a straight line.
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Table 6.4. Goodness of fit indexes (Mathwork, 2011)

Name Description Formula
Total deviation of the response values n
SSE from the fitted curve to the response Zw" i =35
1=
values.
n
. PRI
SSR Squares of the regression. £
i=
PRACES AL
SST Total sum of squares. =
1=
Square of the correlation between the
SSR_ _ SSE
R-Square response values and the predicted SST ~  SST

Adjusted R-Square

RMSE

MSE

response values.

Applies the R-square error according

to the residual degrees of freedom.

Fit standard as well as the standard RMSE = s = VMSE

error of the regression.
square error or the residual mean SSE

square

Residual degrees of freedom is
defined as the number of response
values n minus the number of fitted
coefficients m estimated from the

response values.
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Table 6.5. Goodness of fit indexes for different types of curves

Model SSE R-square Adjusted R-square RMSE
Exponential 18.41 0.9976 0.9973 1.622
Fourier 1350 0.9473 0.9209 15
Polynomial 5917 0.769 0.7401 27.2
Power 1087 0.9576 0.9522 11.66
Rational 2.692e+004 -0.05137 -0.1828 58.01
Weibull 5.192e+004 -1.027 -1.281 80.56

According to the Figure 6.13 the exponential function possesses the most straight
residual.

6.7.2 Interpreting the Selected Model

Regarding the discussion above we offer the exponential model below for the observed

data:

Sc(q) = aeP? (6.1)

Where Table 6.2 is bearing capacity, S.(q) is total settlement and a, b are real numbers.

In order to calculate bearing capacity, g, as it is mentioned before in Table 6.2, we use the
average ratio of general bearing capacity over the extracted bearing capacity by PLAXIS;
that is 2.25. Consequently q here is obtained by dividing calculated bearing capacity by
general equation with 2.25. Also to define the error of the suggested function, we
consider an error coefficient, c, which is obtained from comparing the solutions of the

found equation with the available settlements. It is worth stressing that ¢ ranges
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depending on g. As the result of these assumptions the main equation can be written as
below:

bg

St(q) = c.aezas (6.2)

since “a” and “b” are dependent on both Df and B, the variations of these coefficients
over ranging Df and B is studied. A summary of this observation is enclosed in Table 6.6.
To achieve this aim also we model Df, B, and “a” in one phase and Df, B, and “b” in
another phase separately and three dimensionally. Observing the obtained results leads to
the fact that Df and B satisfy the general formula of a plane in 3- dimensional space

which is shown in Figure 6.14 and can be defined as below,

f(D;, B) = P00 + P10.D; + PO1.B (6.3)

Where P00, P10, P01 are real numbers, which are available in details in Table 6.7. Also
according to the sketched graphs in Figures 6.15 to 6.20, these coefficients are obtained

from polynomials with degree four with the general formula below:

P(t) = Pt* +Rt* + Pt? + Pyt + P, (6.4)

where, Pa, Pb, Pc, Pd, and Pe are coefficients of the mentioned polynomials which are
represented in Tables 6.8- 6.9. Therefore Equation 6.5 can be obtained according to
Equations 6.2-6.4, which is dependent on time, width and depth of foundation depicted
as below.

Pooy (t)+Paog 00.Df + Poo (B g

$:(a,Dg B,t) = c.[(PO0, () + P10,(1).D; +P1,(t).B) e 1(6.5)
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It should be noted that by establishing this new result, the best fit of the exponential
function which is mentioned at the first of this section and is beyond of the scope of this

research, can be related to time parameter indirectly which requires much more study on

the whole database including 43 boreholes.
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Table 6.6. The calculated coefficients “a” and “b” with respect to depth and width of foundation.

30 days 4 years 10 years 30 years 50 years
o 5 a b a b a b a b a b
0.5 10 3.02 0.05229 343 0.05462 3.79 0.05446 4.10 0.0556 4.96 0.05209
1 10 2.93 0.04152 4.15 0.04079 4.71 0.04062 5.80 0.03984 6.22 0.03988
15 10 3.20 0.03458 5.09 0.03303 5.72 0.03314 6.23 0.03393 6.51 0.03415
2 10 2.74 0.03322 4.69 0.03167 5.94 0.02978 5.56 0.03265 5.80 0.03287
0.5 14 5.15 0.04521 5.99 0.04664 6.22 0.04785 6.49 0.04981 6.77 0.05012
1 14 2.67 0.0482 3.61 0.04797 3.11 0.05233 2.03 0.06154 1.57 0.06653
1.5 14 4.02 0.03574 5.76 0.0356 6.38 0.03587 7.24 0.03608 7.85 0.03576
2 14 4.48 0.03006 7.51 0.02836 8.44 0.0282 9.85 0.02782 10.78 0.02732
0.5 18 8.13 0.03807 9.52 0.03952 10.11 0.04016 11.10 0.0337 11.38 0.04136
1 18 7.91 0.03157 10.27 0.0322 11.06 0.03284 12.10 0.411 13.20 0.03327
15 18 6.77 0.02988 10.24 0.02877 11.37 0.02889 13.07 0.02872 14.34 0.02816
2 18 6.44 0.02656 10.19 0.02565 1141 0.02557 13.05 0.02547 13.98 0.02528
0.5 22 11.61 0.03021 13.14 0.03276 13.90 0.03357 14.76 0.035 15.13 0.03576
1 22 8.67 0.03102 10.59 0.03268 11.30 0.03346 11.92 0.03497 11.69 0.03639
15 22 8.72 0.02647 10.21 0.03208 12.13 0.03027 14.79 0.02833 16.55 0.02721
2 22 8.18 0.02407 12.53 0.02388 14.20 0.02369 16.61 0.02331 17.90 0.02307
0.5 26 14.19 0.02614 16.70 0.02789 1791 0.02846 19.03 0.03005 19.67 0.03067
1 26 18.09 0.029 16.57 0.02469 16.74 0.02635 17.98 0.02781 18.09 0.029
15 26 10.26 0.024 1451 0.0244 16.09 0.02469 18.36 0.02485 19.68 0.02467
2 26 9.14 0.02276 14.43 0.02234 16.58 0.02212 19.44 0.02184 20.92 0.02163
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Results

Linear model Poly11:

flx,v) = p00 + pl0™x +p01%y
Coefficents (with 95%: confidence bounds):
p00 = -0.9752 (-3.539, 1.539)

pl0 = -1.317 (-2.459, -0.1745)
p01= 0,535 (0.4221, 0.5479)

Goodness of fit:

S5E: 31.14

R-square: 0.903

Adjusted R-square: 0.8916
RMSE: 1.353
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Results

Linear model Poly11:
flx,y) =p00 + p10¥x +p01¥y
Coeffidents (with 95%: confidence bounds):
p00 =  -3.406 (-5.879, -0.9334)
pl0 = 0.0932 (-1.008, 1.195)
p0l= 0.7081 (0.5993, 0.817)

Goodness of fit:
SSE: 28.97
R-square: 0.9172
Adjusted R-square: 0,9075
RMSE: 1.305
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Results

Linear model Poly11:

fi,y) =p00 +p10*x +p01=y
Coeffidents (with 95% confidence bounds):
poo0 = -3.33 (-4.84,-1.32)

pil =  0.8419 (0.1691, 1.515)
po0l= 0.7203 {0.6538, 0.7368)

Goodness of fit:

SSE: 10.8

R-square: 0.9736
Adjusted R-square: 0.9704
RMSE: 0.7972
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Results

Linear model Paly11:

flx,y) = p00 +pi0%x +p0i¥y
Coefficents (with 95% confidence bounds):
pl0 = -5.977 (-9.328, -2.625)

pl0 =  1.478 (-0.01496, 2.971)
p0l= 0.8669 (0.7194, 1.014)

Goodness of fit:

SSE: 53.2

R-sguare: 0.9029
Adjusted R-square: 0,8915
RMSE: 1.759

Results

Linear model Poly11:
flx,y) = p00 +pi0®x +pli%y
Coeffidents (with 959 confidence bounds):
plD = 0.06265 (0.05542, 0.06988)
pl0 = -0.01043 (-0.01385, -0.007204)
p01 = -0.0008334 (-0.001212, -0.0005752)|

Goodness of fit:
S55E: 0.0002475
R-square: 0.8939
Adjusted R-square: 0.8814
RMSE: 0.003816
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Figure 6.14. Defining coefficients “a” and “b” by sketching 3D planes to scale
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Table 6.7. The calculated coefficients P00, P10, P1 for both a and b based on time.

_ a b
Time
POO P10 P1 P0OO P10 P1
30 -0.9752 -1.317 0.535 0.03243 -4.10E-03 -0.00537
1460 -3.41 0.09 0.71 6.28E-02 -9.32E-03 -9.92E-04
3650 -3.33 0.8419 0.7203 0.06408 -1.03E-02 -0.00098
10950 -5.977 1.478 0.8669 0.05905 -0.0257 -0.00105

18250 -6.484 1.943 0.9002 0.06265 -0.01043 -0.00089

Table 6.8. The coefficients for parameter “a”.

PX(t) Pa Pb PC Pd Pe

POO 2.829E-015 -9.337E-011 9.011E-007 -0.002851 -0.8905

P10 -1.803E-016 6.026E-012 -5.971E-008 0.0001988 0.5291

P1 -6.707E-016 2.452E-011 -2.89E-007 0.001363 -1.358

P00

\ \ \ \
0 2000 4000 6000 8000 10000 12000 14000 16000 1800

Time (day)

Figure 6.15. The curve fitting of the coefficients of POO for parameter “a”
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Figure 6.16. The curve fitting of the coefficients of P1 for parameter “a”
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Figure 6.17. The curve fitting of the coefficients of P10 for parameter “a”
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Table 6.9. Coefficients for parameter “b”.

Px(t) Pa Py Pc Pd Pe
P0OO -2.73E-017 9.494E-013 -1.001E-008 3.418E-005 0.03141
P10 -4.212E-018 1.447E-013 -1.498E-009 4.989E-006 -0.005513
P1 6.84E-018 -2.071E-013 1.806E-009 -5.913E-006  -0.003924
0.11
0.1
0.09
0.08
§0.07
0.06
0.05
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0.03
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Figure 6.18. The curve fitting of the coefficients of POO for parameter “b”
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Figure 6.19. The curve fitting of the coefficients of P1for parameter “b”
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Figure 6.20. The curve fitting of the coefficients of P10 for parameter “b”
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Chapter 7

CONCLUSIONS

As the outcome of the performed operations by Rockware, NovoSPT,and PLAXIS the

following results are concluded:

1. From the geological point of view, the region has a very heterogeneous stratification.
Thus to understand the soil-structure behavior thoroughly, it is believed that further

investigations are required.

2. If allowable total settlement is assumed to be 50 mm, based on Table 6.1 (Das, 2011),
the magnitude of bearing capacity of the region with respect to depth and foundation
dimensions can range between 30 and 65 kPa, which reduces to an allowable bearing

capacity range of 10-20 kPa with a factor of safety of 3.

3. Water table depth is a factor which should be considered in the foundation design.
While this parameter varies in the region under the study, settlement increases. Since the
soil of the region is fine, with the rise of water level the thickness of consolidating
stratum increases, hence the settlement under the foundation increases, and with the drop
of water level, effective stresses increase which leads to an increase in settlement. In both
ways, it can cause a considerable hazard for the design because of the advent of

differential settlement phenomenon.

4. Another important concern which has impact on design of foundation is the softening

of the soil in the region. In this survey, corresponding to the factor of safety the
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magnitude of load imposed to the soil before the soil collapses can vary between 20 to 40
kPa. It should be noted that softening should be considered in case that the settlement is

needed to be controlled by various factors such as piles.

5. The consolidation does not stop at the end of 50 years. Since consolidation settlement
is influenced by the foundation depth, the magnitude of total settlement should be

investigated with respect to the depth of the building.

6. One of the methods of controlling the settlement is the improvement of modulus of
elasticity of the soils, which can be performed by different methods, such as mixing soil
and jet grout injection. Based on the possibility of increasing modulus, settlement of the

soils of the region is investigated to be decreasing using the finite element approach.

7. By comparing the bearing capacity values obtained using different methods, a
considerable difference between manual calculations and finite element analysis by
software is observed. The best correlation in order to estimate bearing capacity via SPT-
N value for Tuzla soil is Burland and Burbidge (1985) correlation. Also the closest
correlation to general bearing capacity equation is Bowels and Meyerhof (1976)
correlation. Moreover, it is recommended to compute the bearing capacity of this region

by considering the consolidation settlements.

8. Observing the fitted settlement curves, it can be concluded that generally all the
obtained settlement curves satisfy an exponential relation which is dependent on width
and depth of foundation. Also each of the coefficients of this relation separately meets the
surface passing these two parameters. It should be noted that the coefficients of the
obtained formulae of the mentioned surfaces are dependent on time as well. Consequently

a polynomial with degree four is interpolated for these coefficients together with time.
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9. Finally based on the findings above, an exponential relation for the total settlement is
derived as a function of bearing capacity, depth and width of mat foundations and time .
It is worthwhile to note that in order to improve the proposed formula, the next step in
future is to make it shorter and define a justifiable error coefficient for predicting soil
behavior accurately for the whole region. To achieve this aim modeling the settlement at

each borehole location and comparing the results are required.
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Appendix A: Geotechnical properties of boreholes
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Figure 8.1. Geotechnical properties of borehole 1 until 4, (Necdet et al., 2007).
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Figure 8.2. Geotechnical properties of borehole 5 until 8, (Necdet et al., 2007).
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Figure 8.3. Geotechnical properties of borehole 9 until 12, (Necdet et al., 2007).
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Figure 8.4. Geotechnical properties of borehole 13until 16, (Necdet et al., 2007).
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Figure 8.5. Geotechnical properties of borehole 17 until 20, (Necdet et al., 2007).
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Figure 8.6.Geotechnical properties of borehole 21 until 24, (Necdet et al., 2007).

117



Depht (m) BH-25 BH-26 BH-27

ym =19 kN/m?
W=%23.5, Gs =2.722
LL=53, PL=23

2. 43m

= 1.52m

 =17.8 kN/m?
W=%23.11, Gs =2.592

v =18.8 kN/m?
W=%37.71, Gs =2.702
LL=46, PL=20,

= 2.50m

w= 2.00m

LTI

o = 18 kN/m?

— 4.00 yn =17.8 kN/m* ‘W=%20.55, Gs =2.652
— yn =19 kN/m? W=%28.66, Gs =2.652 =45
= b g m ottt s

— * W=%25.66, Gs =2.593

— 5.00 0

= yn=18.4 kN/m?

—— 6.00 W=%3477, Gs =2.662

I Ir=1.01

— ym =19.2 kN/m?

— 7.00 W=%44.16, Gs =2.722

— LL=59, PL=23, Dr=%34,m =17.8 kN/m?

b— W=%22.7, Gs=2.587

e 8.00 1.=0.07

ym =18.4 kN/m*
W=%39.84, Gs =2.699
LL=36, PL=18, =0

W=%32.23, Gs =2.659
b=13

=18.4 kN/m}
W=%34.02, Gs =2.699
LL=41, PL=20, L.=1.44

1 =17.7 kN/m?
W=9%23.48, Gs =2.588

Dr=%34, yn =17.7 kKN/m?

Dr=%35, yn=17.7 kN/m? W=%19.12, Gs =2.589

W=%45.12, Gs =2.721
LL=84, PL=34, IL=0

= W=%24.09, Gs =2.592 - m =18.4 kN/m?
=0.7 W=%37.71, Gs =2.702
— LL=42, PL=22, [L.=0
— 12.00 m =18.1 kN/m?
W=%25.7, Gs =2.650
—— 13.00 0=19.8 kN/m?

|
-
S

yn =18.4 kN/m?
W=%28.81, Gs =2.655
=0

yn=18.4 kN/m?*
W=%32.51, Gs =2.702
LL=36, PL=20, [.=0.6

TR T

m =19.6 kN/m*
W=%40.45, Gs =2.721
LL=56, PL=23
=0
=184 kN/m*
W=%34.4, Gs =2.706
LL~40, PL=24, =0
—
— 19.00
—
— I~13D o~1D I R
— 22.001
— 23.001
= e e s s v\ \ 001 ta bl
—
— 24.001
— 25.00;

Figure 8.7.Geotechnical properties of borehole 25until 28, (Necdet et al., 2007).
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Figure 8.8.Geotechnical properties of borehole 29until 32, (Necdet et al., 2007).
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Figure 8.9.Geotechnical properties of borehole 32until 36, (Necdet et al., 2007).
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Figure 8.10.Geotechnical properties of borehole 37and 38, (Necdet et al., 2007).
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Appendix B: Soil Profiles
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Figure 9.2. The profile of XXIV 42 E2 parcel between borehole 8 and 10.
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Figure 9.18. The profile of XXIV 50 E1 parcel between borehole 40 and 13.
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Figure 9.20. The profile of XXIV 50 E2 parcel between borehole 18 and 20.
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Figure 9.21. The profile of XXIV 50 W1 parcel between borehole 16 and 15.
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Figure 9.22. The profile of XXIV 50 W1 parcel between borehole 15 and 3.
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Figure 9.24. The profile of XXIV 50 W1 parcel between borehole 4 and 37.
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Figure 9.25. The profile of XXIV 50 W1 parcel between borehole 3and 37.
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Figure 9.27. The profile of XXIV 50 W2 parcel between borehole 23 and 25.
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Figure 9.29. The profile of XXIV 50 W2 parcel between borehole 25 and 26.
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Figure 9.30. The profile of XXIV 50 W2 parcel between borehole 24 and 26.
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Figure 9.31. The profile of XXIV 51 W1 parcel between borehole 33 and 35.
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Figure 9.32. The profile of XXIV 51 W1 parcel between borehole 35 and 19.
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Figure 9.34. The profile of XXIV 53 W1 parcel between borehole 41 and 5.
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Figure 9.35. The profile of XXIV 58 E1 parcel between borehole 21 and 22.

-1000  -500 on 500 100.0

-150.0

---EI:II:I--
!

o

=]

g

o

=

=1

w

o
X X
rr7pr oot T T T T T T T T

581,300.0 581,400.0 581,500.0

. ¥
R A N A A N A R R NN R NN
3.889.500.0 3.889.600.0 3.889.700.0 3.889.800.0 3,889,900 0 3.890.000.0 3.890.100.0

Lioiogy inder

Eog R g
P

g 86g§gF
i

w

ki

Figure 9.36. The profile of XXIV 58 E1 parcel between borehole 21 and 42.
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Figure 9.37. The profile of XXIV 58 E1 parcel between borehole 22 and 42.
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Appendix C: Soil Properties
Table 10.1. The output of approximating Borehole 1 data by NovoSPT.

g 5 2 £ _ . £
o o~ g g E B S Young's  Friction Shlé;]:jglrztzgth \SA?;\?‘; Shear Dilatancy ~ Poisson %
£ S > 3B = S © g Modulus Angle f Clav/Silt Velocit Modulus Angle Ratio £
& & = £ 5§ 2 2 ot Clay, y =
(@] o 3 s 3 o
e v vy vy Es(MPQ) () S.(kPa)  Ve(mis)  Oom v () v k
(kPa) (cm/s)
0 05 OS
05 45 CH 067 196 16.3 20.3 22 --- 56.5 227.5 59 0 0.31075 107
45 6 CL 08 194 15 195 13.6 --- 29 162 63 0 0.286 107
6 7 SM 128 175 114 17 11 28.3 --- 137 60 0 0.1495 1073
7 12 CH 0.67 196 16.3 20.3 10.2 --- 17.33 127.67 62.67 0 0.36925 1077
12 125 ML 0.83 181 145 19 8.6 --- 12 106 50 0 0.25675 10~
125 13 CH 104 188 133 184 11 --- 20 137 73 0 0.304 1077
13 14 SM 096 178 132 181 21 33.2 --- 221 103 3.2 0.223 1073
14 205 CH 0.74 188 156 199 11 --- 20 137 65 0 0.3355 1077
205 215 SM 086 178 139 186 329 35.7 --- 291 144 5.7 0.2605 10°3
215 23 LS* 007 24 233 24 76.7 447 --- 466 198 14.7 0.3955 0
13 26 CH 095 196 14 1838 11 --- 20 137 65 0 0.32425 107
* Lime Stone
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Table 10.2. The output of approximating Borehole 2 data by NovoSPT.

=
— (@]
S 2 >
g 3 3 Undrained o 2
° g % g Young's Friction Shear Wave Shear Dilatancy  Poisson 2
2 £ S Z :E) = Modulus Angle Strength of velocit Modulus Angle Ratio =
s 2 = > £ Clay/Silt y 5
o a 3 5 5
35}
(7))
0 (Gmax) o
€ yay ysa  Es(MPa) ¢ (°) Su (kPa) Vs (m/s) kPa v (°) v (k) m/day
0 05 OS
05 5 CH 072 159 20.1 24.45 64.5 237.5 66.5 0 0.3355 10
8 LS 0.07 233 24 51.7 45 --- 376 119 15 0.4 0
25 SS° 026 198 219 51.7 43.8 --- 376 142.50 13.8 0.382 0

® Sand Stone
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Table 10.3. The output of approximating Borehole 3 data by NovoSPT.

=
£ 3
2 ol % Undrained Shear E
© G % % Young's Friction Shear Wave Shear Dilatancy  Poisson S
g £ g B S T Modulus Angle  Strengthof /.~ -~ Modulus Angle Ratio =
2 3 2 3 32 & Clay/Silt Y 5
a) a) 8 a §
[3+]
w
e viy v Es(MPR) () Su(kPa) Vs (mis) (Cf(gaax) v (©) v Kk (cms)
0 05 OS
05 25 CH 073 157 199 16 --- 37 184 55 0 0.3085 1077
2.5 54 CL 074 155 198 26 --- 70 253 79 0 0.3085 1077
54 7 SM 125 115 171 8.6 24.8 --- 106 48 0 0.097 1073
7 82 GP 059 163 201 40.4 43.4 --- 328 114 134 0.376 1
82 104 ML 0.88 141 188 37.9 --- 109 316 117 0 0.25675 10
104 116 GP 059 163 20.1 40.4 43.4 --- 328 114 134 0.376 1
116 13 ML 088 141 188 18.6 --- 45 204 75 0 0.25675 10
13 15 CH 08 152 196 33.6 --- 94 294 124 0 0.31975 1077
15 16 CL 085 146 192 31 --- 86 281 124 0 0.2995 1073
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Table 10.4. The output of approximating Borehole 4 data by NovoSPT.

=
= D
> 2 >
2 % Undrained Shear £
» ~ o T % % Young's Friction Shear Wave Shear Dilatancy  Poisson 3
s = 5 = = Modulus Angle  Strength of . Modulus Angle Ratio =
o o o D 3 . Velocity s
D = > - = Clay/Silt &
a 0 S e o a
) ) =)
58]
w
e vy vy Es(MPR)  0() S.(kPa) Vs (mis) ((ligj;) ¥ (©) v Kk (cmis)
0 05 OS
05 4 CL 081 149 194 16 --- 37 184 55 0 0.3175 1077
4 54 ML 094 136 185 12.3 --- 25 150 54 0 0.25675 10
54 62 SM 088 139 185 8.6 26.5 --- 106 41 0 0.1225 1073
6.2 9 SC 098 133 183 7.3 22.3 --- 87 40 0 0.0595 1073
9 104 SM 0.7 154 195 13.6 31 --- 162 68 1 0.19 1073
104 114 CH 1 135 185 11 --- 20 137 60 0 0.33775 1077
114 136 ML 09 138 185 18.6 --- 45 204 75 0 0.25675 10
136 152 SM 0.88 139 185 13.6 31 --- 162 68 1 0.19 107
152 178 CH 1 135 185 33.6 --- 94 294 124 0 0.33775 1077
178 19.7 SC 0.79 146 19.1 13.6 29.6 --- 162 75 0 0.169 1073
19.7 215 CH 0.79 153 197 51.7 --- 154 376 144 0 0.349 1077
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Table 10.5. The output of approximating Borehole 5 data by NovoSPT.

=
— (@]
S5 2
g T 3 Undrained o =
o T % = Young's Friction Shear Wave Shear Dilatancy  Poisson 2
E £ 5§ = = 2 Modulus  Angle  Strength of Veloaity  Modulus Angle Ratio &
g £ = > = £ Clay/Silt y 5
o ()] 3 A 5
3
Gmax o
€  Ydy Ysa Es(MPa) ¢ (°) Sy (kPa) Vs (mls) (kg;) v (°) v k (cm/s)
0 05 OS
05 18 CH 067 163 203 18.6 - 45 204 106 0 0.31075 10
1.8 6 CL 086 14.7 193 104 --- 18 130 46 0 0.29725 10
6 7 ML 098 133 182 8.6 --- 12 106 47 0 0.25675 1073
7 84 SM 064 158 19.8 9.8 26.4 --- 123 56 0 0.121 1073
84 16 CL 092 141 189 13.13 --- 27 153 74 0 0.2995 1077
16 23 CH 091 143 19 17.95 --- 43 199 107 0 0.3355 1077
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Table 10.6. The output of approximating Borehole 6 data by NovoSPT.

=
g g
= 3 % Undrained Shear g’
® G % g Young's Friction Shear Wave Shear Dilatancy  Poisson <
T £ 5 2 g < Modulus Angle Strengthof /" Modulus Angle Ratio S
g g = > = 2 Clay/Silt y 5
s 4 3 § S
<
[9p)
G
e Yay v E(MPA) o) Sukea)  Vims) S ) v k(emis)
0 05 OS
05 26 SC 058 16.7 203 49.8 45 --- 368 85 15 04 1073
26 31 GP 059 163 201 40.4 43.4 --- 328 114 13.4 0.376 1
31 48 SM 0.78 145 189 28.6 41.8 --- 268 84 11.8 0.352 1073
4.8 6 GP 059 163 201 40.4 43.4 --- 368 85 134 0.376 1
6 84 SM 066 157 19.6 24.2 38.2 --- 242 88 8.2 0.298 1073
84 11 GP 059 163 201 40.4 434 --- 328 114 134 0.376 1
11 16 CL 092 141 189 50.4 --- 150 371 139 0 0.2995 1077
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Table 10.7. The output of approximating Borehole 7 data by NovoSPT.

. B
2 2 g Undrained =
= S = =
x = = Young's Friction Shear Shear Shear Dilatancy  Poisson S
L = D Wave . @
2 & g2 = c Modulus Angle  Strength of . Modulus Angle Ratio =
= S 2 ) ) o . Velocity =
e T = > > = Clay/Silt &
& 8 & § &
<
)
G
e  Yday Ysa Es(MPa) 0 () Sy(kPa) Vs (m/s) (kSZX) v (°) v k (cm/s)
0 05 OS
05 175 CL 081 149 194 23.6 --- 62 238 53 0 0.3175 1077
1.75 3 LS 007 233 24 62.3 45 --- 416 86 15 04 0
3 136 SS 0.26 198 219 76.7 45 --- 466 82 15 04 0
136 195 CH 087 146 19.2 45.45 --- 133.5 342 166 0 0.34225 1077
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Table 10.8. The output of approximating Borehole 8 data by NovoSPT.

. 5
S 2 =
o = i J—
= g 2 | o Undrained Shear _ _ =
o o = s Young's Friction Shear Wave Shear Dilatancy  Poisson S
2 £ s 2 % S Modulus Angle Strength of Velocit Modulus Angle Ratio &
g & = > 3 2 Clay/Silt y 5
o o 3 < o a
a 2
8]
wn
e v Yw E(MPA) o() SR Ve(mis) g ¥ () v K (cmis)
0 16 SM 066 157 197 9.8 313 123 33 1.3 0.1945 10°°
16 25 CH 112 128 181 17.3 41 194 47 0 0.34225 107
25 4 SM 086 14 186 26.7 43.8 257 64 13.8 0.382 10°®
4 9 LS 007 233 24 76.7 45 466 82 15 0.4 0
9 12 SC 0.72 153 195 63.6 45 --- 421 141 15 0.4 107
12 14 CH 074 156 199 76.7 236 466 169 0 0.3805 1077
14 18 SS 0.26 198 219 76.7 42.9 466 217 12.9 0.3685 0
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Table 10.9. The output of approximating Borehole 9 data by NovoSPT.

=
= 2
Cc) (&)
g 3 32 Undrained o - E’
4 ~ ® G % g Young's Friction Shear Wave Shear Dilatancy  Poisson 2
< < % = = = Modulus Angle Strength of . Modulus Angle Ratio =
o o * o D 3 Clav/Silt Velocity =
8 8 3 > 2z ¢ e i
- 2
35}
(7))
G
€ yay Ysa  Es(MPa) ¢ (°) Su (kPa) Vs (m/s) (kg;x) v () v k (cm/s)
0 2 SM 066 157 19.7 76.7 45 --- 466 82 15 04 1073
2 3 CL 102 134 185 7.3 8 87 32 0 0.2725 10~
3 23 LS 007 233 24 76.7 43.8 --- 466 207.5 13.8 0.382 0
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Table 10.10. The output of approximating Borehole 10 data by NovoSPT.

=
— &)
5 3 >
= S % Undrained Shear £
o G = = Young's Friction Shear Shear Dilatancy  Poisson 2
— o S I— = ) Wave . @
S S > =2 c — Modulus Angle Strength of ) Modulus Angle Ratio =
) D = > - = Clay/Silt o
a Q Q c S a
wn o) =
353
w
G
0 3 CH 093 14 189 17.3 41 194 47 0 0.31975 10~
3 5 SM 088 139 186 9.2 28.15 1145 40.5 0 0.14725 1073
5 95 CL 104 133 184 9.2 14 114.5 48.5 0 0.29275 10~
95 13 CH 103 134 185 9.8 16 123 59 0 0.313 107
13 145 SM 0.71 153 194 61 45 412 146 15 0.4 1073
145 155 LS 0.07 233 24 76.7 44.7 466 198 14.7 0.3955 0
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Table 10.11. The output of approximating Borehole 11 data by NovoSPT.

=
= 2
S 2 >
= S % Undrained Shear £
T = = Young's Friction Shear Shear Dilatancy  Poisson 8
— o~ 3 = D Wave . <
< = Sz c — Modulus Angle Strength of loci Modulus Angle Ratio e
S 5 = S 2 g Claysilt  Velocity =
e ©
o o 3 - o a
a 2
©
w
e v yw E(MPA 0()  S(Pa)  Vims o w() v K (cmis)
0 05 OS
05 35 CL 102 134 185 9.8 16.5 1115 315 0 0.2725 1077
35 46 SM 093 135 184 7.3 23.7 87 34 0 0.0805 0
46 6 CL 122 122 177 8.6 12 106 43 0 0.304 10°°
6 75 SM 092 137 184 8.6 26 106 43 0 0.115 1077
75 10 CL 089 143 19 11 20 137 575 0 0.277 1077
100 11 SM 0.87 139 185 9.8 29.1 123 43 0 0.1615 0
11 255 CL 101 135 185 14.4875 55.5 166.625  83.625 0 0.2995 0
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Table 10.12. The output of approximating Borehole 12 data by NovoSPT.

=
= 2
= &)
= ] % Undrained Shear E
o T % g Young's Friction Shear Wave Shear Dilatancy  Poisson 2
2 £ s 2 % st Modulus Angle strength of Velocit Modulus Angle Ratio =
& & = > 3 £ Clay/Silt y 5
o o 3 < o a
a 2
&
e vy ym EBMP o) SR Ve(my o % () v K (cmis)
0 1 SM 066 157 197 9.8 29.1 123 43 0 0.1615 10°°
1 25 CL 105 132 183 23.6 62 238 53 0 0.30175 1077
25 35 ML 088 141 188 9.8 16 123 40 0 0.25675 10
35 6 SM 089 138 185 9.8 29.1 123 43 0 0.1615 10°°
6 75 CL 104 133 184 9.8 16 1215 48.5 0 0.27925 1077
75 84 ML 091 139 186 17.3 41 199 61 0 0.25675 10
84 94 CH 103 134 185 28.6 78 268 147 0 0.313 1077
94 14 LS 007 233 24 76.7 44.7 466 198 14.7 0.3955 0
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Table 10.13. The output of approximating Borehole 13data by NovoSPT.

=
— [=))
5 3 >
g © 3 Undrained o =
® % % g Young's Friction Shear Wave Shear Dilatancy  Poisson 2
£ £ £ =T £ 5 Modulus Angle  strength of . Modulus Angle Ratio &
o o o 2 D . Velocity c
) ) = > > S Clay/Silt K
o o 3 5 S
35}
()]
e v Y E(MPA) o()  S.(®a)  Vi(my  or ¥ () v K (cmis)
0 15 SM 0.66 157 19.7 9.8 30.6 --- 123 36 0.6 0.184 1073
15 21 CL 087 145 191 9.8 16 123 33 0 0.2815 10~
21 3 SM 329 6.07 137 9.8 30.6 123 36 0.6 0.184 10°°
3 6 CL 103 133 184 8.55 12 105 36.5 0 0.286 10~
6 75 SM 329 6.07 137 7.3 23 --- 87 37 0 0.07 1073
75 25 CL 111 128 18 10.725 19.25 132.5 56 0 0.29275 10~
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Table 10.14. The output of approximating Borehole 14data by NovoSPT.

=
E —
= S % Undrained Shear E‘
o G = = Young's Friction Shear Shear Dilatancy  Poisson 2
~ o~ = D Wave . @
S S % 2 5 — Modulus Angle strength of Velocit Modulus Angle Ratio =
T & z > = £ Clay/Silt y 5
[ Q 3 < S a
a 2
58]
w
e viy v Es(MPR) () S kPa Vs (mis) (C;ggx) v (©) v Kk (cmis)
0 2 SM 099 13 18 23.6 435 238 53 13.5 0.3775 107
2 64 CL 097 137 187 8.17 10.67 99.67 39 0 0.2905 107
64 104 SM 32 6.19 138 7.3 22.4 87 40 0 0.061 1073
104 116 ML 066 161 20 29.2 80 271 83 0 0.25675 10
116 15 LS 007 233 24 76.7 44.7 466 198 14.7 0.3955 0
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Table 10.15. The output of approximating Borehole 15data by NovoSPT.

=
- o))
S 32 >
= 2 % Undrained Shear £
o G % g Young's Friction Shear Wave Shear Dilatancy  Poisson 8
=2 & g = E Modulus Angle Strengthof . Modulus Angle Ratio =
2 B &£ 3 S5 3 , Velocity £
S & = > - Clay/Silt o
Q e o - o o
wn [a) =
3+
w
e v yw E(MP) () SR Ve(my  or % () v k(cmhs)
0 16 SM 066 157 19.7 7.3 25.5 --- 87 27 0 0.1075 1073
16 36 CL 074 156 198 8.55 --- 12 105 37 0 0.2995 1077
36 51 SM 075 148 19.1 7.3 25.5 --- 87 27 0 0.1075 107
51 8 ML 083 145 19 11 --- 20 137 51 0 0.25675 10
8 95 SM 09 137 184 7.3 21.9 --- 87 42 0 0.0535 1073
95 116 GP 059 163 201 40.4 43.4 --- 328 114 134 0.376 1
116 129 LS 0.07 233 24 76.7 44.7 --- 466 198 14.7 0.3955 0
129 178 SM 0.66 157 19.6 26.7 36.1 --- 257 114 6.1 0.2665 1073
178 199 CL 092 141 189 52.3 --- 156 378 154 0 0.2995 1077
199 25 SM 066 157 196 7.3 20.3 --- 87 46 0 0.0295 1073
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Table 10.16. The output of approximating Borehole 16data by NovoSPT.

=
= 2
S ~ >
= K % Undrained Shear £
., o T % g Young's Friction Shear Wave Shear Dilatancy  Poisson S
P S = = = Modulus Angle strength of . Modulus Angle Ratio £
5 = o D 2 . Velocity =
@ ) = > — = Clay/Silt
o o R - s a
2] | =
©
wn
e vy ym EBMPA o) SR Ve(my)  or % () v K (cmis)
0 05 OS
0.5 6 CL 069 161 20.2 8.55 12 105 37 0 0.2995 10”7
6 7 SM 086 14 186 9.8 27.7 --- 123 50 0 0.1405 1073
7 12 ML 084 144 19 6.65 6 74 40 0 0.25675 10
12 14 SM 0.66 157 19.6 7.3 20.3 --- 87 49 0 0.0295 1073
14 20 CH 088 145 192 185 45 202.5 98 0 0.3355 10~
20 25 CL 111 128 18 52.3 156 378 154 0 0.29275 10~

156



Table 10.17. The output of approximating Borehole 17data by NovoSPT.

=
- 2
=) 2 -
2 € = Undrained o £
o = = Young's  Friction Shear Shear Dilatancy ~ Poission S
— I = - Wave . 3
S S % = c Modulus Angle Strengthof ) Modulus Angle Ratio =
5 = o - 2 . Velocity =
) > = > - 2 Clay/Silt &
a) a) =) - ©
58]
(95}
e yay vy Es(MP)) () Su(kPa) Vs (m/s) (Clig;x) v (©) v Kk (cmis)
0 0.7 OS
0.7 4 SM 097 132 181 9.8 30.6 --- 123 36 0.6 0.184 1077
4 6 ML 0.88 142 189 8.6 --- 12 106 39 0 0.25675 10
6 8 CH 0.67 163 20.3 7.3 --- --- 87 42 0 0.38725 1077
8 10 SM 06 162 199 16 34.2 --- 184 68 4.2 0.238 1073
10 115 CH 0.67 163 203 9.8 --- 16 123 58 0 0.38725 1077
115 15 SM 059 163 20 9.8 25.2 --- 123 62 0 0.103 1073
15 18 ML 0.82 147 19.2 11 --- 20 137 72 0 0.25675 10
18 365 CH 065 165 204 12.9 --- 26.5 155.5 98.5 0 0.38725 1077
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Table 10.18. The output of approximating Borehole 18data by NovoSPT.

=
= =)
> 2 : >
2 > 2 Undrained o £
° g % % Young's Friction Shear Wave Shear Dilatancy  Poisson 2
= < g o) % = Modulus Angle strength of Velocit Modulus Angle Ratio =
2 & = S g Clay/silt ~ V&o¢Y 5
[5) [5) > Io] y [a
N Y, o 5
<
w
G
e Yy v E(MPR)  o()  Su(Pa)  Ve(mis) v () v k (cmis)
0 0.7 OS
07 16 CL 081 149 194 11 --- 20 137 64 0 0.3175 1077
16 24 SM 0.78 143 187 11 30.9 137 47 0.9 0.1885 1073
24 46 CL 0.75 155 197 9.8 --- 16 123 40 0 0.295 1077
46 126 ML 084 143 189 8.32 --- 11.2 101.8 47.8 0 0.25675 1077
126 30 CL 085 146 192 12.3 24.67 149.67 87.67 0 0.2905 10~
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Table 10.19. The output of approximating Borehole 19data by NovoSPT.

=
g ¥ °5 Undrained o E
© G % © %’ Young's Friction Shear Wave Shear Dilatancy  Poisson 2
= x g g :E) Z =  Modulus Angle strength of Velocit Modulus Angle Ratio =
2 & Z 3 2 95 Clay/Silt y 5
a ) 3 A
e v v E(MP)  9()  Si(Pa)  Vimis)  m % () v k(cmis)
0 06 ML 052 175 209 7.3 87 26 0 0.25675 10
06 34 CL 091 14 188 7.3 87 28 0 0.2995 107
34 64 ML 069 157 198 7.3 87 25.5 0 0.25675 10
64 106 CL 095 139 188 7.95 10 96.5 26.5 0 0.286 107
106 155 ML 085 143 189 17.95 43 199 65 0 0.25675 10
155 25 CL 065 165 204 18.6 45 204 92 0 0.38725 10~
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Table 10.20. The output of approximating Borehole 20data by NovoSPT.

=
- 2
%) (5]
S @ % Undrained o %‘
o g = % Young's Friction Shear W Shear Dilatancy  Poisson 3
— N o = ave . 5]
= < > g 5 = Modulus Angle strength of Velocit Modulus Angle Ratio =
g8 8§ = > % £ Clay/Silt Y 5
@] ()] 3 A é
©
)
G
€  Yay Ysa Es(MPa) ¢ (°) Su(kPa) Vs (m/s) (kg;") v (°) v k (cm/s)
0 05 OSs
05 25 CH 073 157 199 12.3 25 150 73 0 0.3175 10~
25 44 SM 073 15 193 11 30.9 137 47 0.9 0.1885 1073
44 81 ML 083 144 19 12.3 25 150 62 0 0.25675 10
81 15 CL 094 139 188 11 20 137 66 0 0.30175 10~
15 17 SM 097 132 181 12.3 27.2 150 77 0 0.133 1073
17 24 CL 085 146 192 12.3 25 150 88 0 0.30175 10”7
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Table 10.21. The output of approximating Borehole 21data by NovoSPT.

=
£ 8 -
g g 3 Undrained o - £
4 ~ ® T % = Young's Friction Shear Wave Shear Dilatancy  Poisson 2
< < % = = - Modulus Angle strength of . Modulus Angle Ratio e
o o X o D 3 Clav/Silt Velocity =
&) a '5_; > e I y o
o 3
&
G
€ yay Ysa  Es (MPa) ¢ (°) Su (kPa) Vs (m/s) (kgz;x) v () \ k (cm/s)
0 05 OS
05 10 CL 092 142 19 9.2 14 114.5 40.5 0 0.2995 10~
10 12 SM 084 141 187 31.7 40.9 285 102 10.9 0.3385 107
12 21 CL 094 141 189 14.8 33 174 85 0 0.30175 107
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Table 10.22. The output of approximating Borehole 22data by NovoSPT.

=
o =y = . 2
5 2 2% , - Undrained gy, : . =
o o < Young's Friction Shear Shear Dilatancy  Poisson S
4 o 8 = £=2 Wave ’ S
< S > .'g 5 2= Modulus Angle strength of Velocit Modulus Angle Ratio =
7] & = > > 95 Clay/Silt )
) & 3 < o
a
e v vm EBMP () SR Vi(ms) ¥ () v k(mis)
0 03 OS
0.3 5 CL 092 142 19 9.8 16 121.5 39.5 0 0.29275 107
5 9 CH 107 132 183 13.6 29 162 61 0 0.31525 10~
9 101 ML 083 144 19 33.6 94 294 101 0 0.25675 10
101 105 CH 1.07 132 183 13.6 29 162 61 0 0.31525 107
105 17 CL 089 143 191 16 37 184 76 0 0.2995 10~
17 18 ML 083 144 19 12.3 25 150 74 0 0.25675 10
18 20 CL 094 141 189 50.4 150 371 139 0 0.30175 107
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Table 10.23. The output of approximating Borehole 23data by NovoSPT.

=
- =2
< (5}
g € 3 Undrained o E
° g % g Young's Friction Shear Wave Shear Dilatancy  Poisson 9
s £ S =2 :E) = Modulus Angle strengthof "t Modulus Angle Ratio =
S $ = > 3 £ Clay/Silt y 5
8 8 § 5§
s
w
G
e  yay Ysa Es(MPa) ¢ (°) Su(kPa) Vs (ml/s) (kg?f) v (°) v k (cm/s)
0 05 OS
05 4 CH 068 16.2 203 11 20 137 41 0 0.313 1077
4 96 CL 099 136 186 10.45 18.5 128 50 0 0.2905 1077
96 18 SM 082 142 187 11.7 26.8 --- 142.5 71 0 0.127 1073
18 19 CL 094 141 189 14.8 33 174 85 0 0.3085 1077
19 21 ML 09 138 185 13.6 --- 29 162 75 0 0.25675 10
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Table 10.24. The output of approximating Borehole 25data by NovoSPT.

. 5
S g >
2 T 2 Undrained £
o % S Youngs Friction Shear \S/\?ae\% Shear Dilatancy ~ Poisson 9
= < S 2 % S Modulus Angle strength of Velocit Modulus Angle Ratio &
g 8 = > = £ Clay/Silt y 5
a) a) (',3) a §
C
w
G
€  Yay Ysa Es(MPa) 0 () Sy (kPa) Vs (m/s) (kg;x) ¥ (°) % k (cm/s)
0 05 OS
05 25 SM 0.79 145 189 14.8 31.2 --- 174 76 1.2 0.193 1073
25 54 CL 077 154 197 13.6 --- 29 162 44 0 0.3175 1077
54 114 ML 095 136 185 12.3 --- 25 150 53 0 0.25675 10
114 21 CH 095 14 188 17.7 --- 42.33 196 81 0 0.32425 1077
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Table 10.25. The output of approximating Borehole 26data by NovoSPT.

=
- 2
% (D)
2 ‘T % Undrained Shear E
., o G % g Young's Friction Shear Wave Shear Dilatancy  Poisson S
< < S =T I= Modulus Angle strength of . Modulus Angle Ratio S
2 3 5 03 . Velocity £
o T = > >, 2 Clay/Silt )
a a Q - o o
n a) S
<
w
o (Gmax) o
0 05 OS
05 3 CH 0.77 154 197 16 --- 37 184 54 0 0.3175 1077
3 4 ML 092 138 186 12.3 25 150 53 0 0.25675 10
4 54 SM 083 142 187 14.8 31.2 174 76 1.2 0.193 1073
54 64 ML 095 137 185 9.8 --- 16 123 49 0 0.25675 10
64 74 CH 104 133 184 16 --- 37 184 70 0 0.331 1077
74 9 CL 105 132 183 8.6 --- 12 106 49 0 0.2905 1077
9 119 SM 0.82 143 1838 21 36.3 221 85 6.3 0.2695 1073
119 18 ML 086 143 189 16 37.00 184 85 0 0.25675 10
18 21 CH 095 14 188 14.8 --- 33 174 89 0 0.3175 1077
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Table 10.26. The output of approximating Borehole 27data by NovoSPT.

<
- =y
% (5]
2 ‘T % Undrained Shear E
o T % g Young's Friction Shear Wave Shear Dilatancy  Poisson 2
= < s 2 g S Modulus Angle strength of Velocit Modulus Angle Ratio =
g £ = S 2 2 Clay/Silt y 5
a) a =) - s a
©
(9]
e v vm E(MP 0()  Su(Pa)  Vams) ¥ () v K (cmis)
0 05 OS
05 25 CL 098 137 186 12.3 - 25 150 73 0 0.3085 10”7
25 6 ML 092 138 186 11.65 18.50 128 445 0 0.25675 10
6 85 SM 0.78 145 189 16 34.6 184 66 4.6 0.244 107
8.5 10 CL 097 137 186 16 - 20 137 60 0 0.29725 10”7
10 111 SM 074 149 191 18.6 34.4 204 82 4.4 0.241 1073
111 145 ML 084 144 19 11 --- 20 137 64 0 0.25675 10
145 16 CL 095 139 187 8.6 37 184 86 0 0.286 107
16 18 SM 082 142 187 18.6 344 204 82 4.4 0.241 10°°
18 21 CL 094 141 189 21 --- 53 221 106 0 0.3085 10~
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Table 10.27. The output of approximating Borehole 28data by NovoSPT.

=
- =)
N D
2 3 E Undrained o 2
o g % 5 Young's Friction Shear Wave Shear Dilatancy  Poisson 2
2 £ £ = = Modulus Angle  strength of . Modulus Angle Ratio &
=4 =4 o - - - Velocity s
) ) =S > > % Clay/Silt K
a ) 3 5 £
(953
w
G
€ Yoy Ysa Es(MPa) 0 (°) Sy (kPa) Vs (m/s) (kg;’() v (°) s k (cm/s)
0 05 OS
0.5 7 ML 078 149 193 9.2 14.00 114.5 40.5 0 0.25675 10
7 8 SM 078 145 189 16 34.6 184 66 4.6 0.244 1073
8 9 CL 105 132 183 12.3 25 150 73 0 0.2905 10~
9 10 SM 0.81 143 188 18.6 34.4 204 82 4.4 0.241 1073
10 114 CL 1.02 134 184 8.6 12 106 52 0 0.295 10”7
114 15 CH 099 136 186 16 37 184 80 0 0.3625 10~
15 21 CL 098 137 186 21 53.00 221 102.5 0 0.286 107
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Table 10.28. The output of approximating Borehole 29data by NovoSPT.

=
= 2
% (5]
2 ' % Undrained Shear E
o g % g Young's Friction Shear Wave Shear Dilatancy  Poisson S
2 £ £ = £ I Modulus Angle  strength of . Modulus Angle Ratio =
5 8 £ & 2 3 Claysilt ~ elocity 5
8 4 3 > ¢ a
©
w
e vy v E(MPA) o()  S.(kPa)  Ve(mis) g ¥ () v K (cmis)
0 05 OS
05 25 CL 086 146 192 9.8 --- 16.00 150 73 0 0.2905 1077
25 55 ML 085 144 19 11.65 --- 18.50 128 445 0 0.25675 107
55 85 SM 083 142 187 11 29.8 --- 137 47 0 0.172 10°3
85 12 ML 093 138 186 29.8 --- 82.00 137 64 0 0.25675 10
12 14 CH 1.1 13 183 16 --- 37.00 184 80 0 0.3085 1077
14 20 ML 0.79 148 19.2 21 --- 53.00 137 68 0 0.25675 10
20 25 CL 087 145 19.2 22.9 --- 59.50 185.5 915 0 0.2815 10”7
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Table 10.29. The output of approximating Borehole 30data by NovoSPT.

=
2 3 S . Undrained Shear E
° g % = S Young's Friction Shear Wave Shear Dilatancy  Poisson 2
2 £ S 2 :E) s g Modulus Angle strength of Velocit Modulus Angle Ratio e
2 & £ S 2 3 Clay/Silt y o
o o 3 5 &
G
0 05 OS
142 175 26.9 21 53 221 62 0.25675 10
05 45 ML 4
084 145 19 21 53 221 62 0.25675 10
45 55 SC 082 144 189 18.6 36.9 204 68 6.9 0.2785 1073
55 65 CL 0838 14 186 24.15 63.50 240.5 76.5 0 0.304 107
65 12 CH 086 14.7 193 14.77 32.67 169.33 70 0 0.32875 107
12 21 CL 084 147 193 16 37.00 184 88.5 0 0.27475 10~
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Table 10.30. The output of approximating Borehole 31data by NovoSPT.

=
- D
% D
S o % Undrained o E
o T % g Young's Friction Shear Wave Shear Dilatancy  Poisson 2
= £ £ = £ I Modulus Angle  strength of oo Modulus Angle Ratio =
5 5 2 S 2 3 Clay/silt  Velooiy 5
a) A k=) > o a
[3+]
w
eV vm EMP) ¢ Si(Pa)  Vi(my  gr ¥ () v K (cmis)
0 05 OS
05 3 CH 0.76 155 198 24.8 --- 66.00 246 67 0 0.30625 1077
3 75 ML 086 143 189 12.3 --- 25.00 150 63 0 0.25675 10
75 95 CL 1 136 18.6 13.6 --- 49.00 213 65 0 0.27925 1077
95 13 CH 131 119 175 12.9 --- 26.50 155.5 72 0 0.32875 1077
13 144 SM 0.67 155 195 18.6 32.2 --- 204 95 2.2 0.208 1073
144 154 CH 1 136 18.6 11 --- 20.00 137 69 0 0.32425 1077
154 205 SM 0.67 155 195 18.6 304 --- 204 106 04 0.181 1073
2056 256 CH 095 14 188 11 --- 20.00 137 65 0 0.32425 1077
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Table 10.31. The output of approximating Borehole 32data by NovoSPT.

<
(=)
= K % Undrained Shear E‘
o T % % Young's Friction Shear Wave Shear Dilatancy  Poisson 2
s £ s 2 g = Modulus Angle strength of Velocit Modulus Angle Ratio £
g g = S 2 3 Clay/Silt y 5
o o 32 < o a
©
wn
e Yay v E(MP)  o() Sk Vi) Omd wp v K (cmis)
0 05 OS
05 6 SM 0.78 145 189 23.85 42.15 238.5 61.5 12.15 0.35725 10°°
6 25 CL 093 141 189 18.55 45.00 203.25 82.50 0 0.27475 107
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Table 10.32. The output of approximating Borehole 33data by NovoSPT.

=
- D
% (5]
=B E Undrained o E
o c % 5 Young's Friction Shear Wave Shear Dilatancy  Poisson S
2 £ g = = Modulus Angle strength of . Modulus Angle Ratio =
2 ¥ &£ S 5 T Velocit
S 3 = S 2 = Clay/Silt y 5
A Ao 2 - < o
3+
w
e Yy v EMP) o) SikP)  Vims G ) v K (cmis)
0 04 OS
04 25 CL 082 149 194 12.3 --- 25.00 150 43 0 0.29275 1077
25 65 SM 08 144 188 16.7 35.80 --- 187.5 61.5 5.8 0.262 1073
65 25 CL 081 15 195 20.67 --- 52.00 218.33 91.33 0 0.29275 1077
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Table 10.33. The output of approximating Borehole 34data by NovoSPT.

=
e D
C@ (5]
= S % Undrained Shear E
o g % % Young's Friction Shear Wave Shear Dilatancy  Poisson S
= £ £ 2 5 I Modulus Angle  Strengthof .~ Modulus Angle Ratio =
g & = > % £ Clay/Silt y 5
o o 3 g £
3+
w
e Yy v E(MP)  9()  SikPa)  Ve(ms)  Sm) ) v K (cmis)
0 05 OS
05 65 SM 082 142 187 26.7 42.95 --- 2335 65.5 12.95 0.36925 1073
65 85 ML 079 148 19.2 9.8 --- 16.00 123 140 0 0.25675 107
85 13 SM 079 145 189 29.2 41.6 --- 247 88 11.6 0.349 10°3
13 15 LS 007 233 24 76.7 44.7 --- 466 198 14.7 0.3955 0
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Table 10.34. The output of approximating Borehole 35data by NovoSPT.

=
- o
S5 3 >
S 0o % Undrained Shear £
o g % % Young's Friction Shear Wave Shear Dilatancy  Poisson 3
=2 &£ £ = = Modulus ~ Angle  Strength of Modulus Angle Ratio =
s B8 £ S 5 3 : Velocit S
@ D = > - = Clay/Silt S
(@] o el a §
(3%
)
e v Y E(MP) () SR Ve(miy  gr ¥ () v k(cmhs)
0 04 OS
04 45 CH 121 124 179 11 --- 20 137 39 0 0.29275 1077
4.5 7 SC 097 133 182 21 39.2 --- 221 68 9.2 0.313 107
7 9 SM 08 144 188 16 34.2 --- 184 68 4.2 0.238 1073
9 10 CL 08 151 195 9.8 --- 16 123 55 0 0.27925 1077
10 105 SM 0.79 145 189 9.8 25.2 --- 123 62 0 0.103 1073
105 115 SP 059 163 20 9.8 25.2 --- 123 62 0 0.103 1073
115 14 LS 0.07 233 24 76.7 44.7 --- 466 198 14.7 0.3955 0
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Table 10.35. The output of approximating Borehole 36data by NovoSPT.

=
— [=))
S5 3 >
g ® 3 Undrained o - =
® % % g Young's Friction Shear Wave Shear Dilatancy  Poisson 2
s = S % < Modulus Angle Strengthof ", Modulus Angle Ratio £
g & = > > £ Clay/Silt y 5
o o 8 5 5
98]
w
G
€  yay Yysa Es(MPa) ¢ (°) Sy (kPa)  Vs(m/s) (kSZX) v (°) v k (cm/s)
0 05 OS
05 8 CH 077 155 198 24.8 66.00 245.5 101.5 0 0.29275 1073
8 11 LS 0.07 233 24 76.7 44.7 --- 466.00 198.00 14.7 0.3955 1077
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Table 10.36. The output of approximating Borehole 37data by NovoSPT.

=
— o))
S5 2 >
g 3 3 Undrained o - =
o G % g Young's Friction Shear Wave Shear Dilatancy  Poisson 8
b= P 2 T = Modulus Angle Strength of . Modulus Angle Ratio =
S S > > ) kS . Velocity =
53 > = > - = Clay/Silt &
a) o 3 5 5
38
w
G
e yay Ysa Es(MPa) ¢ (°) Sy (kPa) Vs (m/s) (kg;x) v (°) v k (cm/s)
0 03 OS
03 35 CL 077 153 197 16 - 37 184 55 0 0.2995 10~
35 85 CH 079 153 197 27.6 - 75 262 84 0 0.31975 1077
85 115 ML 082 146 191 24.2 --- 64 242 95 0 0.25675 10
115 135 CH 095 14 189 11 --- 20 137 70 0 0.313 1077
135 155 CL 0.84 148 193 22.3 --- 57 230 108 0 0.27925 10

176



Table 10.37. The output of approximating Borehole 38data by NovoSPT.

=
— =)
5 2 >
g ® 3 Undrained o =
g = = Young's Friction Shear Shear Dilatancy  Poisson 2
© = S Wave . ]
b= < g 3z c — Modulus Angle Strength of . Modulus Angle Ratio =
S = > S ) = . Velocity =
S g = > - = Clay/Silt &
) o 3 5 5
58]
)
G
€  VYay Ysa Es(MPa) ¢ (°) Sy (kPa) Vs (ml/s) (anSZ) v (°) v k (cm/s)
0 03 OS
03 5 CH 079 153 197 27.3 74 260 75 0 0.32875 10~
5 85 CL 078 152 196 21 53 221 78 0 0.31075 10~
85 15 CH 102 135 186 14.8 33 173 136.5 0 0.3445 10~
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Table 10.38. The output of approximating Borehole 39data by NovoSPT.

=
— =)
5 3 >
2 ' % Undrained Shear =
° g % g Young's Friction Shear Wave Shear Dilatancy  Poisson S
s £ % 2 fE) st Modulus Angle Strength of Velocit Modulus Angle Ratio =
g &8 = > = £ Clay/Silt y 5
o o 3 5 5
©
(7p]
Gmax o
e Ydry  Ysat Es (MPa) ¢ (°) Su (kPa) Vs (m/s) (kgz;) v (°) v k (cm/s)
0 25 SP 1 134 184 49.8 45 --- 368 85 15 04 1073
25 95 SM 107 131 183 26.7 35.65 --- 232.5 72.5 5.65 0.25975 1073
95 15 CL 093 135 183 11 29.00 137 59 0 0.300445 10~
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Table 10.39. The output of approximating Borehole 40data by NovoSPT.

. B
= (5}
2 3 E Undrained o - =
° T % 5 Young's Friction Shear Wave Shear Dilatancy Poisson 2
2 S IS % = Modulus Angle Strengthof ", Modulus Angle Ratio =
2 g2 = > £ Clay/Silt y 5
> © o
o o 3 o 5
ks
w
G
€  Yday Ysa Es(MPa) ¢ (°) Sy (kPa)  Vs(mis) (kg;x) v (°) v k (cm/s)
0 3 CL 077 152 195 7.3 8 87 32 0 0.2872938 1077
3 45 ML 107 131 183 11 --- 20 137 19 0 0.2689 10
45 12 CL 107 13 182 7.3 --- 8 87 45 0 0.29185 1077
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Table 10.40. The output of approximating Borehole 41data by NovoSPT.

=
= 2
% &)
2 ‘D % Undrained Shear E
G % % Young's Friction Shear Wave Shear Dilatancy Poisson 2
- o g g S Modulus  Angle  Strengthof /" Modulus Angle Ratio =
g & 2 5 3 & Clay/Silt y 5
QA o 2 a) 2
wn I35
w
G
e vy v E(MP) o) Su(kPa)  Vi(ms) o m v () v k (cmis)
0 1 CL 067 16 201 10.7 --- 10 185 161 0 0.31687 10~
1 3 CH 078 15 194 16.3 28 225 228 0 0.32686 10~
3 75 CL 093 14 188 13.1 --- 18 224 195 0 0.288925 10~
7.5 8 ML 0.88 145 19.2 9.9 --- 8 156 146 0 0.2584375 10
8 85 CL 084 148 193 9.1 5 129 127 0 0.28366 107
85 105 SM 107 134 185 18.7 33.4 --- 270 248 3.4 0.226 1073
105 12 CL 087 145 192 10.7 10 163 161 0 0.2782825 10”7
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Table 10.41. The output of approximating Borehole 42data by NovoSPT.

=
- 2
%) (D)
2 ‘D % Undrained Shear E
o g % g Young's Friction Shear Wave Shear Dilatancy Poisson 3
= £ 5 2 £ I Modulus Angle  Strengthof /' Modulus Angle Ratio =
g &8 = > % g Clay/silt y &
o o 3 5 E
98]
w
e  Yday VYsa Es(MPa) ¢ () Sy (kPa) Vs (m/s) (?(SZX) v (°) v k (cm/s)
0 1 CL 0.77 151 195 9.8 --- 16 123 37 0 0.3114925 1077
1 3 CH 093 14 188 13.6 29 162 61 0 0.335815 1077
3 65 CL 101 136 186 9.8 16 123 45 0 0.28537 1077
6.5 7 CL 063 168 20.7 8.6 12 106 44 0 0.264175 1077
7 8 ML 074 157 20 33.6 --- 94 294 101 0 0.2572 10
8 82 CL 065 164 20.3 16 37 184 76 0 0.29392 1077
82 10 CH 0.72 156 198 13.6 0 29 162 61 0 0.31993 1077
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Table 10.42. The output of approximating Borehole 43data by NovoSPT.

=
— =)
5 3 >
g 8 3 Undrained o - =
® g % g Young's Friction Shear Wave Shear Dilatancy Poisson S
= o o 3T = = Modulus Angle Strength of : Modulus Angle Ratio S
£ £ 2 3 ) = . Velocity =
o oy = > > 2 Clay/Silt 5
a a 3 5 5
©
)
(] V G ()
e Yay Ysa  Es(MPa) ¢ () Su (kPa) (m;g (kgz() v (%) A k (cm/s)
0 4 CH 087 144 19 17.3 41 246 62 0 0.32911 1073
4 6 CL 104 133 183 13.6 29 162 63 0 0.3016825 10”7
6 145 CH 112 122 175 8.6 12 106 51 0 0.3228775 1073
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Appendix D: Tables and Charts
Table 11.1.Calculated Settlement for Mat foundation, B=10m,D=0.5m .

Load Elasti Consolidation Consolidation Consolidation Consolidation Consolidation ~ Total in  Total in Total Total'in '!'otal
astic - . . . . in10 30 in50
(kPa) in 30 days in 4 years in 10 years in 30 years in 50 years 30 days 4 years

years years years

10 8.1 0.24 1.59 2.24 3.11 3.38 8.34 969 1034 1121 1148
20 11.81 0.36 2.36 3.37 4.67 5.11 12.17 1417 1518 16.48 16.92

30 16.08 0.6 3.87 521 7.38 8.22 16.68 1995 2129 23.46 24.3
40 21.27 0.97 6.93 9.82 14.55 16.58 2224 282 31.09 3582 37.85
50 32.95 3.75 14.97 20.33 28.71 31.43 36.7 4792 5328 61.66 64.38
60 61.39 10.66 32.01 40.3 56.19 53.08 7205 934 1016 1175 114.47
69 247.32 45.23 112.29 128.14 157.9 151.37 2925 359.6 3754 4052 398.69

80 Soil body collapses Maximum of bearing capacity before collapses ~ 69.6
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Table 11.2.Calculated Settlement for Mat foundation, B=10m,Ds=1m .

Total Total

Load Elastic Consolidation in ~ Consolidation in  Consolidation in  Consolidation in ~ Consolidation in in 30 Total in in10 Total in ~ Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years days 4 years years 30year years
10 4.98 0.48 2.52 3.39 5.17 5.85 5.46 7.5 8.37 10.15 10.83
20 8.72 0.71 3.4 4.93 7.92 9.38 9.43 12.12 13.65 16.64 18.1
30 12.63 0.94 4.75 6.54 9.21 10.09 135 1738 1917 2184 22.72
40 16.6 1.16 6.48 8.94 14.79 18.29 177 23.08 2554 31.39 34.89
50 20.97 1.8 10.44 14.3 21.17 26.18 227 3141 3527 4214 47.15
60 27.42 5.34 18 23.68 32.39 35.65 32.7 4542 51.1 59.81 63.07
69 37.96 9.25 27.38 36.16 47.83 53.03 472 6534 7412 85.79 90.99
80 63.96 19.94 47.26 60.08 79.87 91.71 83.9 111.2 1240 1438 155.67
90 165.83 124417 1344.17 1374.17 1444.17 1494.17 1410 1510 1540 1610 1660
100 Soil body collapses Maximum of bearing capacity before collapses 92
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Table 11.3.Calculated Settlement for Mat foundation, B=10m,D{=1.5m .

Total

Load Elastic Consolidation in  Consolidation in  Consolidation in ~ Consolidation in ~ Consolidationin  Total in  Total in in10 Total in  Total in50
(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30year years
2.35 0.53 3.6 4.82 6.05 6.39 2.88 5.95 7.17 8.4 8.74
20 5.91 0.86 4.47 6.77 10.95 13.95 6.77 10.38 1268 16.86 19.86
30 9.67 1.08 5.81 7.58 9.15 10.51 10.75 1548 1725 18.82 20.18
40 13.45 1.47 7.35 9.66 11.87 12.78 14.92 20.8 2311 25.32 26.23
50 17.4 1.75 9.86 13.16 16.68 18.36 19.15 2726 3056 34.08 35.76
60 21.78 291 14.73 19.32 25.16 27.47 24.69 36.51 41.1 46.94 49.25
69 27.38 5.68 20.73 27.01 35.35 38.65 33.06 4811 5439 6273 66.03
80 38.51 10.7 30.82 40.4 52.56 58.02 4921 6933 7891 91.07 96.53
90 55.33 18.02 45.82 59.47 79.38 88.42 73.35 101.1 1148 1347 143.75
100 91.74 34.01 86.24 108.02 148.42 173.54 125.7 1779 199.7 240.1 265.28
110 Soil body collapses Maximum of bearing capacity before collapses  106.15
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Table 11.4.Calculated Settlement for Mat foundation, B=10m,Ds=2m .

Total

Load Elastic Consolidation in  Consolidation in  Consolidation in ~ Consolidation in  Consolidation in ~ Total in  Total in in10 Total in  Total in50
(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30 years years
10 2.46 0.62 3.66 4.66 5.81 6.21 3.08 6.12 7.12 8.27 8.67
20 3.8 0.72 4.86 6.24 9.49 11.6 4,52 8.66 10.04 13.29 154
30 6.92 1.36 6.66 8.11 9.74 11.48 8.28 1358 15.03 16.66 184
40 10.59 1.6 8.16 9.96 12.19 12.98 12.19 1875 2055 22.78 23.57
50 14.43 1.92 10.15 12.57 15.66 17.06 16.35 24.58 27 30.09 31.49
60 18.5 2.54 13.73 17.17 21.79 23.93 21.04 3223 3567 40.29 42.43
69 22.53 3.89 18.67 23.32 29.8 32.68 2642 412 4585 5233 55.21
80 30.01 7.24 26.58 33.32 42.53 46.81 3725 56,59 6333 7254 76.82
90 40.39 12.27 37.24 46.94 59.68 65.57 5266 77.63 87.33 100.0 105.96
100 57.63 20.12 56.41 7111 92.12 102.33 7775 1140 128.7 149.7 159.96
110 93.44 48.89 122.58 150.82 215.43 260.42 142.3 216.0 2442 308.8 353.86
120 Soil body collapses Maximum of bearing capacity before collapses 114
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Table 11.5.Calculated Settlement for Mat foundation, B=14m,D=0.5m .

Total

Total

Load Elastic Consolidation in ~ Consolidation in ~ Consolidation in  Consolidation in ~ Consolidation in in 30 Total in in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years days 4 years years 30 years years
10 10.32 0.29 2.12 2.99 4.09 4.47 10.6 1244 1331 1441 14.79
20 15.74 0.43 3.23 4.59 6.32 6.94 16.1 1897 20.33 22.06 22.68
30 21.16 0.59 4.59 6.63 9.39 10.61 217 2575 2779 3055 3177
40 27.78 1.33 8.47 11.9 17.34 20.07 29.1 36.25 39.68 4512 47.85
50 39.91 4.6 17.04 22.9 33.15 38.21 445 56.95 6281 73.06 78.12
60 66.7 13.6 34.23 45.95 65.12 72.8 80.3 1009 1126 131.8 139.5
69 Soil body collapses Maximum of bearing capacity before collapses  66.93
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Table 11.6.Calculated Settlement for Mat foundation, B=14m,Ds=1m .

Total

Load Elastic Consolidation in  Consolidation in  Consolidation in  Consolidation in  Consolidation in ~ Total in  Total in in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30year years
10 6.43 0.54 3.32 4.44 6.34 7.76 6.97 9.75 10.87 12.77 14.19
20 11.7 0.72 4.61 6.22 8.22 9.91 1242 1631 1792 19.92 21.61
30 16.98 0.88 5.99 8.2 12.18 14.6 1786 2297 2518 29.16 31.58
40 22.4 1.16 8.14 11.41 19.17 23.68 2356 3054 3381 4157 46.08
50 29 2.25 13.1 17.87 26.79 33.79 31.25 42.1 46.87 55.79 62.79
60 39.04 5.16 21.03 28.47 39.52 43.69 442 60.07 6751 78.56 82.73
69 54.09 9.86 31.48 42.69 58.58 64.87 63.95 8557 96.78 1126 118.96
80 100.17 31.2 74.45 112.38 190.4 234.82 131.3 1746 2125 2905 334.99
90 Soil body collapses Maximum of bearing capacity before collapses 82.8
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Table 11.7.Calculated Settlement for Mat foundation, B=14m,D{=1.5m .

Total

Load Elastic Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Total in ~ Total in in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30year years
10 2.8 0.82 5.08 7.71 12.31 15.64 3.62 7.88 10.51 15.11 18.44
20 7.93 1.03 5.96 7.67 12.75 16.22 8.96 13.89 15.6 20.68 24.15
30 13.06 1.23 7.44 9.66 12.69 16.12 14.29 205 22.72 25.75 29.18
40 18.29 1.45 9.2 12.07 15.33 16.61 19.74 2749 3036 33.62 34.9
50 23.9 1.96 12.43 16.63 21.99 24.19 25.86 36.33 4053 45.89 48.09
60 30.86 3.61 17.92 24.01 31.92 35.16 3447 4878 5487 62.78 66.02
70 40.39 5.96 25.49 34.04 44.88 49.63 46.35 65.88 7443 85.27 90.02
80 54.77 10.9 37.09 49.24 64.7 70.56 65.67 91.86 104.0 1194 125.33
90 81.77 21.59 65.4 85.22 112.11 123.51 103.3 147.1 166.9 193.8 205.28
100 Soil body collapses Maximum of bearing capacity before collapses 97
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Table 11.8.Calculated Settlement for Mat foundation, B=14m,Ds=2m .

Total

Total

Total

Total

Load Elastic Consolidationin ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in in 30 in 4 in10 in 30 Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years days years years years years
10 2.25 0.67 4.49 6.12 9.79 12.23 2.92 6.74 8.37 12.04 14.48
20 4.27 1.36 7.13 8.8 12.48 14.82 5.63 114 13.0 16.7 19.09
30 9.26 1.59 8.67 10.75 13.14 14.07 108 173 200 224 23.33
40 14.3 1.83 10.28 1281 15.7 17 16.1 24.5 27.1 30 31.3
50 19.78 2.15 12.56 15.91 20.14 23.19 219 323 356 399 42.97
60 2541 2.87 16.57 21.37 27.52 30.53 28.2 41.9 46.7 52.9 55.94
69 31.58 4.64 22.14 27.96 36.15 39.65 36.2 53.7 59.5 67.7 71.23
81 4251 7.43 31.13 39.38 50.56 55.71 499 736 818 930 98.22
90 Soil body swelling
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Table 11.9.Calculated Settlement for Mat foundation, B=18m,D=0.5m .

Load . Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in  Consolidation in Total Total in Total '_I'otal Total in50
Elastic in 30 in10 in 30
(kPa) 30 days 4 years 10 years 30 years 50 years d 4 years years
ays years years
10 12.44 0.46 3.08 4.27 5.74 6.25 129 15.52 16.71 18.1 18.69
20 18.93 0.7 4.64 6.43 8.66 9.52 19.6 23.57 25.36 275 28.45
30 25.46 0.99 6.56 9.16 12.74 14.36 264 32.02 3462 382 39.82
40 33.62 2.37 10.94 14.99 21.11 24.32 35.9 4456 48.61 54.73 57.94
50 45,61 5.46 19.58 26.05 36.86 41.66 51.0 65.19 71.66 82.4 87.27
60 69.3 12.6 34.77 45,52 60.3 68.52 819 104.0 1148 129. 137.82
69 Soil body collapses Maximum of bearing capacity before collapses ~ 65.55
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Table 11.10.Calculated Settlement for Mat foundation, B=18m,Ds=1m .

Total

Total

Load Elastic Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Total in in4 in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years 30 days years years 30year years
10 7.64 0.8 4.5 5.91 7.46 7.97 8.44 12.1 13.55 15.1 15.61
20 14 1.07 6.23 8.25 10.46 11.2 1507 20.2 2225 24.46 25.2
30 20.36 1.34 7.93 10.58 13.72 14.69 21.7 282 3094 34.08 35.05
40 27.13 1.82 10.61 14.36 20.33 25.32 2895 377 4149 4746 52.45
50 35.16 2.94 15.89 21.34 29.79 36.62 38.1 51.0 56.5 64.95 71.78
60 46 6.06 24.03 32.35 44.35 49.14 5206 700 7835 90.35 95.14
69 60.31 9.66 34.84 46.83 63.96 70.86 69.97 95.1 107.1 124.2 131.17
80 99.39 375 1590.61 3950.61 11690.6 19130.6 136.8 1690 4050 11790 19230
90 Soil body collapses Maximum of bearing capacity before collapses 81
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Table 11.11.Calculated Settlement for Mat foundation, B=18m,D=1.5m .

Total

Load Elastic Consolidation in ~ Consolidation in ~ Consolidation in  Consolidation in  Consolidation in ~ Total in ~ Total in in10 Total in ~ Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30year years
10 3.24 1.15 5.81 8.44 13.13 16.44 4.39 9.05 11.68 16.37 19.68
20 9.44 1.45 1.72 9.79 13.84 17.09 1089 17.16 19.23 23.28 26.53
30 15.63 1.77 9.6 12.26 15.05 17.82 174 2523 27.89 30.68 33.45
40 22.1 2.11 11.72 15.11 18.99 20.62 2421 3382 3721 41.09 42.72
50 29.03 2.8 15.27 20.04 26.11 29.22 31.83 44.3 49.07 55.14 58.25
60 37.26 3.93 21.18 28.06 37.04 40.69 4119 5844 65.32 74.3 77.95
69 46.39 6.68 28.15 36.86 48.32 53.61 53.07 7454 8325 9471 100
80 61.25 12 40.2 52.8 68.41 75.44 7325 1014 1140 1296 136.69
90 84.06 20.33 67.99 85.86 111.22 122.99 104.3 1520 1699 1952  207.05
100 Soil body collapses Maximum of bearing capacity before collapses 95
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Table 11.12.Calculated Settlement for Mat foundation, B=18m,Ds=2m .

Total

Load Elastic Consolidation in  Consolidation in  Consolidation in  Consolidation in C_onsolidation Total in  Total in in10 Total in Total in50
(kPa) 30 days 4 years 10 years 30 years in 50 years 30 days 4 years years 30 years years
10 2.23 0.84 5.17 7.55 10.92 12.83 3.07 7.4 9.78 13.15 15.06
20 4.98 1.6 8.92 10.96 14.7 17.32 6.58 139 1594 19.68 22.3
30 11.03 2.21 10.93 13.47 16.5 17.61 13.24 2196 245 27.53 28.64
40 17.21 1.98 12.15 15.25 19.14 20.69 19.19 29.36 3246 36.35 37.9
50 23.93 2.35 14.7 18.75 23.62 26.25 26.28 38.63 42.68 47.55 50.18
60 30.92 3 18.6 24.2 31.62 35.28 33.92 4952 5512 62.54 66.2
69 38.4 3.79 23.5 30.29 39.66 441 42.19 619 68.69 78.06 82.5
80 49.09 6.02 30.57 39.26 51.06 56.62 5511 7966 88.35 100.1 105.71
90 60.32 9.33 40.05 51.32 65.83 72.62 69.65 100.3 111.6 126.1 132.94
100 75.58 15.01 56.95 71.82 91.81 100.47 90.59 1325 1474 167.3 176.05
110 1083 270.56 15041.7 37021.7 107232 116292 3788 15150 °° 107340 116400
120 Soil body collapses Maximum of bearing capacity before collapses ~ 109.2
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Table 11.13.Calculated Settlement for Mat foundation, B=22m,D=0.5m .

Total Total Total

Load Elastic Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in in 30 ina in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years days years years 30 years years
10 13.97 0.43 3.48 491 6.68 7.32 144 174 1888 20.65 21.29
20 21.26 0.64 5.22 7.36 10.02 10.99 219 264 28.62 31.28 32.25
30 28.71 0.92 7.27 10.24 14.23 16.09 296 359 3895 4294 44.8
40 37.36 1.68 10.87 15.21 21.54 25.26 39.0 482 5257 58.9 62.62
50 48.36 3.39 17.92 24.29 34.93 40.77 517 66.2 7265 83.29 89.13
60 64.92 6.46 29.62 40.27 56.61 65.2 713 945 1051 1215 130.12
69 Soil body collapses Maximum of bearing capacity before collapses ~ 66.93
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Table 11.14.Calculated Settlement for Mat foundation, B=22m,Ds=1m .

Total

Load Elastic Consolidation in  Consolidation in  Consolidation in ~ Consolidation in ~ Consolidationin  Total in  Total in in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30year years
10 8.73 0.68 4.86 6.54 8.4 9.05 941 1359 1527 17.13 17.78
20 15.85 0.92 6.8 9.2 11.87 12.8 16.77 2265 2505 27.72 28.65
30 22.98 1.17 8.67 11.8 15.35 16.77 2415 3165 3478 38.33 39.75
40 30.74 1.6 1151 15.7 21.03 24.61 3234 4225 46.44 51.77 55.35
50 39.44 2.83 15.88 21.88 31.19 35.63 4227 5532 6132 70.63 75.07
60 50.29 4.04 22.53 30.69 43.76 49.71 5433 7282 8098 94.05 100
69 61.7 7.17 31.02 42.51 59.27 66.27 68.87 9272 1042 1209 127.97
80 835 22.92 66.26 86.64 119.15 140.22 1064 149.7 170.1 202.6 223.72
90 Soil body collapses Maximum of bearing capacity before collapses 83.7
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Table 11.15.Calculated Settlement for Mat foundation, B=22m,Ds=1.5m .

Total

Total

Load Elastic Consolidation in  Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in in 30 Total in in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years days 4 years years 30year year
10 3.78 0.95 6.15 8.13 12.95 16.19 4.73 9.93 1191 16.73 19.97
20 10.7 1.22 8.26 10.74 13.63 17.81 11.9 18.96 2144 2433 28.51
30 17.63 1.49 10.3 13.48 16.83 19.55 191 2793 3111 3446 37.18
40 24.96 18 12.68 16.7 21.32 23.43 26.7 37.64 4166 46.28 48.39
50 32.82 2.32 16.14 21.59 28.86 32.68 35.1 48.96 5441 61.68 65.5
60 41.71 3.63 21.32 28.94 39.34 44.06 453 63.03 70.65 8105 85.77
69 51.07 4.66 52.52 54.16 57.63 59.5 55.7 103.5 105.2 108.7 110.57
80 63.63 7.32 69.58 71.72 76.24 78.73 70.9 133.2 135.3 139.8 142.36
90 78.34 15.22 102.8 105.38 111.04 114.22 935 1811 1837 1893 192.56
100 Soil body collapses Maximum of bearing capacity before collapses 98

197



Table 11.16.Calculated Settlement for Mat foundation, B=22m,Ds=2m .

Total

Total in

Load Elastic ansolidation ansolidation C_onsolidation C_onsolidation Cc_)nsolidatio Total in ~ Total in in10 30 Total in50

(kPa) in 30 days in 4 years in 10 years in 30 years nin50years 30days 4 years years years year
10 2.16 0.78 5.54 7.97 12.06 14.64 2.94 1.7 10.13 14.22 16.8
20 5.68 1.52 95 11.84 15.83 19.51 7.2 1518 1752 2151 25.19
30 12.43 1.81 11.59 14.71 18.32 19.67 14.2 2402 2714 30.75 32.1
40 19.36 211 13.83 17.59 21.99 24 21.4 3319 3695 41.35 43.36
50 26.9 2.5 16.83 21.95 27.77 31.17 29.4 43.73 48.85 54.67 58.07
60 34.89 3.09 21.2 27.73 36.72 40.73 37.9 56.09 6262 7161 7562
69 42.78 4.36 26 34.07 45.14 50.28 47.1 68.78 76.85 87.92 93.06
80 53.75 5.44 32.62 4251 56.03 61.66 59.1 86.37 96.26 109.7 11541
90 64 7.32 42.09 53.94 69.9 77.2 71.3 106.0 1179 1339 141.2
100 76.44 10.85 57.91 73.26 91.82 100.86 87.2 1343 149.7 168.2 177.3
110 Soil body swelling

120 Soil body collapses Maximum of bearing capacity before collapses ~ 110.4
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Table 11.17.Calculated Settlement for Mat foundation, B=26m,D=0.5m .

Load . Consolidation in ~ Consolidation in ~ Consolidation in  Consolidation in  Consolidation in ~ Total in 'I_'otal Total Total in  Total in50
Elastic in4 in10
(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 30 years years
years  years
10 15.29 0.49 4.12 5.84 7.99 8.79 15.78 194 211 23.28 24.08
20 23.07 0.74 6.19 8.75 11.95 13.14 2381 292 318 35.02 36.21
30 31.14 1.04 8.6 12.1 16.67 18.78 32.18 39.7 43.2 47.81 49.92
40 40.08 1.69 12.05 16.79 23.9 28.2 41.77 52.1 56.8 63.98 68.28
50 50.49 2.74 17.25 24.27 35.68 41.97 53.23 67.7 14.7 86.17 92.46
60 62.23 4.69 25.93 35.68 52.49 60.35 66.92 88.1 97.9 114.7 122.58
69 95.47 42.39 2264.53 5704.53 17104.5 28474.5 137.8 2360 5800 17200 28570
80 Soil body collapses Maximum of bearing capacity before collapses 69.6
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Table 11.18.Calculated Settlement for Mat foundation, B=26m,Ds=1m .

Load . Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in Total Total in Total Total in  Total in50
(kPa) Elastic 30 days 4 years 10 years 30 years 50 years '(? 30 4 years in10 30year years
ays years

10 9.29 0.71 5.38 7.31 9.6 10.32 10 14.67 16.6 18.89 19.61
20 16.87 0.98 7.61 10.42 13.55 14.68 178 2448 2729 3042 31.55
30 24.47 1.24 9.81 13.48 17.88 19.34 25.7 3428 3795 4235 43.81
40 32.74 1.68 12.91 17.62 23.67 26.98 344 4565 50.36 56.41 59.72
50 41.76 2.36 16.6 23.06 33.13 38.24 441 5836 64.82 74.89 80
60 51.94 3.35 21.84 30.32 43.8 50.2 55.2 73.78 8226 95.74 102.14
69 61.46 4.29 28.5 39.49 59.26 71.39 65.7 89.96 100.95 120.72 132.85
80 78.7 20.42 67.87 92.37 139.19 172.37 99.1 146.5 171.0 217.8 251.07
90 Soil body collapses Maximum of bearing capacity before collapses 82.8
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Table 11.19.Calculated Settlement for Mat foundation, B=26m,D=1.5m .

Total

Total

Load Elastic Consolidation in ~ Consolidation in  Consolidation in ~ Consolidation in ~ Consolidation in in 30 Total in in10 Total in  Total in50

(kPa) 30 days 4 years 10 years 30 years 50 years days 4 years years 30year years
10 4.01 0.94 6.64 8.69 13.18 16.07 4.95 10.65 12.7 17.19 20.08
20 11.39 1.23 9.04 12.01 14.98 16.37 126 2043 234 26.37 27.76
30 18.78 1.52 11.38 15.04 19.17 20.58 20.3 30.16 33.82 37.95 39.36
40 26.55 1.86 14.1 18.75 24.17 27.06 28.4  40.65 45.3 50.72 53.61
50 34.99 2.31 17.67 23.8 32.29 36.68 373 5266 5879 67.28 71.67
60 44.04 2.98 21.94 30.48 42.24 47,52 47.0 65.98 7452 86.28 91.56
69 52.87 3.9 26.98 37.02 50.86 57.16 56.7 79.85 89.89 103.7 110.03
80 63.66 4.96 35.49 48.42 66.23 73.93 68.6 99.15 112.0 129.8 137.59
90 75.86 10.78 54.03 72.71 96.01 105.23 86.6 129.8 148.5 171.8 181.09
100 Soil body collapses Maximum of bearing capacity before collapses 97
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Table 11.20.Calculated Settlement for Mat foundation, B=26m,Ds=2m .

Total

Load Elastic Consolidation in ~ Consolidation in ~ Consolidation in  Consolidation in  Consolidationin ~ Total in  Total in in10 Total in ~ Total in50
(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30 years years
10 2.33 0.62 5.9 9.05 12.71 14.82 2.95 8.23 11.38 15.04 17.15
20 6.02 1.47 10.17 13.09 16.37 18.62 7.49 16.19 19.11 22.39 24.64
30 13.22 1.79 12.59 16.24 20.47 22.13 15.01 2581 2946 33.69 35.35
40 20.53 2.12 15.13 19.62 24.84 27.48 2265 3566 40.15 4537 48.01
50 28.57 2.49 18.47 24.23 31.8 35.63 31.06 47.04 52.8 60.37 64.2
60 37.13 3 22.72 30.4 41.04 46.13 40.13 5985 6753 78.17 83.26
69 45.2 3.58 27 36.35 49.25 55.21 48.78 72.2 8155 94.45 100.41
80 55.76 4.6 33.29 44.64 59.99 66.42 60.36 89.05 1004 1157 122.18
90 65.35 5.73 41.73 55.57 72.79 80.69 7108 107.0 1209 138.1 146.04
100 77.08 7.35 53.73 70.04 90.28 99.24 8443 130.8 1471 167.6 176.32
110 96.47 29.76 117.96 138.1 190.78 227.83 126.2 2144 2345 287.2 324.3
120 Soil body collapses Maximum of bearing capacity before collapses ~ 111.6
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Table 11.21.Calculated Settlement for Mat foundation, B=26m,Ds=2m .

Total

Load Elastic Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Consolidation in ~ Total in  Total in in10 Total in  Total in50
(kPa) 30 days 4 years 10 years 30 years 50 years 30 days 4 years years 30 years years
10 2.33 0.62 5.9 9.05 12.71 14.82 2.95 8.23 11.38 15.04 17.15
20 6.02 1.47 10.17 13.09 16.37 18.62 7.49 16.19 1911 2239 24.64
30 13.22 1.79 12.59 16.24 20.47 22.13 1501 2581 2946 33.69 35.35
40 20.53 2.12 15.13 19.62 24.84 27.48 2265 35.66 40.15 4537 48.01
50 28.57 2.49 18.47 24.23 31.8 35.63 31.06 47.04 52.8 60.37 64.2
60 37.13 3 22.72 304 41.04 46.13 40.13 5985 6753 78.17 83.26
69 45.2 3.58 27 36.35 49.25 55.21 48.78 72.2 8155 94.45 100.41
80 55.76 4.6 33.29 44.64 59.99 66.42 60.36 89.05 1004 1157 122.18
90 65.35 5.73 41.73 55.57 72.79 80.69 71.08 107.0 1209 138.1 146.04
100 77.08 7.35 53.73 70.04 90.28 99.24 8443 130.8 1471 167.6 176.32
110 96.47 29.76 117.96 138.1 190.78 227.83 126.2 2144 2345 287.2 324.3
120 Soil body collapses Maximum of bearing capacity before collapses ~ 111.6
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Figure 11.1.Elastic Settlement Curve for 10 m footing width.
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Figure 11.2.Elastic Settlement Curve for 14 m footing width.
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Figure 11.3.Elastic Settlement Curve for 18 m footing width.
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Figure 11.4.Elastic Settlement Curve for 22 m footing width.
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Figure 11.5.Elastic Settlement Curve for 26 m footing width.
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Figure 11.7.Consolidation Settlement Curve for 10 m footing width in 1.5 m depth.
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Figure 11.8.Consolidation Settlement Curve for 10 m footing width in 2 m depth.
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Figure 11.9.Consolidation Settlement Curve for 14 m footing width in 0.5 m depth.
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Figure 11.10.Consolidation Settlement Curve for 14 m footing width in 1 m depth.
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Figure 11.11.Consolidation Settlement Curve for 14 m footing width in 1.5 m depth.
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Figure 11.12.Consolidation Settlement Curve for 14 m footing width in 2 m depth.
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Figure 11.13.Consolidation Settlement Curve for 18m footing width in 0.5 m depth.
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Figure 11.14.Consolidation Settlement Curve for 18m footing width in 1 m depth
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Figure 11.15.Consolidation Settlement Curve for 18m footing width in 1.5 m depth
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Figure 11.16.Consolidation Settlement Curve for 18m footing width in 2 m depth.
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Figure 11.17.Consolidation Settlement Curve for 22 m footing width in 0.5 m depth
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Figure 11.18.Consolidation Settlement Curve for 22 m footing width in 1 m depth
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1.19.Consolidation Settlement Curve for 22 m footing width in 1.5 m depth
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Figure 11.20.Consolidation Settlement Curve for 22 m footing width in 2 m depth
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Figure 11.21.Consolidation Settlement Curve for 26 m footing width in 0.5 m depth
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Figure 11.22.Consolidation Settlement Curve for 26 m footing width in 1 m depth
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Figl]fe 11.23.Consolidation Settlement Curve for 26 m footing width in 1.5 m depth
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Figure 11.24.Consolidation Settlement Curve for 26 m footing width in 2 m depth
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