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1. Geotechnical Engineering & Site Investigations

Geotechnical Engineering World

«<* Geomaterials:
Soil, Rock & Ground Water

<* Geosynthetics:
Geotextile, Geogrid, Geomembrane, ...
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1. Geotechnical Engineering & Site Investigations

Major Topics in Geotechnical Engineering (GE)

Structural
Engineering

Sample recovery

Foundation Engineering,
Soil and structure
interaction

Transportation
Engineering

Geology

Subsurface profiling & Groundwater table

Geological Engineering,
Geomaterials &
Geohazards

Tunneling,
Road Engineering

Construction
Engineering

Selecting and design of foundation systems

Mechanical
Engineering

Geotechnical

Ground Structures,
excavation, soil
improvement, earth

Rock mechanics, soil
mechanics & ice
mechanics

(1)
(2)
(3) Site response to geohazards
(4)
(5)

Sufficiency of geomaterials for borrowing Engineering

work

(6) Health, safety and strategy management

Hydraulic
Engineering

Environmental
Engineering

Earth dams, scouring,
ground water drainage,
marine geotechnics

(7) Recognition of underground structures behavior

Geo-environmental
Engineering

Earthquake
Engineering

(8) Support and stabilization of deposits and slopes

Seismic geotechnic
& Ground motions

Overlap of Geotechnical
Engineering with Other Disciplines
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1. Geotechnical Engineering & Site Investigations

Data Sources

(1) Maps
(2)  Aerial Photos
(3) Site Visit

(4) Non Destructive Tests
(5) Remote Sensing

(6) On-Situ Testing

(7)  In-situ Penetration Testing | vewio =
(8) Boring and Sampling
(9) Laboratory Testing
(10) Physical Modeling
(11) Full-scale Tests

(12) Instrumentation & Monitoring ”
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1. Geotechnical Engineering & Site Investigations

Major Approaches: Boring, Sampling & Laboratory Testing

Eliﬁi

Consolidometers
. CIUC CKoUC CKoUE CIUE

Tv
CIDE
‘ Permeameters CIDC  CKoDC CKoDE

i

— Grain size analyses Mechanical oedometer Triaxial apparatus (iso-consols,
~aglnszn XA Hydrometer Consolidometer CIUC, CKoUC, CAUC, CIUE, CAUE,

Sieves HC RCT

:|

Pp'

Water content by oven  Constant rate of shear (CRS)  (KoUE, stress path, CIDC, CKoDC,
Liquid limit cup Falling-head permeameter CIDE, CKoDE, constant P')
Plastic limit thread Constant-head permeameter Plane strain apparatus (PSC, PSE)
Fall cone device Flow permeameter True triaxial (cuboidal)
Pocket penetrometer Direct shear box Hollow cylinder
Torvane Ring shear Torsional Shear
Unconfined compression Unconsolidated undrained Tx Resonant Column Test device
; v : : Miniature vane Simple shear Non-resonant column
N PSP el ¥ N Digital image analysis  Directional shear cell Bender elements
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1. Geotechnical Engineering & Site Investigations

Major Approaches: Field Testing Devices and Probes

SPT

A. Eslami

Databased CPT & CPTu Applications in FE

SPT = Standard Penetration Test
TxPT = Texas Penetration Test
VST = Vane Shear Test
PMT = Pressuremeter Test
CPMT = Cone Pressuremeter
DMT = Dilatometer Test
SPLT = Screw Plate Load Test

ISB = lowa K, Stepped Blade
SWS = Swedish Weight Sounding
HF = Hydraulic Fracture
BST = Borehole Shear Test

SPLT TSC Full Flow Penetrometers
PMT ‘ SPTT
T*PT | WS MPT | | RapSochs
CPMT RCPTu l - DMTa LPT
vsT |, - PV Taprm \ | SCPMTU
i | CPTU !
| | omr |* FTS T | scen | v 1 DEPPT
‘ 1 ' ‘ HPT |
T | | | ‘ BST | 1T| | somr | | é P :
NEEIENIEEERI BEa ] J"“
§ i i | | & HE ‘ i |
-l IR EEE AR ? 1R
BREREIR | | |
| . ! Qi |
| | !
|

Ll m—————

R ———
MR S —

H

TSC = Total Stress Cell (spade cell)
FTS = Freestand Torsional Shear
PV = Piezovane

MPT = Macintosh Probe Test
CPT = Cone Penetration Test
CPTu = Piezocone Penetration
RCPTu = Resistivity Piezocone
SCPTu = Seismic Cone

SDMT = Seismic Flat Dilatometer
TBPT = T-Bar Penetrometer Test
BPT = Ball Penetrometer

TPT = Toroid Penetrometer Test

(Mayne, 2016)

PPT = Plate Penetration Test

PLT = plate load test

HPT = Helical Probe Test

PBPT = piezoball penetration test

RapSochs = Rapid soil characterization system
CPTu = piezodissipation test

DMTa = Dilatometer with A-reading dissipations
SPTT = Standard Penetration Test with Torque
LPT = Large Penetration Test

DEPPT = Dual Element PiezoProbe Test

HBPT = hemi-ball penetration test

SCPMTu = Seismic Piezocone Pressuremeter

Jan 27th 2023 9/86



1. Geotechnical Engineering & Site Investigations

1 Penetration < [

12F

A. Eslami

Major Approaches: In Situ Penetration Tests

vat
Lk
!

Cone | Flat Plate
|| Penetration 4 u /| Dilatometer
Test Test

| CPT

NikoueiNahali, A. & Eslami, A. (2020 — 2022)

Databased CPT & CPTu Applications in FE

Jan 27t 2023
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1. Geotechnical Engineering & Site Investigations

In Situ Tests and Their Applicability

Soil Parameters Ground Type
Group Deviee Soiltype | Profile | u [*§'| Su | Ip |mv| e | k| Go | 6n [OCR| 0-€ Hard | Soft Gravel | Sand | Silt | Clay | Peat
rock | rock
Dynamic (@ B -{c|jc|C|-|-|-C|-]|C - - © B A |B| B |B
Mechanical B A/B C|C|B|C -lc|Cc|C - - C @ A JA| A |A
Electric (CPT) B A -|C| B |AB|C| - B |BIC| B - @ @ A JA| A |A
Piezocone (CPTU) A A A|B| B |AB|B|AB|B| B |BC| B c t A JA|A|A
Penetrometers —
Seismic (SCPT/SCPTU) A A A|B|AB|AB|B|AB|B|A| B | B B @ A JA|A|A
Flat dilatometer (DMT) B A C|B|B|C|B B|B | B C C C A |JA| A A
Standard penetration test(SPT) A B cC|C|B C C C B A Al A | A
Resistivity probe B B B|C|A|C| - C AJA| A |A
Pre-bored (PBP) B B C|B|C|B|C B | C C C A A B B |B| A B
Pressuremeters Self-boring (SBP) B B An|B | B[ B |B|An|B|An|AB| B | ABy B B |B| A | B
Full displacement (FDP) B B C|B|C|C|C Ap| C | C C C B|B| A | A
Vane B C A BIC| B A | B
Plate load C -|C| B | B C|C|A|C B B B A B B| A A
Others Screw plate C C -|C| B|B C|C|A | C| B - A A | A
Borehole permeability C A B |A A | A A A |A| A |B
Hydraulic fracture - - B c|C B B Al C
Crosshole/downhole/surface seismic C C NN NN . B - A | A A AJA| A |A

Applicability: A = high, B = moderate, C =low, - = none
*¢' =Will depend on soil type, (1) = Only when pore pressure sensor fitted; (2) = Only when displacement sensor fitted

(Lunne et al., 1997)
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1. Geotechnical Engineering & Site Investigations

Typical Subsurface Log & Profile: Conventional Approach

Log of Borehole:
ProjectNo.:
2 ? 4400
ACME Consulting Limited Project: Port Sidney Oil Terminal ] Only a feW
44 Canadian Ozks Drive Client: Inter-Island Gas Enclosure: 1 ] P,
Whithy, Ontario s v 4375 £ '
Location: Port Sidney ProjectManager: M Fraser q Se[s OT Gata
4 G4
SUBSURFACE PROFILE SAMPLE h!
) s | = Well Completion Details_go”]
s Description u ) 21| s /
£ 2 £ | =2 a| 3
2 £ = | E|e| 8] 28
@ s @ E] | @ 3
o ] [=] z = o >
ft|m
AT 1oz P
E Ground Surface | 101
3 !Asphak I ]
13 . 5
E o 1 40 | 180 Z & c
E Sand and gravel fill, some organic % § -%.
3; debris 95 2 % = H
3 Sandy Sift 3 2 30 | 220 E g u% w4250
3 Moist, brown to grey sandy silt P g
5; with embedded gravel. 96 / g ] Téé
E Sand 5 é g 4205 =
E Medium to fine sand, occasional 3 75 | 380 2 %
137 f-:la;rlzf:asralfé:to'::gr HEN . 4200 S S aEaiEatE
E Ve o [ s ] %}j e e e e e e e
= X : 1 % IT T TT T TT T TT T TT T TT T TT
95 4 B0 | 450 ‘ s ] : \:\:\I:I:II:I:\\:I:II:I:I\:\:\I:I:II
é = =15 4175_ M//ﬁ/“uluulu‘wlwlwulu‘uululww‘uluulu‘uwlwlwulu‘uu
3 &t Ay [ TT T TT T 1T T TT T TT T TT T TT T TT T TT T TT
] 90 2 5 ]l T T T T T 11 \f‘/\lll‘\\‘IIIIII‘I\I\I\III‘IIIII\\‘IIIIII‘I\I\I\III‘II
14 = 1] 5 55 [ 315 = 5 S Y S T 1T _ T T T T T T T T T T T T T T T T _T T T
E Chy £ AT s e s s e s o e e e e e e e
1 z ? AL T T T T T T T T T I T T T T T T T T T T T T T T T T T T T T T T T T T T T°TT
Z Mottled brown and grey silty clay. a % B 0 ) O D ) 0 S O ) O ) 0 0
! Some sandy lenses ? S S ) S S S S S ) S S S S S S S S S S S S
1334 %) P e S S S S S S S S S S B s
] a7 | © a0 | 210 e e e e e e e e e e o e e e e e e e e e e L e e e e e e e e e e e e e e e
E Sl 7 z R R I B N B B O I B R s s B B e S B O R R B e R N AN RSN R ERe i
E -
153 Compact, coarse to medium E g 0 50 100 150 200 250 300 350 400 480 SO0 550 OO SSDD‘;gaCE?SD 800 830 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400
3 w0 o
E sand. Shell fragments. 7 45 | 125 5 [;
173 g 2 Legend
] * [ H - i egen .
E il < Project: Tutorial 9 Plan View g4
3 . il Coal Cl
5 82 Project Mumber: 2000-001 (W B o R
36 Location: Someplace, somewhere
E GAEA Technologies - SOmEp i,
3 : T 44 Canadian Oaks Dr. Drain By. M. Fraser ] -
Drilled By: ABC Drilling Com pany Hole Size:12 Whitiry, ON LTN 643 Date: 11/02/2000 Pea1 ESanu Eleestone
Drill Method: H/S Auger Datum: Local CANADA Seale Bar
Drill Date:02-06-2000 Sheet: 1of 1 1] 200
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1. Geotechnical Engineering & Site Investigations

Why In-Situ Testing?

Laboratory Tests Limitations Field Tests Advantages

Difficulties for undisturbed sampling Overcome sampling difficulties

Soil disturbance & maintenance Minimum changes in stress state

Soil volume change Simple and fast

Omitting confinement pressure Economical

Size effect and boundaries Dominant applications in FE

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023



1. Geotechnical Engineering & Site Investigations

Evolution of Geotechnical Design Basis

100
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30

20

Relative Reliance (%)

10

0

A. Eslami

} e~ > ... Probabilistic
3! Time Period Usually Covered by ! o— ... Models
] . ® /FD FEM " e e,

4 Your Favorite Geotech Textbook . .-- o Numerical ~~
T e GSM =M Simulation

] =" Limit Equilibrium 2 s

: E’ast"ﬂ‘fy \‘\\ DEM ?
T Limit Plastici . e

: POy Apalytical™~~~._

: Ty , 1gaviry Models W7y "=
E o P .

: \\' Fall Cone St‘r,gitr.y xpansion Block Theory V
: g P
i /) Lab Vane CRS e S >

d Ny Elements )\ ~

. \\' Laboratory simple Shear e’ Continuous
t T e SC “ SCPTU

4 (b esting Resonant P i _

] k\, Permeameter Column 7 \\, Toroid
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: ~) Direct Shear i ~ SD Y-bar Hemi-bod
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: Oedometer == =" SBPMT DMT KSB pepry _,.eert™" -
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2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Background

35.7 mm

CPT involves driving a system of a steel cone and rods | (a-10em?)
into the ground, and recording the mobilized
resistance to penetration in the soil.

*»» Simple and relatively economical.

¢ Continuous records with depth.

134 mm

** Interpretable on both empirical and analytical bases.

¢ Sensors can be incorporated with penetrometer. iy

o

CPT; mostly applicable in soft to medium,
compressible & problematic deposits

s A large experience-based knowledge is now available

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 16/86




2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Equipment & Procedure

Penetration rate: 20 mm/s
Set of data: per 25 mm or 1inch

4 WPy f, Py UlkPe R

0 10 2 3 0501015020 0100203040 01 2 3 4

0 0 0 0

Continuous
Hydraulic Push
at 20 mm/s; Add
rod every 1 m,

Cone Rod
(36- mm diam.)

Depth (m)

Readings taken
every 10 to 50 mm:

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 17/86



2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Data & Graphical Presentation

qc (MPa) f (kPa) U (kPa) F. (%)
1' Measured ParamEters 0 10 20 30 0 5010015020 0 100200300400 0 1 2 3 4

0 0

Standard Cone;
Base area: 10 cm?

0

q. f, U

2. Corrected Parameters

e Corrected tip resistance:

qr = qc +ux(1—a)
¢ Friction ratio:

_ f;
Rf - S/QC
e Pore pressure coefficient:

L-)epth ({m)
o>

~
=3
v

S 5

u,=u,=shoulder  u=u,=
porewater midface
pressure porewater
(behind the tip). pressure

B = Au
q /(Qt_avo)

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 18/86



2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Data & Graphical Presentation

qc (MPa) fs (MPa) Pore Pressure (MPa)
0 2 4 6 8 101214161820 0 0.1 0.2 0.3 0.4 ) 3
3 3
4 4 4
5 5 5
6 6 6
7 7 7
-~ 8 8 8
= 9 9
E... 10 10 10
2 11 11 1
12 12 12
13 13 13
14 14 14
15 15 15
16 16 16
17 17 17
18 18 18
19 19 19
N P
0 20 20

(Fakharian et al., 2021)

A. Eslami Databased CPT & CPTu Applications in FE

Tons of Data in 1 Meter !!!

z qc fs u2 l

m MPa MPa MPa | |

o) 8] o ) | |
0.02 0.06 -0.0003 [8)
0.04 0.24 -0.0003 [9)
0.06 0.16 0.001 -0.0005
0.08 0.71 o -0.0005
0.1 2.47 0.0004 -0.001
0.12 2.79 0.0147 -0.001
0.14 2.48 0.0215 -0.001
0.16 2.31 0.0386 -0.001
0.18 2.32 0.0479 -0.001
0.2 2.27 0.0639 -0.001
0.22 2.27 0.0759 -0.0005
0.24 2.22 0.0878 -0.0005
0.26 2.1 0.0957 -0.001
0.28 2.07 0.0976 -0.001
0.3 1.99 0.0981 -0.0005
0.32 1.88 0.096 -0.0005
0.34 1.81 0.0926 -0.0005
0.36 1.79 0.092 -0.0005
0.38 1.75 0.0873 o)
0.4 1.75 0.083 o)
0.42 1.83 0.0764 o
0.44 1.92 0.0728 o
0.46 1.96 0.072 o
0.48 2.06 0.0743 o
0.5 2.08 0.0762 o)
0.52 2.05 0.0812 -0.0005
0.54 1.99 0.0863 -0.0005
0.56 1.97 0.0879 -0.001
0.58 1.91 0.0897 -0.001
0.6 1.92 0.0888 -0.0005
0.62 1.91 0.0865 -0.0005
0.64 1.9 0.0885 -0.0005
0.66 1.83 0.0903 -0.0005
0.68 1.73 0.0935 o
0.7 1.68 0.0918 -0.0005
0.72 1.5833 0.0877 o
0.74 1.4867 0.0836 o
0.76 1.39 0.0795 o
0.78 1.36 0.0806 o
0.8 1.33 0.0792 o
0.82 1.28 0.0775 o
0.84 1.2 0.0772 o
0.86 1.18 0.0739 -0.0005
0.88 1.16 0.0704 -0.0005
0.9 1.14 0.0648 o
0.92 1.09 0.0634 -0.0005
0.94 1.04 0.0619 o
0.96 1.02 0.0586 -0.0005
0.98 0.98 0.0558 o

1 0.99 0.0536 0

Jan 27th 2023
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2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Special Cones

Oscilloscope Signal Cable ﬁ\
|
—to (M) of i Pressure Hose “
Stainless Steel @ m Trigger Coupling to AW rod 4— Friction reducer
Electrodes Resistivit B
Electrode Static UVIF Module — | _
Insulating Material \ Y _ +—UVIF detector
A Hammer Ou‘ef Metal Shield #t}gzelsr::iiccid o5 Ultra violet source
SN D DD DDy e A NN /' T Filter
QOuter Metal Shield Window 7 ||
— Shear wave source (section cut away)
Mud Bloci H —=
Water Seal (perpendicular to cone) — Amplifier/Multiplexer circuit
J ~—— Membrane
~ Displacement sensor - Xand Y
N~ (three independent inclinometer location
Sleeve Load Cell \ sensors at 120 degrees) G AR & (internal)
Tip Load Cell \ (Vs and V, - internal)
Pressure Sensor —
Tip and friction |
load cell locations >
Pore Pressure Gage /Shear Wave (internal) «—— Friction sleeve (f)
Teflon Filter = Resistive temperature |
w R .
‘ SElsm IC : Cone tip (qc))y (Plgrg:zi::gi;elemem
Resistivity Piezocone Piezocone Test Cone Pressuremeter Ultraviolet Induced
Penetration (RCPTu) [  (SCPTu) (CPMT) Florescence CPT(UVIF-CPT)

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 20/86



2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Special Cones

a) gt (bar) fs (br) RF(%) u(m) Res(ohm-m) Cond (microS/cm) b) Friction Ratio Electrical Resistivity ~ P-Wave Velocity
0 100 200 00 0510152000 25 50 0 50 100 0 20 40 60 80 0 1250 2500 fs/qc (%) p (kohm-m) Vp (m/s)
Oty = T T T T S T g T 0123456 2800

001 1 100 1800

Permafrost

16

18
2 ot
% 29 EReTZ-2T eyl dewede ol i Sl el 1) ) caobalasibrh iy ipetuEsll
Perennaly

|
24 A ¢ - fd L heakiilad " A A
1 1 ] ] ] 0 20 40 S 04 1 3 0246 300 1300
TargetDepth Target Depth TargetDepth TargetDepth TargetDepth TargetDepth Cone Resistance Temperature Cone Inclination S-Wave Velocity
qc (MPa) T(C9) () Vs (m/s)

Depth (meters)
= IN] =] & > = = =) =3 ® s Y
1 1 1 1 1 1 1 1 1 1 Il
WL\/\ W AV
M
L L 1 L 1 1 1 1 1 1 1 1 1
A
i
1 1 1 1 1 L 1 1 1 1 1 1 1
1 1 1 1 1 L L 1 1 L L 1 L
Depth (m)
. . . - - . -
|
)
] 1
1 I
- 1

a) Example of resistivity piezocone profiles (ConeTec, 2019) & b) Example of
seismic cone records and soil profiling

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 21/86
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3. Applications of CPT & CPTu in GE

Essential Applications of CPT in GE

Soil Characterization and Profiling

Soil Behavior Classification (SBC)

Estimating Soil Engineering Parameters

Identifying Problematic Deposits

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 23/86




3. Applications of CPT & CPTu in GE

Cone resistance (IWM[Pa)
—_—

=
ot

Begemann
(1965)

Soil Behavior Classification and Profiling

Cone Resistance (MPa)

[—J

Friction ratio (%)

A. Eslami

=
=

—_

Schmertmann
(1978)

Sand

Loose

Clayey - Sands

and Silts

Sandy and Sity
Clay

Insensitive

Inorganic
Clay

Very Stift

Non - Fisssured

Wi (38

Stift

/

/
Medium /
Organic
/ Clays & Mixed
Solls
Sot /
Very Soft
3 4 5 6 7

Friction Ratio (%)

Douglas and
Olsen(1981)

Cam

panella et al.

(1983)

Cone resistance (MPa)

400

c’ Fa
S
O

40~/

Cone Tip Resistance, q /p

qr / sits floyey 3

U 1 1

Sund;
/

/Sty
/ sands / -
W /Sandy :

/and sils /sis ond /
/ity clay;/

/ // / Clays 4

/

Pegt =

Friction ratio (%)
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3. Applications of CPT & CPTu in GE

Soil Behavior Classification and Profiling

Robertson et al. (1986) Robertson (2010)

SBT, Index, I.
T T TTTT — T T T 11134

1000

Loe S Bk Tige
1. Sensive e yaned

1.31

[ T TTTI

L 11

100

Cone Resistance a/p,

-
=]

[ T T 1T
LU

NORMALIZED CONE RESISTANCE, Q,,

| I . N [ 1 1 111

1 10

|

—_

e e TR R R TR T T R AT
Frchon e ) PorePressure Paramete NORMALIZED FRICTION RATIO, Fr

o
-
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3. Applications of CPT & CPTu in GE

Soil Behavior Classification and Profiling

Eslami and Fellenius Eslami et al.

Eslami et al.
(2016 & 2022)

(2018)

100.0
3 1- Collapsive soil - Sens
Soft clay - Soft silt
3- Silty clay - Stiff clay
4- Silty sand - Sandy si Sands and Over-
5-Sand -Gravel  porrTiTe Gravels Consolidated Soils
(4) (5)
10.0 -
w
% Mixed Deposits;
- q Clays, Silts and Sands
w [+
o (3)
1.0
@ : @ 3 2 - Collapsible Clays and
: and Sensitive Peats
: _ Sensitive | ciayg Silts M @
01 i Soil
— — =
1 10 100 1000
f, (kPa) 4 5 6 7 f
Over Mixed Soil Very )
Consolidated (Clayey silt to Sands Dense
Clay sandy silt) Sand

A. Eslami
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3. Applications of CPT & CPTu in GE

Estimating Soil Engineering Parameters

» Case — based empirical methods
» Simplified analytical methods
» Numerical analyses

s Soft computing in data handing

A. Eslami

Databased CPT & CPTu Applications in FE

CONDUCTIVITY

* Thermal: k.
® Electrical: Q, &
* Chemical: D

" Permittivity, P,

COMPRESSIBILITY

= Recompressionindex, C,

* Yield Stress, o' (and YSR)

* Preconsolidation, 5,’ (and OCR)
» Coefficient of Consolidation, ¢,
® Virgin Compressionindex, C.

* Swelling index, C;

RHEOLOGICAL

= Strain rate, 5&/ot

* Time since consolidation (T)
* Secondary compression, Cq,
Creeprate, ag

Time tofailure, t;

Jan 27t 2023

STIFFNESS

* Elastic Modulus, E' andE,

* Bulk Modulus, K’

* Constrained Modulus, D’

® Tensile Stiffness, Ky

" Poisson’s Ratio, v

* Effects of Anisotropy (Gyn/Ghn)

" Peak (s, €, ¢')
* Post-peak, t'
* Remolded strength

* Residual (¢, ')
® Cyclic Behavior (Teye/Ovo')

27/86



3. Applications of CPT & CPTu in GE

Estimating Soil Engineering Parameters

Relative Density (D) Friction Angle (@)

Proposed correlations for friction angle based on CPT result Correlations predicting D, from CPT records
Reference Correlations Soil type and Remarks Reference Proposed correlation Remarks
Sand .
Meyerhof (1974) ¢ = tan"(q./0.5N;) e (MPa) Baldi et al. b - 1 l i Cp and C;: soil constantsl, Co=157 and C;=2.41
= — n(ﬁ) normally consolidated sand).
Robertson et al. 1 , (1986) G Co(ap)™ and o, are in kPa unit
¢ = tan"*[0.1 + 0.38log(q./0")] Sand 4c v
(1986)
Kulhawy and g Sand ) ‘ by = 52.5 for high compressibility sands
=17.6 + 11L 4/ 100 , ) . ] Ik k . e
Mayne (1990) ®° °8 (qC/ 7 D) a,’ and g, are in kPa unit ::;IIO(ZCE)V;?)I D, =268 lanﬂos —b, b, = 67.5 for medium compressibility sands
o 01 Sand ' (9v/Pa)” b, = 82.5 forlow compressibility sands
Uzielli et al. (2013) ¢ =25 (qc/‘/1000 1,) o, and q, are in kPa unit
, 05
, Sand Kulhawy and Qen = qt/pa/(00/Pa)
Mayne (2007) @' =17.6 + 11log(qs1) i1 = (gec/Pa) i Mayne D. = Qcn Q. =Compressibility factor (0.91 for high, 1.0
V(o'v/Pa) (1990) " 305Q.Q0cr for medium, and 1.09 for low).
Robertson and 1 Uncemented, unage_d’ Qocr = Over consolidation factor, OCR®*18
Cabal (2012) tang’ = 568 (log(qe/o'y) + 0.29) moderately compressible
quartz sands q /P
- - Mayne t/ Pa
Cohesive Soils D, =100(0.268In( ) — 0.675) and g, are in kPa unit
Mayne (2014) @ = 29.5B8121[0.256 + 0.33B8, + log Q] Qi = I5% p — st (2007) r [a, /pa 9e v
o’y qc—oy

Cone Resistance, q. (MPa)

CPT Cone Resistance, g (MPa)
o 10 20 30 40 50

20 30 40 50

Villet and Mitchell (1981)
Schmertman (1975)
Schmertman (1978)

Vertical Effective Stress, o', (kPa)
Vertical Effective Stress (kPa)

00
Correlation of qc and o’y with Internal friction angle
(Robertson and Campanella, 1983)
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3. Applications of CPT & CPTu in GE

Estimating Soil Engineering Parameters

Stiffness (E;)

Undrained Shear Strength (S,)

Soil Type CPT
E,=(2-4) . g
o 8000q T ’ 1 izl svain =015
- u ]
Send | @ ——————-————————— i
E, = 1.2(3D? + 2).q, . v —
E = (1+D?).q. ) 5
B =F.q, & o
Sats“ar:‘:fd e=10 F=35 £
e=06 F=70 v
OCR Sand E; = (6-30)q,
8 W%
Clay Sand E;, = (3—6)q.
E = (1-2)q. e
Silty Sand q. < 2500kPa  E, = 2.5q,
2500 < g, < 5000kPa E, = 4q, + 5000 L - —
(A
Soft Clay E,=(3-8)q, Drained Young's modulus from CPT for silica sands (Bellotti et al., 1989)

O]

sepoens
BRB2ERE

(@p N = ¢ D}

I}
0.01 01 1 10
Average grain size Dy {mm)

(Adopted from Robertson & Campanella, 1983)

A. Eslami

Correlations for undrained shear strength of the cohesion of soils

Databased CPT & CPTu Applications in FE

(Anagnostopolous et al, 2003)

Jan 27th 2023

Reference Correlations Remarks
Lunne et al. (g — 0,
5, = e Ne: cone factor
(1997) u / N, ‘
Risery (1974) Su="1/q
Au = excess pore pressure
measured at u, position = u;— u
Kulhawy and s Au Ne.= P 2P f2 ; 0
=— = Pore pressure cone factor
Mayne (1990) " Ny o P
Nau = Ny B
Nay varies between 4 and 10
Naeini and : normalized cone ti
5“/ , = 0107 +0.111q0m; Gen: P
Moayed (2007) 0y resistance; FC<30%
Rémai (2013) | The same as Kulhawy and Mayne (1990) method Nay=24.3 Bg
|
|
B 50 10 150 . ZélJ . 250 B 300
8, (kPa)
v Eecticaloons o Mechamcalcone  —— Allcones |
_— —Clctricalcone = - Mechanical cone
R hip between cone resi and undrained shear strength for cohesive soils
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3. Applications of CPT & CPTu in GE

Estimating Soil Engineering Parameters

Shear Wave Velocity (V)

Empirical correlations between V; and CPT data (Ameratunga et al., 2016)

, ) Units of :
Proposed correlation Soil
Reference Parameters 600 —
(m/s) Type

e fe .

(1995) V, =3.18(q)5#(f,) 0 Cay | ka |kpa| 2 |

8 400 —
Mayne and Rix ke
V, =1.75(q.)0.627 Clay | kPa |kpa| O
(1995) ’ - _ o
iai imani 1)V, =211 @
Madiai and Simoni (1), (f;j » Al MPa | mpal S
(ID{MJ (2] V5:155(C|;:| [fs:l g
Mayne (2006) V,=18.5+118.8log(f.) AL - kea| @

V;=100[1.36-0.35f,+0.15q¢-0.05f,>-0.018q:+0.39F, ] | Clay | MPa | MPa
MolaAbasi et al. | Ve=100[1.73+2.74f,+0.03q-4.015f2-0.00026+0.007fq] | Sand | MPa |MPa 3 |
— T T T 1
(2015) V.=100[1.47+2.07f,+0.10q:+9.50£0.0023q.-0.034f, q] | Mixed | MPa | MPa ‘ 2 3 4 5
Cone resistance q., MN/m?
V,=100[1.40+1.59f,+0.09q.-1.33f.>-0.002q.+0.05f; q] All MPa | MPa
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3. Applications of CPT & CPTu in GE

Estimating Soil Engineering Parameters

¢ Eslami & Mohammadi (2016)

q. f, u, > C,q¢’

( - ~11.44
<av0 - 20h0>
Qc—\— 3

C +0.000789(1 — sind) oy, tan( ¢> = fs

wl N

4
s T
<tan2 <Z + %) emtand _ 1) C cotp + g.tan? (Z + %) emtand 4

m
vB [tan2 <Z + %) emtand 4 1] tand = qg + N AU

A. Eslami Databased CPT & CPTu Applications in FE

Variation range for C (kPa) and ¢

(Degree)

100

q¢ (MPa)

0.1

100

q¢ (MPa)

200 kPa< ¢', < 300 kPa

10 b

Sand

Clayey and Siity Sand

Over Consolidated Soils

100< C <200

T
Sand
Clayey and siity sand

Over Consolidated Solls

50< C <60
140< C <250

140< C <250

18< ¢ <25
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3. Applications of CPT & CPTu in GE

Identifying Problematic Deposits

e Collapsible Soils Boundaries in Different Charts

Douglas & Olsen (1981)

0.00

200 400 600 300

A. Eslami

1000.00 -

1,00

100,00

10.00

100

Databased CPT & CPTu Applications in FE

100 228

010 ! ;

100 1000 10000

10.00

Jan 27t 2023

100.00

Robertson et al. (1986) Robertson et al. (1986) Eslami & Fellenius (1997)
=10 | . o

1000.001

Eslami & Fellenius (1997)

1000.00

Eslami et al. (2016)

Liquefiable
3004 -10

Eslami et al. (2016)




3. Applications of CPT & CPTu in GE

ldentifying Problematic Deposits

¢ Liquefiable Soils Boundaries in Different Charts

Douglas & Olsen (1981) Robertson et al. (1986) Robertson et al. (1986) Eslami & Fellenius (1997) Eslami et al. (2016)

1000.00 1000.03 ‘" 1 ! | 100000 - - Tt 100.00 Collapsible
I Iyt ~
A I " | :.'.‘.'[;; wit ‘ 300 10
}_,./ tf"l ,«f ":,v-.\ f""l 'F"s'\ .‘:'.1‘ "'r‘t.- ‘ ! o ]
100.00 - Py L5508 (A Woeringgof] , -~
10000 }.h/ Y L Ty i 1000 e
& Nl A
¥ ; s e - —
1000 : é 096 x'j)/ i f /i ,'/ . : %mﬂfﬂ i
K 1000 ’ 100 [0 % "8 1.00 A
5 - ¥k 1
X s a <5/ '
L . Y LI\ e il
1.00 — : 0 = ¥ f 100 010 i
000 200 400 600 800 I 000 200 400 600 8N I 020 030 080 130 100 1000 10000 1coo.oo| iy

e Expansive Soils Boundaries in Different Charts

Douglas & Olsen (1981) Robertson et al. (1986) Robertson et al. (1986) Eslami & Fellenius (1997) Eslami et al. (2016)
1000.00 1000.00 1€0.00 S Expansive
300 -10
100.00 10000 | 1000
1000 P 1000 W
100 ¥ ‘ 100 0.0
000 200 400 600 800 0.00 100 1000 10000 1000.00
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A. Eslami
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4. Databased Approach in Foundation Engineering

Typical Structures Typical Foundations

Piers with splayed bases Bearing piles

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 35/86



4. Databased Approach in Foundation Engineering

Major Analysis & Design Requirements

. Bearing Capacity

. Serviceability (Settlement and Torsion)
. Structural Design

. Stability Control

Foundation
Engineering

Full or Model Scale Testing

. Constructional Aspects

Durability

0 N O U b~ W N B

. Economic Requirements

Multidisciplinary: Structural, Geotechnical
and Constructional
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4. Databased Approach in Foundation Engineering

Foundations Classification

e Embedment

¢ Load Transfer System

A DT
ot st ot b e
1 S g

D; <B .f:T:HlT ”TH

f—— B ——=—

Shallow Foundations

4B < D; < 10B

Semi-deep
Foundations

;

TTRITT

e
3

Improved Soil

(B+Z)*(L+Z)

SORRX

1

f!f%%qufif&f

Shallow Foundations
+ Soil Improvement

D> 108 If 4"

Deep Foundations

TQ.....,....«
Section-act Vector-act Surface-act
Foundation Foundation Foundation
1 o Raft
O 1’| [Block Foundation A
R Bl
1 B )
Block-act Hybrid
Foundation Foundation

(Eslami & Ebrahimipour, 2023)
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4. Databased Approach in Foundation Engineering

Databases

Databases are collections of data which are organized in order to facilitate
access and retrieving data when they are needed.

Databases in Geotechnical Engineering

1. Pile loading test (vertical & lateral) 1.

2. Retaining walls and displacement 2.

3. In-situ tests

4. Specifications of geotechnical boreholes 4.

5. Settlement of shallow foundations 5.

A. Eslami

Advantages & Applications

Cost saving and project execution time
Optimization of design methods
Evaluation of design methods
Development of new methods

Improvement of geotechnical studies
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4. Databased Approach in Foundation Engineering

Overview of Some Databases in Geotechnical Engineering

Berkeley Liquefaction Investigation USGS Earthquake Hazards Program

< C | & Secure | https://earthquakeusgs.gov/research/cpt/data/table

CPT Liquefaction Investigations, Adapazari, Turkey

v

]
~4

Summary of In-Sim Tc:tf Performed along Surveyed Lines eioct o achangiopworld
see locanon on IH&]J DflO\‘f
Line Name Number of Soundings Number of Borings Earthquake Hazards Program
Line 1 46 7
Line 2 12 2 X
o3 3 5 AllRegions Table of CPT Data
ine 4 24 3 .
Description of In Sim Testing Procedures Arkansas AH Reglons
Adapazan City Ma o
P AP Ouachita River Sounding  Download Date Depth (m) ~ Longitude Latitude
, E3rar £af 25
30600%6400 Red River SCC136 Adobe. zdf‘ ASCll.bt  1975-05-05 104 -121.9257 37.41068
i X SMC019 Adobe. zdf‘ ASCllL.bt  1978-05-17 180 -122.13181 37.49645
g = California (Northern)
N
=
SMC024 Adobe. zdf‘ ASCllL.bt  1979-06-25 9 -122.45215 37.67183
= Alameda County
\ Sy N4 49
SMC025 Adobe. z(m ASCllL.bt  1979-06-25 9.2 -122.45213 37.67182
Mono County
ol T‘;. K Ste. SMC026 Adobe. z(m ASCll.bt  1979-06-25 88 -122.45216 37.67182
3 - 1L ot 4,9& Monterey County
'\ ks
R4 * 2 SMCco27 Adobe. z(m ASCll.bt  1979-07-03 13 -122.4335 37.65504
C < 5 San Francisco County
% 3 o
EST P » 2 San Maten Courdy SMC028 Adobe. E(MASCII.M 1979-07-03 122 -122.43352 37.65504
~~{_CADDESI -
o pE! e SMC029 Adobe. 2(”‘ ASCll.bt  1979-0T-03 124 -122.43349 37.65504
i 4 % Santa Clara Count
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4. Databased Approach in Foundation Engineering

Overview of Some Databases in CPT & Pile

BriaUd & TUCker (1988) Database % driven io sand +driven, mixed, tip in sand
¢ driven in olay X driven, mixed, tip in olay
.. 800 —r—T—T—T—TTTT T T T T T T T T T
« Assessment of 13 methods for determining t f:';"* pred./uees.
. . 700'_ io..ot Pl..lan ; 53 " _':
the bearing capacity and settlement based - [RADTICR .
. - scu; + ]
on SPT, CPT, PMT and dynamic formulas £t . /
_ _ é scar;L_L—- . ‘*x‘ - n
- 98 case studies of steel and concrete piles |3 | . . SR
< 400} .« 7 = * -~
with square, H, circular cross sections 3t o :
8 =0} x % +
- Pile lengths between 3 and 25 m : S
« The ultimate loads range from 307 to 2536 kN F_ , " 1
oo Lo o Lo o L o L g By .-
o 100 200 300 400 sS00 600

MEASURED LOADS AT O/10+PL/AE (KIPS)
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4. Databased Approach in Foundation Engineering

Overview of Some Databases in CPT & Pile

Eslami i
——
slami & Fellenius (1997) Database T ——————r—
No. Case Reference Site location  material® b(mm) length, D (m) R, (kN) Soil profile
Group 1
1 UBC3 Campanellaetal. B.C.,Canada P.S 324 16.8 630 Soft clay, sand
1989
° 102 t d f 40 t d 13 2 UBCS  Campancllaetal. BC.Canada P,S 24 311 1100 Soft clay, sand.
case stuailes 1rrom Sites an 1989 st
3 NWUP Finno 1989 I, US.A. P.S 450 152 1020 Sand, clay
4  FHWASF O’Neil 1988 Calif , US.A. PSS 273 9.1 490 Sand
H 5 BGHDI  Altaeeetal Iraq 8q,C 285 1.0 1000 Uniform sand
Countrles 1992a, 19926
6 BGHD2  Ahaecetal Irag Sq,C 285 15.0 1600 Uniform sand
1992a, 1992b
7 POLAI CH2M Hill 1987 Calif, US.A.  Oc,C 610 258 5455 Silt, sand
T E 8  POLA2TOE Urkkada 1995 Calif, US.A.  Oct,C 610 325 3650 Silt, sand
- CI ay, SI It an d san d d e p OSItS 9 TWNTP4 Yenetal 1989  Taiwan ps 609 143 4330 Sand, clay, sand
10 TWNTPS Yenetal 1989  Taiwan P.S 609 343 2500 Sand, clay, sand
11 TWNTP6 Yenetal. 1989  Taiwan P, S 609 343 4460 Sand, clay, sand
12 L&D314 Briaudetal. 1989 Il US.A. HP, S 360 120 1170 Sand
- ] = . 13 L&D35 Briaud et al. 1989 111, US.A. P.S 350 12.2 630 Sand
 Mainl | t .
aln y S q uare or circular tn sections 14 L&D316 Braudetal 1989 NL,USA.  HPS 360 12 870 Sand
15 L&D32 Briaud et al. 1989 111, US.A. P.S 300 11.0 500 Sand
16 L&D38 Briaud etal. 1989 I, US.A. P.S 400 111 945 Sand
17 L&D315 Briaudetal 1989 IIl, US.A. HP. $ 360 113 817 Sand
. 18 A&N2 Haustorfer and ~ Australia Sq,C 450 13.7 4250 Sand
« Steel and te material '
eel anad concrete materials Plesiots 1988
19  N&SBI44 Nortingham 1975 Fla., US.A. P.S 270 225 765 Sand
20 QBSA Konrad and Roy ~ Que.,Canada P, S 220 15 83 Sensitive clay
1987
o P i I eS b ear i n C a a . 80 80 k 21 UHUC! O'Neil 1981 Tex., US.A. P,S 273 132 780 Clay. sandy
ty: 80 to 8000 kN
g p C I y " O 22 UHUTI O'Neil 1981 Tex., US.A. P, S 273 13.2 485 Clay, sandy
clay
23 UHUCI1  O'Neil 1981 Tex., US.A. P.S 273 132 800 Clay, sandy
clay
24 UHUTI1  O’Neil 1981 Tex., US.A. P,S 273 13.2 520 Clay, sandy
clay
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4. Databased Approach in Foundation Engineering

Overview of Some Databases in CPT & Pile

Kempfert & Becker (2010)

« German method .

1000 case records

A. Eslami

14 | I | | 300
(@ driven precast piles (a) —
— 12 @ Simplex piles %
e 3 Atlas piles ‘g- 250
E 10 - @ Fundex piles E
= . (® bored piles ;, 200
o 8 @
8 2 150
S 6 i _
@ <2
o0 n _
% 4 4] 100
o L + I
(4]
2 2 4 £ 50
@® upper values (50%-quantile) .
Q 0 | —=-"lower values (10%-quantile) 0 -
0 5 10 15 20 25 30 0
cone resistance q, [MN/m?]

Databased CPT & CPTu Applications in FE

[ @ Fundex piles

| | |
(D driven precast piles (b)
(@ Simplex piles
(3 Atlas piles

o

(® bored piles

upper values (50%-quantile)
————— Iowelxr values (10%-quantile)

5 10 15 20 25
cone resistance q, [MN/m?]

300
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4. Databased Approach in Foundation Engineering

Overview of Some Databases in CPT & Pile

Bolivian Pile Prediction Event 2500
. Pile B2
(Fellenius et al., 2017) 2000 |
CPTU C1 2 1,500 -
Sleeve Friction, f, (kPa icti io, %
Cone Stress, g, (MPa) Vi ion, f; (kPa) Pore Pressure (kPa) Friction Ratio, fy (%) :
O 5 1 5 0 2 s 75 0 0 20040608010 0 1 2 3 45 & 1,000 |
0 et 0 ot 0 it L — 9
= T 500
lz"v h 5 515 T e i R (N The measured load-
h : 51 —— ——— 0 25 50 75 100 \\125 displacement diagrams
¥ I == -‘. I:L _--... —— b 1
# { 2,500 R
1| _ _- — = 10 - 107 % d \
' = |8'| =—=¢ E | 4
z - z ~ p——— N z —— 2,000
o o = o a =
m . w B w g =T
0 0 4 T 15 — 51500 - The predicted load-
- - . . .
— = == N displacement diagrams
— PR — — ]
. = i = - '_____._\ < | - -
o = 1,000
$ 201 1 = 2 — &
N= ) = 500
1 —= T
0 T ‘ —rT :
0 25 50 75 100 125
MOVEMENT (mm)
Typical CPTu log in the site . .
ypP & Typical predicted and measured load-movement
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4. Databased Approach in Foundation Engineering

Several Comprehensive CPT & Pile Databases

de Ruiter & Beringen (1979)
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5. CPT & Shallow Foundations

Direct Application for Settlement & Load-Displacement

o~7840
Rough Foundation _- Strip Footing
Surface \ b —
J N K &‘.
{ q Effective overburden, /
~A/9%Y0,
; :ali-.u“lbl:nfutmx /
ARSNGB /|
7 A s /
s 0. On ¢’ ¢ soil /
~~ —_,,_-"/ d \\"<———<"/- f + (a) /
/ O‘--.\
’ \
] - ,
T / / \ r oy
/ / \.. .’l

5,
A&&&&&&i&n D

EX

Shear failure zone, a) drained condition, b) undrained Comparison of rupture surface length for shallow and
(Terzaghi, 1943) deep conditions
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5. CPT & Shallow Foundations

Direct Application for Settlement & Load-Displacement

Reference

Equations

Remarks

Schmertmann
(1978)

quir = E[Nq + O.SyBNy

Ny = Ny, = 1.25/qc1 X qc2

g.1= arithmetic average of qc values in an interval
between footing base and 0.5B beneath footing
base.
q.»= arithmetic average of qc values in an interval
between 0.5B to 1.5B beneath footing base.

Meyerhof
(1976)

- (zz) (1+3)
qult - qC 12.2 B

g.= arithmetic average of qc values in a zone
including footing base and 1.5B beneath the
footing.
F.S. at least 3 is recommended

Bowles
(1996)

Gui: = 28 — 0.0052(300 — g.)'°,
for strip footings
GQuie = 48 — 0.0052(300 — g.)'*,
for square footings

g.= the arithmetic average of gc values in an
interval between footing base and 1.5B beneath, in
terms of kg/cm?.

CFEM
(2006)

Quit = 0.30 ?C
Qan = 0.10 qc

a safety factor of 3 has been suggested

Tand et al.
(1994)

Quir = Rch + Ov0

Rk values range from 0.14 to 0.2, depending on the
footing shape and depth, and g, is the initial
vertical stress at the footing base.

Eslami and Gholami
(2006)

Quit :_a S C_Icg
qc
log (?7) + 0.5095
0.0915

q.,y= geometric average of gc values from footing
base to 2B beneath footing depth.

A. Eslami

Databased CPT & CPTu Applications in FE

Jan 27t 2023

47/86



5. CPT & Shallow Foundations

Direct Application for Settlement & Load-Displacement

¢ Minnesota

CPT Design Guide (2018)

Direct CPT Method

J J A JJ Bearing Capacity,

CPT : P —
: Displacement, s L
Depth, z $\05 1\ ~0:345
Soil Type mp 1, e Gmax = Rs* Qener (E)ma.x ) (E)
| 1 5
. " : : B 1 (Imn.\‘/ L 0.345 -

g GWT Sleeve friction, f. S—B'[h—s'TﬁFS'(E) ]

A. Eslami

8 Porewater pressure, i,

Corrected cone resistance; Tinar = qt- O

Databased CPT & CPTu Applications in FE

4 -

< Bdfast Clay

+ Bothkennar Clay
A Haga Clay

© Rio Grande Clay

Shellhaven Clay

PV
¥

O Batown Clay

0 Tomhil Silt
Vattahammar Silt
Vagv erket Silt
Labenne Sand

L
/

4

- - -

{Intact Clays
{(undrained)

Perth Sand

Grabo Sand Fills

Texas AAM Sand

Green Cove Sand
« Trend

Foundation Soil Formation Parameter, hg
| 3]
¥

b - - - - - - - -

Gravelly

Sand Sands

i

Sandyto Silty
Mixes

5‘ Fissured

;C[a'y'

‘Organic

Clays ‘Clays

0 1

2

CPT Material Index, I,

(W8]
4

Foundation soil formation parameter hg
versus CPT material index, I. (Mayne, 2017)
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5. CPT & Shallow Foundations

Direct Application for Settlement & Load-Displacement

. . =L e =i ™ = Tip Resistance (MPa)
¢ Valikhah & Eslami (2019) e B % B
= ST N e miEmiemle T R LT e = s s 0
£ F et j=03 /
z e 5
1 0'['}+Ao" J GE: j ; «
AH_(;J' ( ol e XH § ) s>
r r g 3}
2841\’
m:O.Zbe(—) X4,
1B 10 100 1000 6 F
Friction Ratio (%) h E
b: penetration cone diameter g 100 L rop0sed Approac ;
- . =0.9636 2
B: foundation width ) 1‘“\ g 0001 oo | 3
: .o £ 9 }
(band Bare mmand g, 1s nkPa) = £ 0
A v
j — 4 z 09 1.5m £ )
x+yq, % E .' 2
X= 002Rt + 0.5 E 06 E 100 @ i. 2t
— 1\=0.25 5 .
y= 7.53(00) . ; . ,!3' .
! : o
(¢, and 6, are in kPa) 0 .
0 0.02 0.04 0.06 0.08 0.1 0 100 200 300
Settlement/Width Predicted Settlement (mm) 15
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Geaigennical Encjinaerine (GE) & Siie Invasiiceiions

~
N2

Cons & Plgzocons Pansgiraiion Tesis (CPT & CRPTu)
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L

Avoaliezitions of CPT & CRTU in G=
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CPT & Deep Foundations
\ 7 Case Sitcligs
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6. CPT & Deep Foundations

Background

Indirect Approach< (. & fs - C,¢ ‘ I, Ty

Direct Approach <

‘ Penetrometers can be realized as a model/ pile \
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6. CPT & Deep Foundations

Scale Effect Correlations

e Determinant Factors for Toe Capacity

1. Embedment depth

2. Influence zone

3. Data production processing and averaging
4. Diameter

5. Nonhomogeneous condition

6. Penetration rate and failure mechanism

0 mm/s V=V _ =0.0005-0.2 mm/s

Pile

2
7. Ultimate capacity interpretation = B, =35.7 mm B =B,, =200-2000 mm

Pile and CPT differences
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6. CPT & Deep Foundations

Scale Effect Correlations

Embedment Depth Influence Zone
(a) __ (b} —
I I 10 ; \I\- 0 U
N o1 lo|[F=w ? ]
| a 8 2l

g 79 s !

o ] -

Sel | ke T

; 5: E 5

:g' 4: ¢ % 4

:g 3: Io 3 3

§ - =

£ 2] ~T 5 2
’ o

g 1 g !

8 0 e ___/L ... — 0
1 oy _1_1.2b A1
2 2 4

, N ; 0 1 2 3 4 5 0 1 2 3 4 5
R S Distance in units of pile diameter b Distance in terms of diameter b

Schematic view of transformation of shear a) Principle of a logarithmic spiral rupture, b) rupture surfaces
failure from shallow to deep (Nottingham, 1975)  around pile toe for different soils (Eslami & Fellenius, 1997)
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6. CPT & Deep Foundations

Direct Application for Deep Foundations Bearing Capacity

List of common CPT- and CPTu-based methods for pile bearing capacity

Method/ Reference

Method/ Reference

1 Begemann (1963, 1965, 1969) Fugro-05 (Kolk et al. 2005)
2 Meyerhof (1956, 1976, 1983) 16 UCD-05 (Gavin and Lehane 2005)
3 Aoki and Velloso (1975) 17 ICP-05 (Jardine et al. 2005)
4  Nottingham (1975), Schmertmann (1978) 18 UWA-05 (Lehane et al. 2005)
5 Penpile (Clisby et al.1978) 19 NGI-05 (Clausen et al. 2005)
6 Dutch (de Ruiter & Beringen 1979) 20 Cambridge-05 (White & Bolton 2005)
7 Philipponnat ( 1980) 21 Togiliani (2008)
8 LCPC (Bustamante & Gianeselli 1982) 22 German (Kempfert and Becker 2010)
9 Cone-m (Tumay & Fakhroo 1982) 23 UCD-11 (Igoe et al. 2010, 2011)
10 Price and Wardle (1982) 24 V-K (Van Dijk and Kolk 2011)
11 Gwizdala (1984) 25 SEU (Cai et al. 2011, 2012)
12 UniCone (Eslami & Fellenius 1997) 26 HKU (Yu and Yang 2012)
13 KTRI (Takesue et al. 1998) 27 UWA-13 (Lehane et al. 2013)
14 TCD-03 (Gavin and Lehane 2003) 23 Modified UniCone (Niazi and Mayne
2016)
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6. CPT & Deep Foundations

Direct Application for Deep Foundations Bearing Capacity

Meyerhof (1956, 1976, 1983)

Toe resistance: r; = q.,€1C2

q.a = arithmetic average of q. values in a zone ranging from “1b” below through “4b” above pile toe

In
CL = (%) ; modification factor for scale effect when b > 0.5, otherwise C; =1

D
Cy = ﬁ ; modification factor for penetration into dense strata when D}, < 10b, otherwise C,=1

B = pile diameter (m)
n = an index; 1 for loose sand, 2 for medium dense sand, and 3 for dense sand

D}, = embedment of pile (m) in dense sand strata

Shaft resistance: r; = Kf, ,(K=1); r; =cq.,(c = 0.5%)
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6. CPT & Deep Foundations

Direct Application for Deep Foundations Bearing Capacity

Eslami & Fellenius (1997)

» Toe Capacity
I't = C¢ X Qg
qe = qt — U

qt = qc + (1 —a)u

100.0 o

7 1- Collapsive soil - Sensitive soil
1 2- Soft clay - Soft silt

7 3- Silty clay - Stiff clay

7 4- Silty sand - Sandy silt

71 5- Sand - Gravel

» Shaft Capacity Stff clay

100 o
2 5
o
£
. o . wi
Shaft coefficient correlation S
Soil type Cs Wy
Soft sensitive soils 8.0% :
Clay 5.0% 4 (}éwéﬂ» :
and mixture of clay and silt | 2.5%
Mixture of silt and sand 1.0% 0.1 i
. T T T T [1]
S G
Sand 0.4% 1 10

I's = Cs X (gg

Jeg = ri/(lm X (g2

A. Eslami Databased CPT & CPTu Applications in FE

100 1000

X =+ X (Jgn Chart for soil classification
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6. CPT & Deep Foundations

Direct Application for Deep Foundations Bearing Capacity

Unicone: Fellenius, Eslami & Infante (2002)

Pile Capacity Calculation Soil Profiling

£ 50il Profiling Results: Eslami-Fellenius I [a] 5 L i L
Soll Profiling Results: Eslami-Fellenius bl L sk f“;fh::m |
Depth| gt [ 5 [ w2 [ qF [ Rf | Soil Type B Y e— g o]
m | MPa | KPa | KPa [MPa | % | ——F ]
330 |16500 25 570 1330 23 23 Silty Clay 2 e
31 [16550 37 620 1107 36 1T Silty Sand to Silt R e
332 16600 38 700 648 37 18 Silty Sand to Silt @
50 10 Fine Sand and/or Silty Sand ==
P Sinix],| 2
13 1- Verysoftclays- |66 1.1 Fine Sand and/or Silty Sand Toe Resistance =
Sensitivesolls (58 2.2 Silty Sand to Sit Depth| gt [ & [ w2 4] Unit Toe x|
@ 2- Clays 36 32 Silty Sand to Silt m | MPa ‘ KPa | KPa Resistance
27 | 29 Silty Clay 1 (1875 10894 6. 1501 |
e 3 Sifyclaye-stiff 131 30 Silty Clay - 2 | 183 947 . 1503 L
. < - - - Toe
5 e 27 | 24 Silty Clay 3 (1885 80X 59, 150, Resistance %
e & SandySitandior 147 1.0 Fine Sand and/or Silty Sand T4 189 7123 5. 1526 al %
= sikySind 56 11 Fine Sand and/or Silty Sand e 20 o Taan || 409.KN | £
° X sand ~Shaf Resisance u ¢
;' ?“",“" Depth| ot | &5 | w2 | F | CS | 15 | Rs | Soil Type || Total
- e m | MPa | KPa | KPa | MPa | | KPa | KN | Shaft
3 Clay 137 [6900 17 160 1948 15 001 145 144.1 SilySand “”'f‘_f“_f
© o L T A
0 - Silty Sand 7 139|700 15 170 B4 12 0B 3.
- 10 |7050 14 190 230 12 0025 2.
44 (7100 14 00 8RR 12 AMA 9 Method R R, R,
7- Gravel'Sand
S EslamiFellenius | 169"k~ | Gatkn | Bas7kn
% Very SHf, Fine Eurap Br6. KN | BO7.KN fimakn Reset|
Grained LCPC B kN | Ba0KN h5eakN  Reset
Meyerhof W3 KN | BZKN | Bs7gkn Reset
Schmantmann 72 KN 11.KN 32KN Resat
01 1.00
Nommalized Friction Ratio Tumay Biz kN | RizKN | Biagkn Reset
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/. Case Studies

Case No.1: Urmia Lake Causeway (Eslami et al., 2011)

q.(MPa)  f;(MPa) u(MPa)  Rf(%)  Profile
o n O
meo S m oo o 99
—— 29 Y T2 [siltyclay
10‘ \ amm——

;-

Depth (m)
ol
o

201

30] ' Clay
o L_ Organic
60+

701 i Clay

80+
904
Organic
100 ®

a) Longitudinal view of the bridge, b) pile groups under each pillar , c) typical CPT logs
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/. Case Studies

Case No.1: Urmia Lake Causeway (Eslami et al., 2011)

ROBERTSON 2010
Su (kPa) 1000.00

0w W W / :
l l 100,00 : :
===f=e= | 2b results ’
—
~&— CPT correlation 10,00

20 . 3
based on gy 1
5 = CPT correlation T 2
" based on 0.0 100 10.00
Highlighted area shows ESLAMI-FELLENIUS 1997

5
e
1.00 Z,
o
0.10

1.00 1000 10000  1000.00
e s CPT test soil profiling

A. Eslami Databased CPT & CPTu Applications in FE Jan 27t 2023 60/86



/. Case Studies

Case No.1: Urmia Lake Causeway (Eslami et al., 2011)

0 0
154 | Eslami-Fellenius ] 154 | Schmertmann
E 304 E 304
2 45 E 45
U L
a a
60 ] 604
75 75
0 2500 5000 7500 0 2500 5000 7500
Total resistance (kN) Total resistance (kN)
0 0
E 30 E 30
5 5
2. 45 2. 45
[F] 4
a a
60 60
75 75
0 5000 10000 15000 0 1600 3200 4800
Total resistance (kN) Total resistance (kN)
Pile total capacity distribution (length of 75 m,
diameter of 813 mm & wall thickness of 38.1 mm).
(Eslami et al., 2011)

Load (kN)

Load (kN)

1400

1200

NI A

e /

-+ Unloading
— Reloading

04 - - . . .
0 2000 4000 6000 8000 10000 ( a)
Displacement (0.01 mm}

3200
2800+

2400+

2000+

1600+

1200+

800+

" 10000 (b)

0 2000 4000 6000 8000
Displacement (0.01 mm)

Static load test result; a) compressive (length of 30
m, diameter of 356 mm & wall thickness of 12 mm),
b) tension (length of 70 m, diameter of 305 mm &
wall thickness of 16 mm) (Eslami et al., 2011)
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/. Case Studies

Case No.2: Torre Latino Americana, Mexico City, Mexico (Coduto et al., 2016)

e 43-story Building
 Milestone in floating foundations technology

The soil profile:

e 0-5.5 m depth: Old fill (GWT at 2 m)

e 5.5-9.1 m depth: Becarra sediments

e 9.1-33.5 m depth: Tacubaya clays;

moisture content = 100 - 400%, C. = 8; S,, = 35-70 kPa.

e 33.5-70.0 m depth: Tarango sands

The Palace of Fine Arts, located across the street from
the Tower, settled over 3 m (10 ft) from 1904 to 1962

(Zeevaert, 1957).

A. Eslami

Databased CPT & CPTu Applications in FE

Typical compression Index C. values

(Holtz et al., 2011)

Soil C,
Normally consolidated medium sensitive clays 0.2t005
Chicago silty clay (CL) 0.15t00.3
Boston blue clay (CL) 03t00.5
Vicksburg buckshot clay (CH) 0.5t0 0.6
Swedish medium sensitive clays (CL-CH) 1to3
Canadian Leda clays (CL-CH) 1tod
Mexico City clay (MH) 7to 10
Organic clays (OH) 10to 15
Peats (Pt) Long, short
Organic silt and clayey silts (ML-MH) 15t04
San Francisco Bay mud (CL) 04to1.2
San Francisco Old Bay clays (CH) 0.7t009
Bangkok clay 0.4
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/. Case Studies

Case No.2: Torre Latino Americana, Mexico City, Mexico (Coduto et al., 2016)
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Stratigraphic characteristics of Mexico City soil
deposits (Romo & Garcia, 2003)

Classic log & SPT result (Zeevaert, 1957)
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/. Case Studies

Case No.2: Torre Latino Americana, Mexico City, Mexico (Coduto et al., 2016)

A

-[ ]— Old Fill

/ Becarra
/

4 rs

I .4

Tacubaya

- Tarango ".*
v AR sl ..'..I"'.:

(b)
Torre Latino Americana Tower: a) general view of, b) the foundation and the sublayer profile (Coduto
et al., 2016), c) schematic of the tower
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/. Case Studies

Case No.3: Marina Bay Sands, Singapore (Arup Group, 2018)

* Year of Completion: 2010 « Gross floor area: 581,400 m?

* Height: 207 m * Primary use: Hotel, Conference, Retail, Leisure

*  Number of Storeys: 57

General View of the complex
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/. Case Studies

Case No.3: Marina Bay Sands, Singapore (Arup Group, 2018)

Hote Hote Hote Hotel car park cone esance: 1o Seee ficton: Poe pressure: K

: 0 10 20 30 40 0 50 100 150 200
tower 1 tower 2 tower 3 and cooling tower M 4 g D00 Tomo 1500 2000

n 10 -104 10
IRIR:R Deep B . . .
T | M i OA t t g

Dep L valey || £ 220 £
OA valley %5m E g 5
15m thick = thick z m m
Al B fao-gt 30, 30
B Fil -
_ | O soft marine clay —
L [ Old Alluvium (OA) 404 04 _4pA
- | :

Typical Soil Profile of the site Typical CPTu result of marine clay in Singapore
(Bo et al., 2019)
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/. Case Studies

Case No.3: Marina Bay Sands, Singapore (Arup Group, 2018)

Test Piles:
Diameter: 1.8 - 3 m, Length: 70 - 80 m, Treshold of Loading : 2200 — 5500 ton
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A forest of drilled shafts O-Cell implementation in Marine Bay Sands project
(Foundation Drilling, 2012) (Foundation Drilling, 2012)
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7. Case Studies

Case No.4: Explosive Compaction Ground Modification
(Eslami & Shakeran, 2016)
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/. Case Studies

Case No.4: Explosive Compaction Ground Modification
(Eslami & Shakeran, 2016)
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/. Case Studies

Case No.4: Explosive Compaction Ground Modification
(Eslami & Shakeran, 2016)

Eslami & Fellenius i Roberson 2010
" . : ==oae I =1 NSRS Jebba Dam (Zone 1) after Explosion

100 T - ——rrrr
9 ' o T

>

Jebba Dam (Test) after Explosion

>

St. Petersburg |
(Without delay) after explosion

100

8t Petershurg Il
(With delay) after explosion

1=

e (MPa)

Jebba Dam (Zone 1) befor Explosion @

10 Jebba Dam (Test) befor Explosion

Cone Resistance,qy/ Py

St. Petersburg |
(Without delay) befor explosion
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1 10 100 1000 0.1

St. Petersburg Il
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SBC charts for soil behavior assessment before and after explosion
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/. Case Studies

Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

* 600 Records of pile axial loading tests {’\‘
q
along with adjacent CPT or CPTu Q%%}

profl les. Amirkabir University of Technology

Department of Civil and Environmental Engineering
* Digitizing load-displacement diagrams

derived from loading tests and CPT AUT;GEO-CPT&PILE DATABASE

prOfl les GEOTECHNICAL INFORMATION, CPT AND CPTu DATA AND PILE LOADING TESTS RECORDS

* Soil Properties

Developed by: Finalized by:
* Engr. Sara Moshfeghi v Dr. Abolfazl Eslami
. Classified within three [ERFTNEESEN » Dr. Abbas Soroush

* Dr. S. Majdeddin MirMohammad Hosseini = Engr. Sara Moshfeghi
v Engr. AmirHossein Vojgani

0 Clayey, silty and sandy soils.

categories: Sandy, Clayey

and Mixed soils
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/. Case Studies

Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

Digitizing load-displacement diagrams derived from loading tests and CPT profiles
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/. Case Studies

Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

Database structure

General Records Form CPT Data Form Sources
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Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

Database structure

Piles Information Search

—
AT Drabe

= O W = T Do ¥ - . Sl ) BTG TR e

@@ AUT- CPT&PILE DATABASE m AUT- CPT&PILE DATABASE @ AUT- CPT&PILE DATABASE
i il

ﬂ, IGeneraJRetmﬂsl ‘ PTData | ﬁ ’ Sources ‘ Search ﬂl ‘Gmelamknrds | (PTData | E Sources Search | | General Records ‘ CPTData | ’ Piles | Sources I
“ DrledDicement I Drven Concete I u | Helll I e I OherTpes - m iled Diglement I ven Coete I H I Hell I Fige I OierTypes -

BORED PILES

GseNo 3

BORED PILES

Pile Characteristics

Shape

Material

Installaion

Embedment Length, D{m) 106
Diameter, b (me)

Cross Sectional Area, At (m) 0,036

Perimeter (m] 1100

Load Test{s) Information

TestNoS | Testbob | TestNoJ | TestNoS | TestNod

Tethol | Testhod

Typeof Testandloading  Static Compression, SWL

Time Interval Between
Installation znd Loaing, Days

Toe Capaity, kt, kN
Shaft Capacity, Rs, kN
Total Capaciy, fu, kN
Remarks
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SEARCH

Search by Pile Characteristics:
Installation

v|  DiameterRange (mm)

v|  Embedment Length Range (m]

Cor data f L fr
== s 8B Typeof Testand Loading

Coy &

Mx B

Search by Soil Type and CPT data: Search by Loading Test Data:

SoilType: Sand B Seperated Shaft and Toe Resistance §
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Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

Relevant Publications

MOShfeghi & Eslqmi (2016) E IE' International Journal of Geotechnical Engineering

&) Taylor & Francis
- i Comep

ISSM: 1938-6362 (Print) 1939-7879 (Online) Journal homepage: http://www.tandfonline.com/loifyjge20

1600 T T v T T T v T T
Chin-Kondner X
1400 | 9 . - - - - -
, Study on pile ultimate capacity criteria and
1200 ; CPT-based direct methods
1000 Brinch-Hansen 80% - Sara Moshfeghi and Abolfazl Eslami*
_—
§_ _— ) Due to the variety of current Cone Penetration Test (CPT)-based methods of estimating the pile bearing
8 Dayjsson 1 capacity, for optimum design, it is necessary to evaluate the performance of such methods in various
3 geotechnical conditions. Geotechnical databases including piling and in situ testing records have been
600 1 recognised as useful tools for analysis, design and economical construction. In order to evaluate current
CPT-based pile bearing capacity methods, AUT-CPT and Pile database has been compiled including 450
400 a full scale pile load tests and CPT sounding records. This database consists of different pile types with a
relatively wide range of geometries and various soil conditions. Forty-three records of piles driven in sand
- deposits were then employed to evaluate effects of ultimate capacity interpretation criteria from load
displacement diagrams. The Brinch Hansen 80% criterion and the load at the displacement of 10% of
the pile diameter were compared to estimated capacities from 10 CPT-based design methods currently

9 2;) 4;’ 6;1 8;3 - used in practice. The Brinch Hansen 80% criterion and the load at the displacement of 10% of the pile

diameter lead to reasonable results, the Brinch Hansen 80% criterion showed less scatter. For evaluating

Displacement (mm) the accuracy and the precision of CPT-based methods, the results were compared to estimated capacities.

Methods with the best performance are introduced. Generally, comparisons indicate that the CPT-based
methods mainly predict the pile capacity with reasonable accuracy.

Interpretation of load displacement diagram for
Case 001-L&D31 (Moshfeghi & Eslami, 2016)

Keywords: Ultimate pile bearing capacity, Direct CPT method, Load test, Failure criterion, Database
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Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

Relevant Publications 030
Moshfeghi & Eslami (2018) iZf: B

3
€ 0.10
o
Taylor &Franci S
MARINE GEORESOURCES & GEOTECHNOLOGY @ aylor & rrancis
Taylor & Francis Group 0.00

https//dol.org/10.1080/1064119X.2018.1448493

S \
| ) Check for updates o P~(LQQ \'\e\‘(\o6 e\\e(\\“ N e O
e o ? o™
Reliability-based assessment of drilled displacement piles bearing capacity v
. ® 80% confidence interval m90% confidence interval u 95% confidence interval
using CPT records , , ‘
u 99% confidence interval 99.5% confidence interval 99.9% confidence interval

S. Moshfeghi and A. Eslami

35

Department of Civil and Environmental Engineering, Amirkabir University of Technology, AUT, (Tehran Polytechnic), Tehran, Iran

| Range of estimations
320 ) 9

ABSTRACT ARTICLE HISTORY

Drilled displacement piles (DDPs) are known as an alternative to conventional foundations in coastal ~ Received 10 November 2017
areas, given the elimination of environmental impacts and difficulties caused by installation process of ~ Accepted 1 March 2018
driven piles and more consistency with environment. Despite increasing employment of these piles, the e woone

extent of research works does not yet suffice the requisites to reach a routine design. This paper aims 1 geyring capacity; confidence
analyze six cone penetration test (CPT)-based methods of determining the bearing capacity of DDP. The  interval: CPT methods;
statistical and reliability-based approaches were used in two parts of assessing performance of the drilled displacement pile
methods with respect to soil-pile characteristics followed by evaluating reliability of the prediction  (DDP); reliability-based
outcome. A database is compiled including 65 DDP load tests with adjacent CPT profiles. Performance of ~ evaluation

the methods are analyzed. Finally, a reliability parameter, i, confidence interval, is introduced to

demonstrate a more realistic insight into the evaluations by expressing performance of the methods in

terms of a range for possible average values of the predictions ratios, rather than simply an arithmetic

mean. The study reveals that the commonly used CPT-based methods which have not been specifically

developed for DDP show great potential for design. The results indicate that the investigated methods

can have promising performance if some modifications are applied.

25

Predicted to Measured Capacity Ratio
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Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

Relevant Publications

Heidarie, Jamshidi & Eslami (2019)

Reliability based assessment of axial pile bearing capacity;
static analysis, SPT & CPT-based methods

Static Analyses SPT-based methods CPT-based methods
area ratio=71.4% area ratio=49.2% area ratio=19%
Mean and standard Mean and standard Mean and standard

deviation deviation deviation

Efficiency ratio Best fit line Efficiency ratio Best fit line Efficiency ratio Best fit line

20% accuracy
level

20% accuracy
level

20% accuracy

RMSE
level

Confidench umulative

Interval probability Interval probability Interval probability

Associated error for approaches
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Case No.5: AUT:Geo-CPT&Pile Database (Eslami et al., 2015 - 2019)

Relevant Publications

Eslami & Heidari (2020)

Uncertainty and Reliability Appraisal of CPT-Based Methods
for Axial Pile Bearing Capacity
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8. Summary and Conclusions

e Geotechnical Engineering (GE):

/7

*%* In-situ tests:
v" Uncertainty reduction
v’ Efficient approach

¢ Cone & Piezocone Penetration Tests (CPT & CPTu):

/7

¢ Major records: qy, fs, u,; fast & continuous

A/

** Providing tons of data

e Major Applications of CPT in GE:

s Versatile tool for soft to medium deposits
+» ldentification & remediation of surprising soils

e CPT and Foundation Engineering (FE)

¢ In-situ tests more pronounced than laboratory tests
+* Towards reliable design

e Databases

/

%+ Soft Computing as a tool
*¢* Value Engineering as an aim
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8. Summary and Conclusions

A. Eslami

Past & Present Trends in Design & Construction

Buildability concerns require data to
influence choice of most
appropriate construction method

- -

Alternative Design

Construction Process
influences choice of

appropriate design parameters

(ICE, Manual Geotechnics, 2012)
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8. Summary and Conclusions

Future Trend in Design & Construction

Database;
Smart Selection

CPT & Pile Testing: Production: - . e
* Full » CPT Log Predictive Method Design Criteria;

*  Minimum » Stress Distribution Screening Reliability & LRFD
* No » P-A Diagram

Optimum Site
Specific Design
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8. Summary and Conclusions

Data-Based Pile Design
W Data bank Condition Testing |
(CPT and PLT records) Assessment
l — Performing full Required Tests
Smart Selection Performing Minimum Number of Tests
l — No Testing
e General :
o Production
e Specific
I_ T e e e e _l_ e e e T e R AS—— e
CPT Data Production Resistance Distribuotin P-A Production |
| . & Case No: 1 ) Load (kN) 4000
I — 0 2400 4800 7600 3500 (a) A |
. Real CPT Hr—— 3000 I
N | Produced CPT Sensitive Soil " o Rt Z 2500
=15 | = 2000 I
— | E . g f
£ 20 - E ) I — 1500 I
| § = ! 1000 - Shaft Resistance
25 r P m ] - - -Toe Resistance
il ; id ! 5004/ — Total Resistance I
| 30 i : : O Measured Total Resistance
! - 0é
35 M = = : 0 10 20 30 40 50 60 70 80 90 100 I
| 20 1 Vertical Movement (mm) I
40 |
0 10 20
I Cone Resistance (MPa) 35 Sensitive Soil 1 J

A

Predictive Methods —— Evaluation Criteria ———— Screening methods ——— Optimum Site Specific Design —»@

Load Factor (Codes & Local info)

Reliability, Risk and Efficiency —

Statistical and Probabilistic —— — Resistance Factor
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