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Overview on In-Sifu 1est Methods

Geotechnical Site
Characterization by Enhanced

|Soil Parameters and Properties

0
Paul W. Mayne, PhD, P.E. O
I School of Civil & Environmental Engineering
Georgia Institute of Technology
Atlanta, Georgia USA O
V
|Initial Conditions]|
INDICES z, STATE
= Origin = \oid Ratio, e,
= Geologic Age ~ = Unit Weight, y;
= Grain Sizes = Relative Density, Dg
= Mineralogy = Vertical Stress, o,
= Plasticity Soil = Hydrostatic, u,
= Shape Element A = Saturation, S
= Sphericity = Geostatic Ky = 6,,'/0y,’
= Roundness = Stiffness, Gy = Gax
= Angularity = Cementation

= Packing limits
(emax and emin)

= Fabric, void index |,
= Intact or Fissured

CONDUCTIVITY
® Hydraulic: k,, k;,
= Thermal: k.

= Electrical: Q,{

= Chemical: Dy

COMPRESSIBILITY
= Recompression, C,
= Preconsolidation, 6’
= Consolidation, c,
= Virgin Compression, C,
= Swelling index, C
RHEOLOGICAL
= Creep, Cy
= Strain rate, 8/t
= Age (T)

STIFFNESS

= Stiffness: Gy= G ax

= Shear Modulus, G

= Elastic Modulus, E and E,
= Bulk Modulus, K’

= Constrained Modulus, D’
= Poisson’s Ratio, v

= Effects of Anisotropy

= Nonlinearity

STRENGTH

= Drained and Undrained
= Peak (s,, c’, ¢')

= Post-peak

= Remolded/Softened/CS
= Residual

= Cyclic Behavior

Geotechnical Site Characterization

a Drilling & Sampling
o Rotary drilling & augering; Coring; Sampling
o In-Situ Tests
o Standard Penetration Test (SPT)
o Cone Penetration Test (CPT + CPTu)
o Flat Plate Dilatometer (DMT)
o Pressuremeter (PMT)
o Vane Shear (VST)
0 Geophysical Methods
o Mechanical Waves (P-, S-, R-waves)
o Electromagnetic (radar, resistivitity)

Copyright 2011 - PWMayne

Basic In-Situ Geotechnical Tests
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Geology of the Terrestrial World

http://gsc.nrcan.gc.ca/wmgdb/images/erasep13.gif

Geology of the United States of America

Drilling & Sampling Drilling Rig

a Methods of Drilling
= Solid Flight Augers

= Hollow Stem Augers

= Rotary Wash Drilling Methods

= Percussive (Hammering) Techniques
= Wireline Drilling

= Continuous Push (Geoprobe)

Truck Mounted Drill Rigs

MoDot Track Rig

CME750 All-Terrain Rig

FHWA-NHI-Subsurface

Copyright 2011 - PWMayne

Soil & Rock Exploration

Wireline Rig for Kaolin
Mines, Macon, GA

Water Boring from
Barge for Bridge
Crossing

FHWA-NHI-Subsurface
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The Explorer =
Savannah, GA —

SeaCore in
Anchorage

FHWA-NHI-Subsurface

[ NHI (2002) Subsurface Investigations |
| Geotechnical Site Characterization |

National
-:
~ Institute

il li ethod

o Drive Samples (Split-Spoon: Split-Barrel)
o Hydraulic Push (Undisturbed)

= Shelby Thin-Walled Tube

= Piston Sampler

= Laval Sampler } Soft Soils

= Sherbrooke Type

= NGI Block Sample
o Rotary Cored Sampling

= Pitcher
» Osterberg Hard Soils

Undisturbed Thin-Walled Tube Sampling

FHWA-NHI-Subsurface Investigations

"AN INTRODUCTION TO DRILLING &
SAMPLING IN GEOTECHNICAL PRACTICE."

by Jason T. DeJong & Ross W. Boulanger
2nd Edition (2000)
University California-Davis

o Download pictures and full video from:

Www.usucger.org

Copyright 2011 - PWMayne

Soil Sampling for Geostratification

- T N

Number of Layers
Depth of Layers
Soil Type of Layers
Thickness of Layers
Soil Consistency
Groundwater table(s)
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| Sample Disturbance |

e TR

Photoelasticity
Studies I
Radiography (X-rays) of Tubes

Samples for Laboratory Testing

/ I Oedometers & Consolidometers

Triaxial Apparatus

Laboratory Soils Testing

Q Time-Consuming

O Expensive (Time is Money)

Q Tests (per specimen)
o Oedometer = $450 (2 weeks)
o AutoConsolidation = $600 (2 to 3 days)
o CIUC Triaxial = $400 (2 to 3 days)
o CKoUC Triaxial = $1200 each
o Resonant Column = $1800 (3 to 5 days)
o Permeability = $400 (1 to 2 weeks)

Geomaterials
o Natural sands (quartz, silica, feldspar,
carbonate, corraline)

a Natural clays (kaolin, illite, smectite,
halloysite, montmorillonite)

o Organics, diatoms, shells, ash, salts

Historical View (Broms & Flodin, 1988)

Copyright 2011 - PWMayne
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Historical View (Broms & Flodin, 1988) Historical View (Broms & Flodin, 1988)

Boring equipment from the 18th
can dascribed by Lebmasn
1n 1714 [ Jaram 1960)

19th Century In-Situ Devices Standard Penetration Test (SPT)
: : = . e
t Hipeneay ¢|ﬁ “ Masd to Comest to g
Talirg 0.7 Reference Entray
'L.... ¢ ¢I ‘ Fificlancy of R,
] (ASTM D4833)
ez m
Used o provide
g saTEona ol
L v sotiow
Tuid:
oD
LD. =35 mm
L= 750 mm
EpT e
HIIE
T Y 7 EE L SPT Resistance (N
%!f . Fieat Incarmsint walue} or “ESow Lounts”
"E. i o= £ Is total number of blows
ESI» c EE Swcumd lecramunt to drive sampler laat
B i 200 mm {or blows per
M Stendard Penetration Test (SFT)  yyus sormane 1090
(Broms and Flodin, Penetration Testing 1988, Orlando) Fer ASTM U 1586

Standard Penetration Test ( SPT) [ ENGINEERING SOIL TEST BORING RECORD November 3, 2001]
Elevation | Stratum Sample | Sample | Soil [ Penetration
(ft-msl) | Depth | Visual Soil Description | Depth | Recovery | sym. N6o Remarks
() (ft) (in) K (blows/ft)
1100} 02 Top soil, grass, and roots
Soft red-brown fine to oo . A
medium sandy CLAY (CL)
80—
at 8.9 1t on 110201
Loose-Firm gray-blue silty
1090 medium SAND (SM) 120 18 8
Split-Barrel Samplers 140
Fim yllow-an sighty sty
fine SAND (SP-SM to SP) 20.0 18 28
1080 225
Firm yellow-white fine to
medum SAND. vace sit 5P) 285 | 10 2
30.0
1070| 30.0
Boring Terminated at 30
Driller: G. Benson
il Symbols K (Unified Soil Classification System|  Other Symbols Boring Number: AGB-4
Top Soil Water Date Drled| —Oeys0r001 |
CLANN Level Job Number]
8 Site Location ] Tamps
Florida
Test Method: ASTM D 1586
Hammer Type:| Diedrich Automatic,
otes I—— D
N = Penetration n biows per foot (ASTM D-1586) Sampler| Drive (splbarrel
Neo = (Eff60) * Nypeasrea = Energy-Corrected N-value Drilling Method:[Hollow Stem Augers
1= Energy Eficiency of Hammer Used Driing Rig|  CME-850
ER = energy ratio per ASTM D-4633 (truck mounted)

Copyright 2011 - PWMayne 5
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19th Century In-Situ Devices

Fig 8 Collection of boring equipsent used during the 19th century (Strukel. 1695)

(Broms and Flodin, Penetration Testing 1988, Orlando)

Standard Penetration Test (SPT)

63.5-ky Drop
Hammer
Repeatedly ¢ Il Need to Correct toa
Falling 0.76 m Reference Energy
il Efficiency of 60%
- [ ] (ASTM D 4633)
Borehole _
Diilt Rod
L~ 7o
(;\' ol o) Nate: Occasional
¥ Fourth Increment
; Used to provide
}D!J!-Barre! additional soil
Drive) Sampier l material
& IThick Hollow
Tube]:
0.D. = 80 mm
1.D. =35 mm
L= 760 mm n f
R I
8l SE
@B oL 22
} g E SPT Resistance [N-
E 2 CE e value) or “Blow Counts”
g‘E’ Ez is total number of blows
AE &h Second Increment to drive sampler last
=_ g2
I g_‘ EE 300 mm (or blows per
Stondard Penetration Test (SPT) 1y, ¢ foot).
Per ASTM D 1586 gl

Copyright 2011 - PWMayne 6
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Standard Penetration Test

Advantages

o Obtain Sample +
Number

o Simple & rugged
device at low cost

0 Suitable in many soil

types

o Can perform in weak

Disadvantages

o Obtain Sample +
Number

a Disturbed sample
(index tests only)

a Crude number for
analysis

a Not applicable in soft

rocks clays and silts

0 Available throughout o High variability and
the U.S. (worldwide) uncertainty

SPT Hammer Types

o Pinweight
o Donut*

o Donut**
0 Safety™*
o Safety**
o Auto

NOTES
*cathead-rope
**trip (free-fall)

Corrections to SPT N-value

O Npeasured = Raw SPT Resistance (ASTM D 1586).

0 Ngg = (ER/60) Nppeasured = Energy-Corrected N
Value where ER = energy ratio (ASTM D 4633). Note:
30% < ER < 100% with average ER = 60% in the U.S.

0 Ngg » Cg Cg Cs Cr Npeqs = Estimated corrected N

O For Clean Sands: Normalization of SPT-N value:
(Ny)go = CyNgo = Energy-corrected N-value
normalized to an effective overburden stress of one
atmosphere:  (Ny)go = (Ngo)/(0,,)°° with stress
given in atm. (Note: 1atm =1 bar =100 kPa = 1 tsf).

Standard Penetration Test (SPT) |

Depth (meters)

Measured N-values Corrected Ngy
0 10 20 30 40 50 0 10 20 30 40 50
+ 4 T T
| ! @ Donut
ER=34 (energy ratip) b e ____ ] ]
© Safety

—Trend
[l
|

Depth (meters)
=
5

| @ safety |—— — — — — 14

——Sequence |
T !

Data from Robertson, et al. (1983) |

[ GT Load Test Site, West Campus

SPT N-values (bpf)
0 10 20 30 40 50 60 70 80 90 100
e e R T t
10 --Qg‘ I
01 @8- __ P/-edmoiff Residuum: 1
= wx) © Silty Fine Sand (SM)
S 303 =&0® [
- A D !
o 4F AXAD 9 !
= A KOs !
o 50% "AND ‘
3 "o 9
60 3 AQ mE e o
[} ! >
(. ———
80 GRANITIC 6GNEISS

GT Load Test Site, West Campus |

SPT N-values (bpf)

10 20 30 40 50
T T T T
© mmtm ! @®Crew 1
o em ________| L
—_ el O | ®Crew 2
t, - @AW - L __JIgcrews|
& om0 = ‘
~ ® n@mo @ I |
£ e a» 09 }
S eHem O |
o E eAEODMD [
cemm@, |
@ o0 !
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6T Load Test Site, West Campus |

Progress with the Telephone

Circa 1906

1980 _
i c':u

) e

@ phone

2008

SPT N-values (bpf)
40 50
t
——Crew 1
~@—Crew 2
I~ ~O=Crew 3
V
£ 1
<= |
+ |
& |
Q 77777 [
|
|
. R
|
|
| Progress with the Automobile |
Circa 1906

1950

|Progress with Aeroplanes

Invented in 1903

Space Shuttle 2008

1990

i

|Progress in Geotechnical Field Testing|

SPT invented
circa 1902

Raymond Pile
Company

2008
1980

¢, = undrained strength | IS One Number Enough???

¥r = unit weight

I, = rigidity index

¢' = friction angle

OCR = overconsolidation
Ko = lateral stress state
e, = void ratio

V, = shear wave

E' = Young's modulus

C. = compression index
q, = pile end bearing

f, = pile skin friction

k = permeability

q, = bearing stress CLAY

Dy = relative density
¥r = unit weight

LI = liquefaction index
¢' = friction angle

c' = cohesion intercept
e, = void ratio

q, = bearing capacity
G,' = preconsolidation

= .
s = shear wave
SAND g - Young's modulus
¥ = dilatancy angle
N qy = pile end bearing

f, = pile skin friction

Copyright 2011 - PWMayne
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Use of In-Situ Test Data

Numerical Simulations
- Finite Elements

« Strain Path

« Finite Differences

» Discrete Elements

PLAXIS, FLAC, SEEP3d,
ABAQUS, CRISP, ADINA,
GEOSLOPE, FLEA,

PLog: Handheld Software Ap

a Logs data for: -
= SPTs
= Split-Spoon Samples

plication

= Stratigraphic Layers
= Groundwater Table
= Rock Coring

o Interfaces directly
with gINT for
producing soil test
boring records

www.dataforensics.net

Soilvision3d
Vane Shear Test (VST) J
:“I'?T:.':?::‘ ¥ o guermelor - q

kR

<5,
2559
o

4 >, T
2. Vaitiin min % Feorman

Pkt 4. Measure residual
lim‘ll? addrona torqus I, for
Vane Shear Test (YS5T) per ASTM D 2573:

Undrained Shear Strength: S, =G TH7aD") ForHD=2
In-Situ Sensitivity: S, =5, [peak)/S,, (remolded)

Scandinavian Vanes McClelland Offshore Vane

Vane Shear Test |

L

Dutch Vane Equipment, Holland VST in Upstate NY

Copyright 2011 - PWMayne

[ Remote VST at Snorre, North Sea |
(Lunne, Snorrason, and Hauge, 1987)

Snorre, North Sea

©
S

T T T
| | |
70 | |
= | | —8-7z=131m
a 60 R 1T T T T T —
< | ——z=121m
L 50 T o z=11am | |
12
g 40 ‘
7] 30 |
5 S0 SR ORVNY
SoaoRpF A e == ===
0 I |
10 :'. |
= |
09 +
0

+ + + + + + +
10 20 30 40 50 60 70 80 90
Rotation, 8 (degrees)
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Vane Shear Test (VST)

blade thickness = e

I

Yane Pushin Vane ﬁ Torquemeter
Rod: at Botton of
Borehole <2y <y,
Lower VYane
to Bottom of
Prehored
FourBiadea| | fHOIE
Vane Shear
Device:—-
D =625
H=130mm Hi= blade
e=2mm height
e i =
B = borehole dixdh <
diameter
; <] <>
blade width=0 —h|. \l( o

I

In-Situ Sensitivity:

1. Insertion of Vane 2. Within 1 mimute, rotate 3. Performan 4. Measure residual
vane at § deg./minute; additional 8 to torque T, for
Measure peak torque, T, ;. 10 i case
.Yane Shear Test (VST) per ASTM D 2573:
Undrained Shear Strength: S, = 6 TI{7xD’) For H/D=2

S, =85, (peak)/s,, (remolded)

At both ends:

(D72

Derivation of s,
2
0

for Rectangular
Bladed Vane

)
T, = (2xc 1) dr

(D72}
T =2023xc)
1]

v,

Messured torque, T = T, + T,
T Th Tv
i ’
= . + % H
= L
el e et =

S

Along the vertical side shear:
T, = Fer =

Total measured torque (moment):

6T

6T -

max

*D* (D + 3H)
For standard vane (H/D = 2):

6T

T«

rrDH(DR) =

For uniform distribution of shear stresses, 7:

= (xl6) D" 1

rx P HR?

T =T, +T, = (x/6)D*r[D + 3H]

Assume undrained conditions, such that r_, = Bl

Copyright 2011 - PWMayne 10
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Derivation of
s, for
Rectangular
Vane

Etinstion of eadoad i st

Mot oo, T= T, 4 T,

oT,

max

S _ s
Y T7xD?

L]
T.=21] Q@Eocagdr
L]

Fot unifoem distribution of shear sresses, 7
)
T = 2@283)x7 i - @G DFPr
o

Along the vertical side shear:
.= Fr=ssDHDD = relFHI

Totsl measured nrqua {isd

T = L+T = (@600 + 4
Assume undrained conditions, such that 7, = 5,:
6T

Koy, ™
7 (D + 31
For standard vane (H/D = 2k

6T

e =

Frl¥

|  Field Vane Equipment (ASTM D 2573)

a Nilcon (mechanical)

a Geonor (mechanical)

o A.P. vanden Berg

0 Geotech AB (electrovane)
a Envi (memovane)

Lab Vane Equipment

ASTM D 4648

Vane Shear Test (VST)

San Francisco Bay Mud, MUNI Metro Station

Vane Strength, s, (kPa) Sensitivity, S;
0 10 20 30 40 50 60 70 80 o 1 2 3
0 -t t 0 t t t
| | |
5 | [
| | |
— - | o
3 [k o E . S A
2 5]
5] T ! lo !
E E s ! /.
= < | ? |
& g ! 4
a o 2 | | |
| | I
s —L-——1_4d
| | |
| | |
30

Copyright 2011 - PWMayne

|T = measured torquel

. _ 127
" zD*[(D/cosi;)+(D/cosig)+6H]

iy Calculation of Undrained Shear
Strength (s,,) from Vane Shear

Test from Limit Equilibrium

Interpretation of s, from Vanes with
H/D =2 Geometries

Rectangular 8, = 6T - = 0.273L3
Tz D D
Nilcon = 0.265 %
Geonor s, = 0.257 L3
D

[ Vane Sensitivity Classification

Category Sensitivity, S,
Insensitive ~1
Slightly sensitive 1-2
Medium sensitive 2-4
Very sensitive 4-8
Slightly quick 8 - 16
Medium quick 16 - 32
Very quick clay 32 - 64
Extra quick > 64

11
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Vane-Shear Test

AdvanTages Disadvantages
a Direct assessment of a Limited to soft to
undrained shear strength stiff clays & silts with
of clays Sy € 200 kPa

0 Simple test and equipment

0 Measure inplace
sensitivity

o Long history of use,
particularly for

Time-consuming in
borehole application
Raw s, needs empirical
correction (onshore ?)

0 Can be affected by

embankment construction,

foundations. & cuts sand seams and lenses

Halibut
Remote

Fugro

THE HALIBUT REMOTE VANE

Remote Offshore VST

Russia

T
o
=
©
] o 3495m
173
2
7] ——2447m
<]
@ = 2047m
7]
[
g ° 1247m
>
4 448m

Rotation, 6 (degrees)

Copyright 2011 - PWMayne
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Leoncmc
L ess—

o

Dolphin
Downhole

Remote Vane|

FEMOTE MEMOSY LT 4

ety

(Fugro) P ﬁ

| Remote VST at Snorre, North Sea |

(Lunne, Snorrason, and Hauge, 1987)

80

70

60

50

40

30

Shear Stress, T (kPa)

20

10

0% + + + +
0 20 40 60 80 100
Rotation, 8 (degrees)

Normalized Vane Strength, s, /o, |

A EEEEET] B o avenr e s
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T | L1 4X i
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L
MANRAR PAST PREBSURE. ,,(5Fa)  UNBAASED BHEAR BTRENGTH Uiyl py . KFe

Chek Lap Kok, Hong Kong (Koutsoftas, et al. 1987)

LI
WATER EONTENT [8]
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Normally-Consolidated s,,/c,,” with PT
(Skempton, 1948)

T T T T T T T T T T T

ae SatiaT)

Tvo '/
0.4 S J
0_2: 2. -/ . 4

Q 1 1 1 1 1 1 1 1 1 T
(0] 20 40 60 80 100 120

Plasticity Index, PI (%)

o
T

s, (VST)/
?

Lab VST data from Cornell chamber

Cornell Clay
Vane Test Data

16 —
& 14 ! |
= | |
@ 10 | Fi
g 6 | » | I
@ ¢c | i
o 4| ® a;

i = i |
T | i
0 -

(e s e ey
Effective Vertical Stress (kPa)

Normally-Consolidated s,,/c,, with PT

5, (VST)

8 =0.1+0.0037 PL 5]
Tva V
]
/{

Q 1 1 1 1 1 1 1 1 1 1

|
0 20 40 60 80 100 120
Plasticity Index, PI (%)

(Note: excludes organic clays)
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Laboratory VST in Chamber Tests

WF Lab Vane

Cornell University

Chamber
D=152m
H=2.13m

Prestressed Kaolin
LL = 33; PI =11

Lab VST data from chamber

Cornell Clay
Vane Test Data

=) :
g 14 Mo
<
RE— =
B0l f - LA
@ 6 t+ DD i 0 e
& e .
2 4 -~ st/cp = 0.15]
S 2L 5& e
o= A :

0

0 .20 40 - 80.. ‘8os 100

Preconsolidation Stress (kPa)

Normalized Ratio s, /cp" with PT

0.7 J [
1 [ ]
From Mayne & Mitchell, 1988
| -] 41 B
a5 - é \ &
a s TR
- L] o — =]
E | & a -—-L: i
i A 4 o
» 03 a T2 &
4 From Bjermum, 1973
a2 -
- s t Non organic clays
Eostarn Conoda-e
Ol % [oTE T T Y
Organic clays ..a
0 1 " n
Q 0 20 3 40 S50 & T0 80 0 W00

Plasticity index, Lo (%)
(Leroueil and Jamiolkowski, GeoCoast'91)
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Calculated FS versus Plasticity Index
Embankments on Soft Clays and Silts
Bongkok A

o e

'

H]

3 3
& = 1 o & serapsgate
o 13/ | 5 Lanester =

| &

¥

L]

[ok3 Suint Andre de Cubzac
- -

Fornig
$  Mew Liskeard ®
W King's Lynn
1 Palavas

FACTOR OF SAFETY

12 Narbonne
11 Portsmouth M.H.
1L Foir Haven

+  Recolceloled

80 190 120
FLASTICITY INDEX

Bjerrum (1972 Purdue, 1973 ICSMFE, Moscow)

Vane Correction Factor

is

£ = | ©° A catontruant

E. 1 5 Tadures

g,_, iy // e Footings on

st e | Soft Clays and Silts
Le ‘1‘1}' 1l
NedB B RS

] a
FLASIGITY INDEX

Bjerrum (1972 ASCE, Purdue: 1973 ICSMFE)

Vane Correction Factor

n, = 1/FS

Embankments on soft
clay (Bjerrum, 1973)

u, =1/(0.83+0.0083PT)

Copyright 2011 - PWMayne
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Calculated 1/FS versus PI
Embankments on Soft Clays and Silts

i P .
1 o T ¥

: r EL.If.c!:if'=,u. 5, [V5T)

=2 1.2F . 4

a5 [

L .

L . T 4

- 1.0 \. ?

= 10F ot i

5 St —

= . e s —

& | s 0 S Bjerrum (1972}

L+ 08 . I -

38 L .- o * 4

I ' gt
= > . N
= i e

o 20 40 60 80 100 120

Plasticity Index, PI (%)

Bjerrum (1972 ASCE, Purdue; 1973 ICSMFE)

Vane Correction Factor

FACIOR OF SAFETY

Excavations in
Soft Clays and Silts

0 n m (1] w we e
PLASHIETY IKDER

Bjerrum (1972 Purdue, 1973 ICSMFE, Moscow)

| Corrected Vane Shear Strength |

Mesri (1975, ASCE

Journal Geot. Engrg) First Approximation:

Su mobilized ~ 0.22 Cp

where c,' = effective

preconsolidation stress
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Vane Correction Factor

a._

B
e g e
4aleg
(RN
Wtale
hY

12 :
N : u, = 1/FS

: 08 M Embankments on soft
M \'\\’__} | clay (Bjerrum, 1973)
< u, =1/(0.83+0.0083PT)

0 20 L0 60 80 100 120
Ip %

Corrected Vane Shear Strength

| (ofter Mesr 9'-’5]i
Mesri (1975, ASCE First Approximation: .
Journal Geot. Engrg) Su mobilized ~ 0.22 ©p

Also see Terzaghi, Peck where c,' = effective
and Mesri (1996) preconsolidation stress
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Vane Correction Factor

La
oy Ay et aLEE)

Ve 10
Frrection

- 08

E W bl LY |

§ e L o8 |— T

10 oz

z oz 04 08 08 10

e

E ({; } =

5 ufe ) = NORMALIZED

w o8 Tw /ey T STRENGTH

§ oy = e 0

PLASTICITY INDEX

Bjerrum (1972), Larsson 1980; Azzouz, et al. (JGE,
1983). Aas, et al. (1986, ASCE GSP No. 6)

Mobilized Strength: T, = UgSuy
Correction Factor (Chandler, 1988)

1
:n::. R t; = time to failure (minutes)
S 094
=
|3}
(]
L
= 0.8 T+
2
=
|3}
O 074
=
S Correction for
O Embankments Under
o 067+
c Normal Rates of
g Construction
0.5 + + + + +
0 20 40 60 80 100 120
Plasticity Index, PI (%)

Vane Strain Rate Effects

Batch 3: Bentonitic Kaolinite (Biscontin & Pestana 1999, 2001)

—— 1440 mm/min

—0— 336 mm/min

—0—80.4 mm/min

# 9.6 mm/min

8 5.64 mm/min

Vane Shear Stress, T (kPa)

—o—1.2 mm/min

Rotation, ® (degrees)
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|Vane Correction Factor (Chandler, 1988)|

Mobilized Shear Strength: T, = MpSyy
pr = 1.05 - b (PI)°5

b = 0.015 + 0.0075 log *;

where PI = I, = plasticity index

t; = time to failure (minutes)

For t; = 10* minutes (construction rate):

pr = 1.05 - 0.045 (PI)°-5

[ Vane Correction Factors |
a Offshore - no correction used
= Kolk et al. (1985)
= Randolph (2004)
0 Onshore - correction for strength
= Bjerrum (1972, 1973)
= Larsson (1980)
= Chandler (1987)
o Onshore - no correction (Japan)
= Ohta et al. (1989)
= lizuka et al. (1998)

Vane Strain Rate Effects
(Peuchen and Mayne, 2007)

Normalized Vane Strength, s,/s,o

Field and Lab Vane Strength Data at Different Rotation Rates

Askim

Backebol

B-Kaolin Mix |

B-Kaolin Mix Il
B-Kaolin Mix Il

Bromma Clay

Carribean
Calcareous Ooze
GUif of Mexico
Pacific Red Clay
Santa Barbara
Ska Edeby
Sussex (w = 619%)

Sussex (w = 55%)

o> D000 +D> 1 ®0o0mO O

Sussex (w = 429%)

Reference Rate

0.0
00001 0001 001 0.1 1 10 100 1000

Bound 1
10000 100000
— Bound2

Rotation Rate, df/dt (deg/min)
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Vane Strain Rate Effects
(Peuchen and Mayne, 2007)

R s b
Vane Strain Rate Study Y
w= Askim
25 T T T
Qe === Backebol
Qo | Note: In general, a different time to

failure used for reference s, value ~O=Bentonite Kaolin 2

for each clay —O=—Bentonite Kaolin 3
— % - Brent Knoll

© Bromma

o Elingsrud

Goteberg

- @~ Gloucester
- O - Grangemouth
.. —0— Gullbergsvass
) a = Kalix

Normalized Vane Strength, su/ su0

+  Korpika
—e—Littorina

= Lokalahti

10000 100000 |~ 4 - Matagami
o onsoy

10 100 1000

Time to Failure, t: (minutes)

[ New Directions in Vane Shear Testing |

a Evaluate strength anisotropy using different
vane geometries (Silvestri et al. 1993)

0 Modulus (E, or 6,) from t vs. 6 curves
a In-situ K, (Wroth 1984)

o Effective stress interpretation (Morris &
Williams, 1993, 1994)

0 Modified VST with addition readings for
self-sufficiency to obtain p, ?

a Continuous VST (Univ. Western Australia)

Flat Plate Dilatometer

Marchetti (ASCE JGE, March 1980)
Schmertmann (ASTM GTJ, June 1986)

Copyright 2011 - PWMayne
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euchen

ayne,

Table 2. Formats Used to Represent Viscous Rate Effects in Vane Shear Data

Rate Measurement

Semi-Logarithmic Form

Power Law Format

Rotation Rate:
6=do/dt

S, 9
L =1+a-log —
su(l 90

S0

Time to Failure: t;

s t
21t q-log -~
SUO t'

| Offshore Continuous Rotating Vane

House, Randolph,

and Watson (ISOPE 2004)

Flat Plate Dilatometer Test (DMT)|

CHbmons ot Memtens raveats ]
Smecsin s o )
et — 220wt e | || 1 Tubing Gage
5 = 0 39472 dette) totest ey 200 ¥
Yot boh pesi ez meafor 300 Fen) T i
Come or lbnn:n
Dl Rt Panel
Fraumsticaly s
ided Featie e
Steel Menbrane. Disatorneter
- Tapered Blase
2= @ mel
e —
5y 240 menirg e o
manttick clment e
& 27 B e | FoFine
1. Inital .
Mas or Foce View Profile Visms
2 Puch % Areadng
4 Breading
FLAT DILATOMETER TEST (DMT) - it iagk

P LIS prassune (camested A7 eading)
=Expass: focerect

»~ Ton pressure (ooers

o4 " 1eading)
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.
Flat Plate Dilatometer Test (DMT)
Calib rations of hembrane Increment = 1
Stiffressin Air: Hydraulic Push 1 I
&A= 10t 30 kPa (suction) a 20 mm's; Stop
2B = 30te 50 kPa (niate) to test every 200 *
fibte  Both postive valves mm [or 300 mm])
Readout
Cone ot Panel and
Diill Rod \ Gas Supply
Prizu rrati czlly- 3 Flat Piate
Irflated Fle:ible Z
Stesl Mermbrane Tﬂ?‘lg%m
[d =80 mm]) \“‘“ﬁ
95 mm wide
By 240 rm long —) Membrane hé‘ig;%"g;g
b1 S mm thick gglelat%sseodil Nﬁ?sbhmne outward 1.1 mm
1. Initial ik
Plaa or Foco View Profile Viows
2. Push 3. A-reading
4. Breading
FLAT DILATOMETER TEST (DMT) 5. Deflate Rapidy
pg = Lift-off preszure (corected" A" reading)
py = Exparsion pressure(corrected "B” reading)

Soil Classification & Unit Weight from DMT
0.6

J} Y——cay —

Dilatometer N'\Aodulus E, (bar)

10
0.1

Material Index I
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Flat Dilatometer Test

o Calibrations: AA, AB (positive values)

0 Measured Readings: A and B pressures at
20-cm intervals with depth

o Corrections for Membrane Stiffness
O Contact Pressure: py = 1.05(A+AA)-0.05(B-AB)

o Expansion Pressure: p, = B-AB

Examples of DMTs in Different Soil Types

U W0 4D 3000 3800

Par Py (kPa)
o 0 L]
2 — DMT-1A
ouT-2a
1
- L]
E e
= E 8
z £
o] En
o &
an
kl

w

{d) Varlable sand underiain
by silt at 18m

Verdal Sand

(e} Loosa sand (4 tasts)

Holmen Sand g

Soil Classification & Unit Weight from DMT

1000

Dilatometer A/Lodulus Ep (bar)

1D I
. = I
< I
aods I : I I
[ I
° ' : | : | |
R : b I
o I
e B

Material Index I
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Examples of DMTs in Different Soil Types

(Lacasse, 5. and Lunne, T., 1988, "Calibration of Di (

Testing 1988, Vol. 1. Publish. Rotterdam).

PRESSURES Py, P, (kPa)

PRESSURES Py, P, (kPa)
500 000 ] 00 W0 100 2000

L] W a0

DEPTH (m)

]
DEPTH {m)

i

2

(2) Onsey soft clay

(b) Stiff clay till

Flat Dilatometer Test

O

O

DMT INDICES from p, and p;:

I, = material index = (p;-p,)/(p,-u,)

» Clay whenIy<0.6; Sand: I;>18
Ep = dilatometer modulus = 34.7(p;-p,)
* Elastic theory: Eg = E/(1-v?)

Ko = horizontal stress index = (p,-u,)/c,,

= profiles strength and lateral stress state

Depth (meters)
© S IS o °

5

DMT Results in Piedmont Residual Silts
Charlotte, NC

- 0 vy 0 0

8| 3

° g °
°
B 2 2 @ 2

LY
me
me
o a
>
R N e
S
O0et?,
0000070670000,
R %06
4
S
2p0RIP0000
Omoo
L]
o
]

oo o

o0m %

'.o.‘r-. J oo % 10 8%% 10 %
4
Ag -

°
o,
.}. 12 12 i 12 g
R . 5°
®Po 1 14 ° 14 °
mP1 clay it
+ + 16 + 16 16
0 500 1000 1500 0 1 10 0 200 400 600 800 0 5 10 15

Pressure (kPa)

Material Index Ip Modulus Ep, (atm) Horiz. Index Ky
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Treporti Test
Embankment

Depth (meters)

10 0 200 40 60 80
Modulus Ej (atm)

0 500 1000 1500 0. 1
Material Index Iy

o 4 6
Horiz. Index Kp

Pressure (kPa)

Modifications to conventional DMT

0 Measure Thrust Force between pushes — Blade
Resistance (qp)

a Deflation of membrane upon closure (“backward
A-reading) = C-reading: corrected for membrane
stiffness, designated p,

a Dissipation of Readings with Time
> po readings with time (Totani, et al. 1986);
> Ppo and p; and p, (Robertson, et al. 1988).
Q Offshore Version (Lunne, et al. 1989).

Pressuremeter Test (PMT) |

Procuramaten
Test (PMT)
ASTHD 4719

¥ fampenry
Casing

P

- FEnm
T
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Advantages

0 Simple and Robust
Equipment

0 Repeatable and
Operator-Independent

o Quick and Economical

0 Theoretical Derivations
for elastic modulus,
strength, stress history

Disadvantages

o Difficult to push in
dense and hard
materials

a Primarily established
on correlative
relationships

0 Needs calibration for
local geologies

Pressuremeter Systems

Texam Probe with
Screw Pump

| Pencel Pressuremeter
System (Roctest)

7o

:

Full-Displacement
Type Pressuremeter
System (Univ.
Florida)
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Pressuremeter Test (PMT)

Pressure (tsf)

Vy, = 1200 cc

Gage
Pressuremeter
Test (PMT) O
Tubi
ASTMD 4719 uhing
e
Screw Pump:
¥~ remporany 1. Each Full Rotation of
Casing Piston Cylinder Forces
an Incremental Yolume of
Water (or Gas or 0il}
Into the PMT Probe.
- 2. Measure Commesponding
P ssu meneter = Rubber Membrane of Probe
H Probe: PreSsie o Sactincrément Expands as a right cylinder.
- d =73 mm Evaluated per Cyindrical
L =440 mm Cavity Expansion Theory.
il Rod
B eivor
“A” Type)
u Plot Pressure ¥ versus
£ Volume Change AV {or
H Lower Frobe alternatively, Volumetric
Inta Fre-Bored Hole Strain or Cavty Strain) to
Prebored Hole and Expanduwith Find Pressuremeter Parameters:
’ Fressurized Water <4 -

P = Lift-0Off Pressure
<+ P L Etic Modulss
<+ —+ Thay = Shear Strength
H e —p P =Limit Pressure

PMT Data - Utah DOT Project
o o
fr—
Limit Pressure, P |

Strength: s, or ¢'

E = fctn(AP/As,)

Po = lift-off pressure

200

600

Volume Change (cc)

Copyright 2011 - PWMayne

21



pm29
Cross-Out


PMT Data - Utah DOT Project

5 i
Limit Pressure, P_
|
*Hlvo=1200ce | p—0— e
g5
(4]
5
0
6 2
o E = fctn(AP/Ae,)
] l
Py = lift-of f pressure
04

0 200 400 600
Volume Change (cc)

PRESSUREMETER TESTS IN CLAY

Cylindrical Cavity Expansion Theory

PL=Gh°+Su[1+InIR]

= Lift-Off Stress: P, = Oy,

= Shear Strength spnr

= Shear Modulus 6 [or E, = 36,]
= Rigidity Index, I = 6/s,

= Limit pressure, P_

Various Types of Pressuremeter Probes

Self-Boring Pressuremeter

Professor Jean Benoit, UNH

i,
Probe

Cambridge-Type

Apageo pressiocone or

cone pressuremeter
Menard PMT Readout (CPMT)

[ Menard Type Pressuremeter Data |

PRESSUREMETER DATA from Utah
Utah DOT:  STA. 13+00 (20 ft left); Depth 5.0to 7.5 feet

Menard Type PMT Initial Probe Volume Poisson's Ratio
Vo(co)= 1200 v= 05
3 av V(co)  Volumetric Elastic  Shear _ Unload-Reload
Measured Injected Current  Strains Cavity ~ modulus modulus  Cycle
Pressure Vol Creep  Volume AVNV  AVN,  Strain 3 G 3 G
s (o) (cc/min) _V(cc) _Current _Initial & (tsf) s (s (sf)

039 6.52 488 12065 0005 0005  0.003

040 1720 411 12172 0014 0014 0.007 84.9 280
056 23.80 284 12238 0019 0020 0010 86.4 284
103 4043 001 12404 0033 0034 0017 948 308
150  57.42 002 12574 0046 0048 0.024 98.6 317
195 81.90 002 12819 0064 0068  0.034 914 29.0

242 10105 143 13010 0078 0084 0041 935 293
139 88.25 001 12883 0069 0074 0036 3121 1007
065 8025 001 12802 0063 0067 0033 3553 1148
213 10550 143 13055 0081 0088 0043 2296 730
258 13107 321 13311 0.098 0109 0053 787 243
301 16972 668 13697 0124 0141 0068 729 220
338 22959 1954 14296  0.161 0191 0091 632 185
373 31995 2472 15199 0210 0267 0125 53.1 149
387 40152 3279 16015 0251 0335 0.155 463 125
399 47963 4121 16796 0286 0400  0.183 419 109
409 55500 5100 17550 0316 0463 0.209 388 98
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PRESSUREMETER TEST (PMT)

o Volumetric Strain: AV/V,

o Current Volume Strain: AV/V
Where AV = change in volume
Vo = initial volume

V = current volume = V, + AV

o Define Cavity Strain, g, = Ar/rg
Then, g, = (1 - AV/V)05-1

(See 2005 In-Situ Notes for more details)

Menard Type Pressuremeter Data

5

Pressure (tsf)
-~

‘ i |Syour = 0.98 tsf

-2.00 -1.50 -1.00 -0.50
Natural Log Current AV/V

Menard Type Pressuremeter Data

Pressure (tsf)

Cavity Strain, g,

Copyright 2011 - PWMayne
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MPMT Data - Utah DOT Project

Pressure (tsf)

|P0 = lift-of f pr‘essur‘e|
I

0 200 400 600
Volume Change (cc)

Menard Type Pressuremeter Data |

Pressure (tsf)

~
4

Pressure (tsf)
w
s
©
°

H

m
Q
[%2]
=4
[¢]
py)
[0}

Q
o
=}

N
o
@

o

200 400 600 0 20 40 60
Volume Change (cc) Creep (cc/min)

Menard Type Pressuremeter Data

o
[2]
C — .
] - R
5 | P = limit
a | pressure
e S o = 4.8 tsf
o |
| |
| |
| |
1 i i
0.10 1.00
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Menard Type Pressuremeter Data

Pressure (tsf)
w

Current AV/V

Cone Penetration Testing (ASTM D 5778)

Conz Penztration Tezt (CFT) *

per ASTMED 5770 procedures

st

1, — e friclon

| v el s
= s [ Bl o)
. = measued 1ip $IBEE OF CONE NeGiEaNCE

AA4

4 comected tip stress - @, - {Fadu

Cone Penetration Vehicles |

Mobile 25-tonne hydraulic pushing rigs
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Cylindrical Cavity Expansion Theory

PL=6ho+su[1+|nIR]

48 = 04+098[1+In(32.7)]

= Lift-Off Stress: Oy, = 0.4 tsf

* Shear Strength s, (pmt) = 0.98 tsf

= Shear Modulus 6, = 32 tsf

= Rigidity Index, I, = 6/s, = 32.7

= Limit pressure, P, = 4.8 tsf
Unload-Reload G = 105 tsf

Rigidity Index, Iz =107

Calculated P, = 5.9 tsf versus measured P_= 5.2 tsf

Cone Penetrometer Tesﬁng|

0 Electronic Steel Probes with 60 Apex Tip

0 ASTM D 5778 Procedures

o Hydraulic Push at 20 mm/s

0 No Boring, No Samples, No Cuttings, No Spoil
0 Continuous readings of stress, friction, pressure

Cone Penetration Vehicles




| CPT Track Truck - A.P. van den Berg |

Copyright 2011 - PWMayne
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Cone Penetration Test (CPT)

Paul W. Mayne, PhD, P.E.
Geosystems Engineering Group
School of Civil & Environmental Engrg
Georgia Institute of Technology

Cone Penetration Test (CPT)

X

p—

.

N

= Electronic Probes with 60° Apex Tip
= ASTM D 5778 Procedures

* Hydraulic Push at 20 mm/s

* No Boring, No Samples, No Cuttings, No Spoil

= Continuous readings of stress, friction, pressure

K

Cone Penetration Testing (CPT)
Penetration at 2 cm/s

Real-Time readings in computer screen

(L L ﬁ“

Tip Resistance Sleeve Friction Pore Pressure

IR s IR
.

Sand L

5— A o "
Clay H T =

g k-3 4 FEE e — » {J

[ Buried Crust - L

- ,.. n _ag

Clay L g Py » 5

v = S =
CONE TIP STRESS. SLEEVE FRICTION PORE PRESSURE L
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Cone rig with hydraulic pushing system

=
Cone Penetration Test (CPT)

©a© O

Test Procedures
« Continuous push

at 20 mm/s Electronic Penetrometer
« Add rods at 1-m

vertical intervals n ic = inclination

l « ASTM D-5778 Field

T fs = sleeve friction resistance

o e enlargementT T
Jz U~ <« [—]—> um = porewater pressure
% e —
Readings taken "\_\\ v q. = measured tip resistance

every 1or5cm Tl M q; = total cone tip resistance

Cone Penetration Vehicles

Continuous Vertical Profiling by Cone Penetration Testing

Downtown Memphis, TN

Cane Resistance, q, (MPa) F::'- SPT-N (bpf)
L] k] 40 L] L 100 L] E] &0 L] 0 100

* Boving MBT

¥ & Boring ME3

H

E

g L

Y Ll
L -
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Cone rig with hydraulic pushing system

E Cone Penetration Test (CPT)

Continuous Vertical Profiling by Cone Penetration Testing

Downtown Memphis, TN

Cone Resistance, g, (MPa) Soil SPT-N (bpf)
Profile
100 0 20 40 &0 80 100
T hadsnssasalhs + + + +
- L
Fill 5 4 % 5
B B e
[ERTRTCITCIINTES I Y @ Boring MB1
‘la
_ Sandy — 8| 5 o Boring MB3
2 silt 2ol a
8 2 %
£ 2 12
: tile
T Gravelly ) 5 hd °
a Sand 2 16 * 2
B8, A
Stiff Clay | LY a
Clayey 22 999
24 Sand 24 n‘o
26 O .0 M s o
28 _Gravelly Sand | 28 D

Copyright 2011 - PWMayne 27


pm29
Cross-Out


Geostratigraphy by CPT

002 4 4 4 wm

CPTUT CPTU1S CPTU14 CPTU 18
o a P amPy e

Depth
(m)

Electric Friction Cone Penetrometer

qr (MPa) fs (kPa)

Depth (m)
Depth (m)

HEsl

P

10-cm’ Frictian-Type
-~ meter

Georgia Tech Campus Test Site

Piezocone Penetrometers

4 - !h

Porewater Pressures Measured at Apex
McClelland Penetrometer Design

Copyright 2011 - PWMayne
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GeoStratigraphy by CPT

TN ETUBN O Em et eonun e ernur s

GeoStratigraphy by CPT

e n BT NG E N3N

RN

L

Piezocone Penetrometers

10- and 15-cm? cones: Midface & Shoulder Elements
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= = = d=43.7m

d=357mm  d=357mm d=357mm !

Section ]
Area =
o - || frea= £
I 2
£ 2 Section <
E E_ Area = o
15-cm2 U]
2 % cm :
n ° n
< @ <
n
L= |
o — = u,=shoulder J——od "
g = V porewater
q. = measured us = face pressure
y porewater
cone “F ressure
resistance P G = dc + (1-an)u
= total cone tip resistance
Electric Friction Type 1 Type 2 Type 2
Cone Penetrometer  Pi Pi Piezocone

Types of Cone Penetration Tests

Type of CPT Acronym Taken

Mechanical Cone Penetration MCPT | q,(org.andf,) on20-cm | Stratigraphic profiling,
intervals. Uses inner & Fill control, Natural
outer rods to convey loads | sands, Hard ground

uphole.

Electric Friction Cone ECPT [ q.andf, (takenat1-to5- | Fill placement, Natural
cm intervals) sands, Soils above the
groundwater table
Piezocone Penetration Test CPTu q,, f,, and either face u, or | Al soil types.
and shoulder u, (taken at 1-to | Note: Requires u, for
PCPT | 5-cmintervals) correction of , to q,
Piezocone with Dissipation CPTu | Same as CPTu with Normally conducted to
monitoring of u, or u; 50% dissipation in silts
during decay with time and clays.
Seismic Piezocone Test SCPTu | Same as CPTu with Provides fundamental
downhole shear waves soil stiffness with
(V,) at 1-m intervals depth: G,,,, = py V?
Resistivity Piezocone Test RCPTu | Same as CPTu with Detect freshwater - salt

water interface. Index
to contaminant
plumes.

electrical conductivity or
resistivity readings

CPTu Classification

Approximate Rules of Thumb:

0O Clean Quartz Sands

o tip stress q. ~ g; > 5 MPa (50 tsf)

o porewater pressures: u, = u, ~ u, (hydrostatic)
0 Soft to Firm to Stiff Intact Clays

o q4 <2 MPa (20 tsf)

o porewater pressures u, >> u,
Q Fissured Overconsolidated Clays

0q; <5 MPa (50 tsf)

o porewater pressures u, < u,
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Geostratigraphy by CPTu at Univ. Mass-Amherst

Tip Stress, g (MPa) Sleeve f; (kPa)

Porewater u, (MPa)

Depth (m)

Procedures for CPTu
Porous Element Materials
-Sintered Metals
+Ceramics
+Plastics (disposable)
Saturation of Porous Elements:
‘Water
+Glycerine
-Silicone
Procedures:
*Vacuum for 24-hours
-Pre-saturated elements
+Prophylactic to maintain fluids
Grease-Filled Slots - (no element)

Missouri CPTu

Depth (m)

Tip Resistance Sleeve Friction Porewater Pressure Friction Ratio
ar (MPa) f, (kPa) u; (kPa) FR (%)

0 10 20 30 40 0 200 40 600 -50 0 500 100 0 2 4 6 8 10
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Piezocone Sounding, US 95 - Sandpoint, NW Idaho

Stress q; (MPa) Sleeve, f; (kPa) Porewater, u, (MPa)|
02 4 6 8 10 0 50 100 150 o 1 2 3

10 ]
20
30
40
50
60
70
80

Depth (meters)

il

Anchored Cone Rig

Mud Island, Downtown Memphis, TN

0 6-tonne Geostar truck
with 20-tonne hydraulic
pushing system

QO No special license
QO Twin earth anchors

QO Has penetrated to
depths over 32+ meters
at sites in SC, AL, MO,
TN, IL, & AL

Cone Penetration Testing

NCHRP Synthesis 368
National Academy of Engineering
Transportation Research Board

www.trb.org

Penetrometer Sizes

Dual-Element Piezocone Penetrometer
A.P. Van Den Berg Type, Holland

Piezocone Sounding, Port Huron, Michigan

Port Huron, Michigan
(Chen & Mayne, 1994)

Depth (meters)

Penetration Stresses (MPa)
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Intact Clays

5“,'
]

»

w| &

Stiff Fizsurad Londan Clay
Brant Cross, UK.

Saft Clay, Grangemouth,
Secotland, UK.

versus Fissured Clays

Intact Clays vs. Fissured Clays

317* T T T T Lo T T T
= 0534 g
- nri66 e
u, Leda 20 897 Bl
200 betind uy =057 9gy
L n:70
1B, Uy 120912

50009

Measured Pore Water Siress Behind Tip, up, /Py

Corrected Cone Tip Resistonce, g1 /p,

Atlantic Piedmont Geologic Province

PIEDMONT

PROVINCE \ |

Copyright 2011 - PWMayne

31

Intact Clays vs. Fissured Clays

—— T T T
Leda b
& uy /g =0.83% L |
3 (n=24, (220977, A
5.0.:0079) -
" Intect “\‘
upfay=0728
2 (=166, 1320955, i -
5.0.:0.167)

mid-1
“|{ |": §0" W,

Measured Pore Water Stress ot Tip/Face, uy (MN/m?)

1 L 1 L L 1 L L 1

Corrected Cone Tip Resistance, g, (MN/m?)

u, and u, Elements in Intact & Fissured Clays

T T T T
. Very sensitve Leda cloys

v, Comented
o — 4 4 digy well
&
ol #" . J
N
Al (Gﬂ‘ﬁc-mma ond
h"?"-:'e Na Smerehistured
o5k e v\ J
e

Profile in the Piedmont Geologic Province

e

X e T

GRANITE TO GABBRO

Sowers & Richardson (1983)
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Piezocone Response in Piedmont Residuum

qr (MPa) 15 (kPa) uy (kPa) u; (kPa)
] o 2 4 8 8| 0 200 400 O 500 1000200 0 200 400
° ° °
2 2 2
fs —4 4 4 ~
5 -
£ z
8, 6 6 -
—F-1(u1) -
— — F-2 (u2)| z
U —] s s 8 z
u; -
ar| . 10 1 -

Corrections for Tip and Sleeve Readings
p us d; = diameter of penetrometer
d, t; =thickness of friction sleeve
u; = measured porewater pressure
q. = measured cone tip resistance
g fs = measured sleeve friction
Internal 3 . .
Cone > q; = total cone tip resistance
Cavity § f; = total sleeve resistance
g
* a, = net area ratio = d,2/d.2
—d,— Sleeve Friction:
u
I—d 2 f, = f, - (nd,tou, + ndgt,uz)(ndchy)
t e
11 11 2 Tip Resistance:
o
[AVA TR g: = qc * (1-a,)uz
— dc R —

Penetrometer Calibration

Net Area Ratio Calibration
3.0
— y=1.01x uz
g 2571 R = 0.9999
£
B
o 20
3
?
o 15
[
=
o
g 1.0
0
0
g
& 0.5+
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Applied Pressure (MPa)
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CPTu in Piedmont Weathered Rock
Fugro Sounding at MARTA site, North Atlanta

O 4
23
-2 34
g -4 < ¥ 7
° 34
2 & <
E ‘g“ 56
5 -8
= 67
;-10 50/6”
12 | 50/2"
’ 50/3"
14

02040600 05 101 0 04|SPT-N
qT (MPa) | fs (MPa) | ub (MPa) | (bPD

Calibrations of Penetrometers

Two types of calibrations necessary.

Load cell verification in compression
machine (proving ring) for q. and fg

Penetrometer in pressurized triaxial cell to
detail porewater effects on geometry to
obtain g; and f;

Pressure triaxial calibrations also verify
porewater transducer output.

Penetrometer Calibration

Sleeve Calibration
0.05

bpet = Net
sleeve area ratio ~—t .

004}
0.03 ]

0.02

Sleeve Friction, f; (MPa)

0.01]

0.0 0.5 1.0 15 2.0 25 3.0
Applied Pressure (MPa)
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CPT Reading Corrections

O Total Cone Tip Resistance (required):
a: =qc *+ (1-aper) U2

O Total Sleeve Resistance (maybe):
fo =f; -bpet Uz

fy = fs - (ndytyu; + wd,tsus)/(nd hs)

New Orleans Levees - CPTu Sounding

Stress or Pressure (MPa)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

‘Desiccated Crust

Soft
Clay

l Silty Sand

Depth (m)

Soft
Silty
Clay

Depth Correction
a Verticality changes with depth
Q Measure inclination during penetration
Q Actual depth, z=[C;dz = X (C;Az)
a Single axis inclinometer: C, = cos(a;)
O Biaxial inclinometer:

I
>1+tan2(aj)+tan2(ﬂj)

CcC =

]
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New Orleans Levees - CPTu Sounding

Depth (m)

Fricton Ratio

Tip Rsistan o Steove Friction
ar (MPa) f, (kPa)

0 2 4 6 8 0 20 40 60 8 100 200 0
¥

o i Dovccaea
st
Py S 1___
[ Soft
o T Organic
Cla
- /
L
o T —
S 4 Silty Sand
[
[
|5 4+ _
Ly 1 _
|
,,,,, I S
,,,,,, 4
g

New Orleans Levees - CPTu Sounding

Stress or Pressure (MPa)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0 + + + + t ‘Desiccated Crust
24
44 Soft
64 Clay
—~ 81
E:,E' 10] [ Silty Sand
§- 12 4
14 4 Soft
16 4 Silty
18] Clay
20 4
22

Chicago Soft Clay, Northwestern Univ

Tip Resistance Sleeve Friction
qr (MPa) fs (kPa)
0 2 4 6 8 10 12 14 o 100 200 300 0

Porewater Pressure
uz: (kPa)
500 1000 1500 2000

Depth (m)
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CPT Hole Closure

» Unconfined aquifer vs artesian aquifer

» Groundwater resources

» Need for hole closure (State dependent)
» Grout upon withdrawal

» Separate system for grouting

* Lutenegger et al. (NCHRP Report 378,
1995, Transportation Research Board)

Lutenegger & DeGroot (Canadian Geot. J.
Vol. 32, No. 5, 1995: 880-891)

Lutenegger & DeGroot 1995

Cﬂwt-\‘_"_j'Q

Flexible
Tube

7

N
N\
NN
x\%ﬁ“
S

,a
-
3%

7
7\ 77
A Cone /, A Cone
v Hole 7 /’/vd_ Hole
N NG
A 72
(n) Surface pouring (b) Flexible tremic tube () Rigid tremie pipe

Lutenegger & DeGroot 1995

Girout
from
pump

Girout

7 o A /
72, % %
el / /
() Installation of b} Cone withdrawn () Grouting

casing over cone rods through casieg through casing

Lutenegger & DeGroot 1995

Ny

g
NN

.\'\'k\\

e

N

Soil Classification by CPT

08 " . o 00 o050
m BT T e T
Particie
Dlameise M2 11 4200 0am s wos 0oos
COBBLES - . | ! —L— 1 SILT CLAY kOLLOIDS
GRAVEL SAND
L=y T ¥ T
Biw 3e M a4 #4100 R [
(U3, Stetary
uscs Cunriﬁ\l-fﬂliw Soils § Fne-Grainod 50'5» uscs
Symbla | Symbals:
ew_b| oM cL CH |
Soil Type: oP Gc oL oH | Gradation
G- Gravel '/’ ALin® gigve Analyais)
[ P [ | [ w-
-l = P-Poorly Graded
ooty Waprl L1 o W | e
O-Organic  gp [ sc oL oH Plasticity
| (Altorberg Limits)
[ L] e, H-High Plasticity
0812 50 T o0 LLowPastieay
Parcant Fines Ligquid

Limit = 50

Soil Classification by Drilling & Sampling

Clnssfaration and bnes Prepertios.
2-3eupn

=GN

=N
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Soil Classification by Drilling & Sampling

Classification and Index Properties
2-3days

HCI Acid
Plastic
Limit @
c.co,

Sieve Caaagmnue Fall Cong

Disturbed
Samples

hydraulically pushing a
thin walled tube to
recovery relatively
- undisturbed soil

samplas for laboratory

Layer 3

Analysis Carbnnale
Collected Samples are: ! Moislu-g Cnntsnt At'lemerg Content
+ marked and sealed; Limits
] O Contant imil
« stored upright; and bt
transported to the lab.
list Mach | Properties
= = E::mﬁles T 2 -3 Weeks
Layer 1 Disturbed Samples .
Orive samples ars Consolidation
—— e i taken using a drop Compression
— hammer system
= and a split-barrel
Layer 2 sampler (steel H: ; Direct Shear
lydraulically
hollow tuba). extrude and Strength
Undisturbed Samples tH Bell
T~ __ Consists of specimen

Triaxial
Shear Strength
and Modulus

Layer 4 testing of machanical
nroperties. —
— x4k 2
Bedrock 7f§ - & =
Diamond %
Bit Rock
Coring

Factors Affecting

including Soil
Classification

CPT Measurements,

(Hegazy, PhD 1998)

* Soil classification

Logging-in e

LABORATORY[ 5ree ™1 - Remolded

Extrusion

Trimening

- Oven-drying
+ Index propertics
* Mechanical properties

cone
truck

Mineralogy | cuionte, Kealinite, Halloysite,
vermsculite, sttapulg e
Acolian, Allivial, Delatic,
Dhsturbed ~ GEOLOGY Dibavial, Fluvial, Glacial,
samples Lacustrine, Marine, Fee sidus|
E [Helocene, Pleisiocene, Pliocene,
Soil AGE | Miocene, Oligocene, Eocene
Borchole .
st vact, Fissurod, Jaint s,
FABRIC [&__u__“\,m“
Undinurbed ~ TEXTURE [Angutasity, Roundness, Geain Size
samples
Horizontal Effective Stress
Sl FATE-OF. | Verticsl Effective Stress
e / J lE g};;;’;w Mean Effective Stress
sl L I Overconsalidation
[ STRENGTH (Sensitivity, Shear Swength
- SOIL TYPE  (Clav.Silt.Sand, Organics
5 Water Content, Hydroscopic Water,
WATER {I[ydmsnnc Pressure
= PLASTICITY {Plastic Limit, Liquid Limit
L : Void Ratio, Unit Weight,
voms [I’crmeah.l:ly
= ADHESION  {Cementation
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Factors S—
Affecting CPT |1 kN
Measurements, o S
including Soil T { Mnersog
Classification ' me
(Hegazy, 1998) ‘ [
A U Lﬂ_&""'
o f

CPT Soil Behavioral Classification

400 T T T T T
I Sands
L )
o / Silty
ooy S sands/ -
2 F Ve /Sandy 3
g 40 i, / silts /Cloyey 3
= 2~ Zond silts /silts ond ]
2 e /sty clays/
k7] b v 7
F - 7 /i
i 19 L~ // s deb bl
= F > 3
[ 6F - 3
E ” ” 1
W 4+ - Ve Pegt —=
5 i s -
(Tl g 1
| L L L L 1
(o] 2 4 6

Friction Ratio, fs/q. (%)

CPT Soil Behavioral Classification

CONE DEARING, 4,1 bo

Robertson, et al. (1986)

e ral)
aand ta clapey sand®

* overcomsolidated sv cesented.
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CPT Soil Behavioral Classification

Sail Classification from Cone Test Data
06 0.8
¥ pr— T T
400} Electric Friction
Cone
:Lo 11
£
- )
7 300} T
L] B @«
e [T
=
Q (K] 0-
[%) =
w  200F ]
5 22 &
@ 25 ¢
o 29 2
= 313 T
100} 40 &
e 50
5 8.l
© 100
o

Cone Side Resistance, f5/pg

CPT Soil Behavioral Classification

B
Ug) Uy
Qp |, NEGATIVE POSITIVE
Norwegian Institute [MPa)] s T Emms i
of Technology (NTH) 16 | PRESSURES | PRESSURES q;
Norwegian University 144 h e
of Science & Tech h = —l—q = :° ]
(NTNH) 124 f YT
104 » GLAVA CLAY
Senneset, et al. (1988,
ISOPT-Orlando; 1989 8-
Transportation Res. 64 a?
Record)
44 f ,;f
2

1] T T T .I T T _--“ - T
-0.6-0.4-0.2 0 02 0.4 0.6 0.8 1.0 1.2
By

Normalized Piezocone Parameters

0O Normalized Tip Resistance:
Q= (qf'cvo)/ Ovo'

0 Normalized Sleeve Friction:
F = fs/(qf-cvo)

0 Normalized Excess Porewater
Pressure Reading (shoulder):

Bq = (UZ'UO)/ (qf'cvo)




CPT Soil Behavioral Classification
Robertson, et al. (1986) Use of In-Situ Tests in Geot. Engrg, ASCE GSP 6

Robertson ot al. (1086) T Robortscn at al. (1986)
Zone 12 - sand | - 0%
1z - /
f _ ol Zones]
1o clayey sand Zone 11 - 2eorganic ¢ o1
’ Veryistf — - -dmclay = 11,17
T fine grained T
i soil P -3
= 4=y chay = 100
& &
-3 . ——— S=clayoy silt 3
£ - Ed
B . £
2 = = = fegandy it
8 H
% —— Tty savid § 10
Zone 3 -
e nd | | = - -tesand o siny sana | O
=" Zone 2 - Organic g=sand
1 % v
0 1 2 LI 5 87 ] Tomgravelty sand 02 0 02 04 08 08 1 12 14
Friction Ratio, FR = f,/q, (%) B,

CPT Soil Behavioral Classification
Robertson (CGJ 1990 and 1991 closure)

1000 1000 -
100 100| |
Q Q :
4 .
Increasing
10 10 . OCR
- _ 5
Increasin
I
sr;g;?j.intyg sensivity ”
h
1
1 - 1 v !
0.1 -0.4 0 0.4 0.8 12
Bq
G- O U -y fy
= =3 — %1009
QlT B Q=T F Q\_awx 00%
Zone Soil behaviour tvpe Zone Soil behaviour lype Zone Soil behaviour type
1. Sensh!ve, ljne grained; 4. Silt mixtures clayey silt to silty clay 7. Gravelly sand to sand;
2. Organic soils-peats; 5. Sand mixtures; silty sand to sand silty 8. Very stiff sand lo clayey sand
3. Clays-clay to silty clay; B. Sands: clean sands to silty sands 9. Very stiff fine grained
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CPT Soil Behavioral
Classification

Olsen & Malone (Penetration
Testing 1988, Orlando)

Olsen & Mitchell (1995,

Intl. Symposium on Cone
Penetration Testing, Swedish
Geotechnical Society)

1000 -
800 CPT Soil Characlenzalon Number
E (SCN) for the displayed contour |
6004| |GP B
1| [GM
4004
- GRAVEL
- AND
T 200 SANDS
2
c 100 L
BD:
aP|s§ 60
[ 40
& sp! | o §
SAND MIXTURES s-
SLTY SAND
e 207 CLAYEY SAND
E SANDY ST
2 3159
2 5€e
-] 10 SLT MIXTURES = o
= 84 SANDY SLT
2 ] ML CLAYEY SLT
5 8 SILTY CLAY o,
- 1 o
2 one b) =3
R -\ S
2 value 3 éﬁ\‘i‘ [
& ]
0 i T PEATS [
Equivalent CH
USCS
range
SR04 0RO R TR

Correcled Friction Ratio (%) in terms of tsf

R
Q.

_ N,

1
—m 100
Qef{ }.. [1-n}

(@)

Soil Behavioral Type from Piezocone

O Jefferies & Davies

(1993, ASTM 6TJ)

0 Define CPT Soil Index, *I.

*l, = \/{3—log[Q-(l—Bq)]}2+[1.5+1.3-(10gF)]2

Soil Classification | Zone Number* | Range of CPT Index *I_ Values

Organic clay soils 2 I,>3.22

Clays 3 2.82<1,<3.22

Silt Mixtures 4 2.54<1,<2.82

Sand Mixtures 5 1.90 <1, <2.54

Sands 6 1.25<1,<1.90
Gravelly Sands 7 I,<125

“Notes: a. Zone Number per Robertson SBT (1990)

b. Zone 1is for soft sensitive soils having similar |, values to Zones 2 or 3,
as well as low friction F < 1%
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CPT Soil Behavioral Classification
Robertson (1990)

. =
E !

P |
1 [ 1

? \nnﬁé ;11

L] = 4

2 E 3

g F 3

; w0k %

:

g & ]

IE 1

NORMALIZED Y 0y o v

FRICTION RATIO,

LEAN SAND TO SILTY

7. GRAVELLY SAND TO SAND

CLAYS - CLAY TO SHTY CLAY
SILT MIXTURES - CLavey sir & YERY STIFF SAND TO CLAYEY
TO SITY CLAY e

SAND MIXTURES - SILTY SAND
TO SANDY KT

9. VERY STIFF, FINE GRAINED®

Soil Behavioral Type from Piezocone

Q Jefferies & Davies (1993, ASTM 6TJ)
a Define CPT Soil Index, *I.

*1, = \/B-log[Q-(1-By)l}* +[1.5+1.3-(log F)’

Soil Classification | Zone Number* Range of CPT Index *I_ Values
Organic clay soils 2 1,>3.22
Clays 3 2.82<1,<322
Silt Mixtures 4 254<1,<2.82
Sand Mixtures 5 1.90<1 <254
Sands 6 125<1,<1.90
Gravelly Sands 7 I,<125
“Notes a. Zone Number per Robertson SBT (1950)

b. Zone 1 is for soft sensitive soils having similar |, values to Zones 2 or 3,
as wel as low frction F < 1%

Probability Soil Type by CPT
0 Zhang and Tumay (ASCE JGGE, March 1999).

0 Method estimates percentages of soil type
fractions (sand, silt, clay) from probability
assessment of g; and fg

a Automated Program: P-Class

Q0 Free Download from:

LSU: www.coe.lsu.edu/cpt
U.S. Univ. Council Geotech Engrg Research:
www.usucger.org
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CPT Soil Behavioral |
Classification

Olsen & Malone (1988,
ISOPT-1, Orlando);
Olsen & Mitchell (1995,
Cone Penetration Test
Symposium, Sweden)
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Missouri CPTu
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Soil Classification

ar (WPa) . (kPa) us (kPa) e cater SBT (1990)
0 10 20 3 4 o 20 400 60 -S00 0 50 1000 1234567809
[t t =1 sano frmr

I Y, oc fissured
\ | Clayey SILT i
s L 0
Clean sanp
SAND

g S R

g

2

&

8

15 L _ =
Soft
sitty
LAY
Clayor
2 L si
Il
1
SAND sanp
2
Tip Resistance Steove Friction T
ar (MPa) . (kPa) PROBABILITY OF SOILTYPES P (%)
0 10 20 3 40 o 200 40 60 O 20 4 6 8 100

Depth (m)




Piezocone Penetrometers

Fugro Triple-Element Piezocone
Used in North Sea Investigations
(Norwegian Institute of Technology)

Multi-Element Piezocone
Penetrometers

Quad-Element Piezocone (Oxford University)

Multi-Friction Sleeved Penetrometer
(Frost & DeJong, 2001)

Memocone (cableless system) - Envi AB

Memory chip in penetrometer. Sychronize
with depth wheel & data logger at surface

Audio- Cone (cableless system)- Geotech AB

Uses audio signal to send CPTu data up
the inside of the rods. Decoder at surface

Copyright 2011 - PWMayne

Slot "Filter" for Porewater Pressures

® Elmgren, K. (1995). Slot-type pore pressure CPT-u filters. Proceedings, Internatioaal Symposium
on Cose Penetration Testing (CPT"95), Vol. 2, Linkdping, Sweden, 512,

® Larison, R. (1995). Use of thin skt s filter In plezocone teats. Proceedings, Internationsl
Symposium on Cone Penetration Testing (CFT55), Vol. 2, Linkdping, Swedea, 35-40.

EASRED PR MRESSURE Py
= am

5 ‘-Membfar‘e B "?;
T Acovi‘ty . %
Il g . H
t cavity i
- t=-Slot 0.3mm <‘L
(Grease-Filled) = ‘{.3’
s
| ——
o
Fig. €1 Slot fiter for Memosone. Fig. €2
(Elmgren, 1995) (Lanaca, 1995)




CPT Related Websites

ONE
Q ISSMGE TC 16 (In-Situ Testing):
ENETRATION www.geoforum.com/tc16
ESTING Q US Univ. Council on Geot. Engrg Research:
R AL http://www.usucger.orqg/
L bl 0 GT In-Situ Research Group:
Lunee, X OSSN http://www.ce.gatech.edu/~geosys
0 The book: CPT in Geotechnical Practice
(Lunne, Robertson, & Powell, 1997):
e o http://www.routledge.com/

Piezocone Penetrometers

Various Penetrometers Used at Georgia Tech
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GEOPHYSICAL SITE
CHARACTERIZATION

0 Mechanical Wave Measurements

0 Electromagnetic Wave Techniques

Geophysical Methods

0 Mechanical Wave Measurements
* Crosshole Tests (CHT)
* Downhole Tests (DHT)
= Spectral Analysis of Surface Waves
= Seismic Refraction
* Suspension Logging

0 Electromagnetic Wave Techniques
« Ground Penetrating Radar (GPR)
= Electromagnetic Conductivity (EM)
« Surface Resistivity (SR)
 Magnetometer Surveys (MT)

Mechanical Wave Geophysics

o Nondestructive measurements (y, < 10-4%)

0 Both borehole geophysics and non-invasive
types (conducted across surface).

0 Measurements of wave dispersion:

velocity, frequency, amplitude, attenuation.

0 Determine layering, elastic properties,
stiffness, damping, and inclusions

0 Four basic wave types: Compression (P),
Shear (S), Rayleigh (R), and Love (L).

Mechanical Wave Geophysics
0 Compression (P-) wave is fastest wave;
easy to generate.

Q Shear (S-) wave is second fastest wave.
Is directional and polarized. Most
fundamental wave to geotechnique.

0 Rayleigh (R-) or surface wave is very close
to S-wave velocity (90 to 94%). Hybrid
P-S wave at ground surface boundary.

0 Love (L-) wave: interface boundary effect

Mechanical Body Waves

¢ Initial

i P-wave

Mechanical Body Waves
Amplitude
S R

A AN Time
ARTATAY

g

v —

LD

Hammer
Source Receiver (Geophone)

=

Source Rich in Compression Mode
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Mechanical Body Waves

oVl e
A VAV

]

Amplitude

Oscilloscope

Receiver (Geophone)
1 Lt

Source Rich in Shear Mode

Mechanical Waves (Shear)

S -Wave Velocities
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| == 7
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P - Wave Velocities

Steel

Intact Rocks
Weathered Rocks
Ice

Till

Sand

Clay

Sea Water

Fresh Water

| s | | s s
0 1000 2000 3000 4000 5000 6000 7000 8000

Compression Wave Velocity, V, (m/s)

Geophysical Equipment
. — :

i

Portable Analyzer Velocity Recorder

Seismic Reflection




Seismic Refraction

BEDROCK

Seismic Refraction
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Shear Wave Velocity, V,

0 Fundamental measurement in all solids
(steel, concrete, wood, soils, rocks)

0 Initial small-strain stiffness represented
by shear modulus: Gy = pp V2
(alias 64y = 6oy = 60)

0 Applies to all static & dynamic problems at
small strains (v, < 10-¢)

0 Applicable to both undrained & drained
loading cases in geotechnical engineering.
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Seismic Refraction "
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Results from Seismic Refraction

GRM SEISMIC REFRACTION LINE SHOWING
BURIED ALLUVIAL VALLEY

-

a
@
H]
¢
z
e
5
H
[
=
o

DISTANCE (feet)
GEOSPHERE INC

Crosshole
Seismic
Testing

Equipment
(ASTM D 4428)




Downhole
Hammer (-

packer

from inclinometers

Shear Wave Velocity:

Vs = Ax/At

S
(Source) g b
Test
Depth W ]:[
: M~

AX

Y

Note: Verticality of casing
must be established by

slope inclinometers to correct -
Sitances Ax it depth. Pg;e;gfgd

Slope
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Oseilloscope Crosshole Testing
ASTI 442,
" g STM D 8
P
Pump
- e
x = fctn(z) =

© Paul Mayne/GT
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Transducer

(Geophone

Receiver)
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Downhole Seismic Setup and
Testing Equipment

Wilson, et al., (1978) ASCE EESD
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In-Situ Surface Wave Testing

Sensors
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Rayleigh Layer 2
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Waves Layer 3
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Results from Te &
Crosshole Fom

Seismic Tests T
.l:
Reference: McLamore, I :
Anderson, & Espana = ..i
(1978), ASTM STP 654 ’ - :
L .

Oscilloscope Downhole Testing

___lv\l\m.

Liege

© Paul Mayne/GT
_ At: Hammer )
7
Z packer
). ¢
Test & Horizontal
Depth Velocity
Interval TEg:sdI:‘cers
ophone
Receivers)
. 2=7.24x2
Shear Wave Velocity: Rt =20+
Vs = AR/At 2 2 \—/ Cased
Borehole

Surface Wave Measurements

0 Spectral Analysis of Surface Waves
SASW (transient)

a Continuous Surface Waves (CSW): variable
excitation using surface vibrator

0 Modal Analysis of Surface Waves (MASW)

0 Passive Analysis of Surface Waves (low
frequency content)




Shear Wave Measurements

Undigturbed Resonant  Torsional Bender  Triaxial Gells
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Crosshala Geophone

‘Cased Boreholes

Shear Wave Methods
Cost to Profile V; to 30 m depth:
US $ 12,000 to $15,000
Downhole ~ US $ 6,000 to $ 7,000
SASW ~ US $ 2,500 to $3,500
Suspension Logging (deep > 50 m)

SCPTu ~ US $ 1,500 to $2,000 which
includes 5 readings: q,, fs, u,, ts50. Vs

Q0 Crosshole ~

[m]
[m]
Q
Q

Manual Shear Wave Sources

Cone Truck

) Seismic Cone Penetration Test (SCPT)

ASTM D 5778 and ASTM STP 1213

Surface Seismic Source (parallel with geophone axis)

(s ;
=4 /
Horizontally- 0 Electronic Penetrometer
f polarized (
and vertically- 7 horizontal geophone
propagating
Shear Wave shear waves S inclinometer
Arrivals taken| Z T T
at 1-m rod:
intervals ] T T f, = sleeve friction resistance
\:’ = enlargement T T
s
wl T -« > Uy = porewater pressure
o . ;
Penetrometer Readings .\\\_

taken every 1 or 2 seconds ﬁ‘m ¢ = total cone tip resistance

Seismic Piezocone Test

Obtains Four Independent -
Measurements with Depth:

Hybrid of Penetrometer Vv,
with Downhole Geophysics <

0 Cone Tip Stress, q;
0 Penetration Porewater Pressure,u

Q Sleeve Friction, f
Q Arrival Time of Downhole Shear E

Wave, ft,

Automated Seismic Sources
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Downhole Shear Wave Velocity

M=

L
0 Anchoring System
0 Automated Source

a Polarized Wave

0 Downhole V, with
excellent soil coupling.

Complete Set of Shear Wave Trains
Mud Island Site A, Memphis TN
0 —— =

]

Depth {(m), Mormalized Geophone Output
£
|

o 50 100 150 200
Time (ms)

AutoSeis
0 Electro-Mechanical off 12-volt

a Repeatable, Portable, 30-m depths

a Finite Precision: www.finiteprecision.com
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Downhole Shear Waves
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Oﬂi /\N\/\/\ A Right Strike
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Comparison of Shear Wave Methods
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Crosscorrelation of Wavelets
0 Freeware: ShearPro 1.4
0 Download: www.ce.gatech.edu/~geosys
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SCPTV Sounding - Memphis, Shelby County, TN
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More Measurements

>

is
MORE BETTER

Hybrid In-Situ Tests

Q Combination of Two Tests:
> Cone Pressuremeter (CPT + PMT)

> Seismic Cone Penetrometer (SCPTU) with
dissipation (DHT + CPTu)

> Seismic Flat Dilatometer (SDMTa) with
dissipation (DHT + DMT)

> Resistivity Piezocone (RCPTu): combine
electrical conductivity + CPTu.

> Dilatocone (DMT + CPT)
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SCPTu in Fraser River Delta, British Columbia

00 0.0 2.0 ¢ 300

Specialized In-Situ Tests

0Borehole Shear Test (BHT)
QPush-In Pressuremeter

QlLateral Stress Cone

aVibrocone Penetrometer for Liquefaction
0Self-Boring Pressuremeter Tests
OTowa Stepped Blade (ISB)
QVision Cone (VisCPT)

OTorsional Impulse Shear Device
QCone Pressuremeter (CPMT)
OPush-in Total Stress Cells (TSC)
0Hydraulic Fracturing (HF)

Saturated Unit Weight of Geomaterials
(Burns & Mayne, TRR 1996)
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(g/cc)

Mass Density, p

Saturated Unit Weight of Geomaterials

(Burns & Mayne, TRR 1996)
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Unit Weight Evaluation for Saturated Geomaterials

(Mayne, In-Situ Measurement 2001 Bali)

! Additional
n =163

T
Saturated Soil Materials:

22 1

20 1
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16t -

14 + -

12 4+ -

Y1 (kN/m®) = 8.32 log Vs - 1.61 Log z o ° Rock
with Vg (m/s) and depth z (m) | Materials
n=727 r*=0.808 S.E =105 | 7 A0 -
T I
<o
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Unit Weight Evaluation for Saturated Geomaterials
(Mayne, In-Situ Measurement 2001 Bali)

28

T
Saturated Soil Materials: 2{m)= A:d:w;aanzal
2% Y7 (KN/m®) = 8.32 log V; - 1.61 Log z [ Rock
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Saturated Unit Weight, yr (kN/m’)

Unit Weight Trend with Vg

28 -
6 d|® e Regression:_ __________ o
Infact Clays Year = 4174Nn(Vy,) - 4.03
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Seismic Piezocone Test in Soft Chicago Clays
Northwestern University
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|
|
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|

-

A

Electromagnetic Wave Geophysics

0 Surface Mapping Techniques:
* Ground Penetrating Radar (GPR)
» Electrical Resistivity (ER) Surveys
= Electromagnetic Conductivity (EM)
= Magnetometer Surveys (MS)

0 Downhole Techniques
= Resistivity probes, MIPs, RCPTu
e 2-d and 3-d Tomography

Ground Penetrating Radar (GPR)

GeoRadar

Xadar Sensors & Software
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FREQUENT INTERVAL V¢ METHOD

Tip Stress, gr (MPa) Shear Wave, Vs (m/s)
0 2 4 6 8 10 0 100 200 300 400

Lake Michigan

T -~ % -7 7| Special True-
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Chicago Clays,
| Northwestern
- - - | University

|

|
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Interval
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1
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1
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Electromagnetic Wave Geophysics

0 Nondestructive methods

0 Non-invasive; conducted across surface.

0 Measurements of electrical & magnetic
properties of the ground: resistivity
(conductivity), permittivity, dielectric,
and magnetic fields.

0 Cover wide spectrum in frequencies (10
Hz < f < 1022 Hz).

Electrical Resisitivity Measurements




Electrical Resisitivity Measurements

Mapping Stratigraphy
Sand and Gravel Lenses in Clay Environment
0 50 100 150 200 250 300 350 400 450

s s

. e . 4
whate e

W T o
) - Ao 4

Elevation AMSL, m

0 20 40 B0 160 240 30

Figure 109, Reststivily data plotied to_ form a depil vs restivity seciion.
{Advanced Geosciences, fnc.)

New Orleans Levees

» Embankment levees constructed on soft clays
» Presence of very soft peats and organic clays
« Stability problems

» Settlement and long-term creep
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Electromagnetic Conductivity (EM)

Figure 106, Dipping clay vhaie layer.
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References on Geophysics

0 Application of Geophysical Methods to
Highway Related Problems (FHWA
Manual DTFH68-02-P-00083; 2003)

0 Soils and Waves by Santamarina, Klein,
and Fam (2001, Wiley & Sons)

0 ISSMGE TC 10 - Geophysics in
Geotechnical Engineering:

e www.geoforum.com/tc10

RCPTu

= Resistivity (or Conductivity) Penetrometers
= Dielectric (or Permittivity) Penetrometers

Seismic Resistivity Soundings (SRCPTu)
Combined RCPTu1 and SCPTu2 at Mud Island, Memphis

Tip Resistance. Sleeve Friction Pore Pressure Conductivity
47 (MPa) 1, (kPa) Uy ang 2 (kPa) K (msim)
2 w4 0 100 20 w0 ax o s0 w0 10 0 50

Shear Wave
Vs (mis)

0 10 0 100 200 300 40

Applicability of In-Situ Tests
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SPT L....!.... l
3 | [
£ cPT 1 c
2 - Eeeed=-=--- Lol
i 1 - .
% omr | B i L !
s =l I = |
2 PMT : ; 5 5
? L
L] VsT | | |
= : : X :
hysi et H L
0.0001 0.001 0.01 0.1 1 10 100 1000

Grain Size (mm)

Geotechnical Site Characterization
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Subsurface Profile Developed from Geotechnical Data

TN Horizontal Distance (meters)
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Geophysics
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Ground Behavior al

Drilling
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Subsurface Profile

Soil Parameters Evaluation E — )
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Relative Density of Clean Sands

a Unit Weight

0 Mass Density

0 Void Ratio

0 Relative Density

Pila Dune Sand
Archechon, France

Paul W. Mayne, PhD, P.E.

Georgia Tech

Unit Weight of Geomaterials

30

28 Gs= * Clays
28 X Silts
26 F 27 =g~ — — — — —
2.6 W Peat
28 —————— -GN\ - — — 1 A s B
2 -—————————— — — —| ® Weathered |-
Rocks.
o TIntact Rack:

20 £
18 +

BF —————————— == — R~ — — —
14 Saturated Geomaterials:

Saturated Unit Weight, ysar (KN/m®)

RF e = Yuaer (Gs + €0)/(1 + &)
10 + +

1 10 100 1000
Water Content, w, (%)

Georgia Tech

Relative Density Criteria for Sands
(after Holtz, W.G., 1973, ASTM STP 523)

TABLE 1=—Various terms used (o describe he siate of denseness.

Relative Density, percent 0 10 20 30 40 50 6 70 50 9% 100
| ] e S |
USER [5] very very
Lambe and Whilman [7] loose locse medium dense denae
- by 4
Burmister [5] loose: medium I compact compact
. 1 Sl
very very
Meverhoff [81 loose looss compact denne dense
very
Hough [9] loose firm compact compact
‘Tachebotarioff [10]
Flummer and Dore [11] loone medium dense

Georgia Tech

Copyright 2011 - PWMayne

55

Mass Density and Unit Weight
o Total Unit Weight: Y+ = pr g,
0 Soil Identities:

+ Gow, =S e

* 11 = Gsrw L+wy)(1+e)

0 where 6, = specific gravity, w, = water
content, S = degree of saturation, e =
void ratio, y, = unit weight of water; g,
= grav. Constant (9.8 m/s?)

Georgia Tech

Relative Density of Sands

0 Relative Density (Dg) is measure of packing of
clean sands with < 16% fines (SP, SW, SP-SM,
SP-5C); and gravels

a o — €

Where e, (loosest state), e, (densest state),
and e, (current state).

Georgia Tech

Grain Size Effects on Extreme Void Ratios
(after Youd, T.L, 1973, ASTM STP 523)

Maximum Void Ralio, €4,
ozl o
® i
,,v,//
g0
y
/
S
/a

élﬁl'é /‘s’

mOIT
020
3 B=
= \‘uss
04 o= 02 \whn
(a) (b)
0.2 ol
| 2 3 4 3 10 15 I 2 3 & € o 15
Uniformity Coefficient, C 2Dg,/D,q Uniformity Coetficient, C, =0gy/0,q

Georgia Tech




Grain Size Effects on Extreme Void Ratios
(after Youd, T.L, 1973, ASTM STP 523)

R<0.IT R=0.20 R=0.30 R=0.35 R=0.50 R=0.70

Feasce®o

Very Angulor ~ Angulor  Subangulor Subrounded  Rounded  Well-Rounded

Particle Roundness and Angularity Definitions

Georgia Tech

Interrelationship Between Extreme Packing States
(data compiled by Mayne, 2000)

Database from Clean Quartz Sands

2.0 - -

19 Regression: Ypmin = 0.808 Ymax
n=304 r’=0.854 S.E.=0477

18

R e et

16

15

14

° Pou los (1 988 Sondrum (1989)

12 + Holubec (: 8 ‘oud (1973
Sherif :f al 1974) 1) X lex:r {19 3)
# Kulhawy & May 990) * Brand

o Eomnaaton (157 ¢ X brcn G873
10 | | | | | | | |

14 15 16 17 18 1.9 20 21 22 23 24

Minimum Dry Density, Ymin (9/cc)

Maximum Dry Density, Yo (g/cc)

Georgia Tech

Relative Density of Sands

0 Relative Density (Dg):

_ Coa 780

Measure e, (loosest state)
Measure e, (densest state)
Measure e (current state).

0O 0O 0O O

Practical approach: use penetration tests

Georgia Tech
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Grain Size Parameters Affecting Max. Density

2.4 T T
233 | x Johnston (1973) | . \ . i
. © LaCroix (1973) Increasing Particle Angularity

2.2 T @ Poulos (1973)
o1 4 |emamecsony [
X Kokusho .. (1997)

2.0 3 {4 seed .. (1986)

19 %
18 %

I
Regression Analysis:
Yamax = 1.65 + 0.52 loguC

17 %

Max. Dry Density, Yumax (9/cc)

16 ¢ g, * Xo n =574 data points
151 o x* r?=0.730
1.4
1 10

2 5
Uniformity Coefficient, UC = D¢o/Dyo

Georgia Tech

Interrelationship Between Extreme Void Ratios
(data compiled by Mayne, 2000)

Database on Clean Quartz Sands

enin = 0.571 epax
n = 304 data points

£ 05
£
o
04
034 — 1= — o2 ~ [ g unawy & ayne 1990) + Holubec (1973
ul aw( ayne (1990) folut ecg o74)
XMelzer (19 3 x B d 1973
Y B © Cornforth (1973)  Dickin (1973 L
o S 1538)  Poulos (1985

[ T T T T T T T T T
01 + + + + + + + + + +

03 04 05 06 07 08 09 10 11 12 13 14 15 16 17
€max

Georgia Tech

Calibration
Chambers

Oxford
University

a Flexible Wall Chambers
o Essentially large triaxial test

o Four boundary conditions:

Virginia
Tech

* BC1 — constant ¢,” and constant oy,
*BC2- Ag, =0and Ag, =0

* BC3 — constant 6, and Ag, = 0

* BC4 — Ag, = 0 and constant oy”

Georgia Tech




6rain Size Parameters Affecting Max. Density

Max. Dry Density, Yymax (9/cc)

2.4

2.3

2.2

2.1

2.0

1.9
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1.7

1.6

15

1.4

x Johnston (1973)
@ LaCroix (1973) Increasing Particle Angularity
EPoulos (1973) f-——"~"~""~""~"~"~"~"~-——- T o
4 Mayne (1991)

X Kokusho .. (1997)
ASeed .. (1986) [~ - Xy =

a0 adaaaataaaatanaataaaatanaatanaatanaatansataney
g

************ I St n = 574 data points R

Regression Analysis:
Yd(max) = 1.65 + 0.52 logUC

r?=0.730

[N

5
Uniformity Coefficient, UC = Dgo/Dio

Georgia Tech

Interrelationship Between Extreme Packing States

Minimum Dry Density, v (g/cc)

(data compiled by Mayne, 2000)

Database from Clean Quartz Sands
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1.7 4

154
144
134
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1.6 F

lJ T
Regression: Ymin = 0.808 Ymax
n =304 r?=0.854 S.E.=0.477

< Poulos (1988 ® Sandroni (1989)
***** + Holubec (19 3 IYoud (1973)
Sherif et al 74) §1973)
@ Kulhawy & Mu;ne (1990) X Brund E 973%
(] Comfor"rh (1973) A Dickin (1973

Maximum Dry Density, Yo (g/cc)
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Calibration Chamber Testing

a Mineralogy o) ! BCH,
a Grain Distribution ] VC BC2,
0 Angularity BC3
0 Index Parameters <_iﬂ\ BC4,
gggz_n = and BC5
[e]]
o Dry or Saturated <:I
0 Stress History 1
Qg ana f Dr Artficial | N
e Sand <
o D
Poandpy <3 ¥ Deposit | <—
b —

oo e —
PL
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Relative Density from CPTs in Chambers

Baldi, Bellott, et al. (1986). Interpretation of CPTs and CPTUs: Drained penetration of sands.
Proceedings, Fourth [ | Gi I Seminar, Si 143-156.
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Calibration Chamber Correction Factors
(Kulhawy & Mayne, 1990 EPRI Manual)
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Relative Density from CPTs in Chambers

Jamiolkowski, Ladd, Germaine & Lancellotta (1985). New developments in field & lab testing
of soils. Proceedings. 11th ICSMFE, Vol, 1, San Francisco, $7-153
0.
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Relative Density from SPT-N Value
After A.W. Skempton (Geotechnique, 1986)
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Calibration Chamber Correction Factors
(Kulhawy & Mayne, 1990 EPRI Manual)
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Relative Density of Quartz Sands
o Use stress-normalized resistances:

Q@ SPT: (Npeo = Neo/ (04 /Gatm)*®
where o,,' = effective overburden stress
Gutm = 1 atm ~ 1 tsf ~ 1 kg/cm? = 100 kPa

u CPT q'rl = (Q'r/cmm)/(Gvo‘/GaTm)O‘5

0 If all stress terms are in atmospheres then:
SPT: (Npeo = Neo/(00')%°

CPT: 941 = QT/(GVO‘)O'5

Georgia Tech

Corrected Calibration Chamber Test Data
(Jamiolkowski et al. 2001, ASCE GSP 119)

) 4
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° I I
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Normalized Tip Stress (bars): gy = qy/(6y,)>°

Other approaches to assess state (e,, Dy, V)

0 Nuclear Cone using radio-isotopes (e.g.
Mimura, et al., CPT'95)

0 Shear Wave Velocity (Mayne, 2001)
0 Resistivity Cone (Piccolo, et al. 1995)
a Dielectric Probe (Santamarina, et al. 2001)

0 Time Domain Reflectometry (TDR) to
measure water content (Dowding, 2001;
Drnevich 2006).

Georgia Tech
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Relative Density from CPT Resistances
(after Kulhawy & Mayne, 1990 EPRI Manual)
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Relative Density: Carbonate Sands
Singapore Workshop (2006): Char. & Engrg Properties Natural Soils
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Relative Density from CPTs in Chambers
Jamiolkowski, Ladd, Germaine & Lancellotta (1985). New developments in field & lab testing
of soils. Proceedings, 11th ICSMFE, Vol. 1, San Francisco, 57-153.
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Corrected Calibration Chamber Test Data
(Jamiolkowski et al. 2001, ASCE GSP 119)
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June 2008

Effective Stress Friction
Angle from CPT

Paul W. Mayne, PhD, P.E.
Georgia Institute of Technology

Friction Angle of Sands

CIDC Triaxial Tests

6 T
. oy -1
sing' = (o'/a) =1 ¢P' = peak friction angle

| —<-DR=826% | T T

| _ !
——DR=745% Da!@ on Saturated
—4—DR =59.3 % Quarlz Sand

Stress Ratio, 64'lc3"

2H P 1_ _ _QuartzSand __ |
| | —e—DR =38.5% (Kperner, 1970)
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Polish Tailings Sand (Jamiolkowski 2006)
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Natural Clean Siliceous Sands

Georgia Tech

Undisturbed vs. Reconstituted Sands

0 Reconstituted: Artificial
= Air Pluviation
= Moist Tamped
= Water Sedimented
= Slurried
= Compacted
0 Undisturbed: Natural
= 1-d Freezing (tubes or coring)
= Agar Injection

Georgia Tech

Silty Sand (Heeg, Dyvik, & Sandaekken, 2000)
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Interpreted Soil Engineering Parameters: Preparation Methods

A
¢, v,c’, ELv', Gy, ¥ &, T, Ko, OCR £ A ion
CLASS A METHOD ﬁTriaxial Testing METHOD B E DTA:rlxs;:ed
Undisturbed s Young
Frozen A Artificial E Yarer
Specimens Il ’ e Specimens Sedimentation
';:> < D Slurry
In-Situ e,
In-place D ES"’\Ta‘ed [] vibration
oc

Coolant

System ﬂ Anisotropy

e = e
H ﬁ Dr E Comp.
Icl

action

Undisturbed Sand Database

Sand Country Reference
Name Location Sources
W. Kowloon China Lee, Shen, Leung, Mitchell (1999)
Yodo Japan Mimura (2003)
Yodo Japan Mimura (2003)
Yodo Japan Mimura (2003)
Natori  Japan  Matsuo & Tsutsumi (1998)
Tone Japan Matsuo & Tsutsumi (1998)
Edo Japan Yamashita et al. (2003)
Mildred L.  Canada Robertson, Wride, et al. (2000)
Massey Canada Robertson, Wride, et al. (2000)
Kidd Canada Robertson, Wride, et al. (2000)
J-pit Canada Robertson, Wride, et al. (2000)
LLDam Canada  Robertson, Wride, et al. (2000)
Highmont Canada Robertson, Wride, et al. (2000)
Holmen Norway  Lunne, Long, & Forsberg (2003)
Gioia Tauro Italy Ghionna & Porcino (2006)

Type
Sand
Hydraulic Fill
Natural Alluvial
Natural Alluvial
Natural Alluvial
Natural Alluvial
Natural Alluvial
Natural Alluvial
Hydraulic Fill
Natural Alluvial
Natural Alluvial
Hydraulic Fill
Tailings
Tailings
Natural Alluvial
Natural Coarse Sands

Method of
Sampling
Mazier Tube
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Tube/Frozen
Frozen

Georgia Tech

Undisturbed Sand Database
Index Property Correlation by Cubrinovski & Ishihara (S&F 1999)

Structure
Age W,
SPT SCPTu n ﬁ/—/\
1 S o
N AY
1-d
Ground ,\\: Disturbed Soil
Freezing Vil ﬁ Augering
f, I Rotary Drill
Liquid Buy Estimated Tube Sample
Nitrogen gt —> Relative Drive Sample
Coring (-20%) Neo ——  Density, Dy
Undisturbed Sand Database
Sand Depth GWL Mean Solids Fines uc D50
Name (m) (m) z(m) G, (%)  =Deo/Dyo  (mm)
W. Kowloon 1.8 9 1.8 2.63 1 6.4 0.72
Yodo 8.1 21 8.1 2.64 1.9 31 0.32
Yodo 10.9 21 10.9 2.63 0.27 3.3 0.82
Yodo 12.7 21 12.7 2.63 21 3 0.62
Natori 8.25 21 8.25 2.65 0.23 2 0.22
Tone 7.3 14 7.3 2.68 3.78 2 0.18
Edo 3.85 21 3.85 2.68 0.42 22 0.29
Mildred L. 27-37 21 32 2.66 10 222 0.16
Massey 8-13 1.5 10.5 2.68 5 1.57 0.2
Kidd 12-17 1.5 14.5 272 5 1.78 0.2
J-pit 3-7 0.5 5 2.62 15 25 0.17
LL Dam 6-10 21 8 2.66 8 278 0.2
Highmont 8-12 4 10 2.66 10 4 0.25
Holmen 5to 15 1 10 2.7 2 3 0.55
Gioia Tauro 1.3-4.2 1.5 3 2.69 0.66 21 2
Georgia Tech
Undisturbed Sand Database
(Ref: 2006 JK Mitchell Lecture)
Sand Country Void Ratio Parameters Dgr Oy  In-Situ Test Laboratory
Name Location e, €max Cmin (%) (atm) Methods Triaxial Tests|
Kowloon  China 0.492 0.634 0.328 465 1.80 SPT CPTu ciuc
Yodo Japan 0.820 1.054  0.665 60.2 1.02 SPT SCPTu cioc
Yodo Japan 0.720 0.883  0.569 519 123 SPT SCPTu cioc
Yodo Japan 0.790 0.921 0.567 37.0 143 SPT SCPTu cioc
Natori Japan 0.857 1.167  0.765 772 087 SPT SCPTu cioc
Tone Japan 0.947 1.330 0.775 69.1 0.84 SPT SCPTu cioc
Edo Japan 1.043 1.227  0.812 443 051 SPT SCPTu cioc
Mildred L.  Canada 0.768 0.958  0.522 436 516 SPT SCPTu cCIUC, CKoUC
Massey Canada 0.970 1.100 0.700 325 1.20 SPT SCPTu ciuC, CKoUC
Kidd Canada 0.981 1100  0.700 29.8 1.60 SPT SCPTu cCIuC, CKoUC
J-pit Canada 0.762 0.986  0.461 427 055 SPT SCPTu cCIuC, CKoUC
LL Dam Canada 0.849 1.055 0.544 403 1.00 SPT SCPTu CIUC, CKoUC
Highmont Canada 0.825 1.015  0.507 374 138 SPT SCPTu cCIUC, CKoUC
Holmen Norway 0.724 0.840 0.460 30.5 110 SPT SCPTu CKoUC, CKoDC
Gioia Tauro Italy 0.589 0.690 0.450 42.0 042 SPT SCPTu cipc, CIUC, CTX
Georgia Tech
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Undisturbed Sand Database

Index Property Correlation by Cubrinovski & Ishihara (S&F 2002)
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Undisturbed Sand Database
(Ref: 2006 James K. Mitchell Lecture)

Sand Country Void Ratio Parameters Dg Oyo' In-Situ Test Laboratory
Name Location e €max €min (%) (atm) Methods Triaxial Tests
Kowloon  China 0.492 0.634 0.328 46,5 180 SPT CPTu cluc
Yodo Japan 0.820 1.054  0.665 60.2 1.02 SPT SCPTu cibC
Yodo Japan 0.720 0.883 0.569 519 123 SPT SCPTu cIbC
Yodo Japan 0.790 0.921 0.567 370 143 SPT SCPTu [elble}
Natori Japan 0.857 1.167 0.765 77.2 087 SPT SCPTu cIbC
Tone Japan 0.947 1.330 0.775 69.1 084 SPT SCPTu cIbC
Edo Japan 1.043 1.227 0.812 443 051 SPT SCPTu cIbc

Mildred L. Canada 0.768 0.958 0.522 436 516 SPT SCPTu cluc, CKouC

Massey Canada 0.970 1.100 0.700 325 1.20 SPT SCPTu cluc, ckouc

Kidd Canada 0.981 1.100 0.700 29.8 160 SPT SCPTu cluc, cKoucC

J-pit Canada 0.762 0986 0461 427 055 SPT SCPTu cluc, CKouC

LL Dam Canada 0.849 1.055 0.544 40.3 1.00 SPT SCPTu cluc, CKouC

Highmont Canada 0.825 1.015 0.507 374 138 SPT SCPTu CIUC, CKoUC
Holmen Norway 0.724 0.840 0.460 30.5 1.10 SPT SCPTu cKoucC, CKoDC
Gioia Tauro Italy 0.589 0.690 0.450 420 042 SPT SCPTu cIDC, CIUC, CTX

Georgia Tech

Undisturbed Sand Database
Summary of SPT, GPT, Vs, and Triaxial Data

Sand Laboratory ¢' SPT Normalized CPT Resistances and Readings SBT** Vg,
Name  Triaxial Type (deg)  (N1)eo Q F fs/ai (%) du  Auloy, le (m/s)
Kowloon Cluc 38.1 21 55.4 1.84 1.80 745 0.067 2.23 NA

Yodo CIDC 42.4 27 193.7 0.95 0.94 175.9 -0.051 1.63 197.2
Yodo CIDC 384 35 102.6 1.03 1.01 101.6 -0.190 1.81 213.1
Yodo CIDC 39.1 31 96.0 0.89 0.88 105.7 -0.186 1.76 195.2
Natori CIDC 40.9 50 225.7 0.30 0.30 207.3 -0.482 1.04 218.1
Tone CIDC 417 32 154.5 0.24 0.24 146.7 -0.458 1.07 203.2
Edo CIDC 39.7 22 156.1 0.73 0.72 110.6 -0.082 1.55 163.8

Mildred L. CIUC, CKoUC 39.6 18 320 0.73 0.70 73.8 0.025 1.99 156.4
Massey CIUC, CKoUC 36.7 10 49.4 0.40 0.38 53.4 -0.089 1.63 168.2

Kidd CIUC, CKoUC 37.3 13 52.4 0.37 0.36 68.3 -0.020 1.59 177.4
J-pit CIUC, CKoUC 32.7 3 31.0 0.87 0.75 20.4 0.185 2.08 127.1
LL Dam CIUC, CKoUC 39.1 5 38.6 0.41 0.39 394 0.011 1.73 153.1
Highmont CIUC, CKoUC 415 5 35.2 0.38 0.38 43.9 0.112 174 141.3
Holmen CKoUC, CKoDC ~ 33.2 1 29.4 0.42 0.40 27.7 -0.325 1.83 156.6

Gioia Tauro CIDC, CIUC, CTX 41.5* 30 279.2 0.26 0.26 174.3 -0.261 0.93 221.0
*Note: Results above for final g/p' from CTX series; monotonic tests give 37.8°.
**Note: Soil Index |, from Soil Behavioral Type (SBT) per Robertson & Wride (1998).

ForB, =0: I, =[(347-log Q)® + (log F +1.22)%] °®

Georgia Tech
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SPT-CPT Trend for Undisturbed Sands
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Evaluation of Friction Angle

[Friction Angle using Bolton (1966) framework

Table 10. Q-values of different uniform sands (*)

SAND MINERALOGY Q Pov REFERENCE var‘
TICINO SILICEQUS (**) 10.8 34.6 y
TOYOURA QUARTZ 9.8 32 Jamiolkowski et al., 1988
HOKKSUND SILICEOUS 9.2 34 ] ¢ cs
MOL QUARTZ 10 31.6 Yoon, 1991
- FINES 0% 9.8 30 -
_ E FINES 5% 10.9 323 Salgado et al. 1997 Q
OTTAWA %[ FINES 10% 108 [ 329 brerersenepeiietd
g. FINES 15% 10 33.1 - R
FINES 20% 9.9 33.5
: UARTZ &
ANTWERPIAN Q b e 781w83| 315 Yoon, 1991
GLAUCONITE © o - '
EENYA CALCAREOUS 25 1 402 Jamiolkowski et al., 1988 pf
QuUIOU CALCAREOUS 7.5 41.7
(*) inferred from TX compression tests - D
(**) i.e.: containing a comparable amount of quartz and feldspar grains R

(Jamiolkowski, LoPresti, & Manaserro, GSP 119, 2001)

Georgia Tech
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Undisturbed Sand Database

Summary of SPT, CPT, Vs, and Triaxial Data

Sand  Laboratory ¢’ SPT  Normalized CPT Resistances and Readings SBT*  V,
Name  Triaxial Tyjpe  (deg) (Moo Q F fla (%) aqu Aule,' |.  (mis)
Kowloon ciuc 381 21 554 184 180 745 0067 223  NA
Yodo cinc 424 27 1937 095 094 1759 0051 1.63 1972
Yodo cic 384 35 1026 103 101 1016 -0.190 181 2131
Yodo cinc 391 31 9.0 089 08 1057 -0.186 1.76 1952
Natori cinc 409 50 2257 030 030 2073 -0.482 1.04 2181
Tone cioc 47 32 1545 024 024 1467 -0.458 1.07 2032
Edo cinc 397 22 1564 073 072 1106 -0.082 155 1638
Mildred L. ClUC,CKoUC ~ 39.6 18 320 073 070 738 0025 199 1564
Massey ~ CIUC,CKoUC 367 10  49.4 040 038 534 -0.089 163 1682
Kidd cluc,cKouc 373 13 524 037 036 683 0020 159 1774
J-pit cluc,ckouc 327 3 310 087 075 204 0185 208 1271
LLDam  CIUC,CKoUC ~ 39.1 5 386 041 039 394 0011 173 1531
Highmont ~ CIUC,CKoUC ~ 415 5 352 038 038 439 0112 174 1413
Holmen  CKoUC,CKoDC 332 1 294 042 040 277 0325 183 1566
GioiaTauro_CIDC,CIUC,CTX 415" 30 2792 026 026 1743 -0.261 093  221.0

*Note: Results above for final g/p' from CTX series; monotonic tests give 37.8°.
*Note: Soil Index I, from Soil Behavioral Type (SBT) per Robertson & Wride (1998).
ForB, =0: I, =[(347-logQ)® +(log F +1.22)° ] *°

Georgia Tech

SPT-CPT Trend for Undisturbed Sands
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Undisturbed Sand Database
Method after Schmertmann (1975)
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Undisturbed Sand Database

|
Qe = 4.38 (Nq)so

& Yodo River
O Natori River
#Tone River
o Edo River

© Mildred Lake
© Massey

o Kidd

° J-Pit

I o LL-Dam

0 Highmont

0 Holmen
AW. Kowloon

© Gioia Tauro

10 20 30 40 50 &
Normalized SPT (N4)g

Georgia Tech

Undisturbed Sand Database

a Sand ¢ related to relative density, Dg

D

max — €0
e =€

‘max ‘min

= Schmertmann (1978)
= Bolton (1986)
= Dg estimate from SPT and/or CPT
o Direct Methods (SPT, CPT)
a CPT Theories
Cavity Expansion (Vesic, 1972, 1977)
Limit Plasticity (Janbu & Senneset, 1974, 1989)

Georgia Tech

Dilatancy Effect on Friction Angle (Bolton, 1986)
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Undisturbed Sand Database
Method after Bolton (1986, Geotechnique)
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Undisturbed Sand Database
Relative density by Cubrinovski & Ishihara (1999)
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Relative Density Evaluation from CPT
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Undisturbed Sand Database
Friction Angle using Bolton (1986) framework

‘Table 10. Q-values of Jifforent uniform sands (*)
SAND A Q Por REFERENCE | v
- _ | | ary
T 108 |
_ RA QUARTZ (1] Jamviolkowski etal 1988 | . g
HOKESUNL SILICEDUS [¥] | ¢
MOL QUARTZ ] Yoco 1991 | cs
| J—FmES 0% 1 o | - Q
=] Salgado et al. 1997
= |
OTTAWA 4} Salgado et al. 2000
= | R
ANTWERFIAN Yoon, 1991 N
"P
' Jamioliowski etal, 1588 f
() inferred from TK compresion tests e = D
(**) Le.: containing & comparable amount of quartz and feldspar graies R

(Jamiolkowski, LoPresti, & Manaserro, 2001)
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Relative Density Evaluation from CPT
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Relative Density, Dr (%)

Relative Density Evaluation from CPT
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Undisturbed Sand Database
Relative Density (Jamiolkowski et al. 2001)
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Spherical Cavity Expansion (Vesic, 1972, 1977)
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Elastic Zone:
E = 26:(1+v)
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Inverse Problem: Cavity Expansion Solution (Vesic 1977)

Spherical Cavity Expansion Theory (Vesic, 1972, 1977)
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100

Relative Density D g (%)

Undisturbed Sand Database

Relative density by Kulhawy & Mayne (1990)
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Definition of Rigidity Index (Ir)

7= shear stress

V'S

Tmax = C +o'tand' = shear strength

—~—

= G= shear modulus

Define: Rigidity Index:
Ir = G/Trmax

IRR = IR/(1 +AIR)

yRef = 1/IR

Georgia Tech

7s= shear strain

Undisturbed Sand Database

Spherical Cavity Expansion (Vesic, 1977)
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—1rr = 500 o haly
—1rr = 200 8 Japan
—— Irr = 100 A China L
—1rr =50 © Canada
—1Ir=20 @ Norway
Irr=10
<

30 35 40 45

Effective Friction Angle, ¢' (deg)




Undisturbed Sand Database
Backcalculated Reduced Rigidity Index from SCE Theory
Sand Mean ¢ CPT SCE G, Guo'
Name z (m) (deg) Q Irr (bars) (bars)
Kowloon 11.8 38.1 56.6 25.9 630 1.80
Yodo 8.1 424 195.5 133 630 1.02
Yodo 10.9 38.4 104.4 82 800 1.23
Yodo 12.7 39.1 97.9 63 740 1.43
Natori 8.25 40.9 227.5 232 780 0.87
Tone 7.3 4.7 156.4 99 597 0.84
Edo 3.85 39.7 157.4 143 340 0.51
Mildred L. 32 39.55 33.2 7.4 980 5.16
Massey 10.5 36.74 50.5 26 538 1.20
Kidd 14.5 37.3 54.7 274 702 1.60
J-pit 5 32.74 30.5 18.5 194 0.55
LL Dam* 8 39.13 40.2 1.4 400 1.00
Highmont* 10 41.45 374 7 395 1.38
Holmen 10 33.2 23.6 10 358 1.10
Gioia Tauro 3 41.5 280.5 307 566 0.42
*Note: higher percentages of kaolin, chlorite, smectite and other minerals
**Note: Gy = Gpax = Small-strain shear modulus from field shear wave velocity.
Georgia Tech

Undisturbed Sand Database
Rigidity Index Trend with Normalized Shear Modulus
1000 3 T
E Regression: |
['4 ] =12 |
£ ] e 0.927 SV
o @/ O Japan
z 100? “TT TP eNorway
° ] P ! & ltaly
£ ] 4 : O Canada
> 1 ) OLL&HM
= G I
10§ -, [
Y ]
1 T
100
Ratio G,,ax/0vo'
Georgia Tech

Undisturbed Sand Database
Limit Plasticity Solution from NTH, Trondheim

NTH Limit Plasticity Theory (Senneset et al. 1982; 1989)
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Undisturbed Sand Database
Approximate SCE Forward Solution from Vesic (1977)
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Undisturbed Sand Database
Limit Plasticity Theory from Norwegian Inst. Technology

|Nq = q,/0, = tan2(45°+§¢')-exp[(ﬂ72ﬂ)-tan¢']|

NTH Limit Plasticity Theory (Senneset et al. 1982; 1989)
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Undisturbed Sand Database Undisturbed Sand Database
Plastification Angle Backfigured from Limit Plasticity Theory Plastification Angle Trend with Normalized Shear Modulus
Sand Country ~ Mean [} CPT NTH G, Gyo' 50
Name Location z (m) (deg) Q B (deg) (bars) (bars) § ! = ;
Kowloon China 118 384 566 49 630 180 T 1 | B=195°-33.7°In(Gyloy,) [ ~
Yodo Japan 8.1 424 1955 242 630 1.02 o % n=12 2 =0.924
Yodo Japan 10.9 384 1044 255 800 1.23 S w0} g9 L |
Yodo Japan 127 39.1 979 192 740 1.43 ~ E T
Natori Japan 825 409 2275 377 780 0.87 @ 103 - - - i O Japan L -
Tone Japan 7.3 417 1564 209 597 0.84 T ol____e __ S @ Canada | _
Edo Japan 385 397 1574  -324 340 0.51 5 E |
Mildred L. Canada 32 39.55 332 207 980 5.16 D M3 - Norway -
Massey Canada 105 3674 505 7.6 538 1.20 £ 203 - ____ _
Kidd Canada 14.5 37.3 54.7 7.7 702 1.60 E E !
J-pit Canada 5 3274 305 -8.4 194 0.55 m 30F--—-—-————- T i ittty
LL Dam* Canada 8 3913 40.2 12.2 400 1.00 403 :
Highmont*  Canada 10 4145 374 242 395 1.38 |
Holmen Norway 10 33.2 236 5.3 358 1.10 -50 + +
Gioia Tauro Italy 3 415 2805  -40.9 566 0.42 0 500 1000 1500
*Note: higher percentages of kaolin, chlorite, smectite and other minerals Normalized Modulus. GU/O' J
**Note: Gj = G, = small-strain shear modulus from field shear wave velocity. ’ ve
Georgia Tech Georgia Tech
Undisturbed Sand Database Undisturbed Sand Database
Friction Angle from SPT-N (Uchida & Hatanaka, 1996) Friction Angle using Meyerhof (1976)
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Undisturbed Natural Sands
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Friction Angle of Sands from CPT (Robertson & Campanella, 1983)
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Cone Tip Stress, g (kg/cmz)

¢ (deg)

—C—46

44
—o—42
—— 40
—o—38
- 0- 36
34
—32

Effective Overburden, o,,' kg/cmz)
~
T
|

§' (deg) = 17.6° + 11 log[qi/(6v0")* ]

Undisturbed Natural Sands

50 T T
| |

kaolinite, ite, calcite,
and illite, chlorite

T

|

Total Per !
|

. |

45 4 |
|

|

|

|

Triaxial ¢' (deg.)

== K&M'90

30 - +
0 50 100 150 200 250 300
0.5

Normalized Tip Stress, g, = q/o,,

Copyright 2011 - PWMayne

72

6/1/2008

Undisturbed Sand Database
Friction Angle using Robertson & Campanella (1983)
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Drilled Shaft Load Test Program
Sponsored by:
Q Association of Drilled Shaft Contractors (ADSC)
0 Federal Highway Administration (FHWA)
0 ASCE Georgia Geotechnical Section




GT West Campus Test Site (Harris & Mayne, 1994)
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Depth (m)

GT West Campus Site (Harris & Mayne, 1994)
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Effective Stress Piezocone Penetration
Senneset, Sandven, and Janbu (TRR 1989)
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Gloucester CPTu, Ontario

Canadian National Test Site, Gloucester, Ontario
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| |(Konrad and Law, 1986, Geotechnique) |7 o
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Fora' =0:
Then: N, =Q
:(qt'cvo)/cvol

For all soil types

Approximate NTH CPTU - ¢’ Method (0.1 < B, < 1.0)

Senneset, Sandven, & Janbu (1989, Transportation Research Record 1235)
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NTH Effective Penetration Theory
Ref: Senneset and Janbu (1982, ESOPT)

= Cone Resistance Number (N,,))
Nq -1 _ G —0

N = w0
" 1+N,-B, o,

= Intercept = attraction a’ = ¢’ cotd’

Porewater Bearing Factor, N,
N,= 6-tang"(1+tang')

End Bearing Factor, N
N, = tanz(45°+§¢')exp[(ﬂ—2£)taﬂ¢']

Drained Penetration: q;+a' = Ng (c,,' + ')

Gloucester Test Site, Ontario

(Konrad & Law, Canadian Geot. J., August 1987)

Piezocone Readings (kPa)

0 200 400 600 800 1000 1200

Depth (meters)

Canadian National Test Site, Gloucester, Ontario

Gloucester CPTu, Ontario

2
H

Gloucester CPTu, Ontario

. f!ﬁ |
400 r. |
200 J : :
- :

2
H

Net Cone Stress, ¢,-G,, (kPa)
Excess Porewater, u-u, (kPa)

|

T
700 3[(Konrad and Law, 1986, Geotechnique) | _

0 20 40 60 8 100 120 140 160 0

Effective Overburden, G,,' (kPa)

Net Cone Stress, q, -O,, (kPa)

100 200 300 400 500 600 700 800

Copyright 2011 - PWMayne

75

6/1/2008

NTH Effective Penetration Theory

Cone Resistance Number (N,,) = measured

slope of (q,-0,,) vs. G,

Intercept = attraction a’ = ¢’ cotd’
Ifa’ = 0 assumed: N, = Q = (q,- ©,,)/C,’

Porewater Parameter: B, = Au,/(q-0,,

Use solution for B = 0 (angle of plastification)

Q and B, same as in Robertson (1990) soil

behavioral classification charts.

Net Cone Stress, g,-0,, (kPa)

Canadian National Test Site, Gloucester, Ontario

Gloucester CPTu, Ontario Gloucester CPTu, Ontario
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- 9;'—\————4— L Lo M
2
! ! ! ¥ 300 b L C
Lo | | 5 e
| | u 200 |
i } } < | LBz O

T 800 T

20 40 60 80 100 120 140 160 0 100 200 300 400 500 600 700 800

Effective Overburden, G,,' (kPa) Net Cone Stress, g; -G, (kPa)

Gloucester, Ontario

Senneset & Janbu (1985)

Effective Stress Penetration By=0.1

100 0.2
By = (U2-U)(d-Gve) g
3 q = (U2-U0)/(qt-C'vo, 0.6
Z_ 08
3 10 | Konrad
5 & Law
% 04— (Canadian
o E Geot. J.
o .
& 1987):
9
« = 34.50
' = 35°
1 .

50

0 40
4)‘ (degrees)




Approximation of NTH-¢" for 1 > B, > 0.1

Senneset, Sandven, & Janbu (1989, Transportation Research Record 1235)

Nu = A(Qrow)/Aow' |-~~~ — — 5
Bg = (uz-Uo)/(q-0vo) §

N
=3
o

Fora’'=0:

N, =Q

=(de-oyo)oye'

Resistance Number, N,
3

-

20 25 30 35 40 45
¢' (degrees)

¢'~29.5-B," -[0.256 +0.336 B, +log(N )]
where 20° < p'<45°and 0.1< B, <1.0

Approx. NTH Method - Gloucester, Ontario

Gloucester CPTu, Ontario
Secant ¢' (degrees)

Depth (meters)

Evaluating d) at Sandpoint, Idaho (NTH Method)

Effective Stress Penetration (NTH Method)

3000 5wy T v—og ¥
ogp | 1* o o ¢ Q
cl DE | | - 0:£ e,
o *e
T IS
g .! i » % ¢
© 2000 3 é I I 9,
& ol e ps
|
w ‘0’ © ’\‘
-
g *le 3,0
£ % 3 b
) o8
o 10003 {
5
N 14
5 ! N, = 3.43
2 |
|
o A A A A A
[} 100 200 300 400 500 600 700

Effective Overburden, G,,' (kPa)
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Depth (meters)

Gloucester Test Site, Ontario

Gloucester CPTu, Ontario

Normalized Cone Resistance, Q

Gloucester CPTu, Ontario
Normalized Porewater, B,

o 1 2 3 4 5 6 7 8 9 10 0 0.2 04 06 08 1
1 T o 1
| | |
| | .}- =5 ®e o o o 8 |
BT P B A
I I = $ ”g I
| | '}_ £ %, |
I I i £ @gg I
| | - 53 8, |
| | 15 2 I
| | %i |
| | oty
| [ B o °0&§> 1

20

CPTu Sounding, Sandpoint, Idaho

Depth (meters)

Tip Stress g, (MPa)

0 2 4 6 8 10

Sleeve Friction, f, (kPa)
0 50 100 150

Porewater, u, (MPa)

&

t
|
[

04 — = —=

Evaluation of ¢’ at Sandpoint, Idaho (NTH Method)

Effective Stress Penetration (NTH Method)

1500

1000

Porewater Pressures Au, (kPa)

B, = 0.80

500 +
>

o .Q:f RPN o

0 500 1000 1500

Net Cone Tip Resistance, q+-Oy, (kPa)




Net Cone Resistance, q; - o, (kPa)

Depth (meters)

State Highway 95, Sandpoint Idaho - CPTu

Tip Resistance, q; (MPa)
0 2 4 6 8 10 0

0 |||=|||=|||l|||l|||

Sleeve Friction, fg (kPa)

50

100

Pore Pressure, u, (MPa)

150 O 1 2 3
,,,,,,,,, }# ,,,,,,,
Q
3 3
———\J :
-5 i
| — :
Q 1
Fe |
o S
5
— i
1 1
-
(J
= J
=

NTH Processing for Effective Friction Angle (Senesset, et al. 1989, Transportation Research Record)
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Evaluation of (I) by CPTu (NTH Method)

B,=0.1
100 2

E NM = A(q('o'vo)/AO'vo'

Resistance Number, N,
5
| ST

Interpretation of Effective Friction Angle

250

200

(04"-03)/2

Max. (q/p') ratio criterion - IDAHO Triaxial Data

|
|
¢' =33.7 deg }
|
|

c'=0kPa

100 200 300 400 500

P'= (o4 +03')/2
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(o1'-c3")2

q=

250

Interpretation of Effective Friction Angle

Maximum ¢ Criterion - TRIAXIAL DATA SUMMARY - IDAHO

¢ = 32.3 deg

100 200 300 400 500
P'= (04" + 0312

Summary — Effective Friction Angle

0 Compiled database on undisturbed sands

o Empirical methods based on Relative Density not

so reliable

o Theoretical Methods: Cavity Expansion (Vesic

1977) and Limit Plasticity (Senneset 1989) need
SCPT data

0 Direct method based on corrected chamber tests

with stress normalized q;, appears satisfactory.

o Effective stress NTH method for all soil types

Georgia Tech




June 2008

Critical-State Soil Mechanics
for Dummies

Paul W. Mayne
Georgia Institute of Technology

Critical State Soil Mechanics (CSSM)

o Experimental evidence
= 1936 by Hvorslev (1960, ASCE)
= Henkel (1960, ASCE Boulder)
= Parry (1961)
= Kulhawy & Mayne (1990): Summary of 200+ soils
0 Mathematics presented elsewhere
= Schofield & Wroth (1968)
= Roscoe & Burland (1968)
= Wood (1990)
= Jefferies & Been (2006)
0 Basic form: 3 material constants (¢', C., Cs)
plus initial state parameter (eo, c,,', OCR)

One-Dimensional Consolidation

Sandy Clay (CL), Surry, VA: IDeplh =27m
10 =300kPa |
] lo‘w = a

0495' C. =004—_

08 E- | Overconsolidation Ratio, OCR = 3 |

] s = swelling index (= C.)
07 + <y=—coef. of consolidation - — — — — — _ - —
] D' = constrained modulus

Void Ratio, e

06 ] Cae = coef. secondary compression
© T k= hydraulic conductivity ,~ _ A aq
] C.=0.38

05 1 + + +
1 10 100 1000 10000

Effective Vertical Sfr‘ess, (kPa)
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PROLOGUE

O Critical-state soil mechanics is an effective
stress framework describing mechanical soil
response

0 In its simple form here, we consider only
shear loading and compression-swelling.

0 We merely tie together two well-known
concepts: (1) one-dimensional consolidation
behavior (via e-logc,’ curves); and (2) shear
stress-vs. normal stress (t-c,’) plots from
direct shear (alias Mohr's circles).

Critical State Soil Mechanics (CSSM)

Q Constitutive Models in FEM packages,
including: Original Cam-Clay, Modified Cam
Clay, NorSand, Bounding Surface, MIT-E3
(Whittle, 1993) & MIT-S1 (Pestana), Cap
Model, "Ber-Klay”, and others (Adachi, Oka,
Ohta, Dafalias, Nova, Wood, Huerkel)

a0 "Undrained" is just one specific stress path

a Yet ll CSSM is missing from most
textbooks and undergrad & grad curricula.

Direct Shear Test Results

Slow Direct Shear Tests on Triassic Clay, Raleigh, NC

Strength Parameters.
c'=0; ¢'=261°

Shear Stress, © (kPa)
Shear Stress, T (kPa)

Displacement, 8 (mm)

»

.

T T *Gv

L —»i O i
]

I

Direct Shear Box (DSB) Direct Simple Shear (DSS)




CSSM for Dummies

h
o Cc A
A .
k) k)
T ©
g [ R @ T O LTI 4
he] )
3 s)
= = .. CSL
ocst c:.c' Logo, 4 Effective stress 6,/
o . CSL
@ A tand'
CSSM Premise: e
“All stress paths fail g
on the critical state 2
. 4 2}
line (CSL) ' R
¢'=0 >

Effective stress 6,

CSSM for Dummies

4
o o KX
o S
g g
T © kel
g, S
e csL
Log G, S’ A Effective stress 6,
. CSL
- ¢’ + o’ tangy !
STRESS PATH No.1 a 44 ane
NC Drained Soil =
Given: e,, 6., NC (OCR=1)  §
=
Drained Path: Au = O o
Volume Change is Contractive: ¢'=0 >

- O '
&l = Ae/(1+eg) < O Effective stress s,

CSSM for Dummies

A A
o | o |
i} ) *
& g
T € ]
S S
T csL
o f"vc" " y Effective stréss @,
Log o, b > csL
STRESS PATH No.2 o 2] tang
NC Undrained Soil <t A
7 |tmex=cu7Sy -
Given: eo, 6,,, NC (OCR=1) <—
Undrained Path: AV/V, = 0 %
+Au = Positive Excess o' _

Porewater Pressures . Ow
Effective stress o,/

CSSM for Dummies

A
[0} ()]
g g
he] me
5 s | [ 11 7.
> > sl
Log 6, 4 Effective str s
e g
Note: All NC undrained § né
(0]
stress paths are parallel &
to each other, thus: g
s,/oy = constant &
—p

DSS: s/owne = Esing’ Effective stress o'

CSSM for Dummies

A

Void Ratio, e
Void Ratio, e

Log o' G.p'

Overconsolidated States:
eo, Gy, and OCR = c,/c,,’

where o, = oymax' = P’ =

Shear stress ©

preconsolidation stress;

OCR = overconsolidation ratio = i' >
Effective stress o, Cp

CSSM for Dummies

A
()
@ )
= NC 3
S N T
CSL*
Gvo  Ouf Log o' A Effective stress o,
- LsnCSL
Stress Path No. 3 § oo tang
R
Undrained OC Soil: & Aui *
S
eo, oy, , and OCR § »o*
%
Stress Path: AV/Vy = 0 &
Negative Excess Au = >
Gvo Effective stress o,
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CSSM for Dummies

A
(]
o =)
C. o
= s = NS 3
S
CSL*
Gyo' Log &' A Effective stress o,/
o o CSL
Stress Path No. 4 § oA tang
o
Drained OC Soil: = K
.
eg, oy, , and OCR g o
o
Stress Path: Au = 0 B o
o
Dilatancy: AV/V, > 0 = = >
Gvo Effective stress o,

)

Void Ratio, e
&
>
®©

B

Equivalent Stress Concept

Cw oy O¢
1. OC State (e,, ov', Gp)
2. Project OC state to NC
line for equivalent stress, o.'

Ae = Cs log(oy /040)
Ae = C. log(c.'/oy)

3. o. = o, OCRIl-¢s/cel

Shear stress ©

Effective stress 6,
»*CSL

** \
e Land

B
Sy et
/.' at o'
Suoc = SuNc
K
. >
o G,

>

0
e Stress ¢,

Undrained Shear Strength from CSSM

0.4

AGS Plastic
Amherst
Ariake
Bootlegger
Bothkennar
Boston Blue
Cowden
Hackensack
James Bay
Mexico City
Onsoy

Porto Tolle
Portsmouth
Rissa

San Francisco
Silty Holocene
===Wroth (1984)
0.0 + +

02+

Su/Gvo' Ne (DSS)
ax@DopPomD>POEOD & X000 X%

0.0 0.1 0.2
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Critical state soil mechanics
+ Initial state: eg, 6., and OCR = 5,'/5,;'

- Soil constants: ¢, C., and C, (A =1-C/C.)
+ For NC soil (OCR =1):
o Undrained (g, = O):

0 Drained (Au = 0) and contractive (decrease &)
+ For OC soil:
o Undrained (g, = O):

+AU aNnd Tpax = Sy = Cy

-AU and Tpax = Sy = Cy
o Drained (Au = 0) and dilative (Increase &y,1)

There’s more ! semi-drained, Partly undrained, Cyclic response.

Critical state soil mechanics

* Previously: s,/c,, = constant for NC soil

+ On the virgin compression line: o, = o,

+ Thus: s /c. = constant for all soil (NC & OC)
- For simple shear: s/, = $sin ¢'

+ Equivalent stress: ¢, = o,,” OCRI!-¢s/cel

Normalized Undrained Shear Strength:
su/Gv’ = + sing' OCRA
where A = (1-C/C.)

Undrained Shear Strength from CSSM

Amherst CWWC
Atchafalaya
Bangkok
Bootlegger Cove
Boston Blue
Cowden
Drammen
Hackensack
Haga

Lower Chek Lok
Maine
McManus

Paria

Portland
Portsmouth
Silty Holocene
Upper Chek Lok

—0

DSS Undrained Strength, s,/a,,'
gopD>DEONO®OOODXXxOONE

Note: A =1-Cy/C, = 0.8

0.1+ —
1 10 100
Overconsolidation Ratio, OCR

—30

—20




Porewater Pressure Response from CSSM

Amherst CVVC
Atchafalaya
Bangkok
Bootlegger Cove
Boston Blue
Cowden
Drammen
Hackensack
Haga

Lower Chek Lok
Maine
McManus

Paria

Portland
Portsmouth
Silty Holocene
Upper Chek Lok
—20

—30

—40

DOPD>NONXO®060XXx00Mm

Normalized Porewater, Au/c,,'

100

10
Overconsolidation Ratio, OCR

Critical state soil mechanics

+ This powerpoint: www.ce.gatech.edu/~geosys

+ Classic book: Critical -State Soil Mechanics by

Schofield & Wroth (1968):
http://www.geotechnique.info

+ Schofield (2005) Disturbed Soil Properties and

Geotechnical Design Thomas Telford

Wood (1990): Soi/ Behaviour and CSSM

Jefferies & Been (2006): So// liguefaction: a

critical-state approach www.informaworld.com

Port of Anchorage, Alaska

Critical State Soit Mechanics
(Modified'Cam Clay)

& =277°
A =075

= (@ra3)loy’

=g

M = (a/p') = 1.10
M, = 6sing'/(3-sing")
¢ =277°

o DSSData

© ciuc Data

,,,,,,,,,, —McC Pred CiuC
| ——McC Pred DSS

Strength Ratio, Su/Gvo’

Deviatoric Stress

00 01 02 03 04 05 06 07 08 01
100

) P 10
Effective Stress, p™* = (61'+0,"+03)/(30)) Overconsolidation Ratio, OCR
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Yield Surfaces

[
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“('U' o
o =
= S
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> >
— >
S .
Log o, P A Narmal stress o,
#*CSL
s
0 Yield surface represents q%)
3-d preconsolidation =
&
0 Quasi-elastic behavior 2
within the yield surface 2]

Normal stress o'

Cambridge University g-p' space

o' N
. ! GZ M, = 6sing'

—_

6”’ EAER-A Triaxial —

C i T

: ompression 3—sm¢

—
\9/ ,"'Undrained ocC

“ Stress Path
1 $
~ A
....' M
o Undrained NC VA (Su/ pov)TC =—2C %

2 2

Stress Path

Drained
Stress Path
3V:1H

P'= (o, +0, +05)/3

Cavity Expansion - Critical State Model for Evaluating

OCR in Clays from Piezocone Tests

_ 1 qT_ub)
OCR =2 1.95|v|+1[ '

Vo

where M = 6 sin$'/(3-sin¢’)
and A=1-CJ/C.~08 0

Overconsolidation Ratio, OCR
0 1 2 3 4 5 6

%
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. . . ) . . .
Cambridge University q-p’ space Anisotropic Yield Surface
Y k4
N /| M, = 6sing/(3-sin¢’
S w, - 5o e HiEsne)
— ¢ 3—sing' = , 4 ’
> sin ¢ S Yield Surface \ b, Z] fetn(Kone)
AN i RN
S | s 5 T :
igi y - R /7 : O, !
n Modified Cam Clay 1 o H D
\ o / OC Y, .
o Bounding Surface o .." e/o /Y TN .:NC
& !
Cap Model , #Cvo ] Y, = Limit State
:~ p: K() \ / :o°
P, - GO — . — “’,*
P'=(c,' + 0, +c3)/3 "\. o P'=(c, +t0, +065)3

Friction Angle of Clean Quartz Sands
(Bolton, 1986 Geotechnique)

16 e e -
--e~= ko \\?\/ i o A fetn(Kone)
Teh N ~ 0, Ir¢w—¢=_=3{o,[:o-rnucoa‘;pa]].;‘u '
e 12°F on_ o 5 5
-4 B o) )
£ I \*ﬂ s ° D,=08
g 3 :\\ ° ‘\2 (6 sonds) I
a Qs * D=05 o
£ - 0 i’
S (6 sonds)
s -
g 4" | Q
32 =)
B E)
g o
| e T 1l e >
0.1 | 0 100 1000 e e . . : .
= + +
Meon Principal Effective Siress al Failure, Efqu P (Gl G2 bE )/3
State Parameter for Sands, y MIT q-p' space
(Been, Crooks, & Jefferies, 1988) tana, = sin¢'
log OCR, = log2* + ¥/(x-)) 5 Natural Clays -

Len, 2.7 fetn(k,
where OCR, = R = overconsolidation ratio in Cambridge ' oot o et
q-p' space, A =1-x/A, A= C./In(10) = compression L | vieldSurface e+ H .
index, and « = C,/In(10) = swelling index X S 9

STEADY STATE LINE “ Q"" 0:.
< o o o
T \ '." ‘."
2 ¢ Th S Diaz-Rodriguez, Leroueil,
| N 2/0C 7 and Aleman (1992, JGE)
v:-l;\ COMSOLIDATION = ‘..."“-‘_.“ P' - 1/2(0_1' + 0'3')
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Critical state soil mechanics
Yield Surfaces of * Initial state: eg, oy, and OCR = 6, /5,
Natural Clays

- Soil constants: ¢, C., and C,
+ Link between Consolidation and Shear Tests

+ CSSM addresses:
o NC and OC behavior
0 Undrained vs. Drained (and other paths)

Diaz-Rodriguez,
Leroueil, & Aleman
(ASCE Journal
Geotechnical
Engineering July 1992)

a Positive vs. negative porewater pressures

o Volume changes (contractive vs. dilative)
o s/cy, = % sing’ OCR* where A = 1-C/C,

+ Yield surface represents 3-d preconsolidation
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Profiling Overconsolidation Ratio

in Clays by Piezocone

Paul W. Mayne

Georgia Tech

OCR Evaluation in Clay from
Piezocone Tests
0 Theoretical Basis: Cavity Expansion +
Critical State Soil Mechanics
0 Type 1 and 2 piezocone elements.
0 Laboratory Chamber Tests

Q Calibration with Field Piezocone Data and
Test Sites with known preconsolidation
stresses from oedometer tests on high-
quality samples

Georgia Tech

Oedometer Testing
(one-dimensional consolidation)

Pneumatic Type Consolidometers Moment Arm Device

Georgia Tech

Void Ratio, e,

Lab Consolidation Test Results
Offshore Atlantic Continental Slope
USGS Sample CD-36 PC-36; z = 5.3 meters
0.’ =39kPa || o= 45 kPa

FaN |

13
123
1.1
104
0.9

0.8 J
0.7
0.6
0.5

Note: Pacheco Silva Method (Can. Geotech. J. Voll. 42: 972-974; 2005)

1 10 100 1000
Vertical Stress, o, (kPa)

OCR Profiling in Clays

a Preconsolidation stress conventionally
determined from 1-d consolidation or
oedometer testing

0 Limited amounts because of sampling
issues + high costs

Q Considerable times for standard
incremental load testing (2 weeks/test)

0 Can in-situ tests be used as supplement?

Georgia Tech

Conceptual Cavity Expansion Zone Affected
and Interface Shear Model / by Shear

v

Undisturbed
Zone:

E = 2G(1+v)

Plasticized
Zone-Cavity
Expansion

(s
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Cavity Expansion-Critical State Model for CPTu-OCR

Soil Properties:
M = 6 sing'/(3-sin¢’)

¢' = effective stress
friction angle

i Shear-induced
/. Au (CSSM)
Elastic region

C. = compression index

Measured Au =
C, = swelling index Algey + Algpger
A=1-c/cC,
I; = 6/s, = Undrained Cetohedral - stress
Rigidity Index hu (SCE)

¥, C. C

G = shear modulus

s, = undrained shear
strength

Georgia Tech

Cavity Expansion-Critical State Model
+ Cone Tip Resistance: q,;- 6,, = Ny, s,

Ny = (4/3)-[ /n (T) + 1] + n/2 + 1

s, = (M/2)-(OCR/2)-6,,

(1/A)

(Z/M)(qt _O-vo)/gvo'
@/3)(In 1 +1)+7/2+1

Where M = 6-sing'/(3-sin¢g’), Ip= 6/s,,and A =1-C/C,

Georgia Tech

Determine Undrained Rigidity Index

T = shear stress

4

Tmax = Sy = €, = Undrained shear strength

’O -~
\ -
~ . —-—
Define: Rigidity Index:
I,=6G/s,

G= shear modulus

Yret = 1/Ig ¥, = shear strain
Georgia Tech

OCR from Normalized q; Reading

Owerconsolidation Ratio, OCR

Corrected Cone Tip Resistance, lqy=o, ) /a,,

Georgia Tech

Cavity Expansion-Critical State Model

+ First Order Evaluation

- Excess Octahedral Porewater Pressures:
Auyy = (4/3)-s,-In (Ip)

s, = (M/2)-(OCR/2Y -,

(1/A)

(Au/o,,")
(2M /3)In(ly)

OCR =2

Where M = 6:sing'’/(3-sind’), In = 6/s,, and A = 1- C,/C,

Georgia Tech
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OCR from Normalized Porewater Pressures
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OCR from Normalized Porewater Pressures

o [ﬂ.:‘(rr,} FROM CONSOLIDATION
TEST

Mayne
& Bachus

OcR

(ISOPT-1,

1988)

= NORMALIZED EXCESS PORE
o o PRESSURE

(4

Georgia Tech

CSSM Model for Type 2 Piezocone
Q Aumeas = AuacT * Aushear
0 Spherical Cavity Expansion: Au,, = (4/3) s, In(Iy)
0 CSSM: Aug.. = o, [1 - (OCR/2)]

0 CSSM:  s/o,,' = (M/2)OCR/2%
au/o -1 1
OCR =2 AU/ T w)~
(2M /3)In(1,) 1

>

Georgia Tech

Cavity Expansion CPTu, Model

1/A
OCR =2- ! 9.7
1.95-M+1| o'

vo

where M = 6 sing'/(3-sin¢’) and A =1-CJ/C,

fs u,

e —dr

Georgia Tech
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Conceptual Cavity Expansion

and Interface Shear Model Zone Affect

by High

Shearing

Plasticized
one-Cavity
Expansion

(s

Undisturbed !
Zone: 1

E = 2G(1+v)

VIR = G/Su

ed

Type 2 Piezocone Model for OCR

a A"'meus = Auocf * Ausheur
0 Au, =(2/3M) o,,'(OCR/2Y In(Ty) + o,, [1-(OCR/2)A]
Q g,-0,, = (M/2) c,,'(OCR/2)A[(4/3)(InT, +1)+n/2 +1]

0 Combine to eliminate Iz dependency

Where M = 6:sin¢'/(3-sind’), Ip = 6/s,, and A =1-C,/C,

Georgia Tech

<

Fixed Wall Chamber Tests

* Kaolinitic Clay from Slurry

* Prestressed in Steel Chambers and
Unloaded to atmospheric conditions

» Extensive lab testing (consol, triaxial,
direct simple shear, K -tests)

* Miniature in-situ tests (electric cone,
piezoprobe, vane)

Georgia Tech




Fixed-Wall
Chamber
Testing at
Cornell
University

d=15m
H=23m

Georgia Tech

Miniature Cone & Piezoprobe Data

Chamber Tests with Cornell Clay
Piezocone Readings (kPa)

Depth (mm)
f=2]
8

1000

1200

Applied & Predicted OCRs in Kaolin

Cornell Clay Chamber Tests

Overconsolidation Ratio, OCR
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Triaxial Tests:
¢ =335° A=0.80
Il

Depth (mm)
g
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|

K50 Kaolinitic Clay in Flexible Wall Chambers
(Kurup & Tumay, LSU, 1993)

Overconsolidation Ratio, OCR
0 2 4 6 8 10
0
0.1 = 2 Q
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Hard Clay at Taranto, Italy
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Pane (1995)
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Taranto, Italy
Overconsolidation Ratio, OCR
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Type 1
Piezocones

Georgia Tech

San Francisco Bay Mud, Muni Metro Station

Overconsolidation Ratio, OCR
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Saint Jean Vianney, Quebec
LaRochelle, et al. (1988)

Piezocone Reading (MPa) ocr
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OCR from Type 1 Piezocones

: (/M)
OCR=2 — | &=% 4
1.95M (o,

where M = 6 sing'/(3-sin$’) and A =1-C/C,

s u;

Georgia Tech

Boston Blue Clay, Massachusetts

Boston Blue Clay
Overconsolidation Ratio, OCR
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Taranto, Italy
Overconsolidation Ratio, OCR
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Piezocone Reading (MPa)
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Brent Cross, UK (London Clay)
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Dual-Element Piezocones and Paired Sets
of u; and u, Soundings

T | B S TR e |

Georgia Tech

Dual CPTu - Haga Norway

Haga Clay, Norway

Overconsolidation Ratio, OCR
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OCR-CPTu Model for Clays from Cavity
Expansion-Critical State Soil Mechanics

/A
1 q.— 4,
1.95M+1{ o '

vo

OCR =2-

where M = 6 sin¢'/(3-sin¢’)
and A = 1-x/A =1-C/C,
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Report to NSF

+ Mayne (1992),
Predictive Soll
Mechanics,
Thomas Telford

SCE-CSSM Analytical Method
[ @/M A
OCR — 2 ( )(qt _O-vo) O-vo
| (4/3)(Inl +1)+7/2+1
r Aun / , (1/A)
OCR =2 A2/ %v) fy
| (2M/3)In(Iy)
/A
OCR:Z-[ 1 {qt_uzﬂ U
19SM+1{ o,
Qt
B M = 6 sind'/(3-sind’)
Ig = eprE%- 2.925J(M— 2.925]} A=1-CyC,
M 0¢ —U> I = Gls,
School of Civil and
» Reference: GT Environmental Engineering

1994
( ) Profiling the
- Also: Mayne Overconsolidation
(1991), Soils & Ratio of Clays by
Foundations Piezocone Tests

Bamy Shiyo Chen, PhD, PE.

Paul W. Mayne, PhD, P.E.

National Science Foundation

August 1994

Report Mo, GIT-CEEGEQ-84-1
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SCE-CSSM Analytical Method
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Elastic region
[

OCR =2

1
1 [qT_ub]
LOSM 1L '

Ig= exp[[ll\‘/'—er 2.925][‘1‘_&72.925
Ge —U>

J

Georgia Tech

Georgia Tech

6T Report by
Chen & Mayne
(1994)
to NSF
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Conclusions

o Theoretical basis for relating OCR to CPTu
normalized parameters:

= Cone Tip Resistance: (g;-ovo)/oy,'

= Porewater Pressures: U* = Au/o,,’

o Hybrid Cavity Expansion + Critical State
Soil Mechanics shows function of effective
friction angle ¢', A=1-C/C,, and rigidity
index, I = G/s,

o Calibration with Well-Documented Sites

Georgia Tech
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Overconselidation Ratie of Clays
| From Flat Diletemeter Tests

Paul W. Mayne
Geosystems Engineering

Georgia Tech

Cavity Expansion-Critical State
Method for Flat Dilatometer in Clays

Essentially, the lift-off pressure

is dominated by porewater effects
induced during penetration

Po ® Umax

Georgia Tech

Instrumented DMT Chamber Tests
(Huang, 1991 - Calibration Chamber Testing, Elsevier)

CPTu-DMT Database: Ppg & Upeqs
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Ford Design Center
Northwestern University

Near NGES Evanston, Illinois (Finno, et al. 2000)
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Instrumented DMT Chamber Tests in Clay
(Huang, ed. 1991 - Calibration Chamber Testing, Elsevier)

20
100 sec

CPTu-DMT Database in Clays: pg ~ Upeas
(Mayne & Bachus, 1989, ICSMFE, Vol. 1, Rio)
1500
/
_ Bl/ 4
- —— /
£ bt Behind o ——
~ tip ~ Q) @/
5 " P ne
Piezocone Pore e /
2 1000 ;
% Pressure Location 0&6-4
S —&h @ //
3 .
5 o® 220§ Melsrocen
st & MASSENA
o o é/ ® v RAQUETTE RIVER
=] & - O YORKTOWM
B e
g 5001 o an & DNsoY
= s @ SEA_ISLAND
g OO" & POTOHAC RIVER
5 l © MADINGLEYs
@ BRENT CROSS+
@ PORTO TOLLEs
-‘ @ COWDENs
' +DENOTES U AT TIP
ol . . [P B
o] 500 1000 1500
Po = Initial Contact Pressure from DMT (kN/m?)

Copyright 2011 - PWMayne 94



—_
o
o

[¢)]
o

o
Q
®)
1S
AY]
& 20
<
S 10
g
& 5
<
Q
S
> 2
®)

;

FLAT PLATE DILATOMETER TEST
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Ford Design Center, Northwestern University DMT-CPTu Interrelationships in Clays
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Conclusions

o Theoretical Basis for relating OCR to
normalized parameters:

= Piezocone: (q,-uy)/c,,
= Flat Dilatometer: Ky = (po-Uo)/o,,’

o Cavity Expansion + Critical State Soil
Mechanics indicates importance of ¢',
A=1-C/C,, and Rigidity Index, I, = G/s,

o Calibration with Well-Documented Sites

Georgia Tech
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First-Order Evaluation of
Preconsolidation Stress from
In-Situ Tests (CPT, VST, V,)

Paul W. Mayne
Georgia Institute of Technology

Stress History of Clays

* Preconsolidation stress (P.' = Gynox' =0,")
* Normalized form: OCR = (c,'/c,,")
* Preconsolidation is yield stress separating

overconsolidated region (“elastic") from
normally-consolidated states (“plastic')

* OCR controls the undrained shear strength
in terms of s,/c,, ratio.

* Geostatic stress state: K, - OCR
relationships in soils.

Preconsolidation Stress of Clays

Sandy Clay (CL), Surry, VA: IDepth =27m

1.0 T
] l6,,'=300 kPa
1 L
09T~ =004 i [Cp_=900 kPn
© E r-
S 08 :»| Overconsolidation Ratio, OCR = 3 | [ N
= ]
&8 Cs = swelling index
T 07T Cv= coef. of consolidation
N ] D' = constrained modulus
05 ] Cqe = coef. secondary compression

©{ k ® hydraulic conductivity C. = 0.38

05 +——m———rrrr———rrr——r
1 10 100 1000 10000

Effective Vertical Stress, (kPa)

Preconsolidation Stress of Clays

Laboratory oedometer (one-dimensional
consolidation) is reference test for '

Incremental Load Steps (one per day) = 2
weeks per specimen

= Constant-rate-of-strain: 2 days
» Costs per test ~ $300 to $500
* Need several tests but only discrete points

» Supplement with in-situ test data

Preconsolidation from In-Situ Tests

= Theoretical approaches based on cavity
expansion and critical state soil
mechanics (CPT, CPTu, DMT)

* Numerical simulations using finite
elements, strain path method, FLAC

* Empirical methods (statistical
databases) including: VST, CPT, CPTu,
DMT, PMT, SPT, V,
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= % Wi i)

]. »  SCE-CSSM Theory
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First-Order Approximations
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OCR=2 (w)Q —0o,)/ o,
Gnl, +D)+2+1
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T/A) SCE-CSSM Theor‘y
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Preconsolidation Stress from Cone Tip Reading
(Mayne & Holtz, 1988, Chen & Mayne, 1996: 1253 datasets)
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Validation by Demers & Leroueil (C6J, 2002) for 22 clay sites

Additional Support for Pisa I'taly Site by Jamiolkowski & Pepe

(Kulhawy & Mayne, EPRI Report 1990)
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Preconsolidation Stress from Cone Tip Reading

(kPa)

Preconsolidation Stress, o,
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(Mayne & Holtz, 1988; Chen & Mayne, 1996: 1253 datasets)
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Validation by Demers & Leroueil (C6J, 2002)
for 22 sites in Eastern Canada

Additional Support for Pisa Italy Site by
Jamiolkowski & Pepe (2001, ASCE JGGE)
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Depth (m)

Soft Bothkennar Clay, Scotland, UK
(Geotechnique Vol. 42, No.2, June 1992)
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Preconsolidation from CPTu Porewater Pressures
(Kulhawy & Mayne, EPRI Report 1990)

Preconsclidation Stves

Pleistocene Clay, Baton Rouge, Louisiana
Triple-Element Piezocone Soundings
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0 0 0o oo
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Pleistocene Clay, Baton Rouge, Lousiana

I-10 and LA Route 42

Fugro Triple-Element Piezocone (NTH)
LTRC Cone Truck

4 Oedometer Tests
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OC by desiccation
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Preconsolidation Stress from Shear Wave
Mayne, Robertson, & Lunne (1998)
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Port of Anchorage Expansion
Summary of In-Situ and
Geotechnical Laboratory Testing
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Summary of POA Geotechnical Testing

0 Soil Test Borings with Thin-
Walled Tube Sampling

Qlab Testing: Index,
Consolidation, Triaxial Shear,
Direct Simple Shear

Q Piezocone Soundings
Q Vane Shear Tests
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POA In-Situ and Laboratory Test Program

CIUC Triaxial Shear Tests

DSS

Lab Consolidation Tests

DHT Shear Wave Vane Shear

Port of Anchorage Expansion

Port of Anchorage

Lab Testing on Bootlegger Cove Clay

Overconsolidation Ratio, OCR
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S i
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2 80t ----g7
% ——Prestress = 4 tsf
@ 100} ----f--—- -~ . --
< | O Triaxial
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Preconsolidation Stress from CPT Resistance

Preconsolidation Stress, o,' (kPa)

700 800 900 1000
T

o 0.33(gtmet)

B Oedometer

Depth Below MLLW (meters)

POA Shear Wave Data POA Vane Shear Data

Shear Wave Velocity, Vs (m/s) Vane Shear Strength, s,,, (kPa)

o 100 200 300 400 500 0 50 100

o
i)

Depth (meters)
[

o |9 o
@
X

¢ oo

Summary - Clay OCR from CPTu
0 Estimate first-order o, from individual readings
in intact clays:
6, = 0.33 (g-0,,
o, = 0.47 Ay,
6, = 0.53 Au,
o, = 0.60 (g;-up)
o, = 0.75 (g;-uy)
* o, (kPa) = 0.106(V,)!47 [Note: V, in m/s]

0 Check for compatibility or contradictions.
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Preconsolidation from Piezocone Measurements

(kPa)

0 100 200 300 400 500 600 700 800 900 1000

Preconsolidation Stress,| O

= 0.53(u2-u0)

B Oedometer

Depth Below MLLW (meters)

Port of Anchorage - Preconsolidation Stresses
Piezocone Sounding C-28 (TB-33A)

Preconsolidation Stress, o'P' (kPa)

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

— 0.33(gtnet)
—0.53wz-v)) |- —
o vsT 1
O Vs Trend
O Oedometer +

s+ - ————-1-=

30

35

40

Depth Below MLLW (meters)

45

Summary - Clay OCR from In-Situ Tests

a Estimate first-order o,” from vane shear (VST)

- o, = 3.54's,, (Average)

" c’-p. = 0y Sy
= where a, = 22(PI)°48 (Mayne & Mitchell 1988) or
o, = 222/LL  (Hansbo, 1957)

O First order evaluation from DMT:
+ o, =0.509 (po - u,)
o Stiff Clays: SPT Relationship:

+ Gy % 0.47 Ny Gy,

(General)




Sample Disturbance

Paul W. Mayne
Georgia Tech
May 2008

Sample Disturbance Effects

Table 5-1. Main dimensions and features of soil samplers (modified after Tanaka, 2000)

[ Inside | Sampler | Thickne | Area
Sampler diameter | diameter | length £ Ratio Piston
(man} | (o) (mm) | o) (a)**

JPN 8 75 1000 LS 15 Yes
Laval 216 208 660 4.0 73 No
Shelby 753 72 610 L.65 86 No
MNGIS4 B0 54 768 13 544 Yes

ELE100 104.4 101 500 1.7 6.4 Yes
m?:fﬁ::’:;;n Nias*e | 3s0¢ 250° | WA*es | Niases No
NGI95 105.6 95 1000 53 14 Yes
Split-barrel 511 349 450600 | 81 112 No
* Specimen dimensions .
** Area ratio = (disemat ~ @ serma | (US Armny Corps of Engineers, 1996)
A v
*** Sherbrooke mmpler employs a special mmpling technique that does not require a mmpling
bube. Befer bo Lefebwre and Poulin (1979) for more detail s

Georgia Tech

Sample Disturbance Effects

40 p . JPN
3 < §helby
% S . NGI54
Ariake Clay, Japan £ 30F o ST 0| = ELE100
25 | EF R p LAVAL
y Sherbrooke
(Tanaka et al. 2000) 3,0 f .« -
© - 3
UC Lab Tests SI5ED E
S 10 F. ]
5 sE- 3
. depth of 10m
U aaataaalaaalaaalassl Il - |
0 2 4 6 8 10 12 14
Strain (%)
Georgia Tech
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Sample Disturbance Effects
Ladd and DeGroot (2003) Soil & Rock America

Pan | Event

T g

56 | Tube extractn
87| Trans & storage

2345 | Tube Sampieg

78 | Sampie extrusion |
&9 | Spec preparaon

k, Line

= In St CKoUG

] o -
& Th—In Situ Kg
L | Labuuc
L2 {
n /
L f
o Farom 7

Bl + o2

Flgure 57, Hypothetical stress path during tibe sampling and specimen preparation of

centerline element of low OCR clay (Ladd and DeGroot, 2003)

Georgia Tech

Sample Disturbance Effects

%0 o
I é ID i .
ME |
Bothkennar Clay, UK R ‘.‘;_f at 11.0m
— -
(Tanaka et al. 2000) = : o
0 F T
4 Le
UC Lab Tests s L 1
“ # ~ 4" UC Test 1
EL o y
3 Bothkennar
. ) ) . |
(] ? 4 3 B 1
Strain (%)
Georgia Tech

Sampling Disturbance Effects

Tanaka et al.

(2000, 2001)

0 T 6 T T T
<
< -o-ELE ——JPN ! ! !
£ s0F ——— — — - s | 77‘77‘777713‘7
8 ——ELE | | %
B o4 === - -4
I (alp)f | | [
C} | |
1 | |
"
o
.
T le® | |
« 20 .
2 S | I |
=4 **
[ JT' SN B i S Jy
5 .
g “‘ | | | |
& o N } } } }
0 5 10 15 0 o 10 2 3 4 s e 70
Axial Strain, g, (%) Ave Stress, p' = (0, + G3)/2 (kPa)




Sample Disturbance Effects

Ladd and DeGroot (2003) Soil & Rock America (SARA)
Jointly - Proceedings Pan American Conf SMFE at MIT

M| Path Event
1-2 Drilling
2-3-4-5 | Tube Sampling ™
56 Tube extraction " Ks¢Line
87 |Trans & storage S
7-8 Sample extrusion e o "Tln Situ CKgUC
& B-9 Spec. preparation - i ,:
& —In Situ Kg
% Lab UUC i
L
1
i @J /‘7? /
0 >
g ho &' ps Gwo
@é/ = (0 + o2
Y

Figure 5-7. Hypothetical stress path during tube sampling and specimen preparation of
centerline element of low OCR. clay (Ladd and DeGroot, 2003)

Georgia Tech

Sample Disturbance Effects

Undisturbed sampler geometries

Table 5-1. Main dimensions and features of soil samplers (modified after Tanaka, 2000)

Outside Inside Sampler | Thickne Area
Sampler ameter | diameter length 33 Ratio Piston
m) | mm) | @mm) | mm) | (%)**
JPN 78 i 1000 1.5 i Yes
Laval 216 208 660 4.0 73 No
Shelby 753 72 610 1.65 8.6 No
NGIs4 80 54 768 13 54.4 Yes
ELE100 104.4 101 500 1.7 0.4 Yes
Sherbrooke | ypamen | 350 250* | N/A**E | N/A*** | No
(Block sampler)
NGI9S 105.6 95 1000 53 14 Yes
Split-barrel 51.1 34.9 450-600 8.1 112 No
* Specimen dimensions
** Area ratio = (dzzmmar d.fnermf ] (US Army Corps of Engineers, 1996)
%t erna
*** Sherbrooke sampler employs a special sampling technicue that does not require a sampling
tube. Refer to Lefebvre and Poulin (1979) for more details

Georgia Tech

Copyright 2011 - PWMayne 106



Sampling Disturbance Effects Case Study
Lunne et al. (2006, CGJ): Lierstranda Clay 6.1 m EGST AUSTI"G'IO
“ T “ Tip Resistance, q, (kPa) Sleeve Friction, f, (kPa) Porewater, u, (kPa)
< Depthz=6.1 mL:lers o Block 0 5000 10000 15000 20000 0 50 100 150 200 250 300 0 200 400 600 800 1000
=] o' =54kPh —o—75mm tube ° t t Y
o 304 — —|-o—5amm wbe i |
g @p)f 2 | |
& N | |
o v !
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2 O T T rsmmuwbe [ T T | ““‘ g&
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o s 10 5| o 0 M M w0 M w
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Site Characterization - East Australia Site Characterization - East Australia
30 Go' ‘L
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—0—BH8257.2m
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@ o 24+
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Site Characterization - East Australia Sample Disturbance
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Quantification of Lab Sample Disturbance

Lunne, et al. (2006, CGJ Vol. 43: 725-750)

RATINGS: Ratio of Ae/e, to attain o'

Excellent |Good to |Poor Very Poor
OCR to Very Fair
Good
1to 2 <0.04 0.04 to 0.07 to >0.14
0.07 0.14
2to 4 <0.03 0.03 to 0.05 to >0.10
0.05 0.10

References: Sample Disturbance Effects

e Lunne, et al. (2006). Effects of sample disturbance
and consolidation procedures. Canadian Geotechnical

Journal43: 726-750.

e Tanaka, H. (2000). Sample quality of cohesive soils:
Lessons from three sites: Ariake, Bothkennar, and
Drammen. Soils & Foundations, Vol. 40 (4): 54-74.

« Lacasse, S., Berre, T. and Lefebvre, G. (1985). Block
sampling of sensitive clays. Proceedings, 11" Intl.
Conference on Soil Mechanics and Foundations
Engineering, Vol. 2, San Francisco, 887-892.
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References: Sample Disturbance Effects

e Ladd, C.C. and DeGroot, D.J. (2003). Recommended
practice for soft ground site characterization: Proc. 12th
Pan American Conference on Soil Mechanics &
Geotechnical Engineering, Vol. 1, Verlag Gliickauf GMBH,
Essen: 3-57.

e Hight, D.W. and Leroueil, S. (2003). Characterisation of
soils for engineering purposes. Proceedings:
Characterization & Engineering Properties of Natural
Soils, Vol. 1 (Singapore Workshop, Balkema/ Rotterdam:
255-360.




Undrained Shear Strength

Invited Keynote: 11t Baltic Geotechnical Maritime
Conference — Gdansk (15-18 Sept. 2008)

Piezocone Profiling of Clays for
Maritime Site Investigations

Paul W. Mayne
Georgia Institute of Technology

Undrained Shear Strength from CPTu

= Piezocone provide three distinct readings -
use them

» Undrained shear strength is not unique but
exhibits a range of modes

» Stress history (OCR) is a common thread to all
s, modes

» CPTu used to profile OCR; then series of s,'s

» Case studies involving lab and field data: New
Orleans, Bothkennar, Troll, Anchorage

Undrained Shear Strength from CPTu
Q s, = ¢, = undrained shear strength

0 Independent evaluation by all three readings:

Piezocone Record from New Orleans South

Porewste pressure Fricion Rato
u, (kPa) FR (%)
o 1 2 3 4 0 20 40 60 80 100 -200 O 200 400 600 O 2 4 6 8 10

Depth (m)

« s, (remolded) = f, 1\
- s, (Peak) = (Uz- Ug)/Ny, T,
Njao = 10 1\
-
» Sy (peak) = (G - ovo)/Nie uz
Ne = 15
¥ a
Peak Values Remoulded Values
Undrained Shear Strength, s, (kPa) Undrained Shear Strength, s, (kPa)
° ° R e B
il |

o |

o fs =su(Rem) | —

Depth (meters)
Depth (meters)

OField Vane -

|
o u2 reading : ‘ la : :
21| @Field vane [f - - zuffTﬁfo,‘,,,,
! [

Mix & Match of
Undrained Shear
Strengths

from different
tests

Reference: Pentre, UK
(Lambson, et al. 1996,
Large Scale Pile Tests
/in Clay, Thomas Telford
Ltd, London))

Demih Rrkw Groura Lisal, m
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Undrained Shear Strengths for Boston Blue Clay

Test Method/Mode Su/Gvo'Ne
Self-boring pressuremeter (SBPMT) 0.42
Plane strain compression (PSC) 0.34
Triaxial compression (CK,UC) 0.33
Unconsolidated Undrained (UU) 0.275
Field vane shear test (FV) 0.21
Direct simple shear (DSS) 0.20
Plane strain extension (PSE) 0.19
Triaxial extension (CKoUE) 0.16
Unconfined compression (UC) 0.14

Ref: MIT Reports; Ladd (1991); Ladd, et al. (1980), Whittle (1993)

Data from National Geotechnical Test Site — Bothkennar, UK

Undrained Shear Strength, s, (kPa)

0 10 20 30 40 50 60 70 80
0 t v t + + + +
S RN A *FV (peak)
¢§‘ | & \1. | @ CKoUC
P N \g‘u 7777777 @DSS -
. e t '—u““ % # CKoUE
0 {\ | A $ +FV remoulded su
S o) FLoS B 3 N | aseewr _
o *;w 4 \'ﬁ T
E E? TN | ® \\ s |
< 31 \ | o u'e A |
o 5T kit |
@ ‘¥t+ |Factor £ S P |
e [ Y I of6 e I
zo-»———:—}r 77777 R AN
Bothkennar Clay, Scotland (Hight, et al. 1992) :

25

Undrained Shear Strength of Clays

o 1. Theoretical formulation from critical-state soil
mechanics for intact clays (Cambridge Univ.):

Su/Gubss = + Sing'OCRA|  wroth (1984)

where A = 1 - C/C,
o 2. Experimental work by MIT with direct simple
shear device:

Su/Gvbss = 0.23 OCRS | Ladd (1991)

o 3. Corrected Vane Shear Tests at low OCRs < 2:

‘su pss ~ 0.2 op' Mesri (1975)

Copyright 2011 - PWMayne

111

Undrained Shear Strength

Undrained Shear Strength of Clays = ¢ = ¢, = s, = Tyax

+ Classical interpretation of CPT and VST in clays:

=]

HC

CIUC PSC CK,UC DsC Ds

6T

_ G0y,
u
N kt

Sucorr = My T

Which s, ?
|

N,cprr #1524 | ﬁﬁ | Myane decreases with AT |

4( t

PSE CK,UE CIVE LU UC

L2

o

Sulovo’ ne (DSS)

Normally-Consolidated Undrained Shear Strength of Clays

0.4 T T T T
X AGS Plastic | | | |
© Amherst | | |
O Ariake | | | |
034+ x Bootlegger I R ™
@ Bothkennar | | | |
A Boston Blue | | | Q |
© Cowden | | H |
@ Hackensack | | |
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B Mexico City | | | |
© Onsoy | , ,
A Porto Tolle ' _1_.
o Portsmouth | su/o'vo NC (DSS) =zsind
0.1+ O Rissa It i Ht iy W
x San Francisco | | | | |
= Silty Holocene | | | |
=\roth (1984) | | | ‘
0.0 + + + + + + +
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Undrained Shear Strength of Clays
Three-Step Hierarchy Approach
o 1. Theoretical formulation from critical-state soil

mechanics for intact clays (Cambridge Univ.):

' N Y A Wroth (1984)
su/cvo DSsS ~ 2 sm¢ OCR Rankine Lecture

Geotechnique
where A ~ 1 - C/C,

o 2. Experimental work by MIT with direct simple

shear device: Ladd (1991)

\ 0.8 Terzaghi Lecture
Sy/6vopss = 0.23 OCRY®  asceJcE

o 3. Corrected Vane Shear Tests at low OCRs < 2:

. Mesri (1975)
Supss ~ 0.2 op ASCE JGE

Normalized NC and OC Undrained Shear Strength of Clays

0.5 1 )
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Copyright 2011 - PWMayne 112



NC and OC Undrained Shear Strength of Clays

Amherst CVWC
Atchafalaya
Bangkok
Bootlegger Cove
Boston Blue
Cowden
Drammen
Hackensack
Haga

Lower Chek Lok
Maine
McManus

Paria

Portland
Portsmouth
Silty Holocene
5 Upper Chek Lok
0¥ } —0

—30

1 10 100 | 50

Suloy, = V2 sing’ OCRY

Note: A =1-C//C; = 0.8

b =40°

DSS Undrained Strength, s/c,,'
w
gopPD>DEORO®=oOOXxo0o0Nm

Overconsolidation Ratio, OCR

Wroth-Prevost Constitutive Model

NC Undrained Shear Strength Ratio
o o <
N w

KoPSE

0 o
15 20 25 30 35 40 45 CKQUE
Effective Stress Friction Angle (deg)

Anisotropy of NC Undrained Shear Strengths of Clays

oI5 “.ﬁv\r & Triaxial Compression(TC) :q, |

O Direct Simple Shear(DSS) @7y,
| ‘;"T:Lq.x.u!_;xrer‘.ISIm[TE] qy “

O 10 20 30 40 50 60 70 80 80 100
PLASTICITY INDEX, Ip (%)

UNDRAINED STRENGTH RATIO, ¢, /oy,

(Jamiolkowski, et al. ICSMFE 1985; Ladd, JGE 1991)
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Undrained Shear Strength Anisotropy

DSs

Trial & Error Solution

Deterministic Solution Using Limit Equilibrium

Using Limit Plasticity

Stability Analyses on Clays

Ohta (1985) Constitutive Soil Model
0.45 T

- | |— - KopPsc

Strength Ratio, su/cve’ NC

Effective Stress Friction Angle, ¢' (deg)

Normally-Consolidated Undrained Shear Strength of Clays

0.4 T T T

0.3 9

Ladd (19‘91)

Sulove’ ne (DSS)

02t - 27K -—————+ X AGS Plastic © Amherst —
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Normally-Consolidated Undrained Shear Strength of Clays

0.4 T T
| |
| | Larsson (1980) LL =550 | %
| |
Doty - o>
0 I
e |
E 0.2 4 ! _| X AGS Plastic © Amherst _
~ : | CAriake x Bootlegger
S | Qo # Bothkennar ABoston Blue
b | | O Cowden @ Hackensack
U): 0l4+ ———|—-—— —|— — — — —| AlJames Bay @ Mexico City —
| | @ Onsoy APorto Tolle
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0.0 AR AR LA R e ARl AR A S A s L S
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Liquid Limit, LL (%)
ooV SCE-CSSM Theory
OCR =2 M G ~0v)/ O
4 z
Hnlg+D)+5+1 For A=1 ¢ = 30°
I, = 100
R
(q( — o—vu)

—> |ov'=

T M -[1+1In(1,)]

[0,'=033-(q,~0,)

B
OCR:z[LAU/ ') }
GM)In(lz)

Uy —U,)

% T Wiy

1 (qT’uh] ‘
195M +1 '

vo

=
1.95M +1

First-Order Approximations

= |op' = 0.54-(Au)|

OCR =2

= |op'=0.60-(q, ~u,)|

Overburden Stress Calculations

= Total overburden stress: o,, = ) vt dz

Hydrostatic porewater pressure: u, = hy vy

= Effective vertical stress: c,,' = 6y — Ug
= Estimate unit weight from Vsand z (or Vg4)

= If no shear wave data, estimate V; from:

V.(m/s) ~[10.1-log(q, kPa)—11.4]"" -[FR %]"*
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Effect of OCR
on Undrained
Strength Ratio

(SU/GVO,)

Data from New Jersey
Holocene Clays
(Koutsoftas, D. and Ladd,
C.C., 1985, J. Geot.
Engrg.)

UNDRAINED STRENGTH RATIO, q foy, or T,max/a,
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OVERCONSOLIDATION RATIO, OCR = op /oy,

Depth (m)

Seismic Piezocone in Soft Bothkennar Clay, UK
(Nash, et al. 1992, Geotechnique)
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Phase Il Report: Soil Unit Weight from CPTU Readings

26 - ‘ ‘ ‘
24 ] Units: q; @nd fs in kPa | q

1 depth z (meters) QQ
22 ‘ ‘

Total Unit Weight, yr (kN/m°)
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o
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22 24
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14 May 2008

AClay Till

O Soft Clays

O Stiff Clays
OBoulder clay

+ Calcareous Soil
=Diatom Mudstone
OFissured Clays
OSilts

© Stratified Deposits

OSands

Estimated v, (kN/m3) =11.46 + 0.33 log(z) + 3.10 log(fs) + 0.70 log(q,)

N
(o]

N N
N H
PETEPEE I AT AN PR AT AP AT
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=
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O All Soils exc calc &
diatom

—Linear (All Soils exc calc
& diatom)

—Linear (All Soils exc calc
& diatom)

Est Unit Wt from Regression (qy, fs, )

y =0.8772x + 1.6323
R?>=0.7177

Figure UW-1. Comparison of measured unit weight vs. predicted value using cone tip resistance, sleeve
friction, and depth with Table 1 data: (a) grouped soil types; (b) statistical regression analyses.
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26 ' ' ' ; : : A Clay Till
=~ Multiple Regression ! ' !
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Figure X-2. Multiple regression in power law format for onshore soils.
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Figure X-3. Multiple regression in assumed semi-log format for onshore soils.
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Preconsolidation Stress, 6,' (kPa)

0 100 200 300 400 500
v 03 L
24
4
RF
~ 64 - Z & — ) - -
2 = + svo
L 83 - e —0.33(qt-svo) |- —
GE) 1 ——0.54(u2-u0)
S10r-——-——%¥r$e————-— - =
= ] ——0.60(qt-u2)
o 12t |
o ] |
0t ---- e
wi oo __! _Bothkennar _
] | | Clay, UK
8T |
1 | |
20

CPTu Profiles of s, in Bothkennar Clay, UK

Undrained Shear Strength, s, (kPa)

0 10 20 30 40 50 60 70 80
04 + + + +
1 |
2 e - ® CKouC -
43 - - e :f o DsS -
~ el __ Lo 28 | _______ I @ CKoUE -
o 6] R) |
% gt - — - L ® | —Tc-crmru _
E | |
E10}--- ‘P Y Y - :, ——DSS-CPTu _
< ] ——TE-CPTu
S RF -3 ---F I -
o 1 I |
o 147 |
E |
67 |
3 |
ik e A [ (R
201 | | |
Troll, North Sea
Undrained Shear Strength, s, (kPa)
0 20 40 60 80 100 120
T . Yo
TC
Upper Trall O o5 bes
Clay O Lab suTE
S -7 -~ < Borehole Vane
! ) Halibut Vane
X all Cone
101 - ? 4 — — — 6 ;m;:meﬂvmerzr
-~ Y | O Push-in Pressuremeter
» O Lab Vane
K —— lower bound
S 18y --- § — | ==Mean Trend
1Y) = Upper Bound
E p1 .8 R
< Q Q!
S | :
o Upper Bound:
S 7 LowerTrol N\ o O\ s.=32z
Ya) Low(;r Tro & 9 ] ®) s, =3.
E I A A} o
30
| A Qmnm
ss1 - _ LowerBound: AR O _gga
sy =14 zZ %
40 ‘ vNe]

Copyright 2011 - PWMayne

117
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Overconsolidation Ratio, OCR
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Depth (meters)

Preconsolidation Stress, &' (kPa)
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Troll East, North Sea
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Port of Anchorage Triaxial Stress-Strain Curves o
POA Triaxial Summary
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Undrained Strength Anisotropy
(Jamiolkowski, et al., ICSMFE, 1985)

Data from Bootlegger Cove Clay, Anchorage
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Summary: Undrained Shear Strength of Clays

o Formulation from CSSM for intact clays:
5w/ bss = } sing'OCRA|

where A~ 1 - C/C,.

o Experimental work by MIT with lab simple shear:

Su/Gvbss = 0.23 OCROS |

o Backfigured case studies: Sypobilized © 0.2 G}’

a For fissured clays, reduced s, by one-half
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Elevation Depth (meters)
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Case Study: Cooper River Bridge
Charleston, South Carolina

Paul W. Mayne, PhD, P.E.
Georgia Institute of Technology

Old Pearman and Grace Memorial Bridges

I-17 - Charleston, South Carolina

SCPTU soundings advanced by 25-tonne Cone Truck
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Cooper River Bridge, Charleston, South Carolina

I-17 - Charleston, South Carolina

All-Terrain Rotary Drill Rig with Donut Hammer

Seismic Piezocone Results (C-27)
Cooper River Bridge, Charleston, SC
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Tip Stress, q, (MPa)
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Cooper River Bridge, Charleston, SC

Cooper Marl: Calcareous Clay
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Cooper River Bridge, SC

Deep Foundations: 2.5 m- and 3-m diameter
drilled shafts with lengths of 45 to 60 m
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Approximate NTH-¢' Method for B, > 0.1

Senneset, Sandven, & Janbu (1989, Transportation Research Record 1235)
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Effective Stress Friction Angle of Natural Clays
Diaz-Rodriguez, Leroueil, & Aleman (ASCE JGE 118, July, 1992)
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Oedometer Equipment

Cavity Expansion-Critical State Model for CPTu-OCR

Soil Properties:
M = 6 sin¢'/(3-sind’)

¢' = effective stress
friction angle

Shear-induced
Au (CS5M)

Eluéﬁc region

C. = compression index R L e

C, = swelling index Algey + Algpger
A=1-cJC,

I, = 6/s, = Undrained Qctahedral- stress

Rigidity Index Au (SCE)

G = shear modulus
s, = undrained shear

strength
CPTu Profile of OCR: Cooper Marl
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Oedometric OCR Profile in Cooper Marl

OCR
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OCR-CPTu Model for Clays from Cavity
Expansion-Critical State Soil Mechanics

1/A
OCR= 2. ! 9.7
195-M+1| o'

vo

where M = 6 sin¢'/(3-sing’)
and A = 1-x/A ~1-C/C,

SCE-CSSM Theory ¢ = 40°
I, = 500
' @ -0,) First-Order Approximations
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Preconsolidation Profile of Cooper Marl

Preconsolidation Stress, o, (kPa)
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MCC and CIUC Results for Cooper Marl

10 5
. g ——CSSM
6
=~ B Triaxial 1993
n @ Triaxial 1999
S
$ 1 & T
E ] 4 I
y 7o \ sulo.c’ = (MI2)(OCR/2)
8 1 # =40°and A= 0.9
|
0.1 +
1 10 100
OCR

Arthur Ravenel Bridge
over the Cooper River, Charleston, SC

—




Evaluation of K, by CPT

Paul W. Mayne
Georgia Institute of Technology

NASA Polar Lander Missions
Searching for water on Mars

LAUNCHED: Jan 3, 1999
LOST: Dec 3, 1999

http://mars3.jpl.nasa.gov/msp98/lander/

ms Spacecraft Weight

Total: 576 kg (1,270 pounds)

[}
) Lander: 290 kg (639 pounds)
ﬁ\ Propellant: 64 kg (141 pounds)
L Cruise Stage: 82 kg (181 pounds)
Aeroshell & Heat Shield: 140 kg (309 pounds)

5/31/2008

NEWS FLASH (Feb 2004):
NASA Unmanned Rovers "Spirit" and "Opportunity"
find Red Dirt and Stones on Mars (US$820 Million)

Maui

INTERNATIONAL HERALD TRIBUNE

”wm 1, 2001 exwen

Zurich, Saturday-Sunday, October 2-3, 1999

Top science stories e

e anns | A Little Metric Misstep
M | Cost NASA $125 Million

Mars Craft Lost to Measurement Blunder
tary termed the results inconclu-
sive. Bul images of Mars now
being evaluated by NIMA, whi
analyzes photos from spy satel-
lites and uther sources, appear 1O
show the lander.

NASA $165,000,000 Units Blunder

0 “"Lockhead was providing the Jet
Propulsion Lab with data on the amount
of force to the spacecraft by its
thrusters.”

O "The data were based in pounds”

0 "However, scientists at the JPL assumed

the figures were in Newtons and [used
them] in computer models ....."

1 pound (Ib) = 4.45 Newtons (N)

K, State of Stress in the Ground
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Instrumented K, Laboratory Tests

Triaxial Apparatus Aoyl

Instrumented Oedometer

K,-OCR Relationships in Soil
(Mayne & Kulhawy, JGE, June 1982)

akK, = o, /c,, at-rest coefficient (g, = 0)
0 Review of 171 soils (clay, silt, sand, gravel)
tested under laboratory K, conditions

0 Load-unload: ‘KO _ (1—Sil’1 q)l) .OCRsin‘b' ‘

0 May have limiting OCR when K, = K,

O Where passive stress coefficient (Rankine
Case):

_l+sing' | 2c

N " [1+sin¢'
" 1-sin¢' o,'"\1-sin¢'

Laboratory Test Database
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K, State Development with OCR
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K, Evaluations in Clays and Silts

High-Quality Sampling

OCR

Field K, Data from SBPMT in Clays

Boston Blue

IS
N
N
]

. Bothkennar
Self-Boring Pressuremeter

Test Data in Clays

T[K, =(1-sin ¢)-0CR ¥ |
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Field K, Data from Spade Cells in Clays
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Field K, Data in Sands from PMT

Field Pressuremeter Data
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In-Situ Measurements by CPT




Effect of Lateral Stress on q.

Calibration Test Chamber Data

= 100 T

g Dense Hokksund Sand

=~ N (Parkin, 1988) |

& 50 i 5" ]

3 . S

< B - OCR Boundary | |

% o. .@?‘ ® 1 Bi

B 20r X AR

: s f1oE

o ° "

= 10 e e
10 100 1000

Applied Lateral Stress, o, (kPa)

o Total of n

CPT Chamber Test Series

= 702 Tests

0 Normally-Consolidated (70%) to
Overconsolidated States (30%)

0 Dry and Saturated Conditions

0 Pluviation (Raining), Moist Tamping,
Vibration

Clean quartz sands with O to 6% fines
Particle Sizes: 0.16 < Dsg < 1.0 mm

u]
[u]
u]
[u]

Uniformity:

1.10 < UC <« 2.60

Relative Densities: 8 < Dy < 100%

Effect of Dy on Normalized Lateral Stress

Relative Density, D, (%)

100 ——rrgr - :
E O inkPa
e b * q.in MPa
60 :
E H D o
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Normalized Lateral Stress, (c;,.)/(q,)"®
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BOUNDARY TYPE SAND (REFERENCE)

= B1 Dense Hokksund Sand, Norway
Effect B3 (Parkin, 1988)
of + B [15OCR <8l
Lateral B2 } Dense Ticino Sand, Italy

e B3 (Bellotti st al. 1989)
Stress o B4 [1<OCR<15]
on q. 50 . —%

40
30t

!"
N G.=2.25(@)05°

o E

Measured q, (MPa)
bS]
T

10 L—
10 20

50 100 200 500

Applied Lateral Stress, o,’ (kPa)

CPT Chamber Test Series

Q Earlston

a Edgar

Q Erksak

0 Frankston

Q Hilton Mines

0 Hokksund

a Hostun

0 Lanchester

a Leighton Buzzard
o Light Castle Sand

0 Oosterschelde
aLone Star

0 Monterey

a Ottawa

0 Reid-Bedford
0 South Oakleigh
Q Ticino

Q Toyoura

0 Washed Mortar
Sand

Normalized Horizontal Stress Relationship

50

CPT Calibration Chamber Database

T T
Units;_q, in MPa

6, and 6, In kPa

05F Unage:d, Uncemented

Normalized Horizontal Stress, c,m’/(q,,.)‘I 6

02 Quartzitic Sands i
’ & INC Sands | e |
0.1 | # oCsands i i %;
0.05E " L Ly
0.1 0.2 05 1 2 5

Normalized Tip Stress, q,/[(6,,")0-5(OCR)0-2]




CPT Methodology for K, and OCR in sands

5/31/2008

Q Calibration Chamber Database Regression
Equation (n = 705 data points; r? = 0.871):
K, = 1.33 q, °22 (5,,')0-3! OCR 027

Q Relationship between K, and OCR a priori:
K, = (1-sin$’) OCRsin ¢

Q Evaluate Effective Stress Friction Angle from
Kulhawy & Mayne (1990): Soil Properties Manual
¢ = 17.6°+11 log [q./(5,,)°5] [bars]

Calibration Chamber Database

Anisotropically-Consolidated Sands
T T T

] |StressesinkPa|_ _ _ _ _ _ Jr ,,,,,

!
26 Series [
n =636 S
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w
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S
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N
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S

@ NC Sands
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8 S
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a
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o
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Calibration Chamber Database

Anisotropically-Consolidated Sands
1000

& NC Sands

m1<OCR<4

©4<OCR<6 oy

06<OCR<10 é’
i

= 10<OCR<15

100 § E===—=———

26 Series
n = 636

&

000.‘«% ® [Note: stresses in kPa
o o0

10 100 1000

Gho' = 0.30 q:0.226vﬂ|0.69 ocRO.Z7

Applied Lateral Stress, Gy.' (kPa)

CPT Methodology in Clean Quartz Sands

o Combine K, equations
0 Overconsolidation Ratio, OCR:

1
133 q 022 1g-0.27

OCR=|—
KoNC (O-vo

V)0.31

o where K¢ = 1-sind’ = 1-a
o Tip Stress in MPa and o, in kPa
o Effective Friction Angle from CPT

Po River Valley, Italy
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In-Situ Data from Po River, Italy
Ghionna, et al. (1995) Intl. Symposium Pressuremeters ISP5

Cone resistence  Penetration pore .
q, (bar) pressure, u (bar) Ngpy (biowsfooll p, and p, bar Vy (mi)

0_ wo_ W 2 o T 4 % 0 %

R 108200 30

Enengy rato,
ER=ga%

Dﬂn"l ™)
]

Fig. 1 - Soil profile and piezocone fest results. Fig. 2 - SPT, DMT and SCPT results.




Po River
Sand, Italy

Bruzzi, et al. (1986)
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In-Situ Data from Po River, Italy
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In-Situ Data from Po River, Italy

Tip Stress, q, (atm)
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North Sea
(Mitchell and Lunne, 1978, ASCE JGE)

Stockholm, Sweden
(Dahlberg, ESOPT 1974)

0 Quarried Sand

O Calculated OCR = (Ac,+c,,)/c,, from
excavated quantity (removed 16m)

a K, from lift-off readings from
Pressuremeter Tests (PMT)

0 Screw-Plate Load Test (SPLT) or field
compressiometer to obtain in-situ ¢’

Stockholm Sand, Sweden

Cone Tip Stress, q; (bars)

Dahlberg (1974)
Friction Angle, ¢' (deg)
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North Sea Site

0 prrr

w AN North Sea Site B

< E 9, (Mitchell & Lunne 1978)
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Stockholm Sand, Sweden
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Stockholm Sand, Sweden Dahlberg (1974)
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Stockholm Sand, Sweden Dahlberg (1974)

Preconsolidation &, (kg/cm?) Lateral Stress Ratio, Ko
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Summary : Evaluating Geostatic Stress
State in Clean Quartz Sands from CPT

o CPT Database Compiled from 30
Separate Calibration Test Series

0 Quartz Sands, unaged, uncemented
0 Assume a priori K, - OCR relationship

Q Application to the few field case records
(Italy, Sweden, North Sea, Canada)

Summary : Evaluating K, Stress State
in Clays & Silts from CPT

o Evaluate o, from statistical relationships to
find OCR (intact clays):
* 6, #0.33 (-0,
* 6,'~0.47 (u;-y,) and c,'~0.53 (u;-u,)
* o, #0.50 (g;-u;)

Q Evaluate OCR from Cavity Expansion-Critical
State Model

U Determine Lateral Stress State Coefficient:

K, = (1-sing’) OCRsin¥

Future Research & Directions (K,)

o Database for carbonate sands
(cemented sands, corraline sand): Quiou
Sand, Dogs Bay Sand

0 Use of Sets of Polarized and Directional
Shear Waves (V. Vsyn, Vsn,) since only
2 of 3 principal stresses affect V..

a Empirical K, evaluation from neural
network or multiple regression analysis on
SCPTu data.

P.' from Shear Wave Velocity in Clays
(Mayne, Robertson, & Lunne, 1998)

Oedometer-Shear Wave Database

10000

1000

[
1<)
S

4 Intact

O Fissured

Preconsolidation Stress, o-p' (kPa)

===First Order

10 +
10 100 1000

Shear Wave Velocity, Vg (m/s)
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P.' Evaluation from G, in Various Soils

10000

Multiple

AADA .

Regression: | x x pama b RefeAx:;:z :

n =428 .

r?=0.919 PreFailure

1000 3| sk =0.117 Deformation of

Geomaterials,
Lyon, 2003)

< Intact Clays
1004 — — — @ Cooper Marl s
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O Po River Sand
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AFissured Clays

T

Preconsolidation Stress, o' (kPa)

Units: kPa

10 100 1000 10000
o, = 0.161(G,)"*"® (6,0)"* kPa
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Texas A&M Sand Site Texas A&M Sand Site
LTRC SCPT Sounding (1997)
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+ t
|
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Preconsolidation Stress, o,' (kPa)
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GeoEngineering Design Using the Cone Penetration Test - P.W. Mayne S

For intact clays, it is useful to utilize all three equations [28], [29], and [30], as redundancy can
be helpful in geotechnical site characterization. If the three methods show consensus, then this
helps to validate a "well-behaved" clay and encourages the use of these relationships. If the
methods show disparities, then a closer examination and scrutiny of the lab and/or field data may
be warranted, perhaps justification that additional tests and investigation should be conducted.
In the case of fissured clays, the use of [28] and [29] will not apply, leaving [30] as a rough
means to evaluate the magnitude of o, If highly structured clays or geomaterials with large
amounts of "unusual" mineralogy exist (i.e., calcite, diatoms, forams, etc.), it may be possible to
re-tune these equations for the particular geologic formation attributes (e.g., Mayne 2005).

For the general case of evaluating the preconsolidation stress of natural soils, including
sands, silts, clays, and mixed soil types, Figure 31 offers a preliminary method that extends
equation [28] to the form:

[31] o, = 0.33(qi- Gvo)™ (Cam/100)'™

where the exponent m' apparently increases with fines content and/or decreases with mean grain
size. Based on available observations, the parameter m' = 0.72 in clean quartz sands, 0.8 in silty

Clays Silts & Mixed Soils Sands
~ Trend - Intact Clays Trend - Silts Trend - Clean Sands
°  Intact Clays + Opelika Sandy Silt ®  stockholm Sand
O Fissured Clays x Vagverket Silt B poRiver Sand
Sensitive Clays - Organics 9 Ppentre Silt % Holmen Sand
4 Dutch Peat Trend - Si Sand & Sa Silt A North Sea Sand
< Cooper Marl O Atlanta Silty Sand B Hibernia Sand
7 Trend - Fissured Clays ¢ Euripides Silty Sand ™ Verdal Sand

= 10000 3 ﬁissured Clays
< ] General Trend:nrl | N %f@/ ‘ F
~ . 0'p' = 0.33(q¢-0vo) | 8@ 0 X
- i | : %
b | 200 & K& A

n 1 Intactclays: - m=1.00_____ s & W
» 1000 3 . R N e
7] j Organic clays: m =0.90
£ ] silts: m =0.85 5 5y
n ] Silty Sands: m=0.80 ]
S ] Clean Sands: m =0.72 Gt
[ % A
= 1 ¥
S 100 e
) ] <@
= . @
s i
Q ]
<

10' T lllllll: T LN B
10 100 1000 10000 100000

Net Cone Resistance, q;- 6,, (kPa)

Figure 31. General Approach to P.' interpretation of soils by CPT net cone resistance.
(Mayne, et al. 2009, SOA-1 Proc.17th ICSMGE)
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P.' Exponent, m'
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Coefficient of Consolidation and
Permeability from Piezo-Dissipations

Paul W. Mayne, Georgia Tech

Susan E. Burns, Univ. of Virginia

Au
fre. ", —- C,
Y >k
u * a
2 ~
Yay Tag. s
log Time
Cooper River Bridge, Charleston, South Carolina
qT (MPa) fs (kPa) ub (MPa)
0: — | ‘
7 -
§20° =_—_
Q -
€. L
- Tz #—— DURING
§ - PENETRATION|
(=D B S o -
: " 4——— HYDROSTATIC
601’ ;—o'—o—o—‘—o—o—o—o—o—o—o—o

Tip Stress

5 10 0 50 100 0 2 4 6
Sleeve Friction Pore Pressures

Strain Path Method
(Houlsby & Teh, 1988, 1991)

a Position of Element (tip, midface,

shoulder, upper shaft)

0 Often applied with measured time to

50% completion, t5, (single point)

0 Need estimate of undrained rigidity

index, Iy = 6/s,

0 Monotonic Decay of Au with time only.
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Porewater Pressure Dissipation

0 Stop in penetration (rod break ~ 1 meter)
0 Measure pore pressure = fctn (time)

0 Excess PWPs decrease to zero (Au — 0)
[total Upe.s = Ug hydrostatic]

0 Time to completion depends on coefficient
of consolidation (c,) and permeability (k)

0 Monitor either u; or u, position

Theoretical Solutions to PiezoDissipation

0 Tortensson (1977) - Cavity Expansion

0 Randolph & Wroth (1979) - Cavity Expansion

0 Battaglio et al. (1981) - CE + Skempton's A¢

a Jones & Van Zyl (1981) - Empirical Approach
0 Senneset et al. (1982) - Consolidation Theory
0 Baligh & Levadoux (1986) - Strain Path

0 Gupta & Davidson (1986) - Series of cavities

0 Houlsby & Teh (1988, 1991) - Strain Path

Dissipations in Soft Varved Clay at Amherst NGES

0.8 : :

07} -—----- r-——-=---- - - - -

|
0.6 u, (shoulder)
/ uy (midface)

0.5 I

ot -t---HJ+----""
03

0.2
TOYTLLLL J‘---uu--------------‘----
01 -

U, = (9.8 kN/M3)(14.2 m) = 139 kP4

1 10 100 1000 10000

Porewater Pressures, u (MPa)

Time (sec)




Strain Path Method e e i _—

14
Degree of Consolidation: \ i
S 25 1o 500 i
_:__! '—A-C_s__ .1u_

during penetration;

sl s ssasmd i aad

Au = remaining excess

porewater pressure. e 2510 500 i
215 06 2 Ut
T* = modified time ;

O T v " —rrr
. i} 0o 000
Ch = T* az IR05/t a4 01T|'ne|i:cmr‘.|"' 1 ! '

U = 1 - Au/Ay 04 -
! ,,1T*=0.118 50% |
where Au; = Upeqs-U, s PN, R, [ 100%

factor (SPM) where hec 0,245 I\SO% |
i L 100%

0%

50%

0%

50%

Houlsby & Teh (Geot. 1991) !;ig. 19. Normalized dissipation curves plotted against

Monotonic Piezocone Dissipation (SPM)

__@matyl,
-
t

50 u,

where Tg* = 0.118 for Type 1
= 0.245 for Type 2
a = probe radius

= 1.78 cm for 10-cm? cone

= 2.20 cm for 15-cm? cone
Iz = G/s, = Rigidity Index
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Monotonic Piezocone Dissipation

_TMatyle

Strain Path Method

Degree of Consolidation:

U = 1 -Au/Ay C,
where Au; = Upeqs-U, | t50 v uz
during penetration;
DL ol where Tgp* = 0.118 for Type 1
Au = remaining excess -] Sl P = 0.245 for Type 2 _
porewater pressure. =] l [

a = probe radius

™ = mod’iafied ﬁme o] 1ec0.245 o] o = 1.78 cm for 10-cm? cone

factor (SPM) where “_i il = 2.20 cm for 15-cm?2 cone %
7 Taa T e ae e - T 1

¢, = T* a2 T05/t - T ke I = G/s, = Rigidity Index

Fig. 19. Mormalized dissipation curves plotted agaimst
™

Houlsby & Teh, 1991

Determine Undrained Rigidity Index Laboratory Tests for Rigidity Index

7= shear stress

4

Tmax =Sy = Cy = undrained shear strength

Direct Simple Shear (DSS)

—

Define: Rigidity Index:
g = Gls,

G= shear modulus

CIUC or CKoUC Triaxial

Yrer = 1lg 7 = shear strain
Rigidity Index estimated from PI and OCR Rigidity Index from Cam-Clay (K&M'90)
(Keaveny & Mitchell, GSP 6, 1986) 0
T
300 : Notes:

W PI =10 Keaveny & Mitchell (1986): 3007 ! M = bsinp'/(3-sing ')

3§ 20— CK o UC Triaxial Data o I |€R = Ce/(1veo)

" H 250 1 A =1-cve

8 ;(; 200 !

o -

H~ '._E‘ :

3 2150 3 :

k: 5

> 3" 100 §

he]

=

2

1 2 5 10
o . Overconsolidation Ratio OCR
Overconsolidation Ratio, OCR
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Case Study: Bothkennar Dissipations

300
f Pr =10 Keaveny & Mitchell (1986):
a Using OCR = 1.82 and § 2501 CK ,UC Triaxial Data
Plasticity Index PT = 50 g ] \
H
0 Estimated Rigidity X 150 —
]
Index, I, = 38 5
100 ¥
£
5
o 07
&
0

Approximation:
Overconsolidation Ratio, OCR

{137—PI}
l, = 23 — for10<PI <50 and1<OCR<10

{mn[l . @CRD}} |
26

Case Study: Bothkennar CPTU Dissipations

2 .

Ch — t D '
50Measured
Type Meas. Modified Coef. Coef. Permeab. | Permeab.
Element | t50 | Vime Factor | congy. Consol. k k
(sec) ™ cn (cm?/s) | cn (m2/yr) | (m/yr) (m/s)

ul 600 0.118 0.0038 12.1 0.0322 | 1.02-10-°

u2 995 0.245 .0048 15.1 0.0403 | 1.27-10°°

Notes: a=1.78 cm (for 10-cm? cone); v, = 9.8 kN/m3 = unit weight
water; D' = constrained modulus % 8 (gi-c,,) for clays (D'=3688 kPa).
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1E

1E

Horizontal Permeability, k ,, (m/s)

1E

-08

-09

-10

1E-10

Permeability Anisotropy
Leroueil & Hight (2003, Singapore Workshop)

Permeability Anisotropy

New Jersey
Varved Clays

Ratio ky/k, .
=3 i
2.4 o
512
& 1
Data Compiled
by Leroueil et al
(CGJ Vol. 27,
No. 5, 1990)

1E-09

Vertical Permeability, k, (m/s)

1.E-08

©  Champlain Sea Clays

O Canadian Clays

O Atchafalaya Clay

X Other Clays (Tavenas)

© 50 mm triaxial

O Hong Kong

*  Swedish Clays

A Leroueil (1990)

©  Mexico City
Bothkennar

— — New Liskeard Varved

Khikv = 1

Khikv = 1.2
Khikv =2

Khikv =3

Bothkennar CPTU Penetration Data

Pieascses Profiles In Bothkensar, UK. (Hash ot al. 199)

Index
Parameters:
LL =80

PL =27

Pl = 53

wn = 62

0 Scaled data at z = 12 m: g, = 653 kPa, u; = 405 kPa

0 Calculated: o,, = 192; uy = 108 kPa; ay,' = 84 kPa

0 Evaluate: o' = 0.33 (q+-06v) = 154 kPa
op' = 0.53 (uz-u) = 157 kPa ave (153)
op' = 0.60 (qr-uz2) = 149 kPa

0 Assess ave OCR at 12 meters = (0,'/0y,') = 1.82

Case Study: Bothkennar CPTU Dissipations

2 .
c = Tso a4/l R k, = SV
h = t D'
50 Measured
Type Meas. Modified Coef. Coef. Permeab. | Permeab.
Element 150 Time Factor Consol. Consol. k k
(sec) ™ cn (em?/s) | cn (m2/yr) | (m/yr) (m/s)
ul 600 0.118 0.0038 12.1 0.0322 | 1.02-10-°
u2 995 0.245 .0048 15.1 0.0403 | 1.27-10-°

Notes: a=1.78 cm (for 10-cm? cone); v, = 9.8 kN/m? = unit weight
water; D' = constrained modulus % 8 (g+-cyo) for clays (D'=3688 kPa).
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Case Study: Bothkennar Dissipations

600
Bothkennar, Scotland
10 cm? Fugro Cone
— Depth=12m
3 (Jacobs and Coutts, 1992)
S a000% “‘
— -
g u, g '
o B
[ e
4
[
® 200
o
o ..
1 tsow2)|= 995
0+ t t } Spc
1 10 100 1000 10000
Time (sec) tsowt) = 600 sec

(data from Jacobs & Coutts, Geotechnique, June 1992)

Case Study: Bothkennar Dissipations

0 Using OCR = 1.82 and
Plasticity Index PI = 53

0 Estimated Rigidity
Index, I, = 38

Approximation:

PI =10

Keaveny & Mitchell (1986):
250 —————=. — | CKoUC Triaxial Data

Rigidity Index, Inso = 6/s,

Overconsolidation Ratio, OCR

[137-P1]
23

exp|

for10< Pl <50 and 1<OCR<10

IR

{mﬂ[l N M}} ’
26

Case Study: Bothkennar Dissipations
(Laboratory data from Nash, et al. 1992)

o, mPlyear k107 %m/s
01 1 10 100041 1 10
Osdometer ' .
» A ll
5 f A i
P
= B i i
E X i
P . A
5 10| - . K
a @ ©
15 | * . "
20




Monotonic Dissipation Response

Strain Path Solution (Houlsby & Teh 1991)

1000 T

= Rigidity Index, I 5

= i
E oo - =] 500 |-
5 | 200

& 10 4 — NCaNN - - - — — — — — - — - 100 —
- | — 50

S |

5 g ———=—- -
2

s

4

S O0lgx

-

° |

% 001y |

3

O |

d= 3.57cm (10 cm?) |
0.001 . . : :
For 15-cm? _I 0.1 1 10 100 1000 10000
prltye] Measured Time t5, (minutes)

Calibration of Piezo-Dissipations
Strain Path Solution (Houlsby & Teh, 1991)

1.0 4

U, *~ (0.85+10T *)°* —0.08 |

0.9 3

08§
07 - - - - T

0.6
053
043+

O Strain Path L
= Approximation |

[ | | [
I
I

at- I, |l

Normalized Au,/Auy;

033

U*

013 —

|

|
023 -|T*=

|

1

|

Conceptual Cavity Expansion Zone Affected

and Interface Shear Model / by Shear

p 4
Undisturbed
Zone: B ;
1
CERCER Plasticized !
| Zone-Cavity

Expansion =1 1,033
1

(su) oo oo
N

Rigidity Index, Ig=
Gls,
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Calibration of Piezo-Dissipations
Strain Path Solution (Houlsby & Teh, 1991)

1.0 T
_09F !
E) |
§ 0.8 4 :
ForyF---+ -7 -— 1
'g,o.e-———— -l —————:
S 059 |
§ 043| © StrainPath |-V ----— |
f 0.3 3| = Approximation
x, 023 o
S s vh
ot T = T e T
0031 — ’ o
0.001 0.01 0.1 1 10 100
Modified Time Factor, T
Dissipation in OC Fissured Clays & Silts
Baton Rouge, LA
(Chen and Mayne, 1994)
—ul
Monotonic u2
—uo
U
Uy
Dilatory N
Measured Porewater Pressures
Up = U, + Auoc’r + A""shet:u‘
4 1p=ro(1)0%%
Amr Au
\ Pwir
Hydrostatic Spherical Cavity  Stress Path
Uy = hyyy Expansion (shear)




Uncoupled Linear Consolidation
Analysis for Dissipation

= Utilize analytical solution to the 1-d
consolidation equation

Ju 10u o*u
Pl PR
ot r or or
= Boundary conditions:
= Cone is impermeable

= No pore pressure increase outside plasticized
zone

Input Data to CE-CSSM Model

o

¢' = Effective Stress Friction Angle
OCR = Overconsolidation Ratio
o,, = Effective Overburden Stress
u, = Hydrostatic Pore Pressure

I. = 6/s, = Rigidity Index (6 = shear
modulus and s, = undrained shear
strength)

0O 0O O O

Q Pene = cone radius

Model Evaluation - Soft Clay

500
< Measured
&400 —uo
B’ —Ir=50
—_ Ir =100
5300 Bothkennar —r=200
g)) Depth=12m T
©200  shear Zone=2mm
o
8100
g ch=0.2 mm?s
0
0.1 1 10 100 1000 10000 100000

Time (sec)
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Model Formulation

a Initial conditions:

* Initial magnitude of pore pressure
calculated using SCE and Cam Clay

« Finite difference (1 hour on Pentium II)

+ Closed form (Mathcad in 15 secs.)

M

u= BneimnZt [_Yo(anr) ‘] O(an rplastlc) + Y O(an rplasnc)‘] O(anr)]

n

Dissipation Database for Calibration
a 15 clay sites worldwide (Burns & Mayne,
Canadian Geotechnical Journal, 1998)

* 6 soft intact clay sites

* 9 hard to stiff overconsolidated clay sites
(fissured, crusts)

0 Applied to Instrumented Driven Pile
Foundations (Burns & Mayne, 1999)

Model Evaluation - Stiff Clay

__1800 _ Measured
© —uo
& 1500 —Ir=50
~ \ Ir =100
g 1200 N —1Ir=200
U) \
@ 900 Taranto \
— Depth =9 m
o 600 Shear Zone =2 mm
Q 2
o 300 ch=0.4mm°/s
o

0

0.1 1 10 100 1000 10000 100000

Time (sec)




Dissipation in OC Fissured Clays & Silts

Baton Rouge, LA

3000 —— (Chen and Mayne, 1994)
< i —ul
% . Monotonic uz2
© 2000 + —uo
u = i
2 0
UV g B
o - N
% 1000 T Dilatory N
) Z
[al C
0 1 |||||||I 1 |||||||I 1 |||||||I Lol
1 10 100 1000 10000
Time (sec)

Effect of Width of Shear Zone -Stiff Clay

cp = 0.4mm?s ¢ Measured

— 2000 Lo Ir = 200 T uo
6—5 //—--H b J —1mm
vz ) < ] /—:::h 2mm
< 1500 v Py & N —3mm
Q A ATt | L T o
5 ] — \! ——10mm
0 \
N 1000 \
(O]
= \
a s 500 Taranto
e Depth =9 m \
(@) Shear Zone = Variable N
B, i

0.1 1 10 100 1000 10000 100000

Time (sec)
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Effect of Width of Shear Zone - Soft Clay

M d

500 uoeasure
© —1mm
Q = —Zmm
6 400 T e 5mm

—— 10 mm
g
> 300 pothkennar
8 Depth =12 m
Q© ppp ShearZone = Variable
E \

S
@ 100 3
o ¢y =0.2mm9s
o Ir = 100
0.1 1 10 100 1000 10000 100000

Time (sec)

Porewater Pressure Dissipation with Time

0 Monotonic decay, usually to 50%
completion (Houlsby & Teh 1991, Geot.):
coefficient of consolidation, ¢,

a Monotonic & dilatory response (Burns &
Mayne, 1998, Canadian Geot. Journal)

O Coef. Consol: ¢, = T* a® I %75/t
where a = probe radius and T* = modified
time factor from CE-CSSM model.

a Permeability:  k = ¢, y,/D’

Calibration: Coefficient of Consolidation from CPTu

Site Field Value (mm?/s) Lab Value (mm?/s)
Bothkennar 0.2 0.3
Drammen 0.2 0.5-1.5
McDonald Farm 1.9 1.8-5.5
Onsoy 0.05 0.1-0.2
Porto Tolle* 0.2 0.3-0.5
St. Alban 0.6 0.3
Ambherst 0.4 0.1

Brent Cross 0.0005 0.008-0.03
Canon'’s Park** 0.25 0.01-0.03
Cowden 0.2 0.05-0.2
Madingley** 0.05 0.03-0.08
Raquette River 0.5 0.04-0.7
St Lawrence 0.3 0.25-0.8
Strong Pit 0.2 0.06-0.3
Taranto 0.4 0.1-0.25

* 15 mm piezoprobe

**Pile
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Effect of Width of Shear Zone -Stiff Clay

ch = 0.4 mm?/s Measured
—~ 2000 Ir = 200 uo
6_5 —1mm
~ 2mm
= 1500 P —smm
g _‘_’_’_/\\ 5mm
> N ——10mm
[%)]
& 1000 \
0] \
S
o 500 Taranto \
&) Depth =9 m
o P
[e) Shear Zone = Variable
o
0
0.1 1 10 100 1000 10000 100000
Time (sec)

Dilatory Porewater Dissipation: Cowden, UK
(Norwegian Geot. Inst. & Building Research Establishment, UK)

1200

1000

800

600

400

200

Porewater Pressures (kPa)

° +—r—"—mi——rm——rr
1 10 100 1000 10000 4100000
Time (sec)

Calibration of CE-CSSM Dissipation Method

10 € >
3 ® Intact Clays
= [ | ocrust
g 4 4 | ®Fissured
~ 3
1S E
S [
- L
) 01 ¢
> F
S [
g L
9 0.01 ¢
ﬁ F Data Compiled by
r Burns & Mayne (1998)
0.001 + + y *
0.001 0.01 0.1 1 10

Piezocone ¢, (cm?%min)




Rigidity Index (I;) Evaluated
from CPTu Data using CE-CSSM

l, —exp|| 242,925 | X% | 2925
M g, —Uu,

where M = 6 sin¢'/(3-sin¢’)

Very Sensitive to Values Used

CPTu Evaluation of I for Bothkennar Clay, UK
(Data from Powell, Quarterman & Lunne, 1988)

Bothkennar Clay, UK
Rigidity Index, Ir
0 20 40 60 80 100

N
o

Depth (meters)

PS

Approximate Piezodissipation Method

Calculated Dissipations from Cavity Expansion-Critical State Theory

wn Tolal

Time Mod. Tme  OCTAHEDRAL PO URE S NDUCEDPOREWATER U w, | time |Horm
(sec) Factor T Awaui  sulove’ AuGPA) dudi  Ausiovo aus(kPal  Audlowo’ (kPa) (kPa) |(min) | auiaus
K] [EH] 503 z000 | 000 100

00001 0w 17 0ETse 0314 784 00 000 039
0000007 08932 173 09534 0306 765 000 000 089
0000005 1.2 DEEI0 0286 na W00 000 08I
0000010 172 05002 0257 63 000 000 096
0000020 171 0BETD 0714 516 000 000 093
0000050 168 0AE 044 37 088
0000100 167 020 0092 0 085
0000700 165 016&: 0054 124 082
0000500 160 0O7AZ  00M &0 078
0001000 159 nows ooz a1 s
0007000 146 00196 0006 16 0m
0005000 132 00079 0003 L1} 084
0010000 116 Doo oot 03 056
0070000 s nooan 0om az 046
0030000 ) DovI3 0000 01 039
0050000 62 00008 0000 a1 030
0060000 045 DOWs 0000 0] 157]
0100000 037 00004 0000 a0 018
0200000 01 DoW2 0000 D] 7]
0500000 005 00001 0000 a0 003
1000000 0 00000 0000 oo 00
2000000 0 000 00000 0000 a0 000
5000000 0w 00000 0000 oo 000
10.000000 00 00000 0000 a0 000
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CPTu Evaluation of I, for Cooper Marl,
Charleston, SC (sounding cHBDH2)
Rigidity Index, Ip

10 100 1000 10000
20 -

LAy

Depth (m)
N
5

28
30
| |
© IR from CE-MCC' |
32 L L

Approximate Monotonic & Dilatory Piezo-Dissipations

(Mayne, In-Situ 2001)
a Define T* = (¢, t)/(a?- I 0-75)
a Aumeus = A"'oct + A"'shear-

0 Dissipation:

Au

Au

shear

Au ~ oct

+
e 1+50T*  1+5000T*

0 Octahedral Component:

oct
3

A
M M(g} 1,0

0 Shear Component: { [ OCRH
Ushear = - — 'O-vo'

2

Shoulder Porewater

Pressures, u (kPa)

Monotonic Porewater Dissipation: NC Lacustrine Clay

Ambherst - Piezocone Dissipations (NGES)
T

800 T L R AL
(AN

T
|

700 1 | | | [T R
|

600 -~ T T T | ——Aeerox.cecssmmethod

| [ © Measured Response at122m

500 + — = — —F —— — — 4 | — Hydrostaticuo

400 +

800 1

200 1

100 1

N -

Time (minutes)

LTRC (1999)

1000




(Mayne, In-Situ Bali 2001)
0 Define T = (c,, - t)/(a?- I0-75)

Q Au = Au_.. + Au

meas oct shear

0 Dissipation:
Au

oct

u

Au

shear

Approximate Monotonic & Dilatory Piezo-Dissipations

Au

0 Octahedral Component:

+
eas 1+50T* 1+5

2M(OCR " ,
Auoct = T T . 1n(IR) . Gvo
0 Shear Component: ocr Y’
Aushcar =1- T vo’

000T *

Approximate Piezodissipation Method
Calculated Dissipations from Cavity Expansion-Critical State Theory
thickness x (shear) = 2 mim Total
Time Mod. Time OCTAHEDRAL POREWATER PRESSURI SHEAR-INDUCED POREWATER Uz u, time | Morm
(sec) Factor T° Aulbui Aulove’  Au(kPa)  duldui Auslove’ Aus (kPa)  Au2love’  (kPa) (kPa) |(min) | AuwlAui
0.0 174 a36 NEFE] 03 206 716 | 2000 | ooo | 100
0001 0000001 09950 173 433 09756 0314 784 205 112 2000 000 099
0002 0000002 08932 173 433 09524 0,308 765 2104 708 | 2000 000 099
0006 0000005 09897 172 431 08880 0,286 201 703 2000 000 097
0011 0000010 09359 172 430 02002 0257 198 694 2000 000 096
0022 0000020 08807 171 427 08670 0214 192 | 681 | 2000 000 093
0056 0000050 04707 164 423 04448 0,143 183 658 2000 000 083
0112 0000100 08589 167 a18 0.2860 0092 176 | 641 | 2000 000 085
0225 0000200 00450 185 412 01669 0054 170 | 625 | 2000 000 082
0562 0000500 09162 160 399 0.0742 o024 162 605 2000 0 079
1.124 0001000 08345 154 ass 00385 0m2 155 588 2000 002 075
2 248 0002000 0B4D6 146 366 00186 0,006 147 566 | 2000 004 071
5619 0005000 07359 132 329 0.0073 0003 132 530 2000 009 054
112 0010000 06648 116 240 0.0040 0001 1.16 480 2000 019 056
225 0020000 05485 085 738 0.0020 0001 095 | 438 2000 037 048
337 0030000  0AE5T 081 203 00013 0.000 081 403 | 2000 056 039
56.2 0050000 03570 062 156 0.0002 0.000 062 356 2000 094 030
899 0080000 02583 045 113 0.0005 0.000 045 | 313 2000 150 022
112 0100000 02149 037 a4 00004 0,000 037 254 2000 187 018
0200000 01057 018 46 0.0002 0.000 018 246 2000 375 002
0500000 00302 005 13 0.0001 0.000 005 213 | 2000 937 003
1.000000 Q0036 002 4 00000 0000 00z 204 2000 1&73 0
2000000 00028 0.00 1 0.0000 0.000 .00 201 2000 3746 000
5000000 00005 000 0 00000 0.000 000 200 | 2000 9365 000
10000000 00001 0.00 [u] 0.0000 0000 000 200 2000 18731 000
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Dilatory Porewater Response - Taranto,Ital . e
Y P 4 Approximate Dissipation Analyses
2500 T T T
—~ F | | Taranto Italy z = 9 meters
(] [ | | 2500 T T T
a ryarosatc o
x 200% | | R
o [ | T 000 e . — — — — — 4 - - - —|—1mm L
L aQ 2000
J 1500 F O --------4----9 =3 ~ [ [ 2
5 r ~ P I P
- [ 2oy L AL L T | —smm L
g 1000 g R
3 b o | |
2 [ —0—Meas.u2at12m 8 3 | B Measured
o 500 .:, ——Approx. CE-CSSM s 1000 : ‘ :
[ = = = Hydrostatic uo g | | |
0 4= o 6 | | |
E | | |
0.01 1 1
Ti me (minUTeS) Do 1 1 10 100 1000 10000 100000
Time (seconds)
Pane, et al. (CPT '95)

Direct Permeability Evaluation from CPTU

_ LE01
0 LS Sand and

£ S Gravel
5B NN R
~ 5

- 1.E-03 SSON2d | _ _
2 \ — |,
2
S LE04 ~ "Silty Sand -
=
5 to Sandv Silt

o i N

Q
O O\ Silt
O LEO6f ——————————— NN -
735 1 125
5 LEO7 | k,(cm/s) ~| —— F—== Slay
> 251-t4,(sec)
L 5
1.E-08 + + + +
0.1 1 10 100 1000 10000

Measured Dissipation Time, ts, (sec)
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Measured U, (kPa)

NC DOT Series, Routes 74 & 242 - Evergreen Piezo-Dissipationg

O 02C at 13.8 feet
(4.2m)

L
l((((((((((((dmm ®

o 02D at 13.8 feet
(4.2m)

A 01C at 24.9 feet
(7.6 m)

—a— 01D at 24.9 feet
(7.6 m)

O 07C at 27 feet
(8.3m)

—0O— 07D at 27 feet
(8.3m)

¢ 08C at 18 feet
(5.5m)

¢ 08D at 18 feet
(5.5m)

O 05C at 9 feet
(2.74 m)

1
Time (minutes)

10

=O—05D at 9 feet
(2.74 m)

100

Measured U, (kPa)

NC DOT Series, Routes 74 & 242 - Evergreen Piezo-Dissipations

O 02C at 13.8 feet
(4.2m)

600

500

400

300 |

200

|
|
.

100

o 02D at 13.8 feet
(4.2m)

A 01C at 24.9 feet
(7.6 m)

—a— 01D at 24.9 feet
(7.6 m)

O 07C at 27 feet
(8.3m)

—O— 07D at 27 feet
(8.3m)

¢ 08C at 18 feet
(5.5m)

¢ 08D at 18 feet
(5.5m)

vvvvv
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|
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1
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Geotechnical Site Characterization
of Piedmont Residuum
in North America

Paul W. Mayne
Geosystems Program
Civil & Environmental Engineering
Georgia Institute of Technology
Atlanta, Georgia

Atlantic Piedmont Geologic Province
in North America

e e ¥

£, surficial

. Exposure
of Piedmont

A& Province ;

National Geotechnical Site (O

. Opelika, Alabama

3 Atlant

Atlantic

Ocean

Geology of Georgia
: e Fall

Line
North /
American
PIEDMONT
ATLANTIC
COASTAL
PLAIN

Piedmont Rock Formations

Metamorphic & Igneous Rocks:

Gneiss, Schist, and Granite
(localized: Greenstone, Soapstone, Quartzite, Diabase)

Stone
Mountain
Atlanta
Georgia
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ADSC-ASCE-FHWA Drilled Shaft Load Test Program
Georgia Tech Campus, Atlanta (Harris & Mayne, 1994)

Load Test Program

Q End-Bearing Shaft

Q Friction-Type Shaft
0 Deep Plate Load Test

Depth (feet)

0 ik

0

SPT N-values (bpf)
10 20 % 4 50 60 70 8 9 100

o
njodls
2 <« Pl‘zdmw‘vrkes)dmmf
e = Sy Fine Sand (SH)
0} e
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National Geotechnical Experimentation Site
Opelika, Alabama

Opelika NGES in Piedmont Residuum
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Characterization of Piedmont Soils - Atlanta, Georgia
ADSC-ASCE-FHWA Load Test at Georgia Tech
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g

Elastic Modulus, Ep, (MP)

8
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Effective Stress, p' = (01'+'V/2 (Pa)

Opelika NGES in Piedmont Residuum
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Triaxial Data on Piedmont Soils from Opelika
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Effective p' = (0,'+03')/2 (kPa)

Mohr Coulomb Strength Parameters:

Intercept @ = c' cos¢; Slope: tan a = sing’




Field V, Data in Piedmont at Opelika

Shear Wave Velocity, V, (m/s)

m SCPTu04
= OPENT2
® AU-1(SDMT) |-

—e—CHT S1-R2

Depth (meters)

DMT Data in Piedmont at Opelika

Modulus Ep (bars) Material Index, Ip
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DMT Data in Piedmont at Opelika

Contact p, (bars)

Expansion p; (bars)
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Types of CPTs at Opelika

o Hogentogler CPTu; and CPTu,
o Hogentogler SCPTu,

o Fugro CPTu; and CPTu,
o Fugro RCPTu,

0 Resistivity RCPTu,

0 Dual Element (u; and u,)
o Vertek Dielectric CPTu,
0 Geotech AB CPTu,

o Memocone CPTu,

Type 1 and 2 Piezocones in Piedmont at Opelika
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Dual-Element Piezo-Dissipation in Piedmont Residuum

100 == e e

1 10 100 1000
Time (seconds)

Porewater Pressure (kPa)

Cone Trucks at Opelika NGES

Pagani Rig
(Wright-Padgett)

Fugro Geosciences GeoStar (Georgia Tech)

Positive u, |

Zone in | T T
Residuum : i i
| i i3 L
=i
£ H
El |- &
L L “‘”_gm,i A8
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Seismic Piezocone with Dissipations:
Qo fss Up, tsp, @nd Vs = 5 NUMBERS

ar (MPa) 1, (cPa) Uy (Pa) 150 (seconds) V, (mis)
0 200 40 eof|100 0 100 00 30||1 10 100 10000 100 200 300 400

Depth (m)

Dielectric Piezocone Sounding at Opelika

a (MPa) 1, (kPa) u, (kPa) DEM, e -
0 10 20/ 0 300600/ -100 200 500|| 0.5 1 -
[ + [ + 0 + [ —
-~ E
5 5 5 5 DEM
10 1 10 - 10 10
E
815 1 15 - 15 15
o =
20+ 20 | 20 |F 20 |
3
© : 25 é 25 25 fs ﬂ T
— - Uz
30 | 30 30 = 30 —r———
B QJ 60°
35 35 35 35 Tq.

Other In-Situ Tests in Piedmont at Opelika

o

Full-displacement pressuremeter

DMT dissipations

Prebored (Menard) pressuremeter
(Towa) Borehole shear test

Spectral analysis of surface waves
Variable CPTu penetration rates
Push-in permeameter probe (GeoProbe)
Seismic flat dilatometer tests

Surface resistivity surveys

0O 0O 000D OO0 O D

Foundation load tests (axial & lateral drilled shafts,
deWaal piles, pipe piles, lateral groups, statnamics)




Piedmont CPTs at Opelika NGES:
1986 SBT Charts and SPT-CPT interrelationship

(After Roberison, et al., 1986)

ZONE SBT
1 Sensitive, fine grained
& 2 Organic materials
‘g 3 Clay
= 4 Sllty clay to clay
g 5 Clayey silt to silty clay
i 5] Sandy silt to clayay silt
7 Sllty sand to sandy silt
5 8 Sand to silty sand
9 Sand
i0 Gravely sand to sand
i1 Very stiff fine grained*
12 Sand to clayey sand®

*gver consolidated or cemented

Friction Ratio (%), Rf

MEANS: Cone Resistance g, = 35 bars; Friction Ratio FR = 4.34 %

Piedmont CPTs at Opelika NGES:
1990/1991 SBT Charts and SPT-CPT interrelationship

(After Robertson, 1990)

Zone Normailzed Soil Behavior Type

sensitive fine grained
organic material
clay to silty clay
clayey silt to silty clay
silty sand to sandy silt
clean sands to silty sands
gravelly sand to sand
very stiff sand to clayey sand
very stiff fine grained

©m=I;U s WK =
EoE EEER

Mormalized Tip Resistance (Qx)

1
MNormalized Friction Ratio (Fr)

MEAN VALUES: Normalized Tip Q = 34.5; Normalized Friction F = 4.5%
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1000

Piedmont at
Opelika NGES:

100

Cone Bearing (bar), Qt

10

SPT-CPT
relations from g
SBT Charts

A
L]

3
Friction Ratio (%), Rf

4 5

Soil Behaviour Type

sensitive fine grained
organic material

Zone Qi/N

clay
silty clay to clay
clayey silt to silty clay
sandy silt to clayey silt
gilty sand to sandy silt
sand to silty sand

sand
gravelly sand to sand
very stiff fine grained *
sand to clayey sand *

So0ONOUALN S
EEREER

NOTRWNRS SN
tn

L,
h
i

* overconsolidated or cemented

q;/N¢o Interrelationships (CPT-SPT)
12 — e
] ' Y A
- < Robertson ond Campanella, 1983 E
i O Zervogiannis and Kalteziotis, 1988 Ku|hawx&
~ % Chin, et al, 1988 7
| O Jamiolkowski, et al., 1985 © Mayne 1990/_
—~ A Andrus and Youd, 1987 A oA
S| gl ® Kosim,etal, 1986 <>/o |
o @ Seed and deAlba, 1986 P
N—r | . -l
> ® Muromachi, 1981 o // 8 &
=| 6 © -
(2}
< 0% o 5
8| at o -
o| | o i
(ac/pg)/N=5.44 Dgg 2
= - 2. = o
?,.O- (n=197, r==0.702, S.D.=1.03)
0 R TN ST SPETT IS BT R B
0.001 0.005 0.01 0.05 0.1 0.5 | 5 10
Mean Particle Size, Dgq (mm)
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Stats on 22 CPTu, Soundings at Opelika

Porewater, u; kPa)
Cone Tip Stress, qr (Wa) Friction, £, (kPa) orewaer, u; kPa)

o 2 4 & 8 10 12 200 100 0 100 200 300
T T
= | |
I I

Mean

Meanssidy.

Mean-stdy

Meansstdv

Mean-stdv

Depth (meters)
Depth (meters)

Depth (meters)

5 (-7 RS,

Piedmont at Z
Opelika NGES: ¢
SPT-CPT and

SBT Charts

‘B 1 2 3 4 [ L]

Friction Ratic (%), RI

Zone /N Soil Behaviour Type

| sansitive fine grained
arganic material
X—

clay
silty clay to clay
clayey silt to silty clay
sandy ailt to clayey silt
slity sand to sandy siit
sand to eilty sand

- ]

gravelly sand to sand
very stiff fine grained *
sand to clayey sand *

piZoeNenAwN
NGO AUNRNASan

* everconsolidated or cemented

CPT-SPT Trend at Opelika

Penetration Value
0 10 20 30 40
0 } } +
| |
2 > —e—SPT-N (bpf)
~~
w 44N
S ——CPT: 3qt(MPa)
= 64— — -~
9 |
£
Nt 8 - - — — — - L - - = — - — — — — —
I ¢ (bars) =3 N
E 10F-———""--"¥ - o
o12t-—-—-——--%- R
14 ¢ }
|
16

q./N¢o Interrelationship

12 T T T T T T T
1 A A
+ < Robertson and Campanellg, 1983 1
o © Zervogiannis ond Kalleziotis, 1988 KU|han&
[ x Chin, et al,1988 .
| O Jomiolkowski, et al., 1985 © Mayne 1990/_
— A Andrus ond Youd, 1987 A Ja
‘S| sl ® Kosim, etal, 1986 010 i
o @ Seed and deAlba, 1986 ;
=| I e Muromachi, 1981 0,/ 8¢ ]
2| 6l o é o o B
= S
o ®
s U@g%) o~ o 1
] Robertson ond Campgielia
Q| 4 o J
2
o| | \ & o i
o <, 00
2k 00, 'lc’g?.@og 5 (a¢/pg)/N=544 D5 026+
067
-6«%’6’ G og0” @ (n=197, r2=0.702, su:l,oa)i
o] Pare| 1 oo lasnl PR e | 1 1
000l 0005 0.0 0.05 0.1 05 |1 5 10

Mean Particle Size, Dgg, (mm)

Soil Behavioral Type from 6, and q;

Piedmont Residuum at Opelika NGES, Alabama

1000 / 1000000 T T
$ oty ot <l I me
¢ S / 3 BN
=3 < !
§ — o I
Lo & 100000 3~ Bl _ _ _
5 . 1
< sand g
" E] |
o / \ ] |
3 3
N 10 —W = 10000 3 + Intact Clays
E 5 [ arsuescos
2 __MM Clays & N || epieamont Residuum
i 1000 + +
1 10 100 100 1000 10000 100000
Ratio G,/q, Net Cone Resistance, g;-o,, (kPa)
Lunne, Robertson, & Powell (1997) Mayne & Rix (1993)

CPT-DMT Interrelationships in Piedmont

Piedmont Residuum

50000 . .
L I
< H GA |
Q40000 + — - - — = —— — ————
< o AL | o
o I
© NC
U{aoooo-»— F-—L—— - — —
@ I
=
>
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= 5y EoE
I =
= 10000} | D Gt
= @,
[a) |
I
0 t t t t
0 2000 4000 6000 8000 10000

CPT Tip Stress, q, (kPa)
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CPT-DMT Interrelationships in Piedmont

Piedmont Residuum

3 i ! T T
|
. | " GA
o sity i
— SAND ' ! o AL
x |
L 24 ——— - B -
! el _._" o NC
B ™ Q Q T T
= 9 Sandy A8) Q
% it @Y_ . _, Q
= T "SR Y T
E | | 1<)—. @ o
| |
2 ! ! clayeyleTQ__.Q °
| | sityctay — o . ]
| | CLAY
0
0 1 2 3 4 5 6 7 8 9 10

CPT Friction Ratio, f./(q: -0y0) (%)

CPT-DMT Interrelationships in Piedmont
CPT uy and DMT po (bars)
0 1 2 3 4 5 6 7 8 9 10|

Depth (m)

Apparent OCRs from CPT g; Readings at Opelika

Piedmont Residual Silts

Apparent Overconsolidation Ratio, OCR

0 5 10 15 20
0 + c > Y Y st 0y
|
o &P ° PR N
' 2004
o e -
0 s a8
it.s e [
© ®» Q .". Readings
: e
= o9 s o
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o Y oo
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CPT-DMT Interrelationships in Clays
(Mayne & Bachus, 1989 ICSMFE)

1500 2
4

10001 Pressure Location

Upgs from CPTU Sounding (kN/m?)

@
k=]
k=]
T
L]
.ﬂ
g o

S

Y

500 0ee 1800
Po= Initiol Contoct Pressure from DMT (kN/m®)

Apparent OCRs from CPT q; Readings at Opelika

If clean quartz sand, CPT calibration chamber database
(Mayne, 1995; Lunne, Robertson, & Powell, 1997):

1
022 o 027

133 ¢

31
Ku_\(_‘ ("-Tw ' )0

OCR=

If clay, combined database of oedometer and piezocone
results (Kulhawy & Mayne, 1990; Demers & Leroueil,
2002):

OCR ~0.33. % =%

O-VO

Mechanism of AOCR at Opelika

Apparent Overconsolidation Ratio, OCR

0 + + + + + + t t
13+ - el i ____
2 Sumri‘wer 1997 :
A Time of
T ¥r = 17.5 kN/m®

_ _ Testing _ _ _

B Oedometer

Depth (meters)
(2]

8+ - - - -~ —— - - — - = Groundwater
Loweredto 20m |-

| T
10 8 = Fai 2001 (Proughy) [
11 F | | | |
12 | v | | | | |




Apparent OCR from In-Situ Tests

o Flat Dilatometer

o 1980:

0 1989:

OCR = (0.5 K,) 156
6, =0.509 (Pg-Uo)

a Type 1 Piezocone: o, = 0.47 (u;-up)

0 Shear Wave: c, =0.107 V, 147

Apparent OCR Profiles at Opelika

Apparent Overconsolidation Ratio, OCR

0
= o -— -
43
7 o}
g
£ 8T~ o= - & CHT Vs (Clays)
- |
ek 77T e cuc Triaxial
j°)
012+ - Qs ———— — + )
| ——ul Readings
1“3 - - = +
! B Oedometer
R e — +
| | | | |
L

View from Stone Mountain, Georgia
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Apparent OCR From DMTs at Opelika

Apparent Overconsolidation Ratio, OCR
0 5 10 15
0 + +
! 9
| 9. ©
2T+ -~~~ — ° M”“L”’Q’**Q*
g | o %
Q<>
|
P 0
® AT - Fr---—--- ===
8 &\ Q% I
5 ‘ [5Y | |
g 64+ — — Q‘% -+t -—-—--- =
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8 4 %ﬁQ L © AU1 (1989)
5 ‘
nge © SV99 (1980)
10l o - -®_L___e| ©AUL9®0)
pN ! m Oedometer
<« |
1 | |
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Piedmont Residuum of North America

0 "Georgia Red Clay” classifies as ML - SM

o Contradictions/Agreement in interpreted soil
properties (Test-Specific: “loose sand”
and/or "stiff fissured clay")

o Rate-dependent behavior, thus undrained
and/or drained conditions apply

a Piedmont requires site-specific correlations
for interpretation




Georgia State University
Dorm B Settlements on Piedmont
Soils, Atlanta, Georgia

Paul W. Mayne
Georgia Institute of Technolgy

Georgia Tech

Geology of Georgia

Georgia Tech

Piedmont Geology

LEACHING SO

HING SOIL .-
ACCUMULATING 3=

GRANITE TO GABBRO

Site of Georgia State Dormitories, North Ave.

GT g V w&*;lm

E Campus The
5 Varsity
North Avenue
|| Coca Cola
£|| Headguarters Dorm B =

| —

GSU

|

%
L}

—+—
poomys3a
]
]

Georgia Tech

¥ T | S—

Georgia Tech

Georgia State Dormitory B

Georgia State Dormitory B

Georgia Tech
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GSU Dorm B, Atlanta

a Constructed just before 1996 Olympics

0 4 Dorm Buildings situated on Piedmont
Residuum over PWR/Bedrock

0 Deep Foundations, Footings, & Mat

0 Dorm B Mat: 340 feet long, 60 feet wide,

and 3.5 feet thick. Applied q = 1.5 tsf

0 Design firm predicted 1.5" max settlement.

0 Measured 9.75" by end of construction.

Georgia Tech

Results of DMT at 6SU Complex

DMT Pressures (kPa) Material Index-ly Stress Index-Kp

0 200 400 600 800 1000 01 1 0 0
0

DMT Modulus -E, MPa.

2
1
|
|
|
|

Georgia Tech

Displacement Influence Factors

2 L T T T T T c/d
x | | Harr (1966) ——_ 10
H T Approximation | 5

< F | | 3

§ [ c/d=567 ‘ ;
§ L 15

I,=0.758 — e [ U |
HEEE]) —
o [€ | | | |
s ] | |
A j
et
13 | | |
= ! ! 1 Gl |

0 t + t t t

0 1 2 3 4 5 6
h/d = 0.92 Finite Layer Thickness, h/d
5 dl,(1=-v?
Center Deflection : p, = qgi()
s

Georgia Tech

Copyright 2011 - PWMayne

161

Summary of SPT N-values at 6SU Complex

288 T T ®DB-17
L] | |
286 7 — o ’{ T _Approx. Bearing Elevation _ ~ | @DB-18
. 284 gguomud | ! ADB-19
2 S ? R |
E 282F3 — = - L @DB-20
: . .‘
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5 a k] f: " | | +DB-6
3 274 % L - |
o Q o . ! %DB-5
mt - - - -+ o G I
| eDB-9
270} AL |
| | ©DB-10
268 + + mDB-13
0 10 20 30 40 50 6
X DB-14
uncorrected SPT N-value (bpf)

0O 0000 D

Dorm B Mat Settlements

Mat breadth, ¢ = 340 feet

Mat width, d = 60 feet

Rectangle Ratio c/d = 5.67

Approx. depth to rock/PWR = 55 feet
Depth ratio, h/d = 55/60 = 0.92

Determine values of displacement
influence factor (I) from elastic theory

Georgia Tech

000 Oo

Dorm B Settlement Calculation

I, = 0.758 from elastic solution

E, = 8.5 MPa = 88.5 tsf from DMT
Assume drained v' = 0.2
Centerpoint Settlement:

q-d-1,-(1-0*) _1.51sf (60 ft)(0.758)(0.96)
E 88.5 tsf

s

p =

Pcenter = 0.74 feet = 8.88 inches = 225 mm
Flexible Fdn: pedge = %pcenfer = 4.44 inches = 113 mm

Georgia Tech




GSU Dorm B Settlement Contours

Dormitory B Settlement Contours

X 140 mm
—+—220mm

— —160mm
—e—240 mm

= 100 mm
——180mm

+ 120mm

North
——200 mm

Reinforced Concrete Mat Foundation: ¢ =105 m; d = 18.3m, thickness t = .07 m

o

@

Width Distance, (m)
5

o

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105
Breadth Distance (m)

Georgia Tech

Georgia State Dormitory B
www.geoengineer.com

Georgia Tech
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GSU Dorm B Settlements

Settlement (mm)

Distance (meters)
30 40 50 60 70 80 90 100

T T T T T T T T
© SW-NE Diagonal ! ! !
@ NW-SE Diagonal A R
- - = DMT Calculated (h = 12 m) | | i
— - DMT Calculated (h = 18 m) | | |
= = DMT Calculated (h = 24 m) A -
T T T T T oLenT i q
N | | | | LT \_,'\
el | | IR P
| | el 1= )"w‘u\
| s N | 7T [ T |
2004 — — - — — ~ e - oo — -3 -r--i1
I S - | | [ I i
! [N 'R | q\/-‘ﬁ P | |
201 | | RS = = S 1.7 | |
| | [N | o, | | |
| | | I~ | 1= | | |
300 2o =
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Evaluation of Soil Stiffness
from Cone Penetration Tests

Paul W. Mayne

Geosytems Group
Georgia Institute of Technology

Georgia Tech

Equivalent Modulus for Monotonic Loading Response

Triaxial Isotropic
Compression constrained ~ Compression Simple
Ao, Compression Shear

(oedometer)

2b Ao,
Ll

] e
H 1]
Ho 2
L & =8/H, :
€ =&/H, €,01 = AVIV,
Elastic Constrained Bulk Shear
Modulus Modulus Modulus Modulus
E = (Ao;-Acyle D’=Ac,/Ag, K'=AG, /Aty G =1/,
Georgia Tech

Local Strain Measurements in Lab Tests
(Jardine, et al. 1984; Jamiolkowski, 1999)

Triaxial Data, North Sea Clay
300
250 4 Actual Initial s, = 255 kPa
S Modulus:
X E =600 MPa logal strains
200 1
—
©
+ 150 1 V\
— conventional strain
b
" 100 1 Apparent Linear —e—External
Elastic Modulus
S g5 — E-48MPa —&—Internal
0 + + + +
0 0.5 1 15 2 25
Axial Strain, g, (%)
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Representation of Soil Stiffness ‘

0 Compressibility Parameters (C., C,, C,) or
alternative D' = 1/m, = Ac,/Ac,

0 Subgrade Modulus: k, = q/8

o Spring Coefficients: k, = Q/8

o Equivalent Moduli from Elastic Theory
* Undrained: E,, 6,
* Drained: E', 6, K', D’

Georgia Tech

Evaluation of Soil Stiffness

Direct measurements:

a Plate Load Tests (PLT)

o Screw plate load test (SPLT) = field
compressiometer (Stroud, NTNU, 1998)

o Pressuremeter Test (PMT)
o Flat Plate Dilatometer (DMT)

o Backcalculate from Full-Scale Load Test
or instrumented foundation performance

o Lab tests (TX, PS, SS)
o Small-strain measurements (i.e., V)

Georgia Tech

Internal Local Strain Measurements

0 Burland (1989, Canadian Geot. Journal):
“Small is beautiful” > Majority of soil
elements engaged in deformations are at
small strains < 0.1%

0 Tatsuoka, et al. (1997, 14th ICSMGE,
Hamburg) - SOA Report

0 International Symposia: Deformation
Characteristics of Geomaterials (Japan,
UK, Ttaly, France, and USA)

Georgia Tech




Local Strain Measurements of Poisson's Ratio, v
Jamiolkowski, et al. (1994)

Jmmnmm | TXTEST M 2

¥al l,m%%l_'] o = OJTO

) oe 2 le, =

; * l //." T

8o, Drained:

§” v'=0.2

EU.\ )

o s Undrained

%5 AL sTham :‘;sm 2 * v,=05

Poisson"s coefficient of Toyoura sand.

Georgia Tech

NC Sand Stiffness from CPT Chamber Tests

NC quartz sands
in flexible-walled
Calibration

Chambers Tests:

D'=aq,

wen  MoouLus ()
3

3<a<8

WORMALLY COMSOUCATED  Sancd

g, + cont mEsiaTasce ()

Georgia Tech

OC Sand Stiffness from CPT Chamber Tests

s}
OC quartz sands . / .. i
in flexible-walled 2 .| WO R
Calibration 3 Ky (
Chambers Tests: | ' s rem siws
; ) . Mo oag H e
D = § = TER
= Q qC ! b e dogrn
. OVERCONSOLIDATED  Sancs 3 Rl
: : £t
7 < o < 20+ . ——
=) =) D)
G % cowt  mesisTancE (i)
Georgia Tech
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Sand Stiffness
From CPTs

Py

S

Schmertmann, (ASCE
JSMFD, 1970)

o

“Screw-Plate Tests
of some fine sands
in North Florida”

eI

B PRI WRRG EARETE o by

E=2q

Georgia Tech

NC Sand Stiffness from CPT Chamber Tests

NC quartz sands
in flexible-walled
Calibration

Chambers Tests:

D'=aq.

a

fctn (D)

Georgia Tech

OC Sand Stiffness from CPT Chamber

OC quartz sands
in flexible-walled
Calibration

Chambers Tests:

D'=agq

a

fctn (DR)

Georgia Tech




NC and OC Sand Stiffness from CPT

Ticino Sand

NC and OC Ticino
sand in Calibration
Chambers Tests:

D'=agq

a =fctn(Dg, OCR,Cct')

Georgia Tech

Soil Modulus from Penetration Results

0 Modulus E
backcalculated
from foundation
performance
(Stroud, 1988)

0 E decreases as
mobilized stress
increases

aFs = qul‘t/qapplied

Georgia Tech

Equivalent Modulus for Foundation Response

A

Tmax = Shear strength

Shear Stress, T

G =1/y, = secant shear modulus

v

Shear Strain, v,

Georgia Tech
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Drained Clay Modulus from CPT

g

o Difficulty to obtain
drained parameter,
D' = oedometric
modulus from
undrained CPT .

o First-order Estimate R AL
only: D'=8 (41’0'»/0 I - [

o Singapore (2007): Cy
D' #5 (g:-0.,)

o Similiar to Sanglerat
form: D' = a q,

",

Conatrained Moduhus, Mg, 7,
&
5

aa®

et Cone Tip Resistonce,

Georgia Tech

Equivalent Modulus for Monotonic Static Response

q=(0y - 0g)

Strength -—

O
_~ £Point Measured by

e Most Penetration Tests

e (SPT, GPT, DMT, VST)

Deviatoric Stress

/ Region Corresponding to Most
! Geotechnical Deformation Problems

/
<— G, = G,o'(1-K;) = initial stress state

Axial Strain, &,

Georgia Tech

Small-Strain Stiffness

= Initial Stiffness from Shear Wave Velocity
(strain levels are 10-¢ or smaller)

= Small-Strain Shear Modulus: G, = ppV,?
O pr = y/g =total mass density
0 Emax =2 Gmax (1+V)
O Poisson’s ratio: v =0.15 to 0.20 at small strains

® Modulus too stiff for direct use in
deformation analysis. Must be reduced.

Georgia Tech




Shear Wave Velocity Measurements

k * LABORATORY
u _ FIELD
s DSamphnﬂ A Oscilloscope Refraction
=] s B e N e [

_Downhole

Vertically
Propagating /

Impulse

B
/1Y

Horizontally
B

Hammer

Cased Boreholes

Horizontally
Propagating |

Vertically Polarized

Georgia Tech

Seismic

Dilatometer

Shear Wave Velocity Estimates in Clay

Reference: Mayne & Rix (Soils & Foundations, 1995)

\“ll'|l:-I'.‘SIQ_‘:an‘l

5091 mew: g inkPa
e 0738
e a8l

Measured Shear Wave Velocily, V, (m's)

Measwred Shear Wave Velochty, ¥, (mis)

19000

Cane Tip Resislance, q, = g, (kPa)

a

Georgia Tech

Mitipls Regrassion Line —
4P

V, = 844 (g )" (e, )* M (mis)

Modulus Reduction for Cyclic Loading

(e.g., Hardin & Drnevich 1972; Vucetic & Dobry 1991)

1

09 - ————

s ————— — —

v --——-—-—-—-=--

o6fF —————— — —

05

o4k - —-—-—-—-—-—-—-—-

Normalized G/Gpax

03 Resonant Column Test
0.2 Data (Vucetic & Dobry, 1991)
1<0CR<15
01
|
0
0.0001 0.001 0.01 01 1 10

Shear Strain, ys (%)
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Shear Wave Velocity Estimates in Sand

500 T T

PO RIVER SAND

; :I & GIOIA TAURD
£ SAMD WITH
- GRAVEL
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o fwme i, (1989, ICSMFE
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Equivalent Modulus for Monotonic Static Response
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Range for | Bearing Capacily;,‘
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= Analyses i
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G/6Gmax from Monotonic Torsional Shear Data

1
%
% oor Drained: Open Symbols
(DE 08}y ———-—-—— — = Undrained: Solid Symbols | — —
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6/6,,,, Reduction Curves from MIT-S1
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(Pestana & Whittle, 1999)
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Mobilized Strength, titnac= 1/FS

Equivalent Modulus for Monotonic (Static) Loading

o Initial Stiffness from Small-Strain Data
D Gmax = p V52
D Emax = 2Gmax (1+V)

o Modified Hyperbola for Modulus Reduction
with Mobilized Stress Level (Fahey 1998):

QGG =1-TFT(/tyy)? =1-1(FS) 9
O where FS=1,,/t

O Uncemented, unstructured geomaterials:
guestimate: f=1.0; g=0.3

Georgia Tech
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Modulus Reduction Schemes

> Ramberg-Osgood (1948) » Tatsuoka-Shibuya (1992)
> Kondner (1963) > Fahey & Carter (1993)

> Duncan & Chang (1970) ;. 1shibashi-Zhang (1993)
» Desai (1971) > Mayne (1993)

> Seed & Idriss (1971)  ;, \whittle-Kavvadas (1994)
> Hardin-Drnevich (1972) , p, ., iy & Burland (1996)

i gr‘e\thl ef* all. ((11997735)) » Shibuya et al. (1997)
aniel et al
: > Atkinson (2000)
>
Pyke (1979) » Santos-Correia (2001)

» Jardine, et al. (1986)
> Prevost & Keane (1990) > Tatsuoka, et al. (2003)
> Silvestri (2004)

» Vucetic & Dobry (1991)

Georgia Tech

Modulus Reduction for Static Loading

09 6/6nax = 1-F (VTpee)®

Note: curves forf =1

Normalized G/G,4
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Mobilized Shear Stress, /T4
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Shear Wave, Vs (m/s)
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Stress-Strain-Strength From SCPTu

DSS Data from Amherst
0.4 T T
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“|Modified Hyperbola [~
from SCPTu Data:
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Represented DSS Responses for Onsoy, Norway
(Lacasse, Berre, & Lefebvre, ICSMFE, 1995)
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® XA gA

. .
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O 95-mm diameter-6.2 m
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X 95-mm diameter - 9.1 m
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——SCPTu -10.5m

Horizontal Shear Stress, 7 (kPa)

4 5 6
Shear Strain (%)
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Logarithmic Function (Puzrin & Burland, 1996)

Modulus Reduction, G/Gmax

0 01 02 03 04 05 06 07 08 09 1

Mobilized Strength, t/tmax

Representative SCPTu from Onsoy, Norway
(Gillespie, et al. 1985, NGI Report)
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Representative SCPTu from Bangkok, Thailand
(Shibuya, 1998, ISC)
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Represented CK,UC Responses for Bangkok Clay
(Shibuya, 1999)
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Axial Strain (%)
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Represented DSS Responses for Drammen, Norway
(Lacasse & Lunne, 1995; Andersen et al. 1980)
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Representative DSS in SF Bay Mud
(Pestana, Hunt, & Bray, 2002, JGGE)

San Francisco Bay Mud (Pestana,et al. 2002)

0.40

0.20 +
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010+ - - — - — —— e Modified Hyperbola

=== Puzrin and Burland (1996)

Norm. Shear Stress, t/ay,'

|
|

I | | | | | | |

4 5 6 7 8 9 10 11 12
Shear Strain, ¥ (%)

Georgia Tech

Copyright 2011 - PWMayne

169

Representative SCPTu from Drammen, Norway
(Gillespie, Lunne, & Campanella, NGI Report, 1985)

ar (MPa) ,(kPa) U, (MPa) V. (misec)

o o0s 1 15 0 10 20 30 0 02 04 06 0 S0 100 150 200

Depth (m)
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SCPTU in San Francisco Bay Mud
(Hunt, Pestana, Bray & Riemer, 2002, JGGE)
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Georgia Tech
Edo River Sand (Edogawa) Site (Mimura, 2003)
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Edo River Sand (Edogawa) Site (Mimura, 2003)
Stress-Strain-Strength of Sands

CIDC Drained Triaxial Test (Mimura, 2003)
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Natori River Sand (Natorigawa) Site (Mimura, 2003)
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Conclusions - Soil Stiffness from SCPT
a Hybrid tests (SCPTu) provide optimization of
data collection

0 Shear Wave Velocity provides fundamental
measurement of stiffness (64 = G,,)

0 Approximate nonlinear stress-strain-
strength obtained using initial stiffness
(6,.0x) and modulus reduction scheme.

0 Need intermediate G for site-specific
fitting (i.e., cone pressuremeter)

Georgia Tech
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Natori River Sand (Natorigawa) Site (Mimura, 2003)
Stress-Strain-Strength of Sands

Cone Tip Stress, g, (kPa)

Sleeve Friction, fs (kPa) ‘Shear Modulus, G (MPa)
0 5 1 15 2 25| o s 10 10 20| w0 o w0 w| o 0 a0 150
t

Georgia Tech

Deformation Characteristics
of Geomaterials
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Evaluating Shallow Foundation
Response from SCPT

VSE iQ

fS I/"i\ '.“\\
i \
Paul W. Mayne FAT )
Geotechnical Team E, |\ e /
o . . - A Y
Up— Civil Engineering v \\N- ‘ S
Georgia Tech ==
qr
Foundation Displacements from Elastic Theory
20 T T T cid

q = applied surface stress I Har (1906)

Approximation |
d = foundation width
c = breadth of foundation
h = finite layer thickness
I, = influence factor

s = equivalent elastic modulus
v = Poisson's ratio

Influence Factor, I,

Finite Layer Thickness, h/d

. . —_— 2
’Cerrter Deflection pczw

S

Modulus Reduction from TS and TX Data

ANCS.LB.Sand
A0CS.LB.Sand
© Hamaoka Sand
2 Hamaoka Sand
O Toyoura Sand e =0.67
© Toyoura Sand e =083
©Ham River Sand
©Ticino Sand
O Kentucky Clayey Sand
m Kaolin
@ Kiyohoro Sity Clay
o Pisa Clay
f__Qmes® e = Fujinomori Clay
0.4 g 0}2*: a 4‘ © Pietrafitta Clay

Q = = Thanet Clay
03f - —--"1 a3 fﬁg* — | mLondon ciay
a I| e valiericca Clay

Qo
024+ ——— —'— %ﬁ t‘;" 3:7\77\77\7*
SomP o E IR | |
01+ a %‘?E‘@ %@g)\' “E\!E as
0 A Do 0 P
0 01 02 03 04 05 06 07 08 09 1
Mobilized Strength, T/Tmax or A/Gmax= 1/FS

Modulus Reduction, G/G max Or E/Emax
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Displacements for Uniaxial Case

Total Deflection: Py, = Epi

Az, =& P =8 Az

Az, — =8 P:=¢,Az,

Az, — =& Pi=g; Az,

Displacement Influence Factors from Elastic Theory

_g-d-lgn-lg-lg-(-0%)
ESO

s =p

Mayne & Poulos (ASCE
J. Geot. Engrg. 1999)

Q0 Homogeneous
0 Generalized Gibson Soil

Q Smooth and Rough Y

Displacement Influence Factor, I

Q Finite to Infinite Thickness " umericalintearation /
Q Flexible to Rigid of Boussinesq Solution o4
0 Embedment A
77777777777 [ ratos]
0.01 011 1 10 100

Gibson Parameter, fg = E;o/(ked)

Modulus Reduction Scheme (Fahey & Carter 1993)
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Equivalent Modulus for Foundation Response

o Initial Stiffness from Small-Strain Shear Modulus
D Gmax = p V52
D Emax = 2Gmax (1 +v)

o Modified Hyperbola for Reducing Modulus with
Load Level:

Q E/Epe =1-f(q/q,)° =1-(FS)9
Q where FS = q,/q
a "Well-behaved” soils: f=1 and g ~0.3

(not for cemented, highly-structured geomaterials)

Bearing Capacity of Spread Footings

0 UNDRAINED LOADING (AV/V, = 0)

> Strip Footing: *N, = 5.14
> Square/Circle: *N, = 6.14

- %
Quit = Nc Sy

(a) s, = %sind’ o,, OCR (1-Cs/Cc)
(b) s, = 0.23 OCRO-8 (default values)
(¢) s, =0.2g, in soft clays with OCR < 2

0 DRAINED LOADING (Au = 0)
*,Y =
Q= EBN, LT

Yt (no GWT)
¥' (high 6WT)

Direct CPT Methods for Bearing Capacity

N
a

= === Square Footing 1 /
5 20 4+
; —O= Strip Footing N o]
"3 5 I 2
g 1 7 G
= o
] _o
8 10 o
o g Clean Quartz Sands
.
v}
£ ° & °
= : Note: 1 atm= 100 kPa = 1 tsf
3 H :

20 40 60 80 100 120 140 160
Cone Tip Resistance, q, (tsf)

(After Schmertmann, 1978)

=
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Limit Plasticity Solution
for Bearing Capacity

Bearing Factors

/N N

qult =c Nc +%B Y Ny + 0-vol Nq
undrained | I
loading of

shallow fdns drained

loading of
shallow fdns drained
loadling of

deep fdns

undrained
loading of
deep fdns

Bearing Capacity

Mote: Let d = minimum plan dimession, ¢ » breadth {in plan)

™y
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Figure BC-1. Applied Drained Bearing Factors for Spread Footings and Mats

Direct CPT Methods for Bearing Capacity
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Shallow Foundation Response

Stress, q Calculated Bearing
A Capacity, quy
PR Limit Plasticity
e
/222
o/.
’

Applied stress

Qaiiow = qur/FS, say FS = 3

& Elastic Continuum Theory
|5~ Gmax = small-strain modulus

~
A

v

Displacement, s

Class "A” Prediction - Texas A&M
ASCE and FHWA Symposium (1994)

Geotechnical
Special Publication
GSP No. 41

Measured and
Predicted Behavior
of Five Spread
Footings on Sand

Class "A” Prediction - Texas A&M
ASCE and FHWA Symposium (1994)

Five Spread
Footings on
Sand:

B (meters)
1.0
15
25
3.0 — South
3.0 - North
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Nonlinear Foundation Deflection Analyses

_ged-lg-le-l1gd-v?)
center EMAx [1 _(q/qun)O&]

where

o q = applied surface stress:

a qy = ultimate bearing stress;

o d = equivalent footing diameter

a Iz, I;, Ig = elastic factors for modulus
variation, rigidity, and embedment, respectively.
a v = Poisson's ratio

0 Eux = initial elastic modulus

S

Class “A” Prediction - Texas A&M
ASCE and FHWA Symposium (1994)
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Class “A” Prediction - Texas A&M
ASCE and FHWA Symposium (1994)

ASCE
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Measured and
Predicted Behavior
of Five Spread
Footings on Sand




Class "A” Prediction - Texas A&M

ASCE and FHWA Symposium (1994) FHWA-ASCE Load Tests at TAMU
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ASCE and FHWA Symposium (1994) Nash, Powell, & Lloyd (Geotechnique, June 1992)
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Bothkennar Load Test
Jardine et al. (Geotechnique, 1995)

Class “A” Prediction
Vertical Load (kN)

0 200 400 600 800 Belfast Footing
i : p Load Test
(June 2001)
O ___ = I N———

Conducted by
100+ | =Pregiotes [ -~~~ TN Trinity College,
Univ. Dublin
(Lehane, 2003)
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150 1 i

Kentledge Blocks: B=2.2m
200 + SCPTu (Nash, et al. 1992)

Deflection (mm)
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European Foundation Prediction Symposium
Belfast Test, Ireland (Data by Lehane, 2001)

Index Values (%) CPT g, (MPa) Vane C,, (kPa) Downhole V, (m/s)
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European Foundation Prediction Symposium
GT Class "A” Prediction (July, 2001)

Number of Predictions

Predicted Failure Stress (kPa)

European Foundation Prediction Symposium
GT Class "A” Prediction (July, 2001)

Belfast Footing
Applied Stress, q (kPa)

Deflection (mm)
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Geotechnical News
(December 2001)
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European Foundation Prediction Symposium
GT Class "A” Prediction (July, 2001)

Belfast Footing Load Test
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Belfast Footing Load Test
GT Class "C” Prediction

1. Preferred Undrained Strength Equation (CSSM):

S/6,, pss = ssing’ OCRA  where A = 1-C/C,
2. Empirical (MIT - SHANSEP): Default:

s/6, pss = 0.22 OCR0-80
3. Empirical at Low OCRs < 2 (VST, SHANSEP):

s, =0.22 6,

Belfast Footing Load Test
GT Class “C" Prediction

Belfast Footing Load Test
Applied Stress, q (kPa)
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40
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5 |
2 80 AT
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8 120 - - O East Side T Y
140 & Measured Mean [
|
160 4

o FLAC Mesh for
modeling surface footings
a Calibration with 23 Full-
ScaleLoad Tests

o Approx. Analytical
Method

BBC (Kinner & Ladd, 1973) 5 ocR1aos)

o ocr=1
(w7

3t [0 oo
)

Approximate
Analytical

Method Applied to
Model Footings on
Boston Blue Clay

. a
Tes éﬂi
A
gt

0 001 002 003 004 005 006 007 008 009 01 041 042 |~ PedOCR
Pseudo Strain, s/B
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Belfast Footing Load Test
Lehane (2003) Paper in Geotechnical Engineering

Void ratio

mann affoctive stross, ' (kPa)

a 15 CAUC Triaxials: ¢'=0 and ¢' = 33.5°+ 1.5°
o Consols: C . =0.65: C,=0.13; A=0.80

In-Situ Testing AND/OR

Laboratory Testing

Seismic I

NUMERICAL
SIMULATIONS
For Footing Response

Applied stress, q

3 =

FEM or FOM

Circular or Strip Footings

Displacement, s

SUMMARY: Footing Response from SCPT

0 Hybrid tests (SCPTu and SDMT) with
dissipation phases provide optimization of
data collection: gq, f,, u,, V,, and Au(t)

0 Shear Wave Velocity provides fundamental
measurement of soil stiffness: Gyax

0 Modulus Reduction Schemes (Hardin-Drnevich,
Ramberg-Osgood, Fahey-Carter, Puzrin-Burland)

0 Approximate nonlinear Q-5-Qy; using elastic
continuum solutions for shallow foundations
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Axial Pile Foundation
Response from Seismic

¥ 3
v.[ | Piezocone Results
O
fs Paul W. Mayne, PhD, P.E.
Professor
Civil & Environmental Engineering
u, Georgia Institute of Technology

Atlanta, Georgia USA

~<ll

Seismic Piezocone ¥ =" (@8 >/ M, = ssingi(s-sing)

Test (5CPTu) o . Z] (/P )onc = 3sing/(3-2sing)
b
o 4 Dissipation Tests H Fetn(a,’
H v y
g [~ kyandc, 2 Stress-strain-strength
& . s
g
il e, L | &
IR o
ogth T
log tim g ' .
I; = 6/s, g “
R " Sl Vs > Grax=pr Vi)
Soil Behavioral Classification 8
Vp = S = degree of saturation shear strain, 7,
2 ™ i f
H sand | «—— - .y I' -
s s S e 2| (0w ) % L | sHanser . /
& o7 s u £|-o=--< nd
3w - 2| || £ * OCR e
T clay 4 2 \ .
>
5 \\\ N One-Dimensional \
T g | uy Consolidation M
Friction Ratio, FR = o € €~ QT

log vertical stress 0, log OCR

o-Methods for Pile Side Resistance
a Tomlinson (1957, 4th ICSMFE)

o Wroth (1972, ASCE Purdue Conf)

o Vesic (1977, NCHRP 42, TRB)

o Semple (1980, ICE, London)

o American Petroleum Inst. (1981)

o Dennis & Olson (1985, OTC)

o Kulhawy & Jackson (1989, ASCE GSP 22)
o Nowacki et al. (1993, ICE, London)

o Phoon & Kulhawy (1993, GSP 38)

o Randolph (2003 Rankine, Geotechnique)
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AXTAL PILE

QTctal = Qs + Qb - Wp
CAPACITY i

Qgige = Z (f;, dA,)
Qbase =dp Ab

unit side friction, pr'_:T
Pl Rational or
"Indirect” Method

it

fo = cmei K, 0y’ tang’

"Direct” CPT Method T
(Scaled Pile)

N
i

f, = fctn (soil type, pile

type, gy orf, and Au) Undrained: q, =N, s,
*Up T Ne Su

q, = fctn (soil type, g,-u,, and | | | Drained: q, =N, oy’

degree of movement, s/B ) qb = unit end bearing

Rational (Indirect) CPT Methods

o End Bearing: q, = pile tip/base resistance
from limit plasticity, cavity expansion, limit
equilibrium

o Side Resistance: f, = pile side friction

= amethod: fy=0as, ada=fctn(s,)

* Bmethod: f, =B o, adf = Kotand'

= A method (offshore)

= effective stress methods

= numerical simulations

B-Methods for Pile Side Resistance
o Burland (1972, Geotechnique)
o Flaate & Selnes (1977, 9th ICSMFE, Tokyo
o Kulhawy et al. (1983, EPRI EL-2870)
o Konrad & Roy (1987, Geotechnique)
o Poulos (1989 Rankine, Geotechnique)
o Kulhawy & Jackson (1989, GSP 22)
o Karlsrud & Nadim (1990, OTC, Houston)
o Karlsrud (1999, ASCE GSP 88, Austin)
o O'Neill (2001 Terzaghi, ASCE JGGE)




Direct CPT Methods (using q. and/or f)

0 Aoki & de Alencar (1975, 5th PanAm, Buenos Aires)
a Schmertmann (1978, FHWA TS-78-209)

0 de Ruiter & Beringer (1979, Marine Geotechnology)
0 Bustamante and Gianeselli (1982, LCPC)

a Zhou et al. (1982, ESOPT, Amsterdam)

0 Tumay & Fakhroo (1982, ASCE CPT Experience)

0 Price & Wardle (1982, ESOPT, Amsterdam)

0 Van Impe (1986, 4™ Intl. Geot.Seminar, Singapore)
0 Robertson et al. (1988, ISOPT-1, Orlando)

0 Alsamman (1995, PhD, Univ. Illinois-Urbana)

0 Fioravante et al. (1995, 10t Asian Reg. Conf)

0 Abu-Farsakh & Titi (2004, ASCE JGGE)

Direct CPT Method for Driven Piles in Clays
(Almeida et. al, 1996; Powell et al. 2001)

o Define net cone resistance: Qinet = i - Gvo

o Unit Pile Side Friction (L/d < 60): fp = Gmet/ki
where ky = 10.5 + 13.3 log(qtnet/cvo ')

a Unit Pile End Bearing: qp = qinet/k2
where k= 2

a Value of k, depends on installation and clay
consistency (driven piles: k; = 2.7; jacked piles:
k2 = 1.5 for soft clay and 3.4 for stiff clay)

Georgia Tech

MTD Method (Jardine and Chow, 1996)
Driven piles in sands

Side T ptan (5 f\/ Tip Resistance

Resistance

o' f=0' [ T AT D\

q b=q70-(17 0.5log

013 Depr))

S o) ~038
0 [ (=0.029q |2 - h
P R

s o h
S0 =2 G

YSR  yield stress ratio = OCR D  Pile diameter
O radial effective stress on side after equalization Dyt Cone diameter
o' radial effective stress at maximum shear stress K. o.'/o,
IVR r:l-qﬁv: void index .(see- Burland, 1990, Geot.) S, clay sensitivity
h height above the pile tip g, total cone stress
6 sand shear modulus N N
. " Qo tip resistance
8¢ pile-soil interface angle at max. shear stress R pile radius
8,  2-Rgu ¥ 2.0x10-5 m for typical offshore piles t = fp = pile side friction
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Direct CPTU Methods (q:, fs, and/or uy)

0 Almeida et al. (1996, Canadian Geot. J.)

a Eslami and Fellenius (1997, Can. Geot. J.)

a Jardine & Chow (1996, Marine Tech Director)
O Takesue et al. (1998, ISC-1, Atlanta)

0 Lee & Salgado (1999, ASCE JGGE)

0 Powell, et al. (2001, 15th ICSMGE, Istanbul)
a Karlsrud et al. (NGI 2005)

a Kolk et al. (Fugro 2005)

a Lehane & Schneider (UWA 2005)

Georgia Tech

Eslami and Fellenius (1997, Canadian Geot. J.)

UNICONE
~ METHOD:
o
I
s A. Define
3 effective cone
" = resistance:
< 17171 e = Qi-U2
o1 LI [ [ ||
1 10 100 1000
Sleeve Friction, f, (kPa) B. PIOT Qe vs fs
for soil type
Soil Type Cs Value
0 1 Very soft sensitive soils 0.08 C. Pile Side:
a 2. Soft Clay 0.05 C_
a 3. stiff clay to silty clay 0.025 fp é e
a 4. Silt-Sand Mix 0.010
o 5. Sands 0.004 D. Toe: q, ® q
Georgia Tech

MTD Method (Jardine and Chow, 1996)
Driven piles in clay

Side Resistance Tip Resistance

T =6 ptan (5 f) Drained loading

o' =0.80" q,=0.8q

0 =Ko vo

Undrained loading
Alvy=log(S 1) ap=13a,

0.42 h\’nm
K =(2-0.6251,,) YSK"*.| =
it vr) R)

or \ wegod2 (1702
K =(22+ 0,016 YSR- 08701, ) - YSK*. (2
Y ®

\"7 020
(Lehane et. al, 2000): K =027(2-06251,,)- at (g)
d vi) X

19 vo




Pile Friction Method from CPTu
(Takesue, et al. 1998)

6 T T
 Clay | Pile
® Mix Bored cast-in-situ piles _
w ST P — - — E =
= A Ssand |
“ X Clay | T T
) " ]
£ am } Driven steel piles _ _ ]
['4 |
c A San‘d T T
]
b o £
-
o 2 P
(3]
P! to
o, T .T
0 L

-300 o 300 600 900 1200
Excess Pore Pressure, Auy, (kPa)

Equivalent Modulus for Static Loading

Q Initial Stiffness from Shear Wave
0 Epax = 2 Gpox (1+V)
o v=0.15 to0 0.20 at small strains
0 Bpex = p Vi

O Modified Hyperbola for Modulus Reduction
(Fahey & Carter, 1993)

o E/Emax =1- f(q/qulf)g

Q For uncemented, unstructured soils: f=1.g~0.3

Qtu = Qs + Qb
Q,, =z (f, dA))
~CPT A Q= 0y A,

RIGID PILE RESPONSE

unit side friction, f,

_ Q( N Ip
d- B [1-(Q1/ Q)]

(S
P I (L/d)

[ToT

R = 2 _ IR Y400 R
Ve = Enax =2pV 2 (14v) o2 o) mBL/dI-V)

f
u: } £, =fctn (£, and Au)

<

Load Transfer Q |
a } Clays: q,=g,-u, AR izif’z
Sands: q,~0.1q, | | | Q1o

q, = unit end bearing
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Drilled Shaft €2 Load Test- Atlanta

Ll L Chin {574) —]
500 |-
~ Fuller and Hoy (470)
- 400 - - Brinch Hansan B0% (390)
£ TS~ Brinch Hansen 80% (375)
=2 A Butler and Hoy (370)
o 300 S Mazurkdewicz (313)
[ g Davlsson (312)
3 200 \\\ Vander Veen (300)
™ De Boer (251)
100
Avg. = 360 tons
), A S S T L ]

0 1 2 3 4 5 6 7
Displacement (in.)

SCPTu for Pile Foundation Analysis

a Tip Stress, q; —> Base Resistance (Sands: Lee &
Salgado, 1999; Clays - Eslami & Fellenius 1997)

O Sleeve friction fp = fctn (Au, fs) from Takesue, et
al. (1998).

0 Shear Wave (V,) — Initial Stiffness (E,.)

0 Modulus reduction formulation (Fahey & Carter,
1993): uncemented soils, g = 0.3

0 Elastic Continuum Solution for pile foundation
deflections (Randolph & Wroth, 1979; Poulos &
Davis, 1980)

Axial Pile Influence Factors (Rigid Pile)

Randolph & Wroth (1979); Poulos & Davis (1980)
Rigid Pile in an Infinite Elastic Medium
1.00 ;

© Boundary Elements [ — _

Closed Formv =05 [~

— —Closed Form v =0.2

Closed Form v =0

Influence Factor, I,
°
>

0.01

0 10 20 30 40 50 60 70 80 90 100
Slenderness Ratio, L/d




Elastic Continuum Solutions
for Axial Pile Response

Based on Mark Randolph Solutions

(Randolph & Wroth, 1978 ASCE JGE, 1979 ASTM
STP 777; Fleming et al., 1992: Piling Foundations)

Rigid Pile Floating in Homogeneous Soil Medium
- . o . . r
Pe =2m I,’O L7 shearstress: 7 = Ll
= shaft capacity (force) r r = radial distance
N
—p] 4
pile T To T shear strain
Soil Medium: shaft ow  8u w = vertical displacement
Vs = ot
G = shear modulus I’adIUS T T or oz u = horizontal displacement
v = Poisson's ratio and T T L y ow
~ W
Iength s or
or 1, = pile
T T shear = ys-0r
E = 2G(1+ stress
(1+) T T w, = .[75 or
T, T,
r = Gy, = v, ~ Db
vertical depth, z v : r = G-r
) _ _[% T _Tﬂ'rojr'“l
Shaft displacement = w, w, = .[75 or —J- Gor or = G b7 or
T,
W, = S, /1)
P,-r,
Egn(y: W, = é where ¢ =In[2.5-(L/1,)-(1-v)]
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Rigid Pile Floating in Homogeneous Soil Medium

w, = top vertical displacement r = radial distance

-)
s
pile T To T
Soil Medium: shaft
radius _
G = shear modulus r T T E.=2G60+)
v = Poisson's ratio and T T shaft P
length displacement = 71’2
or L =ws 7w,
1AL °
Es= 2G(1+v) T T d=2r,
+
2
Circular Rigid Plate E W = fw circular footin
[ ’ 4 Es ( ?
Base displacement = w,
P,-(1-v)
. w o= -7 r)
Eqn(2): b 4G,

w; = top vertical displacement

Rigid Pile Floating in Homogeneous Soil Medium

M

P,= P, + P,

top = side + base

Circular Plate

Base displacement = wy,

Pile Top Displacement:
Eqn(4a):

For Rigid Pile: w, = w, = w,
—>]
pie 1| Wl w o P6 _ ., _ Pw
Soil Medium: shaft *  2z-L-G 4-G-r,
radius . = . .1-
G = shear modulus . ! T zetaterm: ¢ =In[5-(L/d)-(1-v)]
v = Poisson's ratio and p 2 L-(1-v)
IengthT T PZ = T ang =(z/{)(L/d)A-v)
or L
_ T T Load transfer from top to base: Eqn(3):
E =2G(1+v) shaft T T
displacement & — Pn — 1 _ 1
=W P, PR+P,  1+%, 1475020

Substitute this with w, = w,, back into Eqn(2):

P 1
. = ——2 wherel =
d-E O S
s ¢ 1+v d 1-p?
-_“P(_”__"_‘-"_;i.-;”_”-;:”[2_5":,“_;-_-]'
Gow T amteon Wit ¢=mlasLig)-a-v)
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RIGID PILE RESPONSE
(pile in homogeneous soil)

Ground Surface

P,=load at top

Top Deflection, w,

H

1 (S|

! Wt: t 2
_: d-Es

|

1
lo=—3 L7 (Ud
1—02  (1+0) In[5(L/d)1-V)]

1

I

!

1

Homogeneous Soil i
i

i

(Es and v constant with depth)i _ !
!¢i Load Transfer to Base:

b P .2
= Base load v 1-o
axtaLPIE Q| ,_Ql, e, depiecemen
DEFLECTIONS d- EsL Elastic continuum theory
Diameter d — [+—
« E(surface) >— . .
b E, = Equivalent Elastic
, , Soil Modulus
ayer %
Length K
L &  Eqy (mid-ength)
"-‘ E,, (along side at
____________ . o — . —.5lipftoglbase) . _ . __ . _ . _
Layer' 2 Ey, (base geomaterial :
Modulus of layer 2)
Z = Depth
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RIGID PILE RESPONSE P.= top load c i

(two layer soil system) + ' W, = £
CrolincE e Top Deflection, w, d: |
. . . 1
Generalized Gibson Soil: ]p —
r 1 7 -py (L/d)

Es=Eso+kE.Z =

¥ 1 v (lty) (.

Alternately represented by:

Rate parameter pe= E, /E -
1 é"p=h1[5-(L/d)[EfL {pE(l—U)—O.l}-i-O.l:D
e 1— b
Pr 1L
kK -1 : ' *side load, P, = P, - P,

P, = base load

Layer 1 (side geomaterial)

Layer 2 (base geomaterial)

P, 1
5 il
@

Load Transfer:

1+
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AXTAL PILE Q p Q . |p }th:ere [ =f ditsplr;\cement
e nfiuence factor from
DEFLECTIONS d- EsL Elastic continuum theory
Diameter d — [+— o
Eltor) £ T Equi
Y E = Equivalent Modulus
3 (Randolph & Wroth,
Layer 1 Lencth Y 1978, 1979)
eng 0
L & Equ (mid) 0 Homogeneous
B a Gibson
% 0 Finite/Infinite
I a Floating or
0 End-Bearing
% Eg (base)
Layer 2 @
v i E, (base material
Z = Depth i beneath base or toe)
= Dep :

CATioN No. 93

NATIONAL
GEOTECHNICAL
EXPERIMENTATION

NGES at Texas A&M, College Station
SCPTu by LTRC, Baton Rouge (Tumay, 1997)

Depth (m)

Tip Resistance.
ar (MPa)
10 20 3 0

Steeve Frction Por Watar Pressure Shoar Wave volocty
, (kPa) uy (kPa) Vs (mis)
100 200 300 400 -200 O 200 400 600 O 100 200 300 400 500
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RIGID PILE RESPONSE P,= top load

Pl
(two layer soil system) !
Ground Surface

Generalized Gibson Soil:
E,=Eg,+keoz

=N N A (V!

E 1-0° (+0) &,

: ¢ = ln[S-(L/d)[ EEﬂ {pE(l—u)—o.l}m.lD
i »

Alternately represented by:
Rate parameter p = E/E,,

1

2E,
ke L

pe =1

Layer 1 (side geomaterial)

Layer 2 (base geomaterial)

Load Transfer: t 1+ E(L /d)(1-v)
E

P b

Texas A&M NGES, College Station, TX
ASCE and FHWA Symposium (1994)

Geotechnical Special
Publication GSP 41 —
Measured and Predicted
Behavior of Five Spread
Footings on Sand

Drilled Shaft Load Test (Bored Pile in Sand)
Reference: Briaud et al. (2000), J. Geot. Engrg.

National Experimentation Test Site at Texas A&M

Drilled Shaft:
d=0914m
L=104m

Briaud et al. 2000 JGE

TAMU Drilled Shaft Load Test
Pile Diameter,d (m) = 0.92

Pile Length,L (m) = 10.40 |

Pile Modulus, Ep (kPa) = 31800000
Poisson Ratio of Soil = 0.2
Soil Modulus, EsL (kPa)= 387000
Base Modulus, Eb (kPa) = 387000 ¢
Rho = Ratio(Es)mid/(Es)L= 1
Shaft Capacity, Qs (kN) = 3438.0
Base Capacity, Qb (kN) = 624.7
Total Capacity, Qt (kN) = 4062.6 ¢




NGES at Texas A&M, College Station

Axial Load, Q (kN)

0 1000 2000 3000 4000 5000
0
103w\ -
20
~ 30
E 40
~ 50
60
70 F
80 =it

e==pred. Qt
O Measured Total

Drilled Shaft:
d=0.914m
L=104m

Top Deflection, w;

= pPred. Qb
B Measured Base

e pPred. Qs
¢ Measured Shaft

National Geotechnical Experimentation Site
(NGES), Univ. Massachusetts, Amherst

SCPTu Soundings at Amherst NGES

q: (MPa) f, (kPa) u, (MPa) Vs (m/s)
o 1 2 3 4 0 100 200 02 0 02 04 06 0 100 200 300

Depth (m)
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Load Transfer at Texas A&M University

Axial Force (kN)
[ 1000 2000 3000 4000 5000
04 3 Y
11
PE Nl S S S Sy A A
31
Iy
= !
ES i “Instrumented
50_ 6 Drilled Shaft
27 d=0.914m
L=104m
8 L
9
10 3
MP-—-—-—1 - == - — -
12

Amherst National Test Site

0 30-m thick natural deposit of Soft Lacustrine Silty
Clay (Connecticut Valley Varved Clay): 1-m clay fill
over 3-m desiccated crust over NC clay deposit

0 Extensive field testing program: SPT, VST, DMT,
CPT, CPTu, SCPTu, SDMT, SBPMT, CPTu dissipation
tests, DMT dissipations, spade cells (TSC), slug tests,
borehole shear, impulse shear,

0 Extensive Laboratory Testing: index, oedometer,
triaxial (CIUC, CAUC, CK,UC, CK,UE), simple shear
(DSS), direct shear box (DSB), permeability

s, and OCR Profiles, Amherst NGES

Undrained Strength,s,pss (kPa) Overconsolidation Ratio, OCR
0 20 40 60 80 0 2 4 6 8 10

TE 2.
.KLabDSS

_ . (Bonus 1995) _|

] |
Lab Oedometer -
(Bonus 1995)

Depth (m)
o
Depth (m)
o
+
|




Depth (m)

Sounding SCPTu 07 at Amherst NGES

Tip Stress, ¢; (MPa) Sleeve f, (kPa)

Porewater u, (MPa)

Shear Wave,Vs (m/s)

o 1 2 3 4 0 20 4 60 8 -02 00 02 04 06 O 100 200 300 400

Amherst NGES

Side Friction fp (kPa)
20 40 60 80

Sleeve f (kPa)

Amherst NGES

Direct CPT Method for Pile Side Friction (Takesue, et
al. 1998); Direct CPT for End Bearing (Eslaami &

Fellenius, 1997): Q,
Q.
Total Axial Capacity: Q

112 kN
1018 kN
1130 kN

Rational CPT Method: ¢’ = 23° (triaxial); OCR from
SCE-CSSM Theory; B Method for K, Profile; End
Bearing from Limit Plasticity and s ss at Base:

b
Q.
Total Axial Capacity: Q

88 kN
084 kN
172 kN

1
1

© Direct
(Takesue et |_|
al. 1998)
© Rational
Using qt —|
| |
| |
| |
l— — —1— — ]
| |
| |
Amherst NGES
Small-Strain Elastic Modulus, E,., (MPa) Drilled Shaft 2
0 50 100 150 200 250 300 l
t 16 + + + s
N o~ d=1.01m

Depth (m)

d=0.914m

Ambherst Drilled Shaft (Iskander et al. 2001)

Axial Load, Q (kN)
0 200 400 600 800 1000 1200 1400 1600

104 - -Yw-—-——-
20F--1-v--—--——-
0F - -f+---—--——-

Top Deflection, ws (mm)

40F - - -—-—-----
|
S0fF--—7-®--—-—----- %7777
wi 3
F--J-w-------- ’****8*‘***
| ® Q |
80 4+ 1a g ——
e Pred. Qt e Pred. Qs — Pred. Qb

© Measured Total & Measured Shaft

m  Measured Base

Opelika National Geotechnical
Experimentation Site, Alabama
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SCPTu at Opelika NGES, Alabama

% (MPa) 1. (kPa) uz (kPa) V. (mis)
o 2 4 6 8 0 100 200 300 | 100 O 100 200 | © 200 400
[) ) [) g
1
2 2 2 b
rJ
o
£ a 4 1
2 %
Qe [} eff - 6 N
£ *
3
S s 8 sff - 8 b4
He
10 10 ol - Gy | o !
| ]
o
12 12 2 f - 12 L
< scPTu
4 SOMT
& Crosshole
SASW

I-85 Bridge, Coweta County, Georgia
Drilled Shaft: d =0.914m; L = 19.m

Cone Rig at I-85 Bridge, Newnan, Georgia
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Axial Bored Pile Load Test at Opelika, Alabama

lQ (fotal)

Axial Load, Q (MN)

L] 1 2
0
Drilled
51 Shaft 01
T (cased)
£
S04 4- - - -4 AN-N-----1
§ ‘ d=091m
Q15 | L=11.0m
- ——Qtotal = Qs + Qb
82°.>777 —Pred. Qs e
o —Pred. Qb
lg © Meas. Total QshnfT
254 — & Meas. Shaft | |— —\— —\— —
Meas. B
| ] ‘eas ase Qbuse
30 T T T

Soil Profile at I-85 Bridge, Coweta County, GA

Depth (m) v
0 .
A4 S eiat ! Drilled
5 Resduum: Shaft
Sity Sand (SM) 1o D=091m
Sandy Sit (ML}
= 10 L=20.1m
2 E )
5 E 15
§ .- _______ =
§ E o120 Pamay
w - Weathered
: T o
Bap © X
830 Brloubinlinlul a0

o 20 40 60 BO 100
SPT-N Value (blows/0.3 m}

SCPTu at I-85 Bridge, Coweta County, GA

qr (MPa) f, (kPa) U, (kPa) V; (mls)
2 4 6 8 0 100 200 300 -100 o 100 200 0 100 200 300 400
T

0

Depth (m)

|

|

|

|

|

|

|
Lo —

|

w0+ —— & — — -

|

|

|

|

|
[

|

L




Axial Load Response of Coweta Shaft

Axial Load, Q (kN)

0 2000 4000 6000 8000

0 4 } t ——Qtotal = Qs + Qb
£
E 10F - NN Pred. Qs

+

;~ Pred. Qb
§20r - -V -~ -

'43 ® Meas. Total
S30+---W -+ -

S ¢ Meas. Shaft
a2 e

PR i - m Meas. Base
o

I— [ ]

50 T T T

Class "A" Prediction of Axial Pile Response
Southern Companies, Jackson County, Georgia

a.(MPa) 1, (kPa) u; (kPa) V., (m/s)
. 0o 5 10 15 N o 800 600 0-100 o 100 R ] 200 400
2 2 2 = 21
4 4 e 4+
e 6 s [ 6
N a 8 5 8
§ 10 10 10 % 10
§ 12 12 12 2 12 1
“ 14 14 14
1. 16 18 E 16 4
18 18 18 18
2 20 20 20

Axial Pile Response from SCPTu, Jackson County, GA

Driven Steel Pipe Pile No. P33 (L = 17.8 m)
Axial Load, Q (kN)

0 200 400 600 800 1000 1200
-
£
5
S
-
2
c
2
=
15}
Q01 A

% 10 Predicted in advance

|

2 4, from SCPTU data |

| |

14 ‘ ‘
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Class "A" Prediction of Axial Pile Response
Jackson County, Georgia

Turbine Foundations,
Power Station
Southern Companies

Q Driven 273 mm diameter closed-ended
steel pipe piles; 8 <L < 18 m.

Q CPT q, fo & u, used for axial capacity
and V; for initial stiffness.

Axial Pile Response from SCPTu, Jackson County, GA

Driven Steel Pipe Pile No. P22 (L = 9.45 m)
Axial Load, Q (kN)

0 200 400 600 800 1000 1200
S S S S
/ Predicted by SCPTu
- 2T - F === ~ - in Advance -
€ | .
£ |
- | A4 |
2 69T e~ —
= N | Measured I
S 84+ N | 'S |
+ Tt I
o .
5} | AN |
w0 S S
o e T .
12+ | | T 2
| |
14 . ‘ x

GDOT Bridge at International Boulevard
near CNN, Atlanta

Drilled Shaft Load Test by O-Cell
GT Class "A" Prediction
March 2003




GDOT Viaduct at International Blvd. CNN

SCPTu at 6DOT Viaduct at International Blvd.

Tip Resistance
ar (MPa)

1. (kPa)
5 10 15 20 0 200 400 600 800 100 O

Sieeve Friction

Pore Water Prossure
U, (kPa)
100 200 0

Friction Ratio

10 0 200

Shear Wave veloity
FROY) v, (mis)
5

400

60

Depth (m)

-
e
<

6DOT Bridge

Actual Construction

of Drilled Shaft
at CNN |
[
29m d=1.68m
Residual Soils ‘
(ML/SM) M8m d=1.59m
"""""" } / Stage 2 O-cell
Partially-Weathered T _
Rock (PWR) 62m d=1.44m

" stage 1 O-cell

Osterberg Load Test Using SCPTu Data

SCPT setup by
Georgia Tech
near CNN

5
27
o’
5%
-

=
-
o

P

Rigid Pile in Layered Soil Profile

GDOT International Blvd. at CNN
Axial Load, Q|(MN)
0o 1 3 4 5 6 7 8 9 10 11 12
0 }
I
2 |
ELE
E3
< 20
L
T
3
% 301 - Qt Predicted [~ 17— — I -\~ -
o o O-cell top down
-5 1
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P, = Axial Load
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&wnT R _ 274G, 22,6, 2dG,
—|d | Wy g S, I-v,
G h
T ¢ = Inf5-(L/d) [ pa1-0) -0 +0.11)
vy 51
é ‘ L
Py| Y Wi R _ 221G, N 2dG,
Wi, ¢, 1-v,
& " = In{5-(L/d) (2 {perl 0.13+0.17}
Vo Ppa &= In5-(L/d) [g-{pe,(1-0,)-0.1}+0.1]
Note: pg =1 ); 0.5 (pure Gil )
Py tw, B _ 2dG,
G, W, 1-v,
V3




Conclusions - Axial Pile Response by SCPT

o Hybrid tests (SCPTu and SDMT4) for
optimal soil parameter determinations

0 Fundamental soil stiffness: 6, = p V2
0 Modulus Reduction Schemes (mod hyperb)
0 Used within elastic continuum framework
0 Needs more numerical simulations

0 Add intermediate stiffness measurement
(SDMT, dilatocone, cone pressuremeter)

GeoMusic

ISC 2004 Porto
GeoMusic

Jim Mitchell - sax
Jean Nuyens- piano
Martin Fahey-mandolin
Nino Cruz - guitar

Paul Mayne - bass
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Evaluation of Calgary
Drilled Shaft by SCPTu

Paul W. Mayne
Class "A" Prediction
16 March 2007

Revised Class “C” Prediction —
May 2008

FEvaluamm—uftalgaerrlﬂufShaftﬂme—‘

+ Foothills Medical Center
» Geotechnical Engineers: Golder Associates

» Piezocone and Seismic Cone Tests by
ConeTec Investigations

+ Drilled shaft constructed using dry cased
method (d=0.9mand L =15m).

« Fill over sand/silt over hard Clay Till
* Provided soil boring with SPTs
+ Static O-cell results by LoadTest

Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

CPT05-06 Calgary

Cone Tip Stress, g, (&Pa) Sleeve Friction, fs (Ka) Porewater, u, (o) Shear Wave, Vs (n/s)
o 5000 10000 15000 20000 9 50 300 150 20 250 30 0 200 400 600 800 1000) 0 100 200 300 400 500 600

pis

Depth (meters)

Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

CPTO5-06 Calgary

Normalized Tip Stress, Q@ Normalized Sleeve F Normalized Porewater, B, SBT (1993)
o so w0 1 2o © 5 1 15 2 0200 0z 04 06 08 10 Lraascrss

Depth (meters)

Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

Note: 3= Clay (Till; 45 Silty; 6 =Sand

roximate Soil Classification CPT05-06 Calgary
Simple Soil Type Preconsolidation Stress, s,' (kPa) 055 Undrained s, (kPa)
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Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

CPT05-06 Calgary
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Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

Depth (meters)

‘Shear Wave, Vs (m/s)

G (MPa) Ere (MP0)
0 50 100 150 200 250 300 350 400 o s w0 1s00|

Unit W, yr (KN/m®)

E,..'=537 MPa
I:

|

|

I

! Ve Sl

| (Hanesy
Ve o Cigs

I (Harss)

| o paieoCean

|

1

RIGID AXIAL PILE RESPONSE (Elastic Continuum)

(Poulos, 1989; Randolph & Wroth, 1978, 1979)

Calgary Drilled Shaft in Hard Clay Till
0.90 m diam Drilled Shaft with 15 m length - dry cased method

Pile Diameter, d (m) = 0.90
Pile Length, L (m) = 15.00
Pile Modulus, Ep (kPa) = 35000000
Poisson Ratio of Soil = 0.2
Soil Modulus, EsL (kPa) = 537000

(Es)L = Modulus pile tip
(Eb) = Bearing Stratum
(Es)mid = Mid-depth Modulus
(Eso) = Mod. at Surface

L/d Ratio = 16.667

Base Modulus, Eb (kPa) = 537000 Ratio Pb/Pt = 0.091
Rho = Ratio(Es)mid/(Es)L = 1 ZetaTerm = 4.200
Shaft Capacity, Qs (kN) = 5658.0 Kr = Ep/ESL = 65.2
Base Capacity, Qb (kN) = 1675.0 Ratio Ps/Pt = 0.909
Total Capacity, Ot (kN) = 7333.0 tan§= 0.500

Compress.Param  0.009885
1 Ratio Qtens/Qcmpr 0.779658
1

Xi = Ratio (Es)L/(Eb)
Eta = Base Effect

Rigid Pile
[ 4n 2ape

Area Pile (x-sec)= 0.636

sl

Gult (-o¢ ¢ AveG= 207590.1

Compressible Pile

Measured and predicted Calgary shaft response
based on given information

Axial Compression Load, Q (kN)

0 1000 2000 3000 4000 5000 6000 7000 8000

Top Deflection, wy (mm)

——Pred. 0
— Offsét Line

TR
gred QhQS <
o Measired
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Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

Side Friction, f, (kPa) Side Friction, f, (kPa) Side Friction, f, (kPa)

Side Friction, f, (kPa)

Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

Axial Compression Load, Q (kN)
0 1000 2000 3000 4000 5000 6000 7000 8000

Top Deflection, w; (mm)

=—Qtotal = Qs + Qb

=—pred. Qb Offset Line

=Pred. Qs |

Calgary drilled shaft

« What went wrong with prediction?

« Shaft began at basement level 8 m deep; not at ground
surface

« Specified geometry of shaft (d =0.9 m; L =15 m) was
not correct

« Actual constructed geometry: d=14mandL =14 m

« “Class C” prediction using actual geometry gave......




RIGID AXIAL PILE RESPONSE (Elastic Continuum)
(Poulos, 1989; Randolph & Wroth, 1978, 1979)
Calgary Drilled Shaft in Hard Clay Till
0.90 m diam Drilled Shaft with 15 m length - dry cased method
Pile Diameter, d (m) = 0.90 (Es)L = Modulus pile tip
Pile Length,L (m) = 15.00 (Eb) = Bearing Stratum
Pile Modulus, Ep (kPa) = 35000000 (Es)mid = Mid-depth Modulus
Poisson Ratio of Soil = 0.2 (Eso) = Mod. at Surface
Soil Modulus, EsL (kPa) = 537000 L/d Ratio = 16.667
Base Modulus, Eb (kPa) = 537000 Ratio Pb/Pt = 0.091
Rho = Ratio(Es)mid/(Es)L = 1 ZetaTerm = 4.200
Shaft Capacity, Qs (kN) = 5658.0 Kr =Ep/EsL = 65.2
Base Capacity, Qb (kN) = 1675.0 Ratio Ps/Pt = 0.909
Total Capacity, Qt (kN) = 7333.0 tan § = 0.500
Compress.Param  0.009885
Xi = Ratio (Es)L/(Eb) = 1 Ratio Qtens/Qcmpr 0.779658
Eta = Base Effect = 1
- . Area Pile (x-sec)= 0.636
Rigid Pile ¢ )
R _ 4, 2 L
Gutoh - (1-u) ¢ Ave G= 207590.1
Compressible Pile
4n 27pe Atanh(,uL)L
R _  (-vg ¢ M
A _ 4 tah(u) L
zA(l-v)é y7. r,

Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

NONLINEAR AXIAL PILE RESPONSE
(Poulos, 1989; Randolph & Wroth, 1978, 1979)

Axial Drilled Shaft Calgary, Alberta
Using SCPTU data and Elastic Continuum Soln

Pile Diameter, d (M) = (Es)L = Modulus pile tip
Pile Length,L (m) = (Eb) = Bearing Stratum
Pile Modulus, Ep (kPa) = (Es)mid = Mid-depth Mod.
Poisson Ratio of Soil = (Eso) = Mod. at Surface
Soil Modulus, EsL (kPa)= L/id Ratio = 10
Base Modulus, Eb (kPa) = Ratio Pb/Pt = 0.105
Rho = Ratio(Es)mid/(Es)L= ZetaTerm =  2.935
IShaft Capacity, Qs (kN) = Kr = Ep/EsL = 65
Ratio Ps/Pt = 0.895

Base Capacity, Qb (kN) =
[Total Capacity, Ot (kN) =

Load Transfer in Elastic Range
Pb/Pt= 0.155
Ps/Pt = 0.845

Xi = Ratio (Es)L/(ED)
Eta = Base Effect

(Randolph, 1994)

Strain  Load to Norm.
Q d Ps Pb e Base  Es/Emax
*N)  (mm) (m) (kN) (kN)  wid Ps/Pt

00 0000 000000 00 00 o o845 1.000
75.8 0016 000002 64.0 1.7 113E05 0845 1,000
1516 0032 000003 1261 255 227605 0832 0772
221.3 0056 000006 1883 300  4E05 0829 0721
3031 0078 000008 2504 527 558E05 0826 0685
378.9 0101 000010 3123 665 7.22E05 0824 0657
4547 0125 000012 3741 806 B91E-05 0823 0634
5304 0149 000015 4357 947 0000107 0821 0613

0.00017 497.2 0.000125

Equivalent Top-Down Curve from Load Test

Axial Load, Q (kN)

0 2000 4000 6000 8000 10000 12000
— . . . .
£
£
-
-
2
<
2
=
Q
D
&
Q
[a]
=—Qtotal = Qs + Qb ====Pred. Qs =—pred. Qb
© Measured Offset Line
Equiv Influence
EsL Lamb Term  Tanh(uL) Factor
(kPa) cosh(} Ratio pL uL Nume Denom. Ip
537000 2005 156 13201 06566  6.42 4078 01575
537000 2005 156 13201  0.6566  6.42 4078 01575
414744 1752 203 11601 07078 6.5 4297 01432
387204 1697 217 11209 07207  6.09 4352 01398
368026 1659 228 10928 07301  6.04 4393 01375
352049 1620 238 10702 07377  6.00 4425 01356
340338 1605 247 10509 07443 597 4453 01340
320400 1584 255 10339 07500 594 4478 01326
319683 1565 263 10185 07553 5.1 4500 01314
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Evaluation of Calgary Drilled Shaft Response
by Seismic Piezocone Tests

CPTO5-13 Calgary

Depth (meters)

Prediction:
Tip Stress, q, (kPa) || Sleeve Friction, 5 (kPa) Porewater. u; (kPa) ‘Shear Wave, Vs (m/s) d=09m
1000¢ 20000 o 00 ) 10000 0 100 200 300 400 500 600 L =15m
t 1t
I W R

Actual:
- d=14m

i e B e e e

Evaluation of O-cell Load Testing of Calgary
Drilled Shaft using Seismic Piezocone Tests

Rigid pile under tension loading

=14m R _ 27pe L
L=10m Gutw, ¢ 1,
Rigid pile under compression loading
O-Cell I R, -~ 4n . 27pe ,L
de1am Gurw,  (I-v)§ <o
L=4m

Where L = pile length, r, = pile shaft radius, r, = radius of pile base (i.c., belled shafts),
n =1y, E,=pile modulus, G = soil shear modulus along side at z=
= Gibson parameter; Gy = soil shear modulus at mid-shaft; 1 = E /Gy = soil-pile
stiffness ratio, & = G /Gy, Gy, = soil stiffness below pile tip/toe/base; = In(r,,/r,) =
measure of soil zone size around pile: r,, =L{0.25 + & [2.5 pg(1-v) — 0.25]}

P = Gou/Gyr,
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Evaluation of Calgary Drilled Shaft Response

by Seismic

Piezocone Tests

NONLINEAR AXIAL PILE RESPONSE
(Pouios, 1989; Randolph & Wroth, 1978, 1979)

Axial Drilled Shaft Calgary, Alberta
Using SCPTU data and Elastic Continuum Soln

e Srameter, () = (Es)L = Modulus pie tip
et

[Base Capacity, Qb (e
ITotal Capacity. Q1 4

Load Transfer in Elastic Range
X = Ratio (ES)LI(ED) PbPL= 0155
Eta= Base Effect

= Papt= 0845
(Randolph, 1954)
Fraction Incremer 160

Adal Axiel | Adal | Shat Tip  Pseudo Fraction
Swain Loadto Norm.

Equivalent Top-Down Curve from Load Test

Axial Load, Q (kN)

0 2000 4000 6000 8000 10000 12000
-~ 0
E
£
ER h
< "
2 !
2
§ 2 I
4
3 |
8

30

— oG e —ea o —re

o easured Offset Line

Equw nfuence
Py Lamb Term  Tanh(u)
(o) cosn Ratio WL Nume Denom

e JEmax
wid PSP

00 o oms 1w

82 O awew ATz 0 oo om0 08

w0 zas w1 Omes  6e 407
e s (o o7 o 4500 Giw

by Seismic

Evaluation of Calgary O-Cell Shaft Response

Piezocone Tests

Calgary Foothills Medical Center
O-Cell Load Test Results

O-cell load test data App. A, page 3 of 5
LOADTEST Project No. LOT-9121 (Figure 1)

| = Loading Down

@ Measured Above O-Cell

© Measured Below O-Cell
——Loading Up

Displacement, w (mm)

0 1000 2000

3000 4000 5000 6000 7000 8000

O-Cell Load, Q (kN)
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Characterization & Engineering Properties of Natural Soils

In-Situ Test Calibrations
for Evaluating Soil Parameters

Paul W. Mayne
Georgia Tech

Overview on In-Situ Test Calibrations

0 Expand the analytical model for
clay (Cavity Expansion + CSSM)

a Forward evaluations of CPTu (3
readings) and DMT (2 readings) in
clays

0 Include piezo-dissipations

0 Global trends in field test data

Georgia Tech

Cavity Expansion-Critical State Model for CPTu-OCR
State:

G, = effective overburden stress
eo = initial void ratio
OCR = o,/0,, = overconsolidation ratio

Soil Properties:

¢' = effective friction angle
C. = compression index

C, = swelling index

G = shear modulus

Shear-induced
Au (CS5M)

Soil Parameters
A=1-cyJC,

M = 6 sing'/(3-sin¢’)

s, = undrained shear strength

I, = 6/s, = rigidity index

Elastic region

Measured Au =
Aty * Al

Octehedrel- stress
hu (SCE)

¥, C. C
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Standard Penetration Test
Texas Penetration Test
Vane Shear Test
Pressuremeter Test

Cone Pressuremeter
Dilatometer Test

Screw Plate Test

Ko Stepped Blade

Swedish Wt. Sounding
Hydraulic Fracture

In-Situ Testing Methods Need for multiple tests

SPLT

Swedsn  15C SPTT
Weight LPT
Sounding

SCPMTU

Plate Penetrometer
Suspension Logger
Crosshole Geophysical Test
Downhole Test

Borehole Shear Test
Total Stress Cell
Freestand Torsional Shear
Cone Penetration Test
Piezocone Penetration
Resistivity Piezocone
Seismic Cone

Seismic Flat Dilatometer
T-Bar Penetrometer

Ball Penetrometer

Spectral Analysis of Surface Waves
Modal Analysis (Rayleigh Waves)
Continuous Surface Waves

Standard Penetration Test with Torque
Large Penetration Test

Seismic Piezocone Pressuremeter

Self-Boring Pressuremeter Data in Clays
Cylindrical Cavity Expansion Theory

10000 B T TTTTTTT T

. [-| e5Fissured Clays
= B
%, | =29 Intact Clays
- T T T T T TT1IT
o [ R
E [ R

1000 F [N |
e | | \w:
B | |
5 | c
a | [
o] | (R
= F ~ — I~ |SBPMT Database from -

| [Mayne & Kulhawy (1990)
100 +—— + f
100 1000 10000

CCE: P_ = Py + s, (Inlg+1) (kPa)

o

o

(=}

Hybrid SCE-CSSM Piezocone Model for Clays

Cone Tip Resistance: q;- 6,, = Ny; s,

Vesic (1977) SCE: Ny, = (4/3) [ In (L) + 11 + n/2 + 1

Wroth (1984) CSSM: s, /o,, = (M/2) (OCR/2)A
q;-6y, = (M/2) 6,,'(OCR/2)A[ (4/3) (InI; +1)+n/2 +1]
Aumeas = Auoct + Aushear

SCE: Au,, = (4/3) s, In (Ty)

uz
CSSM: Aug.,. = o, [1 - (OCR/2Y

Au, =(2/3M) 6,,'(OCR/2) In (L) + o, [1-(OCR/2)] 'R

<




Cavity Expansion-Critical State Piezocone Model
a Intact Clays: Au; = Au, + (1/5*)-M-(OCR/2) - 6,

0 Stress Path: s* = Aq/Ap’' = 3/4 (midface filter
element). Note: see Chen & Mayne (1994) for
additional details.

a f; =Ko -tand-o,,

o Interface: tand/tand’ = 0.4 s
a Ko = (1-sing’) OCRSin
u;
Take representative values: u
M =0.92 q
A =0.80 T

Cavity Expansion-Critical State Piezocone Model
Au; = Au, + (4/3)-M-(OCR/2)*-6,,”

10000 T

Arithmetic Regression

on Intact Clays (n = 556)
g‘? Aujyeas = 1.00 AUsprep
=3
3 10004 — = == = = = =~ - VEEE -~ — — —
c
2
8
g !
c
1  Intact
LTS R  Lab ]
1] = silt
E LN
a L u% ' ° Leda
> a @ | o Fissured
= | & Cem/MicroFiss

| —Linear (Intact)
10 + +
10 100 1000 10000

Au, Evaluated from Au,

Sarapui Soft Clay, Rio de Janeiro, Brasil
(Almeida and Marques, 2003)

INPUT DATA
GWL 0.2 (m) f
Gy = 27 s
Ac, = 25 (kPa)

¢= 29 (deg) Uz
k= 50 u,
e = 3.00 qr

A = 0.70

O ¢ = 6+ (M/2) o, (OCR/2Y [(4/3) (InTg+1)+n/2+1]
0 Au, =(2/3M) o,,'(OCR/2) In (I) + o,, [1-(OCR/2)A]
0Au; = Au, + (4/3)-M-(OCR/2)A-6,,°

a f

0.4 Ko o,, tand’
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Cavity Expansion-Critical State Piezocone Model
Au; = Au, + (4/3)-M-(OCR/2)*-6,,°

2500 -

Regression: Intact Clays: |

Au, (meas) = 1.00 Au, (pred)
T 2_ -

r°=0.893 (n =556
L 2000 + — ( ) /[l
B
<
S 100t -y e S
g
@
]
o 1000 ——-—--— —[+ ntact -
3 PO R ® Lab
=4 = Silt
2 ° o Leda
5007 “oud¥R @ Fissured -
= & Cem/MicroFiss

— Linear (Intact)
0 ' ' '
0 500 1000 1500 2000 2500

Au, Evaluated from Au,

Database Calibrations

Q Connect the Dots

O\c\o T
\ CHARACTERISATION
— e
a Collect the Dots R
o 0O AD [ e ]
oo Ao
o Qg AQ
O 0O Ao

Depth (m)

Sarapui Soft Clay, Rio de Janeiro, Brasil
(Almeida and Marques, 2003)

Cone stress q; (kPa)
0 200 400 600 800
T

= -+ —

—— SCE-CSSM qt
——Meas qt 05

Porewater Pressure uy, (kPa)
0 200 400 600 800

Sleeve Friction f (kPa) Overconsolidation Ratio
0 10 20 30 4 50 012345678
=t
=1
|

Tt
_ Py

\

0
1
2
3
4

wd W -+ — wiF————1
ul . &) I

WA .
4 - A4 4+ — PEY S B 134] —Geol. profile




Hybrid CE-CSSM Model for Flat Dilatometer Bothkennar Soft Clay Test Site, UK
(Hight, et al. 2003)

0 Contact pressure: pg = oy, + s,-[In(Tg) + 1]

Preconsolidation Stress, o' (kPa) Overconsolidation Ratio, OCR INPUT DATA
. , o w0 20 0 o 1z a4 s o [T 1
0 Expansion pressure: p; = po + M- (OCR/2)*-c,, ° f T f - PR A
| $= 39 (deg)
2 ] | ES ol -~ @ Ir= 8500
Y €,= 150
s ¥y - — J—cegere b g — — — — — — A< 090
o coene
N I o _wegac
> o LabRF
f . _ |t overvurden b 777777%7
s B E
£ 10 = i R T B
H H s P

Po
PP SN () i S P S o Lmers

P1

Tl o Lare
___ixowae _ L _L
s s
Uz [
8 — — — L R B4 — T S
I

DMT CPTu b

Bothkennar Soft Clay Test Site, UK Onsgy Soft Clay Test Site, Norway
(Hight, et al. 2003; Powell 2006) (Lunne, Long, and Forsberg, 2003)

Cone Readings  (kPa) Porewater Pressure u; (kPa) Sleeve Friction f, (kPa) DMT Pressures (kPa)
1000 o 500 1000 o 1 2 % 0 200 400 600 800 INPUT DATA

Preconsolidation Stress, o, (kPa) Overconsolidation Ratio, OCR o
1 1 1
G, =

T w01 2»‘?7,,,
jeas u2

—Gediogic e PR LYy <= H N
© 1973 Tubes (95 mm) |

i
R 1085 Block Samples R |
: O 1905 Tubes (35 mm) &y
s —d _ s + 2001 Block Samples 2 s |
- " £ % 200t Tuves samm [| € |
E = —e erburden =
z PPy S £ 10 £t Overburd £ 0wk — o 1073 Tubes (95 mm)
£ B 2 g = 1985 Block Samples
& 8 nd — X —————— 4 i — — o 1985 Tubes (95 mm)
2t g - o + 2001 Block Samples
%5 Y S 1 S uf — — {2001 Tubes (54 mm)
wf — e —
(- B A S L - VAR A [ NS SR J U S [ NN
Y 1 3 1 [l el
164 7‘%‘ — PP S T 16 | | |
o
. - wof - — - Bn ____ | whb S

o 15 (Powell 2008)

Betafs

Onsgy Soft Clay Test Site, Norway Chicago Soft Clay, Northwestern NGES
(Lunne, Long, and Forsberg, 2003) (Finno, 1989, 2000, 2005)

Cone Readings o, (<Pa) Porewater Pressure ty, (cPa) Sieeve Friction fs (kPa) Dilatometer Pressures (kPa) GSP 23 (1989)
o

000 0 s00 1000 100 o 10 20 0 20 40 60 800 6SP 93 (2000)

e

| e

2 —fisasha
1580

-

Depth (m)
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Chicago Soft Clay, Northwestern University Cooper Marl, Charleston, South Carolina
(Finno 2005, Mayne 2006) (Camp, Brown, and Mayne, 2002)
Cone Readings o, () Porewaer Pressue uy (Pa) Steve Fricion, (22 Sltometr ressures (<)
o 500 1000 1500 o 500 1000 1500 0 10 20 30 40 50 60 0 200 400 600 800 1000 1200 Preconsolidation Stress (kPa) Overconsolidation Ratio, OCR
o INPUT DATA 0 1 2 3 4 5 6 7 8 9 10
10 A
P
2
1
f - ——— - i
3 B S ¥ A N S B R
H £ * T
3 g wf - —a YR
e [
2 L
20 J[ —Geologic Pe’ I O SEENNY [ Py
0 Oed. A Q 0 Oed. A
f 261 @ oedB ~5 -1 ®F """ 9| 4 oeas
. 1T 1 o w of v
Cooper Marl, Charleston, South Carolina Stiff OC Clay, Baton Rouge, Louisiana
(Camp, Brown, and Mayne, 2002) (Chen & Mayne 1994)
Cone Readings ,P0)  PorevaterProssure iy (Pa) SeeveFricion', (Pa) Olatomete Pressures 600
0 2000 4000 6000 O 1000 2000 300 400 O 20 40 6 8 0 1000 200 3000 Preconsolidation Stress, P," (kPa) Overconsolidation Ratio, OCR INPUT DATA
1 0 500 1000 1500 0 5 10 15 20 iWL:_ 257 ™
e —sczc:wm} i o t Boy'= 850  varies
o Measqt | 9= 285  (deg)
. | sfo— — — — — _ _ s IR= 8500
6= 0%
B | © wh___ 2 __ A= 070
H £
FRY 1 £ 2 wy - J--L- -
16 1 8
2 J ER S e
v ] e g ooR
303-| @ osometer 0d-g— |- —| o wroedometer
s} s} —[- - = = —T— —
w© 1 I | |
) - | I
. .. . . . .
Stiff OC Clay, Baton Rouge, Louisiana Sarapui Soft Clay, Rio de Janeiro, Brasil
(Chen & Mayne 1994) (Almeida and Marques, 2003)
Tip Stress g, (Pa) Porewater Pressure (kPa) Steeve f; (kPa) Dilatometer Pressure (kPa) 1.0 o LB T LA N ENAY
o o0 awo o s S0 0 dow 2w %0 w0 O 10 20 0 o o om w00 i ) Data: Danzinger et al. (1997)]
—DMTpo =] b Sarapui Clay: z=8.2m |
—omTpt 3 o084 -I-1-~i- 1
T Z :z?“]’ § 3 (Bl | 2 I I
L a o | [5-cm” Cone |
10 R | |Rigidity I = 50 |
- oed - --H -l @ -4 ]
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Normalized Au/Au;

4
©

o
=)

o
IS

Bothkennar Soft Clay Test Site, UK
(Hight, et al. 2003)
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Partial Drainage and Rate Effects

Fun, Randolph, & Schneider (2006) from UWA

drained o Bl e (0]
3 O BurliBs
<« :
O Doxl:Tate
: & Boxl:Coae

—— Watsan & Sncmmsa (2000

faqrer

q

.. i_partially drained;
* >| undrained

ol 1 i 100 1000
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Manly Beach
Sydney, Australia
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Normalized Vane Strength, s,/s,

Partial Drainage and Rate Effects
Vane Shear Test Data

Vane Data Affected by Partial Drainage at Slow Rates
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In-Situ Test Calibrations in Clays

0 Use multiple types of tests (CPT,

DMT, CPTU, PMT)

0 Need consistent framework: SPM
(Whittle & Aubeny), Cavity Expansion

(Yu), FEM (Houlsby & Teh)

o Constitutive modeling (MIT-E3, Cam-

Clay, NorSand, Bounding Surface)
based in critical-state soil mechanics

SPT-N Empirical Method for o’

(Mayne, 1995) Sands: m = 0.6
, Silts: m = 0.8
op ® 0.47 oatm (Neo)™ Clays: m = 1.0
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Stockholm Sand, Sweden

Overconsolidation Ratio, OCR

Dahlberg (1974)

Friction Angle, ¢' (deg)
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Apparent OCR of Undisturbed Sands from SPT and CPT
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Global Trends for Clays and Sands

1000

100 §

Constrained Modulus, D' (MPa)

Net Cone Tip Stress, ¢, - 6,, (MPa)

Georgia Tech

Global Trends for Clays and Sands

1000 T -
Clays: G =50 (q- ov,) |
(Tanaka & Tanaka, 1999) |

|
cemented |

100 ¢

Small-Strain Shear Modulus, G o (MPa)

Nt — - ——————p —— —— — — —
%) Sands:G, =50-a,, -
Organic
Plastic ‘ ‘
1 CLAYS + +
0.1 1 10 100

Net Cone Tip Stress, g, - 6,, (MPa)

Georgia Tech




Global Trends for Clays and Sands
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Preconsolidation Stress, o," (kPa)

General: Preconsolidation of Soils by CPT
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Cone Penetration Testing

— g s

Special Applications

Paul W. Mayne

Geosystems Program

Civil & Environmental Engrg.
Georygia Institute of Technology
Atlanta, GA 30332-0355

Specialized Types of CPT

Specialized CPT System |Reference Notes/Remarks

Acoustic Emission CPT Houlsby & Ruck (1998) Indicator of soil type

Menge & Van Impe (1995) Delineate soil type and lenses

AutoSeis Generator Casey & Mayne (2002) Portable remote shear wave source

CPT Soil Sampler Obtains soil sample when needed
Dielectric CPT* Shinn, et al. (1998) Maps volumetric water contents
Horizontal CPT Broere &Van Tol (2001) Towards tunnel i igati

Lateral Stress Cone Takesue &Isano (2001) Measures total horizontal stress

Campanella, et al. (1990) Total lateral stress during

penetration

Multi-Element Piezocones Juran & Tumay (1989) Dual-element piezocone

Skomedal & Bayne (1988) Tripe-element piezocone

Danzinger, et al. (1997) Quad-element piezocone

Multi-Friction Sleeve Penetrometer | DeJong & Frost (2002) Four friction sleeves of different
Hebeler, et al. (2004) roughness for pile interface studies

Radio-Isotope CPT Shrivastava & Mimura (1998) | Measures density and water

Dasari, et al. (2006) content in real time

100-cm? head to increase load cell
resolution in soft soils

T-bar penetrometer Randolph (2004)

Vibro-Piezocone McGillivray et al. (2000) Site-specific soil liquefaction

Bonita, et al. (2000) Vibration locally causes liquefaction

Vision Cone Penetrometer (VisCPT) [Hryciw, et al. (1998) Real-time videocam of soil profile

Hryciw & Shin (2004) Detection of thin layers & lenses

Full-Flow Penetrometers
+ Applicable for very soft soils (su < 10 kPa)
+ Conventional CPT with larger head
+ 100-cm? area (vs. the standard 10-cm?)
+ Resolution of load cell improved 10-fold
+ Correction for net area minimized
+ Direct Qypo rather than net (CPT: g;-c,,)
Sy = Qroar/10

+ Take readings during push and during pullout to
investigate cyclic effects and remoulded strength

Ref: Randolph (2004), Proc. ISC-2, Portugal
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Special Applications of CPT

CPT Application Reference Source

Environmental Site Investigation and
Detection of Soil Contamination

Campanella & Weemees (1990)
Auxt & Wright (1995)

Bratton & Timian (1995)
Campanella, et al. (1998)
Lambson & Jacobs (1995)
Lightner & Purdy (1995)

Mlynarek et al. (1995)

Pluimgraff et al. (1995)

Robertson, Lunne, & Powell (1998)
Shinn and Bratton (1995)

Landslide Forensics and Slope Stability Collotta, et al. (1989)
Leroueil, et al. (1995)
Romani, et al. (1995)

Hight and Leroueil (2003)

o o o

Pavements Investigations Badu-Tweneboah, et al. (1988)

e Newcomb & Birgisson (1999)

Sinkhole Detection in Limestone Terrain o Foshee & Bixler (1994)

New Developments: Full-Flow Penetrometers

+ T-bar

+ Ball penetrometer

+ Plate

+ Developed for very soft soils (offshore)

Watson, Newson & Randolph (1988), Proc. ISC-1, Atlanta

T-bar evaluation of preconsolidation stress

T-bar Database in Clays
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SCPTU for Seismic Hazards Evaluation
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| Research Directions - Vibrocone
Q Vibratory penetrometer for evaluating site-
specific liquefaction response & postcyclic strength.
a Joint research by Georgia Tech & Virginia Tech.
O Sponsored funding by NSF and USGS.
Q Calibration testing in laboratory simulations.
Q Field trials at Charleston paleoliquefaction sites.

Prototype Vibrocone with Pneumatic Driver

Static  Dynamic

| Vibrocone Test Results ;
Push Motion

u; (kPa) 20 mm/s

200 400 600 800
* | sand to
.+ | silty sand

e (MPa)

E

e ituefiable Layer

o

o

£

=3

a fs
Uz

Historic Paleoliguefaction Site (TLS), Charleston, SC

Copyright 2011 - PWMayne

204

Vibrocone Penetration Test (VCPT)
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VCPT at Hollywood Paleoliquefaction Site,
Charleston, SC
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Research Directions - Vibrocone

Electro-Vibrocone with Piezo- Actuator Driver
and Dual-Element Piezocone Penetrometer

Three-Dimensional Cluster Analysis

Q The three-dimensional cluster analysis is based on the
normalized CPT parameters, Q, B, and F, which are derived
from tip resistance qy, pore pressure u,, and sleeve friction f,.

Q Similarity between data points are measured by their
Euclidean distance in three-dimensional space (Q, B, and F)

Q The soils are classified objectively

Q By grouping similar data points together, cluster analysis
not only finds the apparent changes between soil types, but
also subtleties in CPT measurements caused by change of
soil properties, that are not readily evident by other available
interpretation techniques

(Hegazy, 1998; Liao, 2005)

Clustering of CPTU Data for GeoStratification

'

. . AL Clusterg E Q:(q‘_avu)/avu
) B=(uz’u0)/(qt75vo)

F =1/(0,-0,)x100%

Dopth (=)

o, : total overburden stress

’
0O, effective overburden stress

Cluster 8

Clustering of Piezocone Data

Soil Unit Weight ocr
(kN/m®)

No. Clusters

Soil Profile Soil Profile

Gravelly Sand Fill Gravelly sand Fill

: e

Normally to
Lightly

B 19 2 2 0 1 2 3 4
f
|
|

SAND
medium to coarse

Depth (m)

Overconsolidated

» T
Overconsolicated ]
Deposit ]

SAND
fine to medium

Comparison of soil stratigraphy derived from different methods
for the Holmen sand site

Specialized CPT Developments
VisCPT = vision penetrometer (Hryciw 2004)
a8 Y

Sapphire

Visual data

acquisition
recording Silty
system Clay
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Continuous Seismic Piezocone Test =
dy version) E
00 00
| — ) o
=
.| CPT deployed ﬂ
from rig with
.| continuous
ﬂ q, fs, and u, JUCTTEY I CEDT
* e

readings with depth

o

eseeetiteees,  Vibratory

8

M L penetrometer is
geophones — < SIES T withdrawn
@ with continuous
stiffened cable — source —/ uphole Vreadings
= taken by

s

true-interval
geophone array

Upon reaching desired
final depth, penetrometer
is decoupled from rods

Nim}

Continuous V, Profiling — Mt Pleasant SC

(Kevin McManus, Canterbury, New Zealand)
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Dapth (m)

Comparison of Standard, Frequent-Interval,

0

and Continuous V; Profiling
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O V;Rod Breaks

© V. cRB0SEIS
(Sledgehammer)

Remotely Deployed CPT system

(Jamie Sharp, ConTec Investigations, Vancouver)




Special Methods for CPT in Hard Ground

Advancing Technique |Reference Comments/Remarks

Heavy 20-tonne Dead Weight Vehicles [ Mayne, et al. (1995) Increased mass

Friction Reducer Van de Graaf & Schenk (1988) Gpens large diameter hole before rods

Cycling of Rods (up and down) Shinn (1995, personal comm.) Local ly in thin hard zones of soil

Large 44-mm diameter penetrometer | van de Graaf & Schenk (1988) Works like friction reducer

Guide Casing: Double set of rods; Peuchen (1988) Works well in situations involving soft

standard 36-mm rods supported inside soils with dense soils at depth

larger 44-mm rods; prevents buckling

Drill Out (Downhole CPTs) NNI (1996) ‘Alternate between drilling and pushing

Mud Injection Van Staveren (1995) Needs pump system for bentonitic
slurry

Earth Anchors Pagani Geotechnical Equipment Tncreases capacity for reaction

Geoprobe Systems

‘Static-Dynamic Penetrometer. Sanglerat et al. (1995) Switches from static mode to dynamic
mode when needed

Downhole Thrust System Zuidberg (1974) Single push stroke usually limited to 2
or3m

Very Heavy 30- and 40-ton Rigs Bratton (2000) "After large 20-ton rig arrives at site,
added mass for reaction.

ROTAP - outer coring bit Stercks & Van Calster (1995) ‘Special drilling capabilities through
cemented zones

CPTWD Sacchetto et al. (2004) Cone penetration test while drilling

Sonic CPT Bratton (2000) Vibrator to facilitate penetration
through gravels and hard zones

EAPS (enhanced access penetrometer | Farrington (2000); Shinn & Haas Wireline systems for enhanced access

system) (2004); Farrington & Shinn (2006) penetrometer system

Combine Drill-CPT Rig for Hard Ground
Drill CPT

CPTs in Very Hard Ground

Heavy-Duty 40-ton Static-Dynamic CPT System
CPT Trucks (AMAP Sols)

Sonic CPT EAPS Wireline and
onie ROTAP CPT Systems

Static-Dynamic CPT System (AMAP Sols )
Sanglerat et al. (1995, 1999, 2004)
AMAP Static-Dynamic CPT in Dense Sandstone

Penetration Resistance, qc (MPa)
0 20 40 60 80 100 120 140 160

T
Electric CPT
|

Static CPT oS pg g Gl
R ol ~ — || .Sandy Gravelwith - |
. — Dynamic cPT _ || Gabbles and sandy- |

- kenses - -

Depth (meters)
td

30
35
Static CPT
40
45 _—— -
| EndCPTatasm
50 L

PROD = Portable Remotely Operated Drill

Benthic Geotech: http://www.bgt.com.au/

Enhanced In-Situ Testing
k|

4
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Seismic Geotechnics

Paul W. Mayne, PhD, P.E.
Professor, Geosystems Group
Civil & Environmental Engineering
Georgia Institute of Technology
Atlanta, GA 30332-0355

Dodd Farm Paleoliquefaction Site
Steele, Missouri

& Mid-America
¥ | Earthquake Center

i

Hora changing

Overview: Seismic Geotechnics
o Types of Seismic Ground Hazards
o Evaluate Ground Motions
o In-Situ Geotechnical Testing
o Liquefaction Assessment Procedures
o Shear Wave Velocity Measurements
a Paleoliquefaction Sites in Mid-America
o Research Directions

o Conclusions

Seismic Ground Hazards

0 Bearing Capacity Failure
Q Loss of Life & Injury

Q Settlement & Subsidence

Q Flow Failures (Dams, Reservoirs,
Embankments; Flooding)

Q Lateral Spreading (Slopes, Docks,
Walls)

Q Sand boils, dikes, sills, fissures,
and vents.

0 Ground Motions
0 Peak Ground Accelerations
0 Site Amplification

Ahmedabad, India
January 2001

1

Derailed Shrinkansen
Japan October 2004

Mexico City Earthquake, 1985

Copper River Bridge, Alaska, November 2002
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Prerequisites Soil Liquefaction

O Loose saturated granular
geomaterials (sands, silty sands,
gravel)

Alaska EQ, November 3, 2002

0 High groundwater table (z,, <
5 meters)

Q Young Holocene Sediments (<
10,000 yrs).

0 Often capped by layer of low-
permeability material (clay or
silt)

QO Generally restricted to upper
15 to 20 meters of overburden.

Cyclic Liquefaction

0 Principle of effective stress: G,,' = G,, - u

0 When porewater pressure (u) equals total
overburden stress (o), effective stress is zero,
thus causing liquefaction (Seed & Lee, 1966)

0 "Quick Sand" when: G, = u,
0 Cyclic stresses cause accumulation of positive

excess porewater pressures (U = Au + up) in

saturated granular soils: ©,,' = 6,, - (u, + Au)

Consequences of Liquefaction

= Liquefaction-Induced Bearing Capacity Failure
= 1999 Izmit EQ (M = 7.4), Turkey
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Liquefaction Defined

o Flow Liquefaction: First-time loading; Applies to
strain-softening soils; Large deformations may
occur even after triggering load ceases.

o Cyclic Mobility: One-way cyclic loading with
softening. Deformations cease when load
terminated.

o Cyclic Liquefaction: Contractive soils subjected
to cyclic stress reversals. Applies to most EQ-
related response. Most Common.

Stress Paths During Liquefaction

T = shear stress
Cyclic Liquefaction

and
Cyclic Mobility

shear strain, vs

Seismic Ground Hazards

» Liquefaction of Foundation Soils

= Loss of Bearing Capacity

Chi-Chi EQ, Taiwan (1999) Nigaata (1964)




= Soil Liquefaction

= Lateral Spreading

= Dam Failure, Kobe, Japan 1995
* Landslide, Nigaata 2004

EPICENTER: Moment Magnitude (M,) + Hypocentral Distance (d)

]
1
09 ) D
| ——Uses (Frankel), 1996
EZE |
07 |l Modified USSS, 1996 (600 m sof) [m]
0sd — ~US65-96 (600 m sail)
c] \\ — —US6S with AB-95 (600 m soil) o
30
&« 04 D

Peak Ground
0 Acceleration
o 2 4 & W m m o w0 w0

(PGA or a0

Hypocentral Distance (km)

O Level of Ground Shaking:

CSR :’—:oes[ij(“—] N
Oy 9 v
O Soil resistance based on field
performance data from tests:

Liquefaction
Likely

SPT = standard penetration
CPT = cone penetration

V; =shear wave velocity
DMT = flat dilatometer

Liquefaction
Not Likely

Cyclic Stress Ratio (CSR)

0 Compare CSR with Cyclic
Resistance Ratio (CRR) that
defines likelihood for
liquefaction.

10 20 30 40 50

Normalized Soil Resistance
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New or Existing Projects

Probability/Risk Maps (NEHRP) - FEMA
International Building Code (IBC 2003)

Boore & Joyner (1991), Bulletin of the
Seismological Society of America

Coordinates + Amplification Factor

Site-Specific Evaluation to actual EQ
event & epicenter using Code: Shake,
Desra, Deepsoil

CSR=Tae — 0.65-[leax j ("j r
vo g o-VCl

a Cyclic Stress Ratio (CSR) = level of ground shaking

using Seed & Idriss (1971) simplified procedure

Q

a Peak Ground Acceleration, PGA = (a,.,/9):
. General: NEHRP (1997 2003) risk maps
Site-specific analysis (e.g. SHAKE, DEEPSOIL)
o Total and effective overburden stresses: o,, and o,

o Stress reduction coefficient, ry

Cyclic Stress-Based Procedures
o Reference CRR given for M,, = 7.5

0 Magnitude Scaling Factor (MSF) for scaling to other
EQ sizes (Seed et al., 1985)

0 Idriss (1999): MSF = (M,/7.5)1.72

0 Calculate Factor of Safety (FS) against liquefaction
(Youd & Noble, 1997):

0 FS = (CRR,5/CSR)*MSF

0 Alternative: Weighting Factors applied to CSR




00 02 04 08 16 24 32 40 a8
Pumk Ground Accelomtion [ms’)

Liquefaction Evaluation by SCPTu

NCEER Consensus Report (Youd, et al. 2001)

e Cyclic Stress Ratio (CSR):

CSR = fae — 065(%—“j(G—J r,
O-VO g O—VO

e T = average cyclic shear stresses

* amax/8 = PGA = peak (horiz.) ground acceleration
* o,, = total vertical (overburden) stress

* o,, = effective vertical stress

* ry =stress reduction coefficient

Liquefaction Evaluation by SCPTu
(Youd, et al. 2001)

Stress reduction coefficient (r,)

Depth Range (meters) Stress Reduction Coefficient, ry

z2<915m rg = (131- z)/131

915m<z<23m Ty = (44-2)/37

23m <z < 30m ry = (93-2)/1125

z>30m ry=0.50

Alternate: Continuous function for ry

1.00-0.41132"" +0.040527 + 0.001 7532
1.00=0.4177:% + 0087202 - 0.006205:" +0.001210:*

o=

where 2 is depth in meters.
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(4] with 2% ¥ in 50 Years
[site: NEHRF B-C boundary}
o 2807

m

CsR = fae = 0.65-[%—“}(0—‘("]4 T,
Oy 9 Oy

Stress Reduction Coefficient, rq

0 0.2 0.4
0 t +
= Seed & Idriss, 1971
51
—Idriss, 1999
104 --—-- : ————————— -
E |
£ 15 1+ [
3 Note:
8 Ao
20 1-|procedure || _ _ _ _
not verified
with |
case history 8
25 T |studies in this =
depth M,=55 65 7.5 8.0
30 ‘

Equivalent Linear Elastic Methods
CSR = cyclic stress ratio

SHAKE (Schnabel, et al. 1972)
EduShake: www.proshake.com
SHAKE2000: www.shake2000.com
RASCALS (Silva, 1992)




Site-Specific Ground Shaking Analysis

T =Gvys

e

Cyclic Stress Ratio=CSR= 1/G,,
—_—

Az,

Az,

maxt = P11Vs1?

Gnax = PT2Vs22

Grnaxs = pr3Vss?

Stondard Penetration Tast
Per ASTM D 1586 &

et Gorrect to s Refarance
Eracaray Filiciency of 6%
$| | i

Standard Penetration Test (SPT)

SPT Liquefaction Analysis

= Measured SPT-N Value

07
(ASTM D 1586). Cyoie Restanee
06+ R_atios(CRR)

= Correct to 60% energy g . F':-: _:on::tv:'/k
efficiency (ASTM D 4633). S os} @ ‘

2
® Normalized and energy- S o0a - —lj— -
corrected SPT N-value: ? I

gost |
(N1deo = (Ngo)/(0y0 /Gatm)®® ‘g 02 _ f‘jL e

2o
where c,,, = reference 3 o L/quefq‘cﬁan
stress: 1 bar = 1 atm i Not LT*e/y
~ 100 kPa = 1 tsf 0.0 + + + +

0 10 20 30 40
(N1)eo

50
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Nonlinear Ground Response Methods

= CSR = cyclic stress ratio
CHARSOIL (Streeter, et al. 1973)
MASH (Martin & Seed, 1978)
DESRA (Lee & Finn, 1978)
TESS (Pyke 1985)

DYNA1d (Prevost, 1989)
SUMDES (Li, et al. 1992)
D-MOD (Matasovic, 1993)
DESRAMOD?2 (Vucetic, 1998)
DESRMUSC (Qiu, 1998)
DEEPSOIL (Park & Hashash, 2004):

Q Nmeasured = Raw SPT Resistance (ASTM D 1586).

Q N60 = (ER/60) N, c.curea = Energy-corrected N value where
ER = energy ratio (ASTM D 4633). Note: 30% < ER < 100% with
average ER = 60% in the U.S.

0 Ngy = CeCz C5Cr Nicasureas  (additional factors affecting data)

Q (N1)60 = Cy Ngo = Stress-normalized and energy-corrected
SPT resistance, as referenced to an effective stress of 1 atm:

(Ny)go = (Ngo)/(0yo'/Oatm)®?

where: 6., = 1bar ~100 kPa ~1 tsf

Linustien Marpise Ll P,
g U N
0.6
e Liao & Whitman
(1988, JGE) o
» Cetin, et al. ol S e 1
(2004, ASCE
JGGE) 03

Cyclic Stress Ratio (CSR)

o
-

[
M,=7.5 o,=1.0atm
Lr N

1
[+] 10 20 30 40
Normalized SPT Blow Counts, (N, ),




= Electronic Steel Probes with 60° Apex Tip

= ASTM D 5778 Procedures

* Hydraulic Push at 20 mm/s

* No Boring, No Samples, No Cuttings, No Spoil

= Continuous readings of stress, friction, pressure

Cone Penetration Test
= Normalized Resistance:
9e1 = 9./(040/Gam)®® with
cone tip stress (MPa) and
effective overburden stress
(atm).
= CPT Databases:

0 Olsen, 1994

0 Suzuki, et al. 1995;

0 Robertson & Wride, 1997;

0 Olson & Stark, 1998

0 Kayen & Mitchell, 1992)

= Adjust for fines content
(NCEER, 2001) estimated
from q. and f readings

CPT Liquefaction Analyses

Cyclic Stress Ratio (CSR)

0.6

o
2]

I
IS

o
w

I
N

e
o

o

Liquefaction Evaluation by CPT
NCEER Consensus Report (2001)

¢ Evaluate the Cyclic Resistance Ratio (CRR) from CPT

¢ If normalized cone tip resistance:

50 < ()., <160

3
CRR,, = 93[7(‘4'1”)“} +0.08
1000

* If normalized resistance: (qth )cs <50

CRR,, = 0.833[%}0.05
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i (MPa) f; (kPa)
o 10 20 30 40 50 0 100 200 300 400

0 1000 2000  3000f
0

u, (kPa)

Clayey Silt

T
Sand

Clean
Sand

Clay

Liquefaction Evaluation by CPT

0.6

Cyclic Resistance Ratios (CRRs)
for clean sand (Robertson & Wride, 1998

CRR

0.5 1

0.

=

T Liquefaction

0.3 1

0.2 q

Cyclic Stress Ratio (CSR)

No Liquefaction

)
NCEER/NSF

Consensus Report
(Youd, et al. 2001)

Robertson & Wride
(1998 Canadian
Geot. Journal)

L] 50 100 150 200 250

300

Normalized CPT Tip R

Aiin = (A/Catm)/ (010G atm)®

Modified stress normalization
Canadian Geot. Journal)

(Robertson, 2009,

CRR for clean sands (Robertson & Wride,
1998; NCEER 1997; Youd et al. 2001)

Correction K, for fines conten
material index I,

t based on

Correction Ky for finite layer thickness

Correction K, for sloping ground

Correction K for high overburden stress




Liquefaction Evaluation by CPT

0.6

Cyclic Resistonce Ratios (CRRs) ot
Different Levels of Probobility (Tuang & Jiang, 2000)
s '

Liquefaction
0.4 ] . 01

Probability
Approach

03+

Juang & Jiang
(2000)

Cyclic Stress Ratio, CSR 75

No Liquefaction

o ;
[ 50 100 150 200 280
Normalized CPT Tip Resistance, Gun = (/S atm)/ (Oyo/0atm)>®

0 Fundamental measurement of solids in all types
of geomaterials (clay, silt, sand, gravel, saprolite,
weathered bedrock, intact rock, tailings).

Q Provides small-strain stiffness in terms of shear
modulus: G = Gyyp = Gpax = pr V2

0 Necessary input for site-specific evaluation of
ground amplification in soil column.

0 Indicator of liquefaction susceptibility

Q Can be measured in laboratory on high-quality
samples or in field by variety of tests

Shear Wave Velocity Measurements

Resonant  Torsional ~ Bender  Triaxial,internal
Column Elements  local strain
&

¢ 9.

S

o

Undisturbed
Tube
Sample

Propagaiing
mpuise ] o 01 1 Hortzonta 2

77 "M Geophone Selsmic
t Grosshal Cone or
Pabaisnisilind " Dilatometer
Horizontally Gased Boreholos
agating |
Vertically Polarized
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Overview

Seismic 6round Hazards

o

Evaluate Ground Motions
In-Situ Testing Methods

Liquefaction Assessment Procedures

Paleoliquefaction Sites in Mid-America

Research Directions

T I 5 N =

Conclusions

Field V¢, Measurements

o Test Methods:
- Crosshole Test (CHT)
- Downhole Test (DHT)
- Surface Waves (SASW, CSW)
« Suspension Logger (SL)
- Seismic Refraction (SR)
- Reflection/Refraction (RR)
a Difficulties
= “Murphy's Law" and weather
= Cased & grouted boreholes
needed for CHT and DHT

= Non-unique interpretation for
non-invasive tests

HP Spectrum
Analyzer

I-17 Bridge - Charleston, South Carolina

ConeTec Investigations, 25-tonne Cone Truck




Sleeve, f, (kPa)
20 0 50 100 150|

Porepressure, u, (MPa) Shear Wave, V, (mis)

Tip Stress, , (MPa)
5 10 15 0 100 200 300 400 500 600)

001 2 3 4 3§

Depth (m)

Shear Wave Velocity, Vs

Site Class (A, B, C, D, E, F) for IBC 2003

Provides necessary Gpax = Go = pt V2 for
site-specific site amplification analyses
(i.e., SHAKE, DEEPSOIL, RASCALS)

Normalized Vg, for soil resistance in
liquefaction analyses

True-Interval Seismic Dilatometer (SDMT)
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Shear Wave Velocity

® Field method for evaluating
liquefaction potential can be
applied to all soil types of
concern: sands, silty sands,
gravels (NCEER, 1997).

= Resistance Parameter:
Vi = V(04 /0an)0?
where 6, = 1 atmosphere.

= Liquefaction database and
normalization per Andrus &
Stokoe (1997, 2000). Also
see Youd et al. (2001, JGGE)

V, Liquefaction Analyses

FC(%)=35 15 55

0.6 T

Liquefaction § ‘
_ 05 ! i
o
@ No

.
S o4 Liquefaction
s .
g 0.3 =
o 'y
@0, bt " RN
2 L o
S i Al
S
3 o4 e o
# .
™
0.0

[ 100 200 300
Normalized Shear Wave, V,

IBC 2008 SITE CLASS

Average Properties in Upper 100 feet**

Site Subsurface  Shear Wave Velocity, SPT-N  Undrained Shear
Class Profile V;, (ft/s) (bpf)  Strength, s, (tsf)
A Hard Rock Vg > 5000 NA NA
B Rock 2500 < Vg < 5000 NA NA
C Dense soilto 1200 <Vg<2500 N>50 sy>1
soft rock
D Stiff soil 600<Vg<1200 15<N 05<s,<1
<50
E Soft soil Vg <600 feet/sec N<15 sy <0.5 tsf
F Special* Very Low* Low Low
Concerns

DMT Pressures (kPa)
500 1000 1500 2000 2500

Shear Wave, V (m/s)
100 200

Depth (meters)




Liquefaction Evaluation by SCPTu
NCEER Consensus Report (Youd, et al. 2001)

* Using stress-normalized shear wave velocity:
V.

Va = s
' 0.25
(ovo'/ Oatm)

e Evaluate the Cyclic Resistance Ratio (CRR):

1 1
CRR75 =0.03- (Vg /100)* + 0.9+ | ———— —
' (Va /100 + |:Vslcfvs Vslc}
* where V,, is an asymptote related to fines contents
(FC): V; = 220 m/s for FC 5%; V,; = 210 m/s for FC 20%;
and V,,. = 200 m/s for FC 35%.

Liquefaction Evaluation by SCPTu

0.6
Cyelic Resistance Ratios (CRRs) at
Different Levels of Probability (Juang et al. 2001)
2 051 ;
[ Liquefaction L
3 oat Probability
K] Approach
.G-U. 03T
o
w
w
@ 02t
I3 Juang & Jiang
o
E No Liquefaction (2000)
[5)
] - .
100 150 200 250
Nermalized Shear Wave Velocity,
Vs (mls)

Seismic Ground Hazards

Evaluate Ground Motions

In-Situ Geotechnical Testing
Liquefaction Assessment Procedures
Shear Wave Velocity Measurements
Paleoliquefaction Sites in Mid-America

Research Directions

00000 D0OD@O

Conclusions
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Liquefaction Evaluation by Shear Wave

0.6

Cyclic Resistance Ratios (CRRsg)
] for clean sand (Andrus & Stokoe, 1997)

05

= ]

0

(&) -

5 041 NCEER

2 Liquefaction Consensus
2 AT Report (2001)
g 0.2 4

= Andrus &
S 04 ]

Stokoe (2000)

No Liquefaction|

o
100 150 200 250

Nermalized Shear Wave Velocity,
Vq (mis)

Liquefaction Evaluation by DMT

0.5
/il CRR
o4 r Monaco
il
L ool (2006,
g International
021 Symposium on
ol /A Flat Dilatometer

KD = (po_uo)/Gvo‘

Ground Motions in Mid-America
* New Madrid and Charleston/SC Seismic Zones
= Deep soil column overlaying bedrock
= Infrequency of large events to calibrate models

= Soil model a function of moment magnitude,
hypocentral distance, & depth of soil column

T— )
/ — m
J ) A ,//
/ Areas of Highest Intensity < ﬁ\ I
| (
{ Felt Areas / [1\4895 Ao /
o hagasgr. MO |,/
1994 | 3
M, =67 \\
/{ Northridge //
L
I




New Madrid Sites
(Tuttle, 1999)

Wolf River, Memphis, TN
Marked Tree, AR
Blytheville, AR

Dodd Farm

Yarbro Excavation, MO
Mooring, TN

Nodina, AR

Steele, MO

New Madrid Sites

(Hoffman, 2002)
Meremac River, MO
Dexter, MO
Wabash Valley

Mid-America Test Sites

Charleston/SC (Martin 1994)
Sod Farm
10 Mile Hill
Hollywood Ditch

Sand Dikes & Sills in NMSZ
(subsurface manifestations)

USGS Open File Report 98-488
(Obermeier, 1999)

Ground Motions in
Mid-America: Deep Soil Column

Memphis 0 50  100km
Shelby et
County

wiy's Ridge
sslssippl River

: Middle and Upper Eocene (40-50 Million Years)
: Lower Eocene (50-60 Million Years)

: Paleocene (60-70 Million Years)

Cretaceous (70-100 Million Years)

— : Paleozolc Rock (300-600 Million Years)

Shelby County, TN (Whittenberg, 1977)
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Sand Boils/Blows

Sand Blows in New Madrid Seismic Zone

Watsonville
Sand Boil
Loma Prieta EQ,
California, 1989

0.3to 1.0m 10 to 20 meters across

Motivation

= New Madrid Zone: 811-1812, Triplet EQs: M,,~ 7.5 to 8.1; Also 1450 A.D.,
950 A.D., 500 A.D.

Paleoliquefaction Sites

= Charleston/SC Earthquake 1886, M,,~7.0);

YEAR

1811

1450

I s i wene 4000 B.C.

Level of Ground Shaking

Cyelc Resistance Ratio (CRR)

Y

ﬁ Site- Amplificati

Soil Type:

Nonliquefaction
Susceptible

(SHAKE or DEEPSOIL)

Liquefaction
Susceptible

o
\

Soil Resistance

10
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CPT Cyclic Stress Method
New Madrid Seismic Zone, Blytheville, AR

4 Earthquake Scenarios Assumed (M = 6.5, 7.0, 7.5, and 8.0) a Development of Special vibrocone

0 188'%hoso | o TP 8] 00" 8507500 | 100 G5 g Penetration Tests (VCPT) for localized
0 0 bt 0 ! 04 |
L liquefaction

5 5 5 5
§1° 1 101 101 Q Explosion-induced liquefaction experiments
(Y]
e s 51 51 to quantify soil properties and foundation
a» & | | £ response (ESEE) by USGS and MAE.

25 25 25 | 25

M=65 7.5 M=65 7.
20 7.0 8. 10 20 20 70 80

Vibrocone Penetration Test (VCPT)

Ganarmily par A5 TMD 5170 procadures

I Cable be G g

Ewetria Core.
Paradmatre, 1. Sateration o1 Cone Tip Cavites
g om tpe e ol Pt e ket ] T T T T T
=38 mm (40
’ ; i s eine Raadings far Japanese Vibrocone
4 e (36 o Tip, Slas, Paraiar Trart Susas,
“’m"m‘« s L Cone Tip Resistance |
- - - Stabic, Qe
it ory Tralling Modula
1 2 - —— Dynamic, 45|
2
4 EI:&:UM Presmatic Solenoid Shaker. Depth 4
5 Proposed Plazo Clectic Stack pheo actusorn (1) .
.
i 4 = i B
=** 1m=338ft
. 1 kgfena’ =1 tsf
1, = shoava ricton ro=. 1
5, = poTevler preswamne B8 L | ' 1 ' | L
2 vt it (o iactl onibiaan) o 40 50 120 160
AbA 0, = meased U S1Pess 0f Cone resisance - Cone Tip Resistance (kg/orm®)
Paired Soundings: 1. Static
= Comected tip stress =q. + (13, .. - - . . .
j o s 2 D a. Vibrocone results at a seismic site with no

apparent settlement during eyclic loading

Research Directions - Vibrocone

Japanese Vibhrocone |
Cone Tip Resistance

2 - - - Btatic, g
Depth '.‘ —— Drymamic, go
() - 1
a 4 lm=3288 |
1 kgfiemt =1 s

[u] 40 80 120 160
Cone Tip Resistance (kg;’cmz)

b. Vibrocone results at a site historically
experiencing extensive eyclic-induced settlements

Copyright 2011 - PWMayne

218

Vibratory penetrometer for evaluating site-specific
liquefaction response & postcyclic strength.

Joint research by Georgia Tech & Virginia Tech.
Sponsored funding by NSF and USGS.
Calibration testing in laboratory simulations.

Field trials at Charleston paleoliquefaction sites.

Prototype Vibrocone with Pneumatic Driver

11



Vibrocone Test Results

q. (MPa) ur (kPa)
o 5 10 15 20 0 200 400 600 800
0 0
1 4§ | —Dynamic Constant DY"“f“'C
) ) — static Rate of Motion
20 mm/s
3 3 b
E
2 4 4 f,
@ 5 5
]
26 6
(=]
7 7 5
8 8 = U
9 9
qt
10 10

Vibrocone Data from Paired Soundings at PaleoLiquefaction Site,
Thompson Industries, Charleston, South Carolina

Cooper River Bridge, Charleston SC

I~

& | |

= | |

£

a | |

v

o e
| |
— PreBlast
— Post Blast 1
— Post Blast 2
T T

0 20 40 60 80 100 120

Cone Tip Resistance, q; (tsf)

Embayment Seismic Excitation Experiment (ESEE)

0 Study by US Geological Survey (USGS) and Center for

Earthquake Research & Information (CERI)
0 Initial Baseline data collection before the HD-5 events

0 Explosives-induced liquefaction at depths 80 to 160 feet
0 2500 Ibs charge at Marked Tree site, Arkansas.
0 5000 Ibs at Mooring, Tennessee.
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Research Directions - Vibrocone

Electro-Vibrocone with Piezo-Actuator Driver
and Dual-Element Piezocone Penetrometer

Embayment Seismic Excitation Experiment (ESEE)

[Exissing aciumsic station: - gy |
+ Shont Periodd N . || Sediment
7 Bt (CERI} | || Thickness
W Brvadhand {Eihor) 11
1800
3y |JProposed seismic starions
A Bt Kentucky 1054
<7 Pt
accekmgraph mray) 854
Epicorntor (M>2) 00
57§
At
348
2
75
0)

Tip Resistance Sleeve Pore Water Friction Ratio Shear Wave
r (MPa) 1, (kPa) u, (kPa) FR(%) V, (mis)
0 10 20 30 40 0 100 200 30 400100 O 100 200 30 O 1 2 3 4 5 6 0 100 200 300 400

Repth (m)

L

24 allne AA.
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Compare SCPTu Before & After ESEE Event

a(MPa) 1, (kPa)
0 0o o2 %

u; (kPa) V, (mis)
0 100 200 300 0 100 200 300 400

Steel Case

Liquefied
Silty Sand

“Excited”

Clayey Silt

Explosives

(Ammonium Nitrate)

AR: One borehole
with 1180 kg of
explosives;

TN: Two boreholes
with total 2268 kg of
explosives.

Summary: Seismic Geotechnics
Q Site Specific ground amplification requires shear wave
velocity (V) profiles
0 Use shear wave for stiffness (G,,,)
Q In-situ testing for site-specific evaluations:
= Identify soils susceptible to liquefaction

* Evaluate potential - Cyclic Stress Ratio Approach
= SPT, CPT, DMT, and V, Databases.

Q Seismic piezocone offers optimized data collection for
geostratigraphy & geophysics

Q Deterministic and probabilistic charts defining cyclic
resistance ratios (CRR) for liquefaction potential.

13
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Evaluation of Liquefaction Potential and Ground Deformations from Cone Penetration Tests
Abstract

The high ground motions and amplified shaking that accompanies earthquakes can result in soil
liguefaction in loose clean to silty sands below the water table. The cone penetration test (CPT)
is an excellent means for detecting the presence of sandy soils that are susceptible to
liguefaction because it provides continuous logging of strata and layering with three separate
readings (q, fs, and u,). The identification of loose granular soils is accomplished using a CPT
material index that determines soil behavioral type. The available soil resistance (i.e., cyclic
resistance ratio, CRR) in the ground is evaluated from the stress-normalized cone resistance
(Qn) which is compared with the level of seismic ground motions (i.e., cyclic stress ratio, CSR) to
calculate the factor of safety (FS) at this location. The magnitude of ground subsidence and
amount of lateral movement can also be estimated from these results.

Methodology

The level of ground shaking is represented by a cyclic stress ratio (CSR), as conventionally
estimated from the horizontal peak ground acceleration (PGA), or ama/g (Seed, 1976, 1979;
Housner et al. 1985). Proceedings follow the NCEER/NSF workshops on soil liquefaction
evaluation (Youd, et al. 2001). The CPT readings are used to evaluate geostratigraphy and soil
type from the material index, Ic (Robertson, 2004). Soil unit weight is evaluated from the sleeve
friction reading (Mayne, et al. 2010). Soils having a CPT I, < 2.6 are sandy soils that might be
prone or susceptible to liquefaction. The available resistance of the ground is quantified using a
stress-normalized cone tip resistance (Qin), as detailed by Robertson and Wride (1998) and
Robertson (2009). Liquefaction-induced settlements in level ground are estimated using a
method developed by Zhang et al. (2002) while sloped sites and/or free-face conditions are
handled by a procedure outlined by Zhang et al. (2004).

Liquefaction Analysis Procedures

Cyclic Stress Ratio

During a particular earthquake event, the local ground motions can be expressed by an
equivalent cyclic shear stress ratio (Teycic/Ovo'), OF CSR, using the simplified approach:

CSR = o _ g5 (Ruey. (T, (1)

O-VO g O-VO

where (amax/g) = horizontal peak ground acceleration (PGA) in g's, oy, = total overburden
stress, oy, = effective overburden stress, and rq = stress reduction coefficient given by:
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— 1.00 - 0.4113z°° +0.04052z +0.001753z*° o)
’ 1.00-0.41772°° +0.05729z — 0.006205z"° + 0.001210z°

where z is depth in meters.

The value of PGA = (ama/g) can be obtained from either: (a) output from a site-specific soil
amplification analyses using shear wave velocity (Vs) profiles and software packages (e.g.
SHAKE, DEEPSOIL), or (b) approximate estimates from geologic hazard maps, such as available
from the Natural Resources of Canada (NRC) and the United States Geological Survey (USGS):

http://earthquakescanada.nrcan.gc.ca/
WWW.USgS.gov

Figure 1 shows a general seismic map for North America where the anay is in units of m/s® and
therefore the scaled values must be divided by the gravitational constant (g = 9.81 m/s®) to
obtain the normalized value (amax/g) When used in equation (1).

60N
50°N
40°N
30°N
20°N
0% *-, - 10°N
180° 180W  140°W 120W  100°W 80°W S0 40'W

T e ——
0.0 0.2 0.4 0.8 1.6 2.4 32 4.0 4.8
Peak Ground Acceleration (m/s?)

Figure 1. Peak ground accelerations (PGA) for 10% probability in 50 years for North America
(Shedlock 1999).
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Overburden Stresses

The total vertical overburden stresses are calculated from the accumulation of soil unit weights
(yt) with depth:

0o = [ ndz (3)

The hydrostatic porewater pressure (up) is obtained from the water table information. If the
depth to the groundwater table is designated z,, then the value of uy below this depth (z > z,)
is given by:

Below water table: Uo = (z -2zw) - Yw (4a)

where y,, = unit weight of water (= 9.8 kN/m? for freshwater). Above the water table (z < zy),
the two simplest scenarios include:

0 (4b)

Dry soil above water table (no capillarity): Ug

(Z - Zw) . Yw (4C)

Saturated soil above water table (full capillarity):  ug

The normal assumption is that clean sands are dry above the water table, while clays can be
saturated (or dry) above the water table. In the case of partially-saturated soils, the conditions
could vary anywhere in-between, depending on many factors, including: the degree of
saturation, recent rainfall or drought activity, humidity, temperature, and other variables.

At any particular depth, the effective vertical overburden stress is obtained as the difference
between the total overburden stress and the hydrostatic porewater pressure:

G\/o = G\/o - Uo ( 5 )

The total unit weight of soil layers may be estimated using the CPT sleeve friction (Mayne, et al.
2010):

f 0.06 | 0.06
o
O-atm O-atm
where G,m = 1 bar = 100 kPa = 1 tsf = reference stress equal to one atmosphere. Since Gy’

appears within the expression, either an iterative approach can be used for solving (6), else a
one-lag calculation on the associated y; and o' can be adopted using an assumed unit weight
for the first soil layer.
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Soil Classification by CPT

The identification of soil type may be made on the basis of a CPT material index (I;) that is
defined by (Robertson & Wride, 1998):

|, = {347 —10g(Q,)}* +{1.22 + log(F)}* )

where the normalized cone resistance (Qs,) and normalized sleeve friction (F,) are given by:

Qtn _ (qt — Gvo) .[Gatm ]n (qt — Gvo)

o o (040" (®)

atm Vo atm Vo

F - L.loO% (9)

i — 0y

where n = exponent dependent upon soil type. The soil behavioral type and zone number are
obtained from Table 1 and depicted graphically in Figure 2.

Table 1. Soil behavioral type and zone number as defined by CPTu material index, I,

Soil SBT Range CPT Material Index I,
Classification Zone Number
Stiff clays and sands 8and9 (see note a)
Sands with gravels 7 . < 1.31
Sands: clean to silty 6 1.31 < I, < 2.05

Sandy mixtures 5 205 < I, < 2.60
Silty mixtures 4 2.60 < I. < 2.95
Clays 3 295 < I. < 3.60
Organic soils 2 . > 3.60
Sensitive soils 1 (see note b)
Notes:

a. Zones 8 and 9 found when 1.4% < Fr <10% and the following criterion:

1

Qu +0.006(F, —0.9) — 0.0004(F, —0.9)% —0.002

b. Sensitive soils of Zone 1 identified by when:

Qin < 12exp(-1.4F))
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Soil Behavioral Type Chart g, -0

. Q — Vo
Focal Note: o (00" O am )"
Point

I = Radius

I, =/(347—-10gQ,)* + (1.22+logF, )’

1000
3 Very stiff
1 Gravelly -~ clays to sands
1 Sands (zones 8 and 9)
o (zone 7)
)
(&]
§ 100 :
0 b
(7] o
Q 4
m -
2 '
|_ C
D
N 10 1
© 3
£ :
o -
=z 1 Sensitive Clays
< and Silts
(zone 1) Organic Soils
1 (zone 2)
0.1 1 10

Friction Ratio, F, = 100 f4/(q; - 6y,) (%)

Figure 2. Soil behavioral type evaluated from CPT material index (after Robertson, 2004)

The original value of n (and assumed initial value) is taken as n = 1 (Robertson, 1990), but then
adjusted to specific soil type by trial and error, where clean sands exhibit n = 0.5, silts have n =
0.75, and clays show n = 1.0. After the first estimate of I, is made using n = 1, the results can be
quickly modified using the algorithm provided by Robertson (2009):

n = 0.381:. + 0.05(6v'/Catm) - 0.15 (10)

Iteration gives the final value of I.. In general, sandy soils that might liquefy exhibit I. < 2.6.
Other considerations concerning problematic soils (e.g., sensitive soils, silts) during high
seismicity are discussed elsewhere (Robertson, 2009, 2010).
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Equivalent CPT Sand Resistance

The original studies of sand liquefaction under controlled laboratory studies focused on clean
"hourglass" sands, primarily with grains of quartz or silica (approx. equal parts quartz and
feldspar) composition. Since natural sands often contain some percentage of fines (soil particles
< 0.075 mm in size), a modification of the stress-normalized cone tip resistance is made on the
basis of fines content:

Qtn-cs = K- O~tn (11)
Forlc<1.64: K. = 1.0 (12a)
Forl.>1.64: K. = -0.403-1* + 5.581-12 -21.63-1° +33.75-1. - 17.88 (12b)

where Qun. is the equivalent normalized cone resistance for clean sand (also designated Qt1n-cs).
The apparent fines content (FC in %) can also be estimated from the following:

Forl.< 1.64: FC(%) = O (13a)
For1.64< 1.<35: FC(%) = 1.75-1>% - 3.7 (13b)
ForI. > 3.5: FC (%) = 100 (13c)

Cyclic Resistance Ratio

While the cyclic stress ratio (CSR) expresses the level of driving forces to cause soil liquefaction,
the stress-normalized cone resistance (Qin.s) represents the available strength of the ground to
resist liquefaction. As such, there is a threshold value, termed the cyclic resistance ratio (CRR),
such that driving forces equal the resisting forces (i.e. factor of safety, FS = 1). If the earthquake
ground motions are sufficiently strong, they will exceed the available resistance (CSR > CRR) and
liguefaction may be induced. On the other hand, if the level of seismic shaking is less than the
available soil strength (CSR < CRR), then liquefaction is unlikely.

The relationship between CSR, CRR, and Q;,.¢s is shown in Figure 3 with data from seismic sites
that have either liquefied (solid dots) or not liquefied (open dots). Evidence of liquefaction
includes the development of sand boils, sand dikes, settlements, subsidence, and/or general
ground failure. The CRR can be represented by (Robertson & Wride, 1998):

If Qtn-cs < 50: CRR7s 0.833 - [(Qn-cs)/1000] + 0.05 (14a)

where CRRy5 is the cyclic resistance ratio for a moment magnitude earthquake of M, = 7.5.
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Figure 3. Cyclic stress ratio vs. normalized cone resistance with recommended CRR lines from
different liquefaction research studies (from Robertson 2009).

Magnitude Scaling Factors

For earthquakes of moment magnitude other than M,, = 7.5, the cyclic resistance ratio can be
scaled up or down using a Magnitude Scaling Factor (MSF):

CRR = MSF - CRRys (15)
As discussed by Youd et al. (2001), the recommended expression is:

MSF = 173.8-M,, >*° (16)

Factor of Safety and Probability of Liquefaction

The factor of safety (FS) can be calculated in terms of the cyclic resistance ratio given by
egn(15) and cyclic stress ratio expressed by eqn(1):

FS = CRR/CSR (17)
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The risk of liquefaction (P.) can be quantified. Using the reference CRR for liquefaction defined
by Robertson & Wride (1998), Juang & Jiang (2000) conducted a statistical analysis to obtain:
1

P = — 18
T (18)
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Seismic map of North America showing peak ground accelerations (PGA in
m/s?) for 10% probability of exceedance in 50 year period (Shedlock 1999).
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CPT Repeatability Studies

Powell & Lunne (2005, ICSMGE)
12 CPTs at Bothkennar Soft Clay Site, UK

e
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CPTu Procedures

Porous Element Materials

+ Sintered Metals

« Ceramics

+ Plastics (disposable)
Saturation:
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+ Vacuum for 24-hours

* Pre-saturated elements

+ Prophylactic to maintain fluids
Grease-Filled Slots - (no element)

- 2

The Mad Professor
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Standards for Cone Penetration Testing

P

« International: IRTP for CPT and CPTU (ISSMGE, 1999)

= Europe: CEN standard EN ISO 22476-12 (2009) for mechanical cone
= Europe: CEN standard EN ISO 22476-1 (2007) for electrical piezocone
= Austria: DIN 4094-1

= France: NF P94-113 CPT and NF P94-119 CPTu

= Germany: DIN 4094-1

= Netherlands: NEN 5140

= United Kingdom: BS1377, BS5930

= Bulgarian Standard (use German DIN 4094-90)

= Czech Standard STN 721033

= Slovakia Standard CSN 721033

= Estonia Reference LBN 207-01

* Latvia Reference LVS 437

= Lithunia Reference LBN 005-99

= Hungary Standard MI 15000/2 (1989)

= Poland: Polish Standard PN-B-04452 (2002)

= Romanian Standard NP 074-2007

* Russia Standards GOST 19912-2001 Code SP 11 105 97

= Egypt: Use British Standards: BS 1377 - Part 9 on In-Situ Testing

= USAand Canada: ASTM D 3441 (mechanical cone); ASTM D 5778 (2007) - electric piezocone
= Norway: Norwegian Geotechnical Society Guideline 5 (1995)

= Sweden: Swedish Geotechnical Society SGF Report 1:93E

= Spain: Reference is the UNE 103-804-93

= Australian National Standard: AS1289.6.5.1-1999

= New Zealand: National Standard NZS 4402.6.5.3:1988

Calibrations of Penetrometers

» Two types of calibrations necessary.

* Load cell verification in compression
machine (proving ring) for q. and fg

* Penetrometer in pressurized triaxial cell to
detail porewater effects on geometry to
obtain gy and f; — a,q and bpet

* Pressure triaxial calibrations also verify
porewater transducer output.
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Harpoon Type Cone Penetrometers
"Free-Fall Cone Penetration Test" I

» US Navy XDP
* Canadian FFCPT
* German MARUM
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CPT Probes for Centrifuge - Univ. Western Australia
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Harpoon Type Cone Penetrometers
[

Ernsec OYNAMC  UNORAMED  CYMAMC  NORMALZED
7 PORT SHEAR PonRE DYMAMC  DESCENT
RESISTANCE ~ PRESSURE  STRENGTM  PRESSURE  PENETRATION VELOCTY o#%
9y Y, 5, PARMMETER RESISTAMCE & ACCEL OUTPUT 887
Pal @ Vi) (A soums)

CEPTH BELOW SEASED (m)

Micro-Cone Penetrometers

Kim, Choi, Lee & Lee (GeoFlorida 2010)
Korea University
¢ Developed FBG Cone Penetrometers

= Diameter : 1~7mm
« FBG +5/G sensors
« Temperature transducer
« Dual stainless steel tube

FBG = Fibre Bragg Grating sensor
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Geoprobe Systems Model 6625 CPT

(courtesy: Troy Schmidt and Tom Christy)

Used as a track rig Or left on truck carrier
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Allan McConnell
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Definition: Rodman in Civil Engineering
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AutoCoson - Automated robotic CPT system
A.P. van den Berg, Holland




A4 CPT'10 - Special Small CPT Rigs
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Railway CPT
Deployment

= P g
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Geologic Map of the World: www.OneGeology.org
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CPT Near Shore Jack-up Platforms Offshore CPTs by Dynamic Positioning Ships

IG5 Jackup Fugro Seacore USAE Explorer Explorer Fugro

Geomil Jackup iGeotest DS3 1G3 Platform Markab

V CPT"0 - Summary Regional Reports PROD = Portable Remotely Operated Drill
Benthic Geotech: http://www.bgt.com.au/

Systems for Seabed Deployment of CPT

Roson Gregg Igeotest Wison 2000-m water depths

150-m exploration depths below mudline
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Louisana Transportation
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CPTU from Gulf of Mexico
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Offshore CPTU Data 7221 5125 1202
m, = 52.9-0.149 w (r2 = 0.82)

normally-consolidated clays

60 @ Offshore Australia
"E 55 ™ i m,=56.7-0.194 LL X Gulf of Mexico 1
g © ¢ : 0-2174 O Mediterranean Sea
A © South Atlantic 1
; 45 ©  South Atlantic 2
= ©  Gulf of Mexico 2
‘g 40 ©  Offshore Africa
g 3 © North Sea (Upper)
2 %0 & North Sea (Lower)
llu_ @ Gulf of Mexico 3
£ A Caspian Sea
2 N S = Regression
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Liquid Limit, LL (%)
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Offshore CPTU Data  ISFOG 2010

¥,=2+27log (q) +0.16m, [R2=0.783] (COV=5.3)
%=2+30log(q,) +0.15m, [R2=0.782] (COV=5.5)
%,=2+3.0log(q)+0.18m, [R2=0.757] (COV=5.7)
%=6.5+25log (f,) +0.17m, [R2=0.758] (COV =5.5)

where CPT resistances (kPa)
Slope parameter m, (kN/m?3).

Coefficients of variation (COV = standard deviation/mean)
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Estimation of Unit Weight by CPTu

(Mayne, Peuchen, & Bouwmeester, 2010a)

26 : : : : . —r > Onshore Soils
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CPT'10 Summary Report
Seismic Piezocone Penetration Testing (SCPTu)
Cone Truck
Cone Penetration Test (SCPT)

ASTM D 5778 and ASTM STP 1213

e

f Surface Seismic Source (parallel with geophone axis)

s ¢
Horizontally- Electronic Penetrometer
/ polarized
and vertically- horizontal geophone
propagating
Shear Wave shear waves inclinometer
Arrivals taken f T T
at 1-m rod
intervals h;' T T 1, = sleeve friction resistance
‘:‘ Gt anlargement T T
T B - — U = porewater pressure
& L
Penstrometer Readings Ty

taken every 1 of 2 seconds e MM total cone tip resistance

SCPTu at Treporti test site
Venice Italy

e

[T — o — [T ot Wi bty
ar(MPa) 1, (kPa) uy (kPa) W, (mis)
B2 4 8 8 W17 g o 0 W0 30 0 00 400 600 8OO W00 0 W0 N0 M0 &0 MO

Deptn

Copyright 2011 - PWMayne

242

3/9/2011

CPT"10
Offshore CPTU Data  ISFOG 2010
%
LeastSquares Regression Line
M by S 11K -0365
T [ Rz0TISS b o
z 2 t fr g
= BestFllLlne[nill] - =
T w 0.9914 L2 3" ?
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SCPTu at Treporti test site
Venice Italy
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CONVENTIONAL DRILLING
& SAMPLING

DIRECT-PUSH
TECHNOLOGY

Drop
Hammer

Boreholes |}

CHT:
Vg, V,

1
SOFT |
CLAY |

1
1

—{ L
ﬁ VST: s, §;

PMT: E’

Ui Packer: k,, 1

old § new

———
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Books on Cone Penetration Testing (since CPT'95)

Norway
Canada
Britain

The
Netherlands

United
States

Holmen Island, Norway (Lunne, et al. 2003)
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SCPTU in Burswood Clay, Perth
(Schneider, 2007, Univ. Western Australia)

=

Cone Resistance, q; (MPa)  Sleeve Friction, f, (kPa) Porewater, u, (kPa) Shear Wave, Vs (m/s)

00 05 10 15 20 0 1 20 30 0 200 400 600 0

100 200 300 400

“==Fetn (at, fs)

| @ MeasDHT

Depth (meters)

A/ Empirical Interpretation of CPT data

Huang (2010)

L] W, Kowloon Sand /
w0 *+  BusinSand o%
Rl MLS FC=0r%% o,
A C=15% 5 e
wk & MLS FC=15% Q‘IQO !
Q. o, invm? y S
o -
/
] :
s b
wr N Quarsz sand
. Average
g . = = = High compressibility
— - Low compressibility
0 -

10 100 1000 5000
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(\V/ Interpretation of CPT by Analytical Methods (\V/ Finite Element Modeling of CPT

Coupled Cavity Expansion-Critical State Model

(WA)
OCR=2.|— L [G&=Y
1.95M +1| o'

vo

Univ. Michigan
LSU - Tumay et al. (2008) Susila & Hryciw (2003)

Soil Properties:
M = 6 sing'/(3-sin’)
¢' = effective stress friction angle

C. = compression index

C; = swelling index

A=1-¢C/C,

I; = 6/s, = Undrained Rigidity Index
G = shear modulus

s, = undrained shear strength

PT'10 — ] - -
CVV Discrete Element Modeling of CPT " Strain Path Modeling of CPTu
IS =
Jiang, Yu, & Harris (2006) | |
Univ. Nottingham; Univ. Manchester T

T -"z_
& MIT E-3 and SPM = :
45_, .f!r e

% Dissipation Curves

. {‘gg, : (Whittle, 2005)

Sresnee Rullo, A

Exces. Pore

WV Dislocation Analysis of CPTu S  CPT'10 - Summary Regional Reports

Soil Parameter Interpretation from CPT

Lee, Elsworth, and Hryciw (JGGE 2008)

Coef. Secondary, Cae
Constrained Mod. D'
Swelling Index, Cs
Bearing Ratio, CBR
Resilient Modulus, MR
Subgrade Coef, ks

Rigidity Index, IR
Poisson’s Ratio, v

Horizontal Coef. Ko

Effective Cohesion Intcpt, ¢*
Small Strain Gmax
Compression Index, Cc
Permeability, k

Coef. Consolidation, cvh
Elastic Modulus, E'
Overconsolidation Ratio, OCR
Relative Density, Dr
Undrained Shear Strength, su
Effective Friction Angle, ¢"

Soil Parameters Evaluated by CPT

1w 107 107 10’ 1 10" 1" 10" eof 10’ 107 107 16" 1 w0’ 1 e 1

0 5 10 15 20 25
Dimensioniess parmeability, Ko Dimensioniess permeabiity. Ko Number of Replies

15
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CPT Computer Programs for Interpretation

GEOS Pile CPT (gintsoftware) CPT7 (GeoMil Equipment)
GLAMCPT (Omer 2006) ScreenZw (ConeTec)

CPeT-IT (geologismiki.gr) CPTGL (Geotech AB reduction)
LPD-CPT (Louisana State University) Gol! (van den Berg)

Conrad (Swedish Geotech Institute) Almeid (UWA)

CPTINT (Dick Campanella) CPTPIot

CPTLiq (Geosoftwaresolutions)
CPT-Log (Geotech.se)

DCCONE (dc-software.com)

Edison - SGI

MFoundation (GeoDelft)

CPT-Pro (www.geosoft.com.pl)
P-Class - (LSU and LTRC, Louisiana)
PL-aid (McTrans at Univ. Florida)
RapidCPT (dataforensics.net)
Shake2000 (CPT for soil liquefaction)
Static Probing (www.geostru.com)
Unipile (www.unisoftltd.com)

Georit (Geotech AB)

CLiq (geologismiki.gr)
GeoExplorer (Gouda-Geo Equip)
SPAS 2009 (geologismiki.gr)
INSITU (www.geo&soft.com)
OpenSounding (sourceforge.net)
PCL-pro (Geotech)

PlotCPT (GeoMil Equipment)
SCPT-DAA (Baziw)

Static Penetrometer (Alpes-Geo)
LCPC360A (ConeTec)

FB-Deep (Univ. of Florida)
Gorilla (A.P. van den Berg)
NovoCPT 1.2 (novosoftware.com)

0000000 O0OD0DO0O0O00O0O0OCGOOGO
[ R e s Y O s [ O A Y Y N R N R

CPT'10 - Summary Regional Reports

gp'l'lﬂ

Reasons why DOTs not using CPT

Too Hard [ e e e o)

=
5] Limited Accoss [
- Lack Expertise P Question 10
; Not Familiar 22222zl
g Rubble Caprock
2 Equip Unavail
- Too Expensive [
2 Req Skill
b Other
2 Correlations Invalid 48 Respondents
8 None | + + +
L] 5 10 15 20 25 30 35
Number of DOT Replies
NCHRP 368 (2007)

CPT'10 - Summary Regional Reports

Copyright 2011 - PWMayne

245

3/9/2011

gnrm

CPT'10 - Summary Regional Reports

Applications of CPT

NCHRP 368 (2007)

Frequency of Use

0 5 10 15 20 25 30

Sinkholes

Emb Fill Control

Other [

Subgrades

Excavations

QC Ground Mod

Seismic

Rat. Wall Design

Soil Liquefaction
Soft soils deli i

Types of Projects

AN,

ey

[Peat, Hydro-Collapse (Z),
" Landslide Mapping, Enviranmental)

R.Wall Fdns |

Slopes

Deep Fdns
Embankments
Bridges

AN

AN,

36 Respondents

Special Methods for CPT in Hard Ground

Advancing Technique

Reference

Comments/Remarks

Heavy 20-tonne Dead Weight Vehicies

Mayne, et al. (1995)

Increased mass

Friction Reducer

van de Graaf & Schenk (1988)

Gpens large diameter hole before rods

Cycling of Rods (up and down)

Shinn (1995, personal comm.)

Local ly in thin hard zones of soil

Large 44-mm diameter penetrometer

van de Graaf & Schenk (1988)

Works like friction reducer

Guide Casing: Double set of rods; Peuchen (1988) Works well in situations involving soft
standard 36-mm rods supported inside soils with dense soils at depth

larger 44-mm rods; prevents buckling

Drill Out (Downhole CPTS) NNI (1996) ‘Alternate between drilling and pushing

Mud Tnjection

Van Staveren (1995)

Needs pump system for bentonitic
slur

Earth Anchors

Pagani Geotechnical Equipment
Geoprobe Systems

Increases capacity for reaction

Static-Dynamic Penetrometer

Sanglerat et al. (1995)

Switches from static mode to dynamic
mode when needed

Downhole Thrust System

Zuidberg (1974)

Single push stroke usually limited to 2
or3m

Very Heavy 30- and 40-ton Rigs

Bratton (2000)

After large 20-ton rig arrives at site,
added mass for reaction.

ROTAP - outer coring bit

Stercks & Van Calster (1995)

Special drilling capabilities through
cemented zones

CPTWD

Sacchetto et al. (2004)

Cone penetration test while driling

Sonic CPT

Bratton (2000)

Vibrator to facilitate penetration
through gravels and hard zones

EAPS (enhanced access penetrometer
system)

Farrington (2000); Shinn & Haas
(2004); Farrington & Shinn (2006)

Wireline systems for enhanced access
penetrometer system

Static-Dynamic CPT System (AMAP Sols )

AMAP Static-Dynamic CPT in Dense Sandstone

Penetration Resistance, qc (MPa)

o 20 4 60

80 100 120 140 160

*stal. (I R0R

Mlynarek (2010)

t + t
Electric CPT

Static CPT |

‘- Fill Layer -

" Sandy Gravel with” .|
“Cobbles and sahdy .
-+ denses - -

Depth (meters)

sl
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CPTs in Mine Tailings - Australia

Marooka 12t tracked CPT rig on red
tailings storage with desiccated crust,
Kalgoorlie, WA

Portable “Amphiroll” CPT vehicle on
a bauxite residue tailings storage
area, Kwinana, WA (Courtesy of
Probedrill: www.probedrill.com.au).
Fahey & Lehane (2010)

ELECTRICAL RESISTIVITY CPTU
West dam, Cross-section VIW

g Cone resistance  Friction rafio  Penefration pore Electrical resisitivity

qg. MPa FR, % pressure u, kPa  py, ohmm Py, chm-m
[~} c
a 0§ 10 15 0CI 4 T2 3 00 1 2 3
s B ~ <
i 5 - SR E
I e — i i1
®
E 10 ‘ Jd ‘
a f
3 (
; 15 { 15 j
-] i
= 20 { 20 [
= !
5

Distance from

E 25_25_ 40 200 25 e
| N o waszd

S  CPT'10 - Summary Regional Reports

SCPT in Permafrost (LeBlanc - Fortier 2006)
friction ratio  electrical resistivity  P-wave velocity
fgla (%) # (kohmim) Vi, (mis)
012345 01 1 100 1800 2800 ]

_g

o

|
1

,.
TN

P [ it 'Ir. "r\.jl'\'ﬁ"'a"'l

depth (m)
"

@

r:'

-4

taglaealoaalaaaloaalang

u
&

0 20 40 3210123 0123 300 1300 . .
tip load temperature veicaltt  Swaveveociy  -2Val University
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Zelazny Most Copper Tailings Pond

(courtesy Mike Jamiolkowski)

Maximum dam height:

Total\volume stored: - = 372x10° m*

Storage rate;- = (WA NEN ¢ o\ =17.5x105 m?/annum
Area covered: 14.2 km*

Dam’s perimeter: 14.5 km

Operation time: _____

3N 1977 throughout 2035

S  CPT"0 - Summary Regional Reports

Permafrost
Regions of
Canada
www.ec.gc.ca

Test Site
Laval University
Québec
(LeBlanc & Fortier)

Cone Penetration Rig
in Arctic Permafrost
(courtesy ConeTec)

S  CPT10 - Summary Regional Reports

CPTs Halley Research Station - Antarctica

17
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CPTs to Measure Strength of Polar Ice - Antarctica

Cone Resistance, g, (MPa)

Adrian McCallum
Scott Polar Research
Institute (SPRI)

Lankelma, UK

8§ CPT"0 - Summary Regional Reports

Hand-held electronic cone penetrometers

Piendk CP4O

Rimik CP40 ii
penetrometer

Excellent
Repeatability

Penetration Resistance

New Developments: Full-Flow Penetrometers
+ T-bar
+ Ball penetrometer

+ Plate
- Developed for very soft soils (offshore)

House, Stewart, & Randolph (ISC-1998)
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247

3/9/2011

S  CPT10 - Summary Regional Reports

Hand-held electronic cone penetrometers

Eijkelcamp Digital
Penetrometer

Spectrum
Scout SC 900

Rimik CP40 ii digital penetrometer

New Developments
VisCPT = vision penetrometer (Hryciw 2004)

= Fad

Sapphire

window ~
Silty
Sand
Silty
fine
Sand
Visual data
acquisition
recording Silty
system Clay

CPT'10 - Full-Flow Penetrometers

- Applicable for very soft soils (s, < 10 kPa)

+ Conventional CPT with larger head

+ 100-cm? area (vs. the standard 10-cm?) §

+ Resolution of load cell improved 10-fold

+ Correction for net area minimized

+ Direct Giper rather than net (CPT: g;-o,0)
Su = Qroar/10

+ Take readings during push and during pullout to
investigate cyclic effects and remoulded strength

(Yafrate &
DeJong 2006)

Randolph (ISC-2, Porto, 2004)

18



Soil characterisation =
« Various penetration tests + 15 cm’ piezocone
+ 33 cm’ piezocone
+ Ball penetrometer
i U Ve b P " T Bar
v o
1 1 e ART w L)
CPT'10 * v o
\g’ Wb B eiraTp L
a o r2conetip
& rezriaTip

Piezocone twitch
tests in chamber
deposits of clayey
sand

Normalized Resistance, q,/6,,'

(modified after Kim
& Salgado 2008)

Normalized Porewater, u/Up,,

01 1
Normalized Velocity,

10

,V=vd/c,
A A
14 T T
Drained : Partially i Undrained
L drained —
Hl !
10 @ [y
! ol e
08 | ° o !
os : ° o & :
04 % |
v = velocity
02 o a = probe diameter
o v = coef. of consolidation
0010 %

01 1
Normalized Velocity, V = v d/c,

10

CPT'10 Regional Report - North America
USGS blast-induced liquefaction, Mooring TN

o (MPa) 1, (kPa) uy (kPa) WV, s
. @ Mo e me 0 4 awe 0 0 W 3 0 el e e
2
4 —Before —Betere
— After
—After
v
B
£
& w
" A Liquefied
Sand
" Zone.
Y|
) ‘
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New Developments: Twitch Testing

Chung, Randolph & Schneider (2006, JGGE)

— —|__——Watson &
T

<© T-bar
© Ball
O Plate
A Cone

Partially-drained :
[« o o > |W’

. 40

1]

o

= 3531

[

g 307

8

3 257

3

o 207

K

g 153

g 103

£

S

=z o.sj
0.0
A

Drained

1

10

100

1000

Normalized Velocity: V = vd/c,

CPT for Liquefaction and
Seismic Ground Hazards

a6
Juang et al (2006)

Robertson & Wride (1998)
0s ;
y ' Mass et al [2006)
/
04 -
A wriss & Boulanger (2004)
&0 d
< *lig
O N Liq
0z
a1
o

Depth (m)

CPT'10 Regional Report - North America
Soundings before & after vibroflotation

Cone Tip Resistance, g, (KPa) Porewater Pressure, u, (KPa)

Sleeve Friction, f, (KPa)

0 5000 10000 15000 20000 25000

1
—— After (L1)
—— Before (L1)
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Frequent-interval and

Continuous Vs profiling
Charleston, South Carolina

Continuous Vs profiling  6TAutoseis
to 45 meters

GT AutoSeis

ARG, ]

Depth (m)

0 0.1 0.2 0.3 0.4 0.5
Time (sec) courtesy Dave Woeller - Conetec
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Parody on "You might just be a redneck"

Comedian defines "redneck” as R Jeff h
"a person who gloriously lacks of oxworthy s
sophistication" Redneck

Dictionary

If you come home from the

!‘ M garbage dump with more than

No Confirmation you went in with.......

ConeHeads are by the French ....You might just be a redneck
from ...FRANCE ext\r’;’ii:’;’::t;‘;: CPT'10 - Geotechnical Parody - - -
CPT report by You might just be a ConeHead
Jim Mitchell

CPT10

CPT'10 Parody on "You might just be a redneck" CPT'10 Parody on "You might just be a redneck"
If you believe that the best means to evaluate If you think our pr.ofessi.0|.1al image may be

. tarnished by the field drilling crew
Ngo is from CPT data....... -

I

...then you just might be a ConeHead ' ] '
youl g ....then you just might be a ConeHead

CPT'10 CPT10

20
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CPT'10 Parody on "You might just be a redneck"

If you believe our professional image may be
improved by using CPT

...then you just might just be a ConeHead

CPT'10

CPT'10 Parody on "You might just be a redneck"

If you think the
Washington
monument is a
national tribute to
cone penetration
testing

....then you just might just be a ConeHead

3/9/2011

o Fast
0 Economical

o Efficient

o Continuous
o Collection of digital data

o from Multiple Readings

0 Logged to your computer

...then you just might be a ConeHead

CPT'10

S  CPT"0 - Summary Regional Reports

nnG
: 1l Wi 4

0N RRRERA
“BR— T2 ART T

lﬂn_h—ﬂ-ﬁ“nﬂﬂ—ﬂm

Epilogue: CPT'10

What about the
Redneck
ConeHeads?

Ethan Cargill

ConeTec
Richmond, Virginia

S CPT'10 - Summary Regional Reports

James K. Mitchell
Univ. California - Berkeley CAEAL.
I‘|__> Ml Dick Campanella = -
S Univ. British Columbia =
f’ 5 Generations of

T ConeHeads
B Sgll Peter K. Robertson
_s:.' University of Alberta
L, I . ¥ Miguel Pando Univ. North Carolina
4 Univ. Mayaguez, Puerto Rico Charlotte (UNCC)

Miguel E. Ruiz
¥ Universidad Nacional de Cérdobo, Argentina
STUDY OF AXIALLY LOADED POST GROUTED
DRILLED SHAFTS USING CPT (2005)

Copyright 2011 - PWMayne




Epilogue: CPT'10 www.cpt10.com

= 4 Keynote Papers, including the 2010 James K. Mitchell Lecture by Tom Lunne

= 9 Regional Reports on CPT

= Panel Discussion sessions headed by:
0 Mark Randolph - Univ. Western Australia
o Joek Peuchen - Fugro, The Netherlands
o Peter K. Robertson - Gregg Drilling

= 3 Session Reporters

= 120 Technical Papers

Tom Lunne and
Guy Sanglerat

= Closing Talk by Jim Mitchell, Em. Prof. - Virginia Tech
= Workshop on Liquefaction Evaluation by CPT

Epilogue: CPT'10

CPT"10

www.cpt10.com

2" |nternational Symposium on

Cone Penetration Testing j

T E
=

St =
ATTENDEE LIST

Thank you for a great conference!
. NOW AVAILABLE

PRESENTATIONS
ON-LINE

Copyright 2011 - PWMayne
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Epilogue: CPT'10 www.cpt10.com

Proceedings: 3 Volumes, total 1371 pages Omnipress
CD version

Online

4th International Conference on
Site Characterization - 2012
Recife, Brazil (ISC-4)
Professor Roberto Quental Coutinho
Federal University of Pernambuco

Brazilian Soc. Soil Mechanics & Geotechnical Engineering
TC 102/TC 16 - In-Situ Testing: webforum.com/tc16

www.isc-4.com
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GeoEngineering Design Using the CPT  CoNETEC
A

Direct CPT Method for
Shallow Footings (2009)

Paul W. Mayne, PhD, P.E.

Georgia Institute of Technology

Bearing Capacity of Spread Footings

UNDRAINED LOADING (AV/V, = 0)

» Strip Footing: *N, = 5.14

- x|
Quit Ne s, > Square/Circle: *N, = 6.14

(a) CSSM: s, = %sing’ o,, OCR (1-Cs/Cc)
(b) SHANSEP: s, = 0.22 OCR%-& g, '
(¢) NGI/UIUC s, = 0.22 o’ in soft clays with OCR<2

DRAINED LOADING (Au = 0)
Qur = 2 By *N,

Natural Clean Siliceous Sands

Georgia Tech
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Limit Plasticity Solution
for Bearing Capacity

Bearing Factors

N

dut= € No + %2ByN, + o,,’'N

q
undrained I
loading of
shallow fdns drained
loading of
/)

) shallow fdns drained
undrained loading of
loading of deep fdns
deep fdns

Drained Bearing Capacity of Footings
Quit = % B *'Y *Ny

Drained Loading - Shallow Foundations
1000 r r r r
H[ = strip (d/ic=0) —d--d= 5
. H ——Rectangte (c/d =5) —4-—d o C/ays
[1 ——Rectangle (c/d = 2) ™ - I/
13 [| =—square/Circle (cld=1) | | 4 a Silts
AR T S E— E— i B
§_ e N I o Sands
o |
& ! a Gravels
g :
T 10 |
: 1
@ |
,,,,,,,,, [ R .
| | | Vesic 1975
1
20 25 30 35 40 45 50
Effective Friction Angle, ¢' (deg)

Theoretical Bearing Capacity of Footings on Sand
Limit Plasticity Solutions: qu; = % ‘B-y- N,




Theoretical Bearing Capacity of Footings on Sand
Ultimate stress: qu = % B-y-N,

However N, has been shown to decrease with B

= Golder (1941)

= de Beer (1965)

= Vesic (1973)

* Habib (1974)

= Ovesen (1975)

= Yamaguci et al. (1977)
= Ingra & Baecher (1982)
= Kimura et al. (1985)

= Hettler & Gudehus (1988)
= Bolton & Lau (1989)

» Shiraishi (1990)

= Tatsuoka et al. (1991)

= Kusakabe et al. (1992)

= Tatsuoka et al. (1994)

= Herle & Tejchman (1997)

= Ueno et al. (1998)

= Zhu, Clark & Phillips (2001)
= Lee & Salgado (2005)

= Cerato & Lutenegger (2007)
= Kumar and Khatri (2008)

= Salgado (2008)

= Mase & Hashiguchi (2009)
= Tejchman & Gorski (2010)
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Theoretical Bearing Capacity of Footings on Sand
However N, has been shown to decrease with B
Model and full-scale footings (de Beer 1965)

Theoretical Bearing Capacity of Footings on Sand
However N, has been shown to decrease with B

Footing size effects
on bearing factor N,
(a) centrifuge
experiments
(Kimura et al. 1985);

., 10000

Theoretical Bearing Capacity of Footings on Sand
However N, has been shown to decrease with B

Footing size
effects on
bearing factor N,

i (b) small and

“ul® L @ large scale

D e footing tests

(Kusakabe et al.
1992)

Theoretical Bearing Capacity of Footings on Sand
However N, has been shown to decrease with B

307 a=0.1. o=0kPa

100 |- Swip footing Footing size effects

4

(=]
£
g -
c@ —— a2 b-100  on bearing factor N,
g N —~—a=2,b=40]  (c) Finite Element
£V »f FEM/ SSan ] Analyses
3 > | = O
S | Ueno et al. 1998).
B & 10} TR, ( )
=3 t
= @ I
o O -
= s r
s I Lines: Prediction
= r Plots: FEM k)
2 I I
0.01 0.1 1 10

Normalized footing breadth, yB/o,

oling pressure

2 Yoo T 0
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Theoretical Bearing Capacity of Footings on Sand
However N, has been shown to decrease with B

600

|;:°| i\l|”.'st- :il;l‘l:"i:l[il‘![.‘“:;' M0 m.\..ll.«_:ll
U aismoKm 3ty Ifi}ll Footing size effects
al., 1999) on bearing factor N,
(d) finite difference
simulations
(Mase & Hashiguchi,
2009).

4501

Footing width B{m}




Direct CPT Method for Spread Footings on Sands
Prior Published Methods

Method

Surface Footing

Remarksand

Notes

Meyerhof (1956)

Q= 4 (B/12)c,,
where B = footing width (m);
¢, = water table correction

Q0= 9. (B12)(1+DB)e,
where D, th of embedment
Note: for ind, reduce by 0.5

¢, = 1.0 dry or moist sand.
¢, = 0.5 submerged sand

Schmertmann (1978)

NA

Embedment applics:
5(1+B) for B<Im
2m for B>Im

Canadian Geotech
Society (CFEM, 1992)

Gue = Rig'de
where Ry, =03

‘Applied (0 FS = 3 where FS
= factor of safety

(1995)

where loose sand: Ry, = 0.14
medium dense: Ryy=0.11;
dense sand: Ry, = 0.08

Tand, Warden, & NA G-Ryq. To, See Chart A-2
Funegird (1995) where R, = fetn(D,. B)
Frank and Magnan | . = Ryeq. + 0, ‘where factor Loose sand: q, <5 MPa

Ry = Ryg[14R;10.6+0.4(B/L)} (D/B)]
and Ry, = 0.35 (loose), 0.50 (medium),
and 0.85 (dense)

Medium sand:
8MPa < g, <ISMPa
Dense sand:_q,> 20 MPa

Eslaamizaad &
Robertson (1996)

See surface footing equation

K,, = function (B/D,, shape,
and density)

(2005, 2006)

Lee & Salgado Qo= Breavey Notaddressed See chart A-4 for factor Py, —
where q, averaged over distance fetn(B, Dy, Ko, and s/B)
B beneath the base

Eslami & Gholami | Sec embedded footing solution |4y, = R, Measured g, and 4., are

Qe
where Ry, given in Chart A-5

‘geometric means over 2B
decp beneath footing

Robertson & Cabal

Sce surface footing equation

(2007)
Briaud (2007)

Qe = Koq,
with Ky =023

Nominal embedment

Based on full-scale tests at

Texas A&M

Direct CPT Method for Spread Footings on Sands

Eslaamizaad & Robertson (1996)

0.7 T T T T T
0.6 E
il 3
215 0.4 ;
i i Square footing
I p3
il o |
1 Loose to medium i ]
0'10 , dense sand ,’/y, i

2 4 6 8 10 12

B
D

Direct CPT Method for Spread Footings on Sands

Eslami and Gholami (2005)

Eslami & Gholami (2005)

BC Factor, Ry = qui/Jc

T
: qcloye' = 50

|
§ Gl =200

05 1.0 15 20
Embedment D./B
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Direct CPT Method for Spread Footings on Sands

Schmertmann (1978)

& 35 T T T T T T T

7]
= - | | |
= —r—

= 3034 — Square Footing__ |- ——— - === == ==
T 45 —o- Strip Footing \\& | |

- E o (i
) -
n | | | | | | | o=
o 2% | | | | | | o— P
b7 | | | o~ | |
LR ¥ | | -7 | |
Q 'eg
] | I 0" I | |

o 10+ --—-—- T O m—m— —im—— == —— = — = —

(e} jotes: 1. See minimum embedmen!

H +° | Notes: 1.8 bedment

£ 5T -~ 5~ — — — — —requirements in Table BC-1 -
= | | | 2. Units: 1 atm = 100 kPa = 1 tsf
=] + + + + + + + + +

100
Cone Tip Resistance, g (tsf)

120 140

160

180

200

Direct CPT Method for Spread Footings on Sands

Lee and Salgado (2005)
Finite Element Analysis

0304

0204

0154

Normalized Stress, g,/ q ¢

0254 —

7 Suggested Criterion by ’I
Lee & Salgado (2005):
Stress at s/B = 20%

0.05 0.10 0.15 0.20 0.25

Relative Settlement, (s/B)

B=3m;

——B=3m;

B=3m;

B=3m;

; Dr=30%

; Dr=50%

; Dr=70%

; Dr=90%

Dr =30%

Dr=50%

Dr=70%

Dr =90%

———
GeoEngineering Design Using the CPT CONETEC
——

2009 Direct CPT Method for Shallow
Footings: A Database Approach

Paul W. Mayne, PhD, P.E.

Georgia Institute of Technology




Direct CPT Method for Spread Footings on Sands

* New 2009 Method - A Database Approach
31 Large Footings (0.5 m< B<6m)

¢ 13 Sand Sites - Clean to slightly silty Sands
* All sites tested by CPT

 Characteristic Load-Displacement Curve
(Fellenius, 1994; Briaud & Gibbens, 1994;
Lutenegger & Adams, 1998; 2003; Briaud 2007)

* Stress (q) vs. normalized displacement (s/B)
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Direct CPT Method for Spread Footings

Characteristic Stress-Normalized Displacement Curves

Fittja, Sweden

2 25mx2.3m
2
(o4
o
I
] 1.8x1.6m
e
Q
=
S o5 A~ _ _ __ 4 _________1
<
0.65m
[Jo.s5m
n
1
80 100

Displacement, s (mm)

Direct CPT Method for Spread Footings

Characteristic Stress-Normalized Displacement Curves

Fittja, Sweden

5 2.5mx2.3m

£

o

%)

»w 05F — — — — — — — — e E— ]

g 1.8 x1.6m

HoaF-——-- g ———— L ]

kel

Q

a 0.65m

g- |:|0.55m
0.00 0.05 0.10 0.15

Normalized Displacement, s/B

Direct CPT Method for Spread Footings

Characteristic Stress-Normalized Displacement Curves

Fittja, Sweden

15 ‘ ‘
< ©0.55x 0.65 m ‘
o |
2 B16x18m !
o 104 - e
%) ©23x25m |
%]
g [ I
7] I < I
g 05+ ----- b e Regression: -
= | =% n=21
< o & |r-203mpa  4=203501(sB)
G025 = 0.980
0.0 otk + + + +
0.0 0.1 0.2 0.3 0.4 0.5

Square Root (s/B)

Texas A&M Sand Site
US National Geotechnical Test Site
(Briaud & Gibbens, 1999; Briaud, 2007, ASCE JGGE)

SPT-Nvalue, N (bpf)  Tip Resistance, o, (MPs)  Limit Pressure, P, (Pa) DM Pressures (bars)  Velocity, V, (m/s)
0102030 40506070 0 10 20 0 50 1000 1500 0 10 20 30 40 50 o 100 200 300 400

er i
Pleistocene Clean |
Sands (SP) |
|

silty Sands (SP-SM) é CPT!
v £
H |
—— B
Sityto Clayey F=--
Sands (SC- SM)
|
L= - -
————— | =
Hard Eocene Clay
Shale e I crosshole 2-1
! L
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National Geotech Experimentation Site




Direct CPT Method for Spread Footings

Characteristic Stress-Normalized Displacement

Curves

Texas A&M Footings (Briaud & Gibbens, 1994, GSP 41)

12 T T
—=3mN
—B-3ms
——25m

——15m

Applied Load, Q (MN)

Square Footings: B (meters)=__ |
3

° ¢

Displacement, s (mm)

20 40 60 80 100 120 140 160 180

2009 Direct CPT Method for Footings on Sand

Kolbyttermon, Sweden

4.0

. 25m

Z 30 X 2.3m

= °

g /9 18m

‘§ % 1.6m

3 T

g -7 Ham

a 1x1.1m

oo | S—

< 0.65m
—r——T% ] 0.55m

30 40 50
Displacement, s (mm)

60

CPTs from Shenton Park, Perth, Australia

q.(MPa) fz (kPa)
] 5 10 15 0 &0 100 150
0 ]
1 1317 E]
It —z
:’E —n
H 2 !\ Ll
5 : L2
& 3 ﬁ:
& a
4 4
5 5
. -—
6 il 6
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2009 Direct CPT Method for Footings on Sand
College Siation, Texas
20 T ;
B =3m (North) i
—_ OB = 3m (South) - T
w o i
A 25
— =l.am 54 .
o CB=10m . ¥ Regression
o 1.0 9 n= 57
g ; = 0975
o & r.= 4.86MPa
@« i
E 0.5 :
< . g
7 NGB i
00 F } f H ;
0.0 0.1 0.2 0.3 0.4
Square Root (s/B)

1
i

1

1

Applisd Stress, q (MPa

3

2,

Kolbytiermon, Sweden

2009 Direct CPT Method for Footings on Sand

0
BT zomxzem 18x 1.6m 1 13x e (X% )
1.14m
ol ; e
5 ] Regression: 27
“1r. =551 MPa <
oln=40 : %6
] r=09d2 p
; Slope r, _
5 JG7E)
T
0 : - b ;
0.00 010 0.20 0.20 0.40
Sqrt (s/B)

0.50

0.4

0.3

0.2

Applied Load, Q (MN)

o1

2009 Direct CPT Method for Footings on Sand

Perth, Australia (Lehane, et al. 2008)

—=B=15m (ze=1m)
=a- B=1.0m (ze=0.5m)
——B=1.0m (ze=1m)

—~B=0.67m (ze = 1m)

nl
B

"
e

10 20 30 40 50
Displacement, s (mm)
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2009 Direct CPT Method for Footings on Sand

Perth, Australia (Lehane, et al. 2008)

05 i I
¢ B=1.5m (ze=1m)
o B=1.0m (ze =0.5m)
04
E 4 B=1.0m (ze=1m)
= B=0.67m (ze =1m)
e ~—Regression (all footings) | oY
H All 4 Foatings
2
7 o2
-]
2
3
- SNTY S-S
o 7 i 4 4 i
0.00 0.06 0.40 045 020 026 0.30

Sqrt Normalized Displacement = (s/B)05

2009 Direct CPT Method for Footings on Sand

Database: 30 Large Footings on 12 Sands

Sand Site  Location Soil C

ings:
Shapes, and Sizes

College Station ~ Texas Pleistocene sand 5Square: 1,15,25,3m  Briaud & Gibbens (1999, JGE)

Kolbyttemon Sweden Glaciofluvial sand 4 Rect: B=0.6; 1.2, 1.7, 2.4 m Bergdahl, et al. (1985 ICSMFE, 1986)

Fittja Sweden Glaciofluvial sand 3Rect: Bergdahl, et al. (1984, 1985 ICSMFE)
Alvin West Texas Alluvial sand 2 Circular: Tand, et al. (1994, GSP 40)

Alvin East Texas Alluvial sand 2Circular: D=22m  Tand, etal. (1994, GSP 40)

Perth Australia  Siliceous dune sand 4 Square: B=0.5and 1.0m Lehane (2008, 4th DCG)

Grabo T1C Sweden  Compacted sand fill 1Square: B=046m  Long (1993, SGI 43)

Grabo T2C Sweden  Compacted sand fill Long (1993, SGI 43)

Grabo T3C Sweden  Compacted sand fill Long (1993, SGI 43)

Labenne France Dune sand 4Square: B=07and 1.0m Amar et al. (1998, ISC-1)

Green Cove Florida Brown silty sand 1Circular: D=1.82m  Anderson et al. (2006, JGGE)
Durbin South Africa  White fine sand 1Square:B=6.09m  Kantley (1965, ICSMFE)

2009 Direct CPT Method for Footings on Sand

Cone Tip Resistance, . (MPa)
0 2 4 6 8 10 12 14 16

Depth (m)
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2009 Direct CPT Method for Footings on Sand

Database: 30 Large Footings on 12 Sands

Limit Plasticity Elasticity Theory

diameter d

Incremestsl Vertical Stain, ¢,

—
J o

Active Passive
Radial

1.5d

Depth of Influence

2009 Direct CPT Method for Footings on Sand

Database: 30 Large Footings on 12 Sands

Sand Site Embedment Groundwater D, r,=slope qg, Gy CPTI. Ratio
stress q vs

Depth z, (m) Depth (m) (mm) sqrt(s/B)  (MPa) (MPa) Index r./q,,

College Station 0.76 4.9 0.2 4.86 1.54 75 172 0.65
Kolbyttemon 04to1.1m 8 03-04 5.51 174 1072 na 0.51
Fittja 04to1.1m 15 0.2-0.4 2,03 0.64 3.2 na 0.63
Alvin West 235 1.9 0.11-0.14 5.46 173 1046 na 0.52
Alvin East 22 1.9 0.11-0.14 4.06 128 6.72 na 0.60
Perth 0.5t0 1.0 55 0.42 1.51 048 344 155 044
Grabo T1C 0 >5 0.34 0.46 015 0.88 na 0.53
Grabo T2C 0 >5 0.34 1.85 058 3.86 1.24 048
Grabo T3C 0 >5 0.34 1.66 052 287 1.16 0.58
Labenne 0 3 0.32 2.65 0.84 401 207 0.66
Green Cove 0.6 3 na 541 171 978 129 055
Durbin 0 1.2 na 1.96 062 3.66 na 0.54




2009 Direct CPT Method for Footings on Sand

2.0
151 summary: /qc=1n.7z Kolbyttamon
. 30 Footings X 4:=10.46 Alvin West
T 163 onl2Sand Sites +— q. =9.78 Green Cove
a o =7.52 Texas A&GM
é 141
3 =672 Alvin East
2 Pl
s 12% ,
< *
T 10% /
@ . q. = 4.01 Labenne
2 o8y . 4 q. =3.21 Fittja
D 63 . v ¥ q.=3.66 Durbin
= - /7 L7 /34— qc = 3.86 Grabo T2C
= ANNYS 225 q.=2.87 Grabo T3C
S 047 . Z: AN
< // il 4. =3.44 Perth
4 < -
Lo} [
.. — == ~9 q=088 GraboTIC
00 =y + + '
0.0 0.1 0.2 03 0.4 0.5 0.6

Sqgrt Normalized Displacement, (s/B)"‘5

Footings on Sand by CPT
B=1.0m

Labenne Footing, France
1200

e What is the bearing capacity?
900 o7
800 Q@

700 Q

600 Q

500 Q

400 Q

300 @

200 § Q@

Applied Axial Load, Q (kN)

100 3

e

20 40 60 80 100 120

Displacement, s (mm)

Footings on Sand by CPT
Capacity Criteria: Hyberbolic Asymptote (Kondner 1963)

Labenne Footing, France
1500

=
5 © Measured
< Q,,= 1111 kN
o —Hyperbola —_
< 1000
=
Q
2
g
<

500
o
2
a
o
<

0
o 20 40 60 80 100 120

Displacement, s (mm)
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2010 Direct CPT Method for Footings on Sand

030

025

015 +-

Footing Response on Sands

a/a.=0.585 (s/8]"* h

Normalized Stress, ¢ appiiea /Ac

31 Footings
010 |eniisands |
n=376
?=0.933
oos S.EY. =0.0143
000 d * '
04 05 06

Sqrt Normalized Displacement, (s/B)%%

Footings on Sand by CPT
Capacity Criteria: LCPC (Amar 1998)

Labenne Footing, France

1200
g ™ What is the bearing capacity?
o s, Q=870 kN S
- 800 T
§ 700 _,,Q"'—
— 600 ‘,Q" _
g o B=1.0m
< pe
o 400 P
£ wj &  LCPCcriterion:
& »ia Qwhen (s/B) = 10%

100 5

° ((.)‘ 20 40 60 80 140 120
Displacement, s (mm) s=100 mm

Footings on Sand by CPT
Capacity Criteria: Zero Stiffness Method (Decourt 1999)

Labenne Footing, France

50
E 4
£ y =-0.0391x + 41.076
= R?=0.9461
-;" 35 >
g 30
o 2 y =-22.06In(x) + 157.41

R*=0.994
N4
% 20
@ Q,, = 1260 kN
o 15
£
E 10
@ 5
0
0 200 400 600 800 1000 1200 1400

Load Q (kN)




Footings on Sand by CPT

Capacity Criteria: L;-L, Method (Abkas & Kulhawy 2009)

— s
,
Final insar Region

Load

Setlement

Footings on Sand by CPT
Comparison of Capacity Criteria

Labenne Footing, France
1400

Z 1w 5
< 1200 <€—— 1260kN: Log Zero Stiffness
~ 10 § €—— 1111kN: Hyperbolic Asymptote
G 1000
o 900 Q
S < 870 kN: LCPC (s/B) = 10% y
g (s/8) Q@
- 700 Q@
53 600 (o]
X swfe—— @ 485kN: L,-L, Method
T Q
_& 300 &
< 200 § Q

100 §

oGk
o 20 40 60 80 100

Displacement, s (mm)

120

Direct CPT Method for Spread Footings

Characteristic Stress-Normalized Displacement Curves

Fittja, Sweden

15 T
< ©0.55 x 0.65 m Bearing Capacity:
% Stress at s/B = 10%
< O016x18m [sqrt(s/B) = 0.316]
o 1.0 11 e
@ ©23x25m I
3 'y
= !
3 _.__.0_6._._._._._.;
S 054 CGaw=0 4 MPa =7 Regression:
= Q2% ! n=21
(=} £ 4 -
g o % . 9= 22.03 sqrt(s/B)

= ! r“=0.980
0.0 ot t t + +
0.0 0.1 0.2 0.3 0.4 0.5

Square Root (s/B)
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1200
1100
1000

900

Applied Axial Load, Q (kN)

Footings on Sand by CPT
Capacity Criteria: L,- L, Method

Labenne Footing, France

60 80 100 120

Displacement, s (mm)

2010 Footings on Sand by CPT

1200

Labenne Footing, France

1100

1000

Applied Stress, q (kPa)

LCPC (s/B) = 10% -2
Q,,=870kN —>-~ 9
/Q”
FT y=2802,6x
2 R? = 0.9905
fg',
o
o
Lk
e
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Sqrt (s/B)

20

2009 Direct CPT Method for Footings on Sand

05 T

Qopucy (VIP2) = BC Stress at siB =10%

0.0

Lase— .

Total: 31 Footings
on 13 Sands

@ AhinFasi, Texas
Alvin Wost, Texss

& Durbin, Seuth Africa
& Fitfia, Swedes
- g O Grabo T1C
A : Grbo 120

Grzbo 13C
Green Cove, Floridz
=0.18q. M Kolbybemon, Swodon
= 0854

S8.EY.;=0.183

T - :
3,7 Bearing Capacity

B Labenne, Franees
Ferth, Auestradin
% Pon, Porugat
Note: capacity defined as @ irxas AKM
sIress g wher (28] = 10% o= = Regression
; cvenes Tromd + SEY.

5 10 45 [ Trend-SEY.

Cone Tip Resistance, g (MPa)
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Footing Response on Sands

Direct CPT Footing Method - Kolby Site

; . ; ) 25
CPT Direct Method for Characteristic Load-Displacement Response of Footings on Sand ! ! ;
Kaby Foting, Swecden (Bergdant e a. 1965 =3q. .4
olby Footing, Sweden (Bergdani et 1965) Kolby 2.3 x 2.5 m Footing: g, =10 MPa — q(StreSS) =3 qc (S/ B) !
B(m= 2.4 (equivalent square) 6000 T 204 _ ]
a.(Pa) 10000 (mean over 18 beneath base) T T T oy . ‘ ‘
Q = applied oad | [o Weasurea .

O 000§ IR = Taange " @

- o 12 sands | |
0000 o000 00 o o Z . 1594 —n=339 A T~
00002 0008 05 82 a2 < 4000 4 %) Q
00004 0012 10 116 668 n ! !
oo00s O0i 14 12 g8 o O | |
o008 0016 19 14 45 . S
ooolo oo 24 1es iws T 3000 S 1031 A R
00015 0022 36 225 1204 s (2] 3
S G w5 % w3 i \ \ \
oo2s 0029 60 20 1670 3 2000 4 ® .
00030 00®2 72 38 1830 H 2 Regression Results:
ool 003 84 33 1976 =
00040 0037 95 37 2113 < Q o954 - - ® _ _ q(Meas)=1.004 q (Pred) _|
00045 0039 108 38 2241 1000 (=} .
o050 0041 120 410 232 < ?=0.976
oooss 004 132 4w 2m
00060 0045 144 449 2588 0 S.E.Y.=0.083
ooo6s 0047 156 468 2603
00070 0049 168 485 2795 0 5 10 15 2 25 30 0.0
ooo7s ooso 10 sz 2003 )

Displacement, s (mm)

oogs 0052 192 519 2088
oo 00ss 204 % om 0.0 0.5 1.0 15 2.0 25
oos 0055 216 50 3169 .
Goos 00w e s e Predicted stress, q (MPa)

2009 Direct CPT Method for Footings on Silts

Rhymes with Orange - by Hilary Price

Silt Site Location  Soil Conditions Footings: Numbers, Reference Source

Shapes, and Sizes

Jossigny France Soft clayey silt 2Square: B=1m Amar et al. (1998, ISC-1)
Tornhill Sweden  Glacial Baltic till 3 Square: B=0.5,1,and 2m Larsson (2001, SGI R-59)
Vagverket Sweden  Stiff medium silt 3 Square: B=0.5,1,and 2m Larsson (1997, SGI R-54)
1‘[ Vattahammar ~ Sweden  Bm-Gry layered silt 3 Square: B=0.5,1,and2m Larsson (1997, SGI R-54)

THE BEeF DinED
ON GRAGS, THe FouLTRY
DINED ON GRAINS,
AND THE BARY FIELD
GREEMS DINED oM
DIRT.

Footing Load Vagverket Vagverket

Tests at Tornhill

(Larsson, 1997) (Larsson, 1997)
(Larsson, 2001)

2009 Direct CPT Method for Footings on Silts 2009 Direct CPT Method for Footings on Silts

Vagverket Footings
1500 T T Silt Site Emb.z,(m)  GWT (m) PI(%) r,=Slope G, G CPTI Ratio
+B=05m Qs sart(s/B) (MPa) _(MPa) _Index _tJq
Jossigny 0and 0.5 01 n 149 047 120 na 124
BB=1m Tornhill 15 2m 17 456 144 320 230 143
00+ f§ ¢t @ ——dd ] Vagverket 2 Attesian +23 9 1.30 041 101 214 129
~AB=2m Vattahammar 15 >11m 10 364 115 367 219 099

500 4+ — -
LA | y=13047x . i ro

Applied Stress, q (kPa)

Agphes S, q (kPa
-

00 0.1 02 03 04 05 06
Sqrt (s/B)
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Vatthammar
Sweden

SGI Rept R-54
(Larsson, 1997)

‘amhammar- Sweden

Vallmmne Swades

Valfbmmma Swsdnn
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o e n o m umoa e e
\_SI- :
= |
" 10 1
£
3 3 3
8. s W W = | .l
<
=
k.
» ‘_E-, m »l
{ .
o . -

2009 Direct CPT Method for Footings on Silts

Vagverket

Total cone resstance, 0., 48
00 G0 B00 %000

000

Dwptn. m

Vatthammar

| FETR——

2009 Direct CPT Method for Footings on Silts

Footings on Siles

06 X Jossigny: B = 1m
; 05 & Tombill: B = (.5m
= OTomhill: B = 1m
g 04 O Tombill: & = 2m
o
@ 03 “Vagverker: B = 0.5m
@ -
- o Vagverker: 8 = Tm
NMo02 - 4l = B=2m
@
E Qa= 1.1 Qoo [SBJS > Vattahammar: & = 0.6m
] 01 #=0920; n=128 || OVanahammar: &= fm
oo 4 v + ¥ - =i
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o2 03 04 05
Sqrt(s/B)
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Footing Bearing Capacity on Silts

3.0 T T T
A Jossigny, France |
2 251 | o Tomnil sweden | | Capacitydefinedas
o - | stressqats=0.1B
v B Vagverket, Sweden | |
a O Vattahammar, Sweden | | |
@ 2044 0 T L - — = —
w s All 10 footings ! !
@ —— Linear (All 10 footings) | ! !
@ | o
= 15%
n ' |
o 10 Footings on 4 Silts | |
n )
w0l | | |
g ! ! Geap = 0.384
g | | Geap = 0.384 Gtnet
5 ost | I =0.908
L | |
| | |
0.0 + + + + +
0 1 2 3 4 5 6

Cone Tip Resistance, Gye; (MPa)

Direct CPT Method for Embedded Footings on Clay
Schmertmann (1978)

25 T T T
5? Square Footing: Gy = 2.75 Gam (Ac/Gam) > ‘
g 20+ --—-——r-———————- - -
n
]
s
7] 53 _ ]
2
£ g
&, or-—-—-—-"-~-—s | Square | 7
[ | -~ | = Strip
- - |
£ £ I A
g Strip Footing: uy = 1.05 G4 (G/Gatm) ™

0 I
0 10 20 30 40 50

Cone Tip Resistance, q (tsf)

Direct CPT Method for Spread Footings on Clay
Prior Published Methods

Method

Footing

Comments

Notes/Remarks

Meyerhof (1974)

Qe = O e

where 0.25 < g, <0.50

Cone tip resistance
‘measured by mechanical
cpT

Trofimenkov (1974)

“Approximation:
Que = (a/33)°
(Assuming FS = 3)

Strip footings on clays and sandy
clays: 0.6m =B < 1.5m; Im < 7,y
<25m

Mechanical CPT with g,
and qq in kglem?

Schmertmann,
(1978)

Qa0 function(q, and
foundation shape)

Relationship shown in Figure A-6
for square and strip footings

Cone tip resistance
‘measured by mechanical
CPT

Tand, et al. (1986)

Gue =Ry (*q. - 0,0) + 0,
Factor R, obtained from
Figure A-7 accounts for
surface and deep footings

*q. = (00'90)"

where q,, is geometric mean from
bearing elevation to 0.5B decper
and q, is geometric mean from
0.5B 10 1.5B beneath foundation
base

Mix of mechanical CPT
and electric CPT

LCPC Method
(Frank & Magnan,
1995)

Footing a surface:

Que=keqe + 0,
where k_=0.32

Embedment case:

kA.:(lSl’Ver}S(Ob-O‘tE) 2}
B

B

footing width
footing length
D = embedment

Copyright 2011 - PWMayne
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Direct CPT Method for Spread Footings
Tand, et al. (In-Situ '86, GSP 6)

Tand, K.E. Fenegard, E.G. and Briaud, JL. (1986). BC of footngs on clay: CPT method. In-Sau86, pp. 1017

Number Site and Location  Reference Sail Conditions PIGH EaD e Type aut e s qiner  Penewometer
(meters) (m) Cuve (Pa) (PR (Pa)  (Pa) Type
A Tesciy Tand,etal (1996) ASCEGSP§  Jomed Beaumontclay 25 058 15  C 650 1155 255 1130 ElecticCPT
Bl TewsCiy Tand,etal. (1996) ASCEGSP & Jomed Beaumontclay 20 058 15 C 310 620 255 595 ElecticCPT
B2 TewsCly Tandelal (1985), ASCEGSP 6 Jomed Beaumoniclay  na 058 15 C 50 90 255 055 ElecteCPT
© AT Tand,elal (1086) ASCEGSP 6 Jomed Beaumontclay 40 058 15 C 695 1600 255 1575 Electic CPT
DL UnivHouston, TX  Shekh elal. (1983) U Housion  Joried Beaumontclay 45 22 6.4 160 2080 1088 2371 ElecticCPT
D2 UniHouston, TX  Shelh et al. 1983, Jorted Bea s o sa 1220 200 1088 2591 ElecricCPT
£ Housion, TX ek et i, (1983), Joned Bea s 22 22 80 280 34 233 ElecricCPT
Brand etal. (1972) A
F Rangso, Thaland  Support Soft Banghok clay 42 06010 15 C 15 460 255 250 ElecricCPT
‘Andersen & Stenhammar (1962),
G HagaNowsy  JGE Sif OC clay 5112 0 A w0 70 0 770 EecricCeT
Vg etal. (1979) 6ih Asian Reg.
| Kanpurida  Cont Sttt sandy clay 18 031008 1 a0 om0 1w 78 Mech.cPT
Ashiord Commons,
ERT Wardetal. (1965), Geotechnigue  Fissured Londonclay 40 015 0 1020 2580 0 2580 Mech.CPT
‘Ashford Commons,
2 Uk 1. (1965), Geotechnique  Fissured Londonclay 40 035 0 2040 630 0 6300 Mech CPT
Pie (1075), 2nd Ausr-NZ Conl
K Adelaide, Austiala Geomech, Fim iy cay B o1 3 3 s s1 809 Mech CPT
L Gemany Jelncketal (19779 ICSWFE  Mardlacustine cly 22 088 102 0 6500 1734 6327 Mech CPT
2 Jeliek et al (1977) ot ICSMFE 2 18 10 30 6200 170 6030 Mech CPT
M1 London Clay, UK Marsiand-Quarterman (1962 ESOPT) St 02 6 1200 2400 102 2298 ElecticCPT
M2 London Clay, UK Marsiand-Quarterman (1982 ESOPT) Sif fissured clay 02 6 2000 200 102 279 ElecwioCPT
New Beffast ieland  Lehane (2003) ICE Geot Engrg  Softclay "sleech 3 22 22 B 19 scPTU
New  Bothkennar, Scotand Jardine (1995, 2009, Geotechique Softesuarne sityclay 27 248 2 B 165 265 scPTU
New  Shelhaven, England Schnaid (1992), Wroth Mem Symp  Soft estuarine clay 0 ea o B 8 245 Elecric CPTU
New  Cowden, UK Pouell (2003) Char & Engrg Prop i clay tl 19 oses o C o2 205 2e2 1863 SCPTU

Preconsolidation Stress of Clays from CPT
(Kulhawy & Mayne, 1990)

10000

(kPa)

1000 3

100 3

Intact Clays:
6y’ = (Gro.o)/3 Y

100 1000 10000
Net Cone Stress, q;-G,, (kPa)

Preconsolidation Stress, o,

o

Direct CPT Method for Spread Footings
Tand, et al. (In-Situ '86, GSP 6)

Bearing Factor, Ry = (gux- 6yo)/(G- 0y)

Fissured or Ewops
Jointed Clays Australia
0z n T —imtact Clay Trand
(3]
00
o 1 2 3 4 5 &

Embedment Depth Ratio, z,/B
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Undrained Shear Strength vs Preconsolidation Stress
DeGroot, Lunne, & Tjelta (2010, ISFOG-ii)

150 —r—7—T—T——T——T—
[ - ]
= 100 | -
o . o +
2
v o
= ' 1240 .
w50 - mh .
L & 7 5,(DSS)=0.23q, |
% O
0 i 1 L 1 L 1 1 L L

0 100 200 300 400 500
o, [kPal

Footings on Soft Clay

* Bearing Capacity Theory: Q= *N's,,

¢ Backcalculated Failure Case Histories (Bjerrum
1972; 1973) and Corrected Vane Data (Mesri 1975):
Mobilized shear strength: s, =0.23 ¢

* Approx. SCE-CSSM approach: Gp' =0.33 (g,
* Combine: g, = (6.14)(0.23)(0.33) 0y

* Relationship:  q,; = 0.46 Qpet

2009 Direct CPT Method for Footings on Clays
Foundation Response Curves (after Kulhawy 2004)

4

. Type C
Capacity Q for Curve C -

. -
P
(04 . -
- "
= . Q'E!’...Q!-!"’.?,ﬁ._.‘
3 SIS Ty pe B
3 Peak Q for Curve A

. Type A

I:I B = Footing Width

Displacement, s

s=01B

11



2009 Direct CPT Method for Footings on Clays

4000 T

© ] Regression: n =21
o { Footings on Cla y=0.493x Q
=3 . g y ¥ =0.935 u ]
= 3000 + '

S 4 |

o J |
,3: 1 Aui = 0.45 (G¢ - Ovo) ! b

G 20004 -~ Y — — S L -
Q 4

© ] |
o ] |

D 1000+ -—-—-—-; G- —————— R
£ 1 X Capacity Criteria:
H 1. Peak stress, Qmax
3 ] or 2. Stress when s = 0.1B
0 +rr—rrtrrrrtrr-reeereere e
0 1000 2000 3000 4000 5000 6000 7000

Cone Tip Resistance, q;-6,, (kPa)

2009 Direct CPT Method for Footings on Clays

Special Database: Complete load-displacement-capacity curves

Footings: Numbers,

Clay Site Location Soil Conditions Reference/ Source

Shapes, and Sizes
Belfast Ireland soft clay silt "sleech” 1 Square Pad: B=2.0m Lehane (Geot Engr 2003, ICE)
Bothkennar  Scotland Softsiltyclay 2 Square Pads: B=22,24m  Jardine, et al (Geot. 1995)
Bangkok Thailand Softtostiffclay 4 Square: 0.67, 0.75,0.90, 1.0m Brand, et al. (1972, ASCE Purdue)
Haga Norway Stiff OC clay 2 Square Footings: B=1.0m  Andersen & Stenhammar (1982)
Rio Grande ~ Brazil Sandy residual clay 3 Square: 0.4,0.7,and 1.0m  Consoli, et al. (1998, JGGE)
Shellhaven England Soft estuarine clay  Rectangular: 5m by 14 m Schnaid et al. (1993, Wroth Symp)
TexasCityA  Texas Coast fissured Beaumont 3 circular plates: d=0.58m  Tand, etal. (In-Situ 1986, GSP 6)
Texas City B1 ~ Texas Coast fissured Beaumont 2 circular plates: d=0.58m  Tand, et al. (In-Situ 1986, GSP 6)

Texas City B2

Alvin, Texas

Texas Coast

Texas Coast

fissured Beaumont

fissured Beaumont

1 circular plate: d =0.58 m Tand, et al. (In-Situ 1986, GSP 6)

3circular plates: d=0.58m  Tand, et al. (in-Situ 1986, GSP 6)

Direct CPT Method for Footings

All 5 footings - Bangkok Clay

Footing Stress, q (kPa)

300

260 +

A ir,=0.87 MPa

y=869.74x
R*=0.9312

n=47

041

02 03 04
sqrt (s/B)
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2009 Direct CPT Method for Footings on Clays

10000
Footings on Clay
— Capacity Criteria:
5 1. Peak stress, Gnax
3 or 2. Stress whens =10% B
= 1000 — — — — — — — — — — — — — — — 5 Rg- T _ _ _ _
=] n
>
= N
‘o Regression: n =21
s v =0.580 x>
3] r* = 0.969
@ 100
s Quie = 0.45 (0t - ovo)
o
1]
10 +
100 1000 10000

Cone Tip Resistance, q;-0,, (kPa)

Direct CPT Method for Footings

Asian Institute of Technology, Bangkok

200
150
= /o_,_/—»
=
100
(<]
)
T
o
S T
50
o
] 10 20 30 40

Displacement, s (mm)

—@—Footing F1: B = 1.00m

~o=Footing F2: B = 0.90m

—t—Footing F3: B = 0.75m

=--Footing F4: B = 0.675m

++0+ Footing F5: B = 0.60m

2009 Direct CPT Method for Footings on Clays

1000
900
800
700
600
500
400
300

Stress, q applied (KPa)

200

100

Footings on Clays

[}

Texas City A

o

Alvin, Texas

*

Texas City B1

Texas City B2
—— Linear (Texas City B2)
—— Linear (Texas City A)
——Linear (Alvin, Texas)

—— Linear (Texas City B1)

Sqrt (s/B)

12



Direct CPT Method for Footings on Clay

Bothkennar, TestA

200 200
q=545 (/B¢
= 0.9673
180 150 4
n=33
w
o
= 100 100
o
50 50
] + T o ]
o 50 100 150 200 250 ] 04 0z 03 04

Sqrt (s/B)

Displacement, s (mm)

Bothkennar Load Test, UK
Jardine et al. (Geotechnique, 1995)

Vertical Load (kN)

0 200 400 600 800
0 . s "
] I
i |
50 + |
=il |
E n |
A I —
fir 100 i il Predicted |- — i Y
) ]
e 1 O Measured !
7] p |
S 150 ‘ ]
“6 : L L
[a] ] Kentledge Blocks: B=22m
200 SCPTu (Nash, et al. 1992)
] | |
250 ! -

Geotechnical News
(December 2001)

Prediction Results

a1. Mayne - USA <
o 2. Orr - Ireland
o 3. Murry - NZ
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Depth (m)

Bothkennar Soft Clay Test Site, U.K.
Nash, Powell, & Lloyd (Geotechnique, June 1992)
q,(MPa) 1, (MPa)

00 02 04 06 08 10 O 0.01
+

u, (MPa) Vs (mis)

0.02

00 02 04 06 08 0 100 200 300

o A w N o2 o

Depth (m)

© © ~ o

3

European Foundation Prediction Symposium
Belfast Test, Ireland (Data by Lehane, 2001)

Index Values (%) CPT q. (MPa) Vane C,, (kPa) Downhole V, (m/s)
0 20 40 60 8 10 0 1 2 3 4 5| 0 10 20 30 40 50 0 50 100 150 200
mmm 0 0 sy ey 0
,,,‘L,fff 1 P S R | P
| [
I SO, T PE S T z»——:————
I S N P SR I N .
[ % .
- +olom —| | 4 LS st "ul e B 4 -
L3
,,,L,‘Qf,, 5 P SR RN P T G
Y | [ 3
- od— | |6 61  — gt 1 — 6 RY
|/ | [ .
— g — 7 T+ - - - — 7
roy LTI .
F b h— — |8 8;- +—ag 1| 8 .
——PL | [
- — ot~ ||+ -+ - - 9 0y
o T [ °
10 10 10 -

European Foundation Prediction Symposium
Belfast Test, Ireland
2.2 m pad on soft "sleech"

Geotechnical Engineering
Institution of Civil Engineers,
Thomas Telford, London
(Lehane 2003)

Proceedings, IS-Lyon
Balkema Publishers
(Mayne, 2003)
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Belfast Footing Load Test Shellhaven Load Test - East London, UK
(Schnaid et al. 1992)
(Mayne, 2003; Lehane 2003)
Belfast Footing Load Test l l I:‘];EIS\HGTﬁR:JIS:NI;EFTPOtD |
Applied Stress, q (kPa) | E_l o | GMF SAMPLING HOLE \.|, I
0 20 40 60 80 100 120 | L i ;’?i'ﬁpr‘ﬁ)ké'““r'“ ll[ l.l: :
0o ‘ s | + |- [ | | | g8 55 Vi &7 -
ol T FEMTO— 1 | a I INCLINCME TER il |+ & 1 +
- LP | v | Pezouemr i | G cer
E 0 b e - PL | HRS
£ w2 __u 2w P2PY 14 15 18
: 60 77777777 O [ [ EI' ! -] X
H |
S gt QS 53 v2 | |
ki w00d - —Class C Prediction | | \ ¥ ¥ & ¥ ! |
\.&_’ O West Side G2 icg J | r- - LOAD TEST AREA
8 120 + - O EastSide [~~~ " \e | B |
140 + - & Measured Mean |- ———-I-— -\ - —-———— o AL 5y [ | :
10 : = .
GT Geotechnical Group

Shellhaven Load Test - East London, UK
Kentledge (Concrete Blocks)

Shellhaven Load Test - East London, UK

MEAN BEARING PRESSURE (kPa)
9 10 20 30 4 50 s 70 E0
=

1
|
100 <
T
g1
; ZCOJ
BT

i - NORTHERN FACE J 1

+ SOUTHERN FACE
04 | — POST-TEST ANITE

> | ! ELEMENT ANALYSIS | |

GT Geotechnical Group |
Haga Clay, Norway Haga Clay, Norway

Bearing Capacity of Shaliow Founcations en Overconsolidated Clay

Case Study: Haga Clay Test Sise, Norway
Reference: Andersen, K H. and Stenhamar, P. (1982). Static p i idaten] clay.
Journal of Gestechnical Engineering 108, No. OT7, 918834,

Andersen & Stenhamar (1982, JGE)

Additional references on Haga ck'_lprqm'u

® Almexlia, M. et al. {Im Condion Geosechnlcal Jownal 33 (1), 23-41.

® Lusne o al. (1986). U of Fa-Sime Tests in Geotechmical Engineering, ASCE GSP 6, 714729,

® Lacasse, 5. (1995). Presfuilure Deformation of Geomaterials, Vol 2, Balkema, Roticrdam, $87-907.
® Lgane, T., Lacise, 5., and Rad, N. (1994). Geaeral report on SFT, CPT, PMT, and recent
developments.  Procesdings 12* ICSMFE (4), Rio, 23392400,

A sexies of plate boad tests with 3 movable steel squars fooring (1 meser by 1 meter) were conducted on
a T-macee thick depoct of medium sensitiviy clay = Hags. Average index properties of Haga Clay
include: w, = 35%, LL = 47, Pl = 15, § = 4 w 7, clay fracthon (< 2 micioes) = 45%. In-sia
‘measuremants of the amblent hydrostatic water pressure indicated w, s 0 or slightly negative vidues (i.e.,

HASA H

qp‘llai'_r) mmlfﬂnkﬂMnMnuhmﬂﬂaﬂ. The Higa clay s -r Clay Wm” o e ;l-;
of excavation and effects. Laboratory consolidation -
mmimlh:pmﬁlmfc, 1o be around = 400 EN/er in the uppesmost portions. Triaxial shear tests ™ . T ¥
determined the effective stress Friction angle o be ¢' = 307 1o 327,
FIG. 12—Arrangement for Plate Loading  FIG. 13.—Location of Plate Loading Tests

Tests

GT Geotechnical Group

GT Geotechnical Group

14
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Undrained Load Tests at Haga Clay, Norway

“00 = B=1m
20 FTEST 3/ 7 TR
- 4 9
= £ test
S ,
3 4 v
ot WH ;
Zwor I
£
]
3
* 0 ..i' (S/B) =4%
0 ] | | 1 1 1 1 1
[+] 0 10 10 L0 50 &0 70 B0

VERTICAL DISPLACEMENT, mm

GT Geotechnical Group

Direct CPT Method for Shallow Footings

Normalized Stress, q applied’d tnet

Footings on Intact Clays

1.0
09

Regression for s/B < 0.04 [i.e., sqrt{s/B)< 0.2] _| Belfast, Ireland

and excludes post-peak data Bothkennar, Scotland
)

08

Bangkok, Thailand

oo @ ¢

0.7

Cowden, England

0.6

+ Haga, Norway

o

Rio Grande, Brazil

05
04

03 1

0.2
01
00

00

© ), England

g

All 14 Footings

__iNote: Arrow denotes _ | © Peakor Post-Peak
peak or maximum

value reached ===Linear (All 14 Footings)

01 02 03 04 Aot/ Gener = 0-45

Sqrt (s/B)

2009 Direct CPT Method for Footings

Capacity Q for Curve A ry -
- " A Type A

A

.

Maximum Q for Curve B

-...P.eak Q for Curve C

(most common
response: sands,
silts, firm to stiff
clays)

- Type B
(some soft to
firm clays)

Type C
(rare: sensitive
clays)

Y

v

s=01B

Displacement, s

Normalized Stress, q ppiiea /9 tnet

2009 Direct CPT Method for Footings

Footing Response on Sands, Silts, and Clays

r
Practical Criterion for Capacity

— of Footings on Silts and Sands: - —
Stress q where s = 0.1B

014 Footings/Plates on 6 Clays
1 oFootings on Clay: Post Peak
©10 Footings on 4 Silts

41 ©30Footings on 12 Sands

A9 Plates on Fissured Clays

Applicable range Criterion for Capacity
for clavs herein 3 'e of Footings on Clays:

StressGne T T T T T T T T T
I
TR N
A <@
TRagetiios v
word® S o o
AT eupi®® o
CUYTYS
H
}
0.05 0.10 0.15

Normalized Displacement, (s/B)

2009 Direct CPT Method

for Footings on Soils

Footing Response on Clays, Silts,& Sands

1.0

O Intact Clays
0.9 F| aFrissured Clays

IQ(SUCSS) =hy Qe -/ B) ‘

08¢ | osilts
O Sands

05%
04 F
0.3
0.2
0.1
0.0

Normalized Stress, q appiied /Gtnet

0.0 0.1 0.2

0.7 4 Intact Clays: hg=2.70 <@
06% aay q.m @

& Fissifed: h, =147
< *
N N
Silts: h, =1.12

0.3 0.4 0.5 0.6

Sqart Normalized Displacement, (s/B)°'5

2009 Direct CPT Method for Footings on Sails

Applied stress, q (MPa)

Footing Response on Clays, Silts,& Sands

25

y = 1.0038x
R? = 0.9473

O Sands
Sands:
© silts

2.0

O Clays

A Fissured

15 Fissured Clays: hd Silts:
y =1.0045x
10 3 RE=0434830 Y R’ = 0.8807
Sands & Silts:
0.5 AT~ — — Clays= —| s/B<0.1
y=1.0037x  |For Clays:
R®=0.9248 s/B <0.04

0.0 0.5 1.0 15 2.0 25

Predicted stress, q (MPa)
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2010 Direct CPT Method for Footings on Soils

* New case study (Stuedlein, 2008)

* Baytown, Texas

« Stiff fissured Beaumont Clay

2 Plate Load Tests (d = 0.76 m)

1 Large Square Footing (B = 2.74 m)
* 9 CPTu soundings

2010 Direct CPT Method for Footings on Soils

anoo |
Baytown, Texas

- (Stuedlein, 2008)
A & ——
E’ - @ Plate P30-1
= & © PlateP30-2
g 2000 -
= . Feoting P-G3
> ,_
= Direct CPT (B =2.74m)
T o |
o o —— Diract CPT (d = 0.76m)

. W"m——‘

] 58 166 158 200

Displacement, s (mm)

Geostratification by CPTu

Soil Behavioral Type Interpretation of CPTu Soundings
(Robertson, CGJ, 1990)

Define Normalized Piezocone Parameters:

Normalized Tip Resistance: Q = (q,- G,,)/0y,'

Normalized Sleeve Friction: F= 100 f./(q,- o,

VO)

Normalized Porewater Pressure: B, = (u,-ug)/(q, - Gy,)
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Depthim]

CPTUs at Baytown, Texas (Stuedlein, 2008)

Cone Resistance, g, (MPa)

s w1 w0 o w00 %00

Slewve Friction, f, [kPaj)

Porewater, u, (kPaj)

400 200 300 O 100 100 M0 800

—— Average SCPTS

—crrun

cPTua

—PTur)
—crrun:

2009 Direct CPT Method for Footings on Soils

Footing Response on Clays, Silts,& Sands

10
q(stress) = h, - dgpec (/B |
T 9
a 1 ¢ [For Sands & Silts:
é Limit: s/B <0.1
o For Clays: All data
@ Limit: s/B < 0.04 n =659
7 -
) 0lg ————7T—— G ——— —— — —
= Regressions:
» 1. Arithmetic:
E ‘ y =1.005 x
S ooy QIR AN #=0.937
< =) (F:'IayS: p ?15 = 2138 2. Log-Log 102
AFissured: hs = 1. = :
osilts:  hs =112 ¥ =1044x
o Sands: hs =058 ¥ =0.926
0.001 e
0.001 0.01 0.1 1 10

Predicted stress, q (MPa)

Geostratification by CPTu
Nine-Zone Soil Behavioral Type (Robertson, 1990)

@c-owlow
8

Normalized Q

00 4—

SBT Chart (1990; 1997) SBT Chart (1990; 1997)
1000
seT7 seTs Y
> 8
H
77777 ) -
s
W
I3
3
‘\ RN -
sr3 H
< N g
seT 1 c. H
\\. z SBT 1
o2 ,
o ) o 46 o4 02 o 02 o4 o5 o8 1 12 14
Friction Ratio, F = 100 £,(q-Gi) Porewater Pressure, B = (uz - Ug) (dcGve)

Nine - Part Soil Behavioral Types and Zone Numbers (Robertson, 1990; Lunne et al., 1997)

- 1=Sensitive Fine Grained Soils

2=Organic Soils and Peats.

~——3=Clays: claytosilty clay

—— 5=Sand Mixtures: silty sand to sandy silt

7=Gravelly Sand to sand

—— 9= Very stiff fine-grained soils

——4=Silt Mixtures: clayey silt to silty clay

——6=Sands: clean sands to silty sands
8=Very stiff sand to clayey sand

— - Normally Consolidated (NC) Soils

16



Geostratification by CPTu

Simplified CPT Material Index for electric cones in clean
sands (Robertson & Wride, 1998):

L =y (3:47—10gQ)? + (1.22+log F )’
Modified Normalized Tip Resistance (Robertson 2004):

Q= Qtl — (qt_cvo)'(cai]n_ (qt_o-vn)

h (Cam 'O-vol)n
n =0.5 (sands), 0.75 (silts), and n = 1.0 (clays)
Iterate using to find exponent n (Robertson 2009 CGJ):

'
Oatm Ovo

n = 03811, +0.05(c,/0n)—0.15 <10

Direct CPT Method for Spread Footings
Fdn stress g = q,, -h, -,/(s/B) CPT Material Index: 1, =+/[(3.47-logQ)’ + (1.22+log F)?

Foating Respanse on Sands. Silfts, and Clays

o
i
:
e

Sands |5 SandSitmic | Clays 7
05 HERETE

5L 5295 ;

FE
i

E

g

Fissured

hg = ratio rg/aye

'
{

CPT Material Index, I,

Direct CPT Method for Shallow Footings

A
. Capacity Q for Curve A ° /
< Y
. - A Type A
. (most common
/ response: sands,
o* silts, firm to stiff
O / clays)
- * i Q for Curve B
o € e we@ioe Type B
g q, . Peak for C c (some soft to
f- ...Bgak Q for Curve firm clays)
S|« =
. $=0.04B
- Type C
K |:| B = Footing Width (e sensitive
v ~
s=0.1B

Displacement, s
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CPT Material Index I, for Soil Behavioral Type

Soil Behavioral Type Chart
Note:

Pamnt I, = Radius

I =347 logg) 1 (122 1 logF )Y

1000
Gravelly \, Very stiff
= Sands ', clays o sands
g (zone 1) \\ fzones # and §)
§ . - L= 205,27
[Fi] ™
= e
H T
]
E I, =260 .
Sandy Mitures - =
X . =285
2 {rana £ 7 st M
g o — o—_" (zon: 4)
] T
g - = Cloys 1. =360
£ Sensitive Clays h oo 3)
g and Silts I Organic Soild
(rane 1) " f2eume2)
1
01 10

1
Friction Ratio, F, = 100 £./(q;- ..} (%)

Direct CPT Method for Shallow Footings

© Clay A Silt o Sand ¢ Additional Clay Sites

Summary: 2010 Direct CPT Footing Method

* Database: 31 footings on 13 sands, 10 footings on 4 silt sites,
14 footings/plates on 6 intact clays; 9 tests on fissured clays

¢ Characteristic stress-normalized displacement curves (L;;';)‘
¢ Footing stress: Quppfied <] Sands: h,=058 0.1
—WPEE = hy- = | *Sits: h,=112 01

9net B | =Fissured: h,=147 0.1

¢ Using CPT alone:

Sands: I, < 2.05
Silts: 2.05<I.< 2.95

Qapplied
Intact Clays: I.>2.95 e

= —
= Qe (S/B)”- 0,4+(120i8+0,25]

Fissured Silts & Clays
Intact Clays: 1. >2.05
and B;<0.1

[ 250 -
o = G (5/B)"°- 0'4*[17':*0-"0)

= Intact Clays: h,=2.70  0.04

17



Theoretical Bearing Capacity of Footings on Sand

Limit Plasticity Solutions: qux = % B-y-N,

[ ——
[S———

Direct CPT Method for Footings on Sand

Phi from R&C (1983)

1000

v
+ =+ = Meyerhof (1963) R
= = =Salgada (7008) 7
— Vesic (1975} Ed a
. - HlinLhH.u.nuuﬂlgbb] ‘."I /:
z O Large Footings . Eé
- /
5
T 100
]
-
H
=
"
3
@
10
0 0 a0 50 ]

Friction Angle, §' (degrees)

Direct CPT Method for Footings on Sand

Phi from K&M (1990)

1000

T+ Meyerhof (1963]
- = «Martin [2005)
—esic (1975)

= « Brinch-Hansen (1966)
O Large Footings
Expon. {Large Footings) | +"

Ri=0.7448

Bearing Factor, N,
g

/8= 10%

Friction Angle, §' (degrees)
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Friction Angle of Clean GO W w0
Sands from CPT

(Robertson & Campanella, 1983) 50 m\\‘“

Based in Part on CPT Calibration
Chamber Tests Uncorrected for

Boundary Effects

q. directly

proportional to G,

Cone resistance q_ (MPa)

T

S~

)

o
2

™~
~

{kPiJ
——

o
-]
S

w
=1
s

Werlical eflective stress ¢'
]
£

b o e
|l .
A
/
L]

w
£
€

E L

W

Friction Angle of Sands from CPT

(Geoengineering & Geomechanics Journal, Dec. 2006)

50 T T T 1
a (Kulhawy & Mayne 1990)
\ _ . .
¢'(deg)=17.6+11-log 7\/'7
454 Ovo Oam J| _ |
oy ] ] [l
o
b} high percentdge ! !
A lay minerals| ! :
P Q
2 w0t e
8 | |
E] I L
ot B Yodo River O Natori River
; @ Tone River & Edo River
54— _ ] © Mildred Lake O Massey |
0 Kidd ® J-Pit
O LL-Dam O Highmont
O Holmen A W. Kowloon
# Gioia Tauro 4 Duncan Dam
O Hibernia ———K&M'90
30
0 50 100 150 200 250 300
9/ Tam)

05

Normalized Tip Stress, qy =

(0 Oun)

Direct CPT Method for Footings on Sand

Vesic (1975) Solution:
N =

Cs =

Quie = yzB’Y Ny.Cgs.di

2-tan'{1+exp(7 - tang') - tan” (45° + ¢'/ 2)]
1 - 0.4(B/A)

B LIMIT PLASTICITY

18



Direct CPT Method for Footings on Sand

55 T T T T T

s Backealculated §' ey

g 50 1 from 31 Footings

E on 13 Sands

= i ;

- 41

5

§ 40 + t t
™ Triaxial §' from

= 15 Undisturbed

IE a5 4 I— - Sand Sites

H . .

E} |

= 30T

]

4]

25

o 50 100 180 200 250 300 350 400

Normalized cone 1 = (9e/Fatml (T I}

CPT Method for Friction Angle of Silica Sand

1000 — LI | |I =
Robertson (2009, — - o
CGJ): Unified . — —=
Approach to CPT = = - —as
Interpretation 3 W —a
§ 00 3 E
2 - —]—
i - T B
2 — ! 3
= =
g B q—a
= Kty
2 1] e— and Mayne
3 = = IR
E =
2 o .
=
= . n
1 [ B EREET] [N RAT!

e

1 10
Mormalized frichon ratio, F,

Direct CPT Method for Footings on Sand

100

S . .
E 1
@ .3\‘/@—'_ ~ ?~11(B/s)
q%@@
L)
=Y Q%
2,

n;=318
r2i=0.895

o

Normalized Modulus, E' /q,

1
0.00001 0.0001 0.001 0.01 01

Normalized Displacement, (s/B)
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Direct CPT Method for Footings on Sand

1000

+ » » » Meyerhof (1963) o F
— = =Martin (2005) o ,E,-
——Vesic (1975) s

=+ Brinch-Harsen (1966) “Dﬁ
O Large Footings N

-/ y=0.030260 93

-+ Expon. [Large Footings)
. Ri=0.7448

Bearing Factor, Ny
g

/B = 20%

Friction Angle, ¢' (degrees)

Direct CPT Method for Footings on Sand
Displacements of Shallow Foundations

Elastic Continuum Solutions:

_q-B- |'-(1—V2)
= T
Poulos & Davis (1974): Elastic Solutions for

Soil & Rock Mechanics, Wiley & Sons, NY:
WWW.usucger.org

Direct CPT Method for Shallow Footings

= Swedish Geotechnical Institute (SGI)

= National Science Foundation (NSF)

= Federal Highway Administration (FHWA)
= Imperial College, London

= Texas A&M University (TAMU)

= Trinity College, Dublin

= University of Western Australia (UWA)

= Norwegian Geotechnical Institute (NGI)
= University of Washington, Seattle

Green Coves Spring
Jacksoville, Florida

= University of Florida, Gainesville

= University of Porto, Portugal

= Asian Institute of Technology, Bangkok

= Federal University Rio Grande do Sol, Brazil
= Florida Dept. of Transportation (FDOT)

Tornhill Load Test
Lund, Sweden
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Footing Response on Clays, Silts,& Sands

1.0
2 OlIntact Clays
s 0.9 _
o AFissured Clays q (stress) - hs “Oinet ~ (S/ B) = U max
g 08 o Silts
g @
©
oy
n SOIL hs qmaxlchnet
g &G Clays 270 0.45
) Fissured: 1.47 0.40
Ne) Silts: 1.12 0.35
N
T Sands: 0.58 0.20
S
o
Z ----------------------------------
0.6 0.7
Sgrt Normalized Displacement, (s/B)°->
Footing Response on Clays, Silts,& Sands
2.5
o Sands Sands:
y = 1.0038x
1 ¢ Silts R2=0.9473
/c-d\ 20 T
Qa ] oClays
é 1 A Fissured N A4
° 151 C Q L SR P
0 Fissured Clays: @ ) Silts:
(72} _ * _
J) y = 1.0265x @ Q y = 1.0045x
s R2=0.9348 0% R2 = 0.8807
? 1.0 *
§e) ) @
o 3
ot - Intact
Q . Clays:
< 05 + Q
1 y =1.0037x All data
R2=0.9248 n = 659
0.0 —r—t
0.0 0.5 1.0 15 2.0 2.5

Predicted stress, q (MPa)
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2009 Michael W. O'Neill Lecture

University of Houston

14th CIGMAT CONFERENCE

Center for Innovative Grouting, Materials, and Technology
06 March 2009

Paul W. Mayne

Georgia Institute of Technology

3/9/2011

Michael W. O'Neill (1940-2003)

Michael W. O'Neill (1940-2003)

Michael W. O'Neill
(1940-2003)

i Advances in
Designing and
Testing Deep

ASCE GSP 129 (2005)
Edited by C. Vipulanandan
& F.C. Townsend

;_ Foundations

http://www.ce.ncsu.edu/usucger/Obituaries/0%27Neill_Michael.pdf
http://www.vulcanhammer.net/wave/oneill.pdf

http://www.uh.edu/engines/epi1822.htm

Axial Pile Capacity: Qiotai = Qsides ¥ Qpase

R

t
ot
t
unit side Q. =/f, dA
friction, f, t ‘1‘ S P s
t t
t t
N
t
_L Qp= gy Ay
tttt

unit base resistance, qy

Copyright 2011 - PWMayne

Axial Pile Capacity

* [82] Qtotal Qs + Qb - W
* [83] Q = q A,
* [84a] Undrained loading: q, = *N. - s,

* [84b]  Drained loading: q, = *N; - o,




Axial Pile Capacity

« Circular or square pile
* Undrained end bearing: *N.=9.33
» Drained end bearing (Vesic 1975): eqn [85]

*Ng =exp(r-tan ¢')t:7::i?:-[l+ tan¢'(B/A)]-[1+ 21an¢'(1—sin¢')2 arctan(L/B)]

* Approx. eqn [86]:

¥
EXD(*)
N~ 75

e - 13

Nq = drained bearing factor (Vesic 1975)

Bearing Factor, "N,

¢ strip Circle or|
(deg) Footing Square
~B=Square/Circle (BIA=1) | — — — 200 953 1299
21.0 10.54 14.58
22,0 11.65 16.36
23.0 12.89 18.36
240 14.27 20.62
25.0 15.80 2317
26.0 17.51 26.05
27.0 19.41 2031
28.0 21.55 33.00
29.0 2394 3721
30.0 26.63 42.01
31.0 29.67 47.49
320 33.09 53.77

Drained Loading - Deep Foundations
1000

——Strip (BIA=0)

Base Bearing Factor, *N,
2
8

330 3698 6099
340 4140 6932
350 4643 7894
360 5219 9011
370 5881 10312
20 25 30 35 40 45 50 380 6643 11832

390 7524 13647

Effective Friction Angle, ¢' (deg) 400 8548 157.20

Rational Methods for Pile Capacity

End Bearing: q, = pile tip resistance
limit plasticity, cavity expansion theory,
limit equilibrium

Side Resistance: f;, = pile side friction
o a method: f,=as, anda =fctn(s,)

a B method: f,=B o, andf = Ko tand'

o A method (offshore)

effective stress methods

O

o numerical simulations
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N, = Undrained Bearing Capacity Factors
(after Meyerhof, 1982)

= Smooth Strip

r, N¢
=
t

—0- Smooth Circle e —

©
T

= RoughCircle(m=0) |- — — — + 33— s ™ —"—" — — — — — — —

—o—Rough Strip
=0 Rough Circle (m = 1)

o
T

2
3
3
£
=
2
£ 74 [ 70 RownCrdem=1) | _ =T @” ~— . _ _ _ ____
P
BT b e
e s
£
sfif-—E=m - T | =
5
23
H
) \
90 60 30 0 E 60 % 120 150 180
Compression Foundation Surface Shallow Deep Completely
on Slope Foundation  Foundation Foundation Embedded

Anchor or Plate
Surface Inclination, p (degrees)

Beta Method for Pile Side Friction
Eqn(86]: f Cy- Cy K, -tand' - o,

p
Pile Installation Effects | Jetted Pile Cc =05
Modifier, C,
Drilled and Bored Piles Cc = 0.9
Low-Displacement Driven Piles: Cc =10
(e.g., H-piles; open-ended pipe)
High-Displacement Driven Piles Ce=11
(e.g., closed-ended pipe; precast)
Pile Material Effects | Soil/Rough Concrete (drilled shafts) Cy=1.0
Modifier, Cy,
Soil/Smooth Concrete (precast) Cy=09
Soil/Timber (wood pilings) Cy=0.8
Soil/Rough Steel (normal H- and pipe pilings) Cy=0.7
Soil/Smooth Steel (cone penetrometer) Cy=0.6
Soil/Stainless Steel (flat dilatometer) Cy=05

a-Methods for Pile Side Resistance
o Tomlinson (1957, 4th ICSMFE)

a Wroth (1972, ASCE Purdue Conf)

o Vesic (1977, NCHRP 42, TRB)

o Semple (1980, ICE, London)

o American Petroleum Inst. (1981)

o Dennis & Olson (1985, OTC)

o Kulhawy & Jackson (1989, ASCE GSP 22)
a Nowacki et al. (1993, ICE, London)

o Phoon & Kulhawy (1993, GSP 38)

o Randolph (2003 Rankine, Geotechnique)




B-Methods for Pile Side Resistance

o Burland (1972, Geotechnique)

o Flaate & Selnes (1977, 9t ICSMFE, Tokyo
a Kulhawy et al. (1983, EPRI EL-2870)

o Konrad & Roy (1987, Geotechnique)

a Poulos (1989 Rankine, Geotechnique)

o Kulhawy & Jackson (1989, GSP 22)

o Karlsrud & Nadim (1990, OTC, Houston)

o Karlsrud (1999, ASCE GSP 88, Austin)

a O'Neill (2001 Terzaghi, ASCE JGGE)

Q

2009 Michael W. O'Neill Lecture

Evaluating Axial Pile Response

N
by Cone Penetrometer Tests
—
")
s Qs
f Paul W. Mayne, PhD, P.E. \L
s Georgia Institute of Technology
Ul Atlanta, Georgia Qb
qr C*
LCPC Pile End Bearing from CPT
(Bustamante & Gianeselli, 1982; Frank & Magnan, 1995)
Pile
Pile Type of Pile _T
Category
1A Plain bored piles, Mud bored piles, T
Hollow auger bored piles, Case screwed T
piles, Type | micropiles, Piers, Barrettes T fp
1B Cased bored piles, Driven cast piles
A Driven precast piles, Prestressed T
tubular piles, Jacked concrete piles 1
1B Driven steel piles, Jacked steel piles t
1A Driven grouted piles, Rammed piles
1]} High pressure grouted piles (d > M
0.25m), Type |l micropiles 9
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Cone rig with hydraulic pushing system

=
Cone Penetration Test (CPT)

O©

Test Procedures
« Continuous push

at 20 mm/s Electronic Penetrometer
« Add rods at 1-m

vertical intervals n ic = inclination

P enlargementT T

l « ASTM D-5778 Field

T fs = sleeve friction resistance

fof~

ul T~

Cvlt "‘\.\_
Readings taken Ssll v q. = measured tip resistance
every 1or5cm

<« [——> Um = porewater pressure
=

RN M q; = total cone tip resistance

AXIAL PILE CAPACITY
FROM CONE PENETROMETER

QTotaI = Qs + Qb - Wp
Qside =z (fp dAs)
Qpase = b Ap

. Me”fhod One T Method Two: Rational
Direct” CPT Method vt op “Indirect” Method
(Scaled Pile) i

U

T OCR, s, K, ¢, Dg, &’

!

f, = fctn (soil type, pile !
type, q,, or f; and Au)

.
unit side i
friction, fP T:

T f, = cuek K, 0’ tang’

i
i
i
i
I
I
i
i
i
i
i
i
! Drained: q,=N,0,,’

i 1
q, = fctn (soil type, q;-u,, and
degree of movement, s/B) > qb = unit end bearing

Undrained: q,=N_ s,

LCPC Pile Friction from CPT in Sands

(Bustamante & Gianeselli, 1982; Frank & Magnan, 1995)

LCPC Direct CPT Method for Sands
300 — Pile
Note: Lower limit applies for unreliable S

construction. Upper Limit for very careful
250 T construction

PILETYPE=111B

Side Resistance, f;, (kPa)

—_ = = - —
—_ s S = —>

40

Cone Tip Resistance, q. (MPa)




LCPC Pile Friction from CPT in Clays

(Bustamante & Gianeselli, 1982; Frank & Magnan, 1995)

LCPC Direct CPT Method for Clays
180 Pile
Note: Lower limit applies for unreliable —
—~ 160 4+ construction. Upper Limit for very careful
g construction
X i : o1
o PILETYPE=111B
P
. 120

g Tt
c 100 T
2 A
g 80+ T T
o upper upper f
L S 1A, A P
§ wl v lower /Iower e T T
«n ]

20% t t

0 + + +
0 5 10 15 20
Cone Tip Resistance, q. (MPa)
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LCPC Pile End Bearing from CPT

(Bustamante & Frank 1997; Frank & Magnan, 1995)

Pile
Table: K. factors for Pile End Bearing Resistance
Soil Type Non- Displacement
Displacement Type Pile
Pile
Clay and/or 0.40 0.55
Silt
Sand and/or 0.15 0.50
Gravel
Base Resistance: q, =k; - qc
M
9

Direct CPT Methods (using q. and/or f,)

» Aoki & de Alencar (1975, 5th PanAm, Buenos Aires)
» Schmertmann (1978, FHWA TS-78-209)

» de Ruiter & Beringer (1979, Marine Geotechnology)
» Bustamante and Gianeselli (1982, LCPC)

» Zhou et al. (1982, ESOPT, Amsterdam)

* Tumay & Fakhroo (1982, ASCE CPT Experience)

* Price & Wardle (1982, ESOPT, Amsterdam)

» Van Impe (1986, 4™ Intl. Geot.Seminar, Singapore)

* Robertson et al. (1988, ISOPT-1, Orlando)

» Alsamman (1995, PhD, Univ. lllinois-Urbana)

» Fioravante et al. (1995, 10t Asian Reg. Conf)

» Abu-Farsakh & Titi (2004, ASCE JGGE)

Based on mechanical CPT with uncorrected q,

Direct CPTU Methods (q;, fs, and/or uy)

a Almeida et al. (1996, BRE-NGI method)

a Eslami and Fellenius (1997, Unicone Method)

a Jardine & Chow (1996, MTD - Imperial College)
o Takesue et al. (1998, Kajima Tech Research Inst.)
a Lee & Salgado (1999, ASCE JGGE)

a Powell, et al. (2001, 15" ICSMGE, Istanbul)

a Jamiolkowski (2003 BAP - Ghent)

a Clausen, Aas, & Karlsrud (NGI 2005)

a Kolk, Baaijens, & Senders (Fugro 2005)

a Xu, et al. (2006, JGGE)

a Schneider et al. (2008, Univ. Western Australia)

Direct CPT Method for Driven Piles in Clays

[m]

(BRE-NGI: Almeida et. al, 1996; Powell et al. 2001)

Define net cone tip resistance: Qet = gt - Gyo
Unit Pile Side Friction (L/d < 60): fp = Qinet/k1
Parameter k; = 10.5 + 13.3 log(qnet/cvo )

Unit Pile End Bearing Resistance: gy = Ginet/ks

Parameter k, = 2

Georgia Tech
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Direct CPT Method for Drilled Shafts in Clays

(based on Kulhawy & Phoon 1993); Kulhawy, 2004)

Bored
Pile

y & t

- 1

o

1

T

fy = 05-cam+Suciuc/Sam T
N, =10 for CIUC: f,=0.158,/(q, —0\,) Oum TTT
Using Ny, = 15 forbase: g, =0.62(q,- o,,) qb
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Fugro Direct CPT Method for Driven Closed-End Pile in Sands Driven Piles in Quartz-Silica Sands
(Clausen et al. 2005; Schneider et al. 2008) (Schneider, et al. 2008, ASCE JGGE Sept)
f, = 2.1:(Dg - 0.1)"7(0,0/04im)* ?(2ZIL) Sty Fiip Froag Frnat 2 0-1(040 /S o) - Four recent methods (2005) =

Pile + Driven piles in sand
* Dg = 0.4 In{ q/[22(0,, * 0,,m)°*°]} = estimated relative density

(as a decimal) » Open-ended and closed-ended

= End bearing resistance for a driven closed-ended pile is:

_ _08-q
(1+Dg?) t
9 |

1

= z = depth T )

= L = pile length 4 fp + Evaluate plugging

* Fy, = tip factor (= 1.0 for open-ended; 1.6 for closed-ended) T - Statistical reliability measures

* Foaq = l0ad factor (= 1.0 for tension and 1.3 for compression)

= F... = material factor (= 1.0 for steel and 1.2 for concrete). T W
1

Direct CPT Method for Drilled Shafts in Sands KTRI Pile Friction Method from CPTu
(Fioravante et al. 1995; Jamiolkowski 2003) (Takesue, et al. 1998)
6
Bored ‘ ‘
N & Clay | H
200 ; ; ; ; ; 6 T T T Pile . ® Mix } Bored cast-in-situ pii‘es P.II__e
w w »77‘ ‘77‘77 ] « - asamdd T T T *
Swfororoi--fpeh | BTN b t S e s | N
:_ | | | &4 TTT - T ﬁ a5 omix } Drivensteelpiles | /|
g | T ‘Svandﬁ and z:‘ |
- = i ity Sands | §3»——L—q—‘ ! ,Tf 'E A sand ° | X T T
2 | | | 2 ] S 3 | f
& ol |t g.1 L _ 1} | s
8 sl - t - ;2 T T u, :>T T
2 [ [T L _ _ L Sanddand _ ko, I fp
£ I N N £ | Grayels T o | v T T
0 T S N = >, &
[ 5 10 15 20 25 30 0 10 20 30 40 T E 1 0® 1 T
Cone Tip Resistance, q. (MPa) Cone Tip Resistance, q. (MPa) T
vV (Taszue, et al., 1998)
" o
-300 0 300 600 900 1200
qb Excess Pore Pressure, Au, (kPa)

mﬁ”“ﬁ'“ﬁ“‘? Method Gy ey "™ NCHRP Synthesis 368:
T e e | | | www-fellenius.net Cone Penetration Test

1-Very soft clays, sensitive soils
2-Soft clays

3-Silty clays - Stiff clays
4- Silty sands - Sandy silts

A. Determine

Gi-uz (MPa)
e

TETEER effective cone
resistance: . .
Chapter 8 on Pile Foundations
5 e - g NCHRP
& SYNTHESIS 368
B. Plot qe vs f - www.trb.org
o1 for soil type o Cone Penetration Testing
! 0o “"‘ 1o « webforum.com/tc16
Sleeve Friction, f; (kPa) C. Side Resistance:
Soil Type C. Value fp' S Coge « geosystems.ce.gatech.edu
= 1. Very soft sensitive soils 0.080 § 5
= 2. Soft Clay 0.050 D. Tip Resistance:
« 3.Stiffclaytosiltyclay ~ 0.025 ::g:’“: % = qEI - o e e
+ 4. Silt-Sand Mix 0.010 -4m: s, = qe/(3B)
= 5. Sands 0.004 B = pile width (m)
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ADSC-ASCE-FHWA Load Test Program
Georgia Tech, Atlanta

Deep Foundations:
0 End-Bearing Shaft: d =076 m L =19.2m
Q Friction-Type Shaft: d =0.76 m L =169m

Georgia Tech Drilled Shaft C2
ADSC-ASCE-FHWA Load Tests in Piedmont Residuum

6000

5000 F — - — - - - - —————

400} - - - - - - -—-——-—————@=—— - ————————

300F - & - - -

Applied Load, Q (kN)

20004/~ - - - - - - ---------- GT Drilled Shaft C2— — —
d=0.76m
jo00d - ___ L=169m __
0 + + +
0 50 100 150 200

Displacement, w; (mm)

Georgia Tech Drilled Shaft C2
Comparison of Capacity Criteria

Randolph Model

Ground Surface

¢Pt= Ps + P, = Load at Top

Top Displacement, w,

lomen ! i RIGID PILE RESPONSE
:L - " W = R-l,
Side Load, Ps i | d-Es
if _-E I B 1
Soil B, and v L RGO
- o -
c_onstant i ! v
with depth ¢
i 1 Load Transfer to Base:
b R %
= Base Load Ro1-0?

6000
. Butler chin-Kon_dner Criterion:
= 5000 + Hirany & Hoy (5103)
&Kulh
= ‘31;‘5 kaw (3289 kN) Fuller &
4000 ] Brinch Hansen  Hoy (4178
- Parabola (3467 LCPC: s/B =10% criterion (3821 kN)
B Brinch Hansen 80% criterion (3334)
o 3000 4 Mazurkngzu:zt 15762()2773)
— ~<+———— Davisson Offset Line
Ee) = VanDer Veen (2667)
@ 20003/ € DeBeer (2231 kN)
2 GT Drilled Shaft C2
< 1000 d=0.76m; L=16.9m
0 y
0 50 100 150 200
Displacement, w; (mm)
Axial Pile Influence Factors (Rigid Pile)
Poulos & Davis (1980) Solution vs. Randolph Solution
1.00 T T T T
L L L
B Pt . |0 ZZ| o BoundaryElements [~ — Z _
- - Closed Fe =05 [ T T 7
) d~E5 - osed Form v r---
.6 N L — | — —Closed Form v =0.2 -
° Closed Form v =0
i
o 010
Qo
c
o
]
=
£
0.01 +
0 10 20 30 40 50 60 70 80 90 100
Slenderness Ratio, L/d

Equivalent Modulus for Monotonic Load Response

= +
Emax 2Gmax(1 ‘\") Region for
Range for Bearing Capacity —
. Delorma!ionﬂ‘i d Stabili
= 2 Geophysical and Stabity
Gmax = pt Vs (;)4)1_85'5\\ Analyses Calculations
- ‘\
®» N
=/ > X
Pt =79 2 | Unload-Reloa PM'Fh\ Flat DMT
el
s o
= X pépsr
[ B
.q:) Initial Loading PMT "~y Penetration
o g .
1 1 >

0%  10%  10*  10® 10 10"
Shear Strain, 7,

Georgia Tech
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Modulus Reduction from TS and TX Data

ANCSLB.Sand
A0CSLB.Sand
© Hamaoka Sand
A Hamaoka Sand
O Toyoura Sand e = 0.67
© Toyoura Sand e =0.83
©Ham River Sand
© Ticino Sand
©Kentucky Clayey Sand
m Kaolin
@ Kiyohoro Silty Clay
O Pisa Clay

# Fujinomori Clay
© Pietrafitta Clay
= Thanet Clay
m London Clay
© Vallericca Clay

Modulus Reduction, G/G max Or E/Emax

0 01 02 03 04 05 06 07 08 09 1
Mobilized Strength, T/Tmax or W/Gmax = 1/FS

Modulus Reduction Scheme (Fahey & Carter 1993)

1 T T T
| (
_ 9
001 E/E,, =1-f(a/q,)°|
| T |
§ 084 | | Note: f =1
E | |
w 0.7 | | =
5 0s : ! e
g A\ : D
_§0.5-»— O Ut NG ——g=03 | —
| | =
A N N N O el -
[}
2 | | |
S 0374 | | |
-]
(<] | |
S 021 |
| |
L e e iy Rt o> o N
0 PR S
0 01 02 03 04 05 06 07 08 09 1

Mobilized Stress Level, q/qumax

th (m)

o

De|

Georgia Tech Drilled Shaft C2

ADSC-ASCE-FHWA Load Tests in Piedmont Residuum

0 4
2 3
49
6 9
8 9
10 3
12 3
14 3
16 3
18 3

20

Vs (m/s)
0 100 200 300 400 500

f, (kPa)

q:(MPa)
5 200

0 100 300
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Equivalent Modulus for Monotonic Loading
(Static) Response

E/E

« Initial Stiffness from Shear Wave Velocity (V)

o Shear Modulus: G, = p V2
o Young's Modulus: E ., =2 Gax(1%V)

o v=0.20 at small strains

max=1

+ Modified Hyperbola for Modulus Reduction
(Fahey & Carter, 1993; Fahey 1998; Mayne 2007):

f (q/qult)g
- Factor of Safety, FS = qu:/q

« For uncemented, unstructured soils: f=1;g~0.3

TS 1

o <

RIGID PILE
RESPONSE

~ CPT

unit side friction, f,

Vs = Enax =2 pV? (1)

} G = ke q

Q(u

]
f [
u } f, = fetn (qt, f; and/or Au) [
b [
.

"

= Q+Q

Q,, = Z (f, dA,)
Qpy = G Ay

i
i | Top Displacement, w;
i

I 51V
d- Emax[l’ (Qt /Qtu )0'3]

1
L N 2 (V1) N
102 (+0) InB(L/d)I-v)]

Load Transfer
D __
Q 1-0

gy = unit end bearing

Depth (m)

Georgia Tech Drilled Shaft C2

f, (MPa)
0 50

100

150 0

q, (MPa)

ADSC-ASCE-FHWA Load Tests in Piedmont Residuum

Esmax (MPa)
2 3 0

200 400 600 800

f, (av) =72 kPa

[
- Eqmax= 650MPa - = -]
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Georgia Tech Drilled Shaft C2
ADSC-ASCE-FHWA Load Tests in Piedmont Residuum

DRILLED SHAFT at Georgia Tech Campus

680 meters
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Augered Cast-In-Place (ACIP) Piles
at University of Houston
O'Neill, Ata, Vipulanandan, & Yin (2002)

ACIP Concrete Piles at UH (O'Neill, 2000)
Axial Load, Q (kN)

0 500 1000 1500 2000 2500
0 + + +

N
°

—_——

Offset Line:
1550 kN

—{— Applied Top Load

»n
°
¥
|
|

= rDavisson's Offset Line

| Asymptote (Chin's Method)

@ French Criterion: s/B = 10%

Top Deflection (mm)

40+
French:
1652 kN
s0; - - - - —————— - Q- - ———— —
Hyperbola:
1705 kN
60
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Summary of Cone Penetration Tests at UH
(Data from Tumay 1997; O'Neill 2000)
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ACIP Piles at UH (O'Neill, et al. 2002)

Applied Load, P (kN)
1000

Depth (m)

ACIP Concrete Piles at UH (O'Neill, 2000)

Unit Side Friction f, (kPa)

o 50 100 150 200 250 300

—Unicone Method

— KTRI Method

~LCPC Method
— Beta Method

—NGI-BRE

z ACIP Pile Load Test at UH

IS

o

Depth (meters)
®

ACIP Concrete Piles at UH (O'Neill, 2000)

Shear Wave Velocity, V, (mis) Initial Modulus, Ep,, (MPa)

0 100 200 300 400 500 600 O 200 400 600 800 1000

0

1 {—- ‘ I

. By 7 p D 1 B Cross Hole
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. EN ol
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z & |
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Pile Foundation Analysis by CPT

ACIP Concrete Piles at UH (O'Neill, 2000)
| 1

L z (L7d)

1-02 * 1+v) ’ In[5(L/d)@-V)]

ACIP Pile, University of Houston

Input Parameters |
LengthL= 1520 m v= 050 Rh__b 3
Diam.d= 0456 m o= 0.058 P 1-v
Enmax = 363,855 kPa Qcsp. = 1800 kN

QUQ=1FS E/En, Q(kN) Q,(kN) Q,(kN) E(kPa) s(m) s(mm)

0.00 1.00 0 0 0 363,855  0.000 0.00
0.02 0.69 36 3 33 251,333 0.000 0.02
0.05 0.59 90 7 83 215,733 0.000 0.05
0.10 0.50 180 14 166 181,495  0.000 0.13
0.15 0.43 270 21 249 157,908  0.000 0.22
0.20 0.38 360 28 332 139,344 0.000 0.33
0.30 0.30 540 42 498 110,304  0.001 0.63
0.40 0.24 720 56 664 87,450 0.001 1.05
0.50 0.19 900 70 830 68,313 0.002 1.69
0.60 0.14 1,080 84 996 51,697 0.003 2.68
0.70 0.10 1,260 98 1,162 36,923 0.004 4.37
0.80 0.06 1440 112 1,328 23560 0.008  7.83
0.90 0.03 1620 126 1494 11,321 0.018  18.33
0.98 0.01 1764 137 1627 2199 0.103  102.79

a Tip Stress, q, — Base Resistance: LCPC, Limit
Plasticity, and NGI-BRE methods
o Sleeve friction from KTRI, Unicone, Beta Method,
NGI-BRE, and LCPC Methods.
a Shear Wave (V) — Initial Stiffness (E5,)
o Modulus reduction formulation (Fahey & Carter,
1993): uncemented soils, g = 0.3
o Elastic Continuum Solution for pile response
(Randolph & Wroth, 1979; Poulos & Davis, 1980)
ACIP Concrete Piles at UH (O'Neill, 2000)
Rigid Elastic Pile Solution
Axial Load, Q (kN)
0 200 400 600 800 1000 1200 1400 1600 1800 2000 i
o ‘
10
£
N A
g 30 | —Qtotal =Qs +Qb
T —Predicted Qb
'2_ —Predicted Qs
S 40 1 @ Measured Total —
wlol | o e e U
\ \ \
60 - - . . . T T
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Cone Truck

= Seismic Cone Penetration Test (SCPT)

ASTM D 5778 and ASTM STP 1213

3/9/2011

f Surface Seismic Source (parallel with geophone axis)

N,

Horizontally- Electronic Penetrometer
polarized
and vertically- horizontal geophone
propagating
Shear Wave shear waves i inclinometer
Arrivals taken f el T
at 1-m rod i =
intervals / S T f, = sleeve friction resistance
Vs s enlargement T +
f‘
uplf T -— —» U = porevater pressure
it "'-"

Penetrometer Readings S : :
taken every 1 or 2 seconds. T A R total cone tip resistance

Seismic Piezocone Sounding (SCPTu)
Piedmont Silts of Marietta, Georgia

Tip Resistance y
ar (MPa) 1, (kPa) u, (kPa) Vs (mis)

0 10 20 3 0 200 400 600 -100 o 100 200 0 100 200 300 400 500

T

E

= u2 =
512

& V

RIGID PILE RESPONSE Gu= Qs+ Q,
Q=X (f, dA)
- CPT N Q,,=q, A,

unit side friction, f,

=—Q1 : Ip
d- Emax[l_ (Qt /Qtu)o‘:;]

T I :%
P 1 z (L7d)

TS T

Vs = Emax=2p V2 (1+v) 102 (+o) BLId)I V)]

fS
o } f,=fctn (f, and Au)

<

Load Transfer 0 1
L } Clays: q,=q;-uy AAA 7!1:72
Sands: q,=~0.1q, | | | & 1-v

qp = unit end bearing

RIGID PILE RESPONSE P,= top load Pl

(two layer soil system) Wi =
4 4 Ground Surface Top Deflection, w; t d-Eg

;
i
Generalized Gibson Soil: :

ES = ESO + kE *z !

T E 1 +7r-pE'(L/d)
E 1-0* (+v) &

Alternately represented by:

Rate parameter pg = E,/E L B .
1 i ' ZIH[S‘(L/d)[ E“ {pg(l—u)—o.1}+o.1]]
pe =g 5 '
Z =0 42 H X
kL ; side load, P, = P, - P,
i

i
Layer 1 (side geomaterial) !+j P, = base load

Layer 2 (base geomaterial
yer 2 ( g ) P 1

Ay
Load Transfer: R 147 Pe %(L /d)(L-v)

P b

Compressible Pile Solution , - Rl

d-Ey
21 = i
X = 4) [1 + iﬂ 18 1,-“""[:_‘“ ﬂ [ Rl whel,= dsplcenent
whA-v) & DISPLACEMENTS W= -2 nience facorrom
d-E,  elastccontinuum theory
W= 4 n_1 vemter 41 R
’ 1- cosh(ud "E.{utace)
@=v) ¢ eoshlel) Eulowteed ¢~ Equivalent Elastic
4 g 4 tohGl) L Soi Layer 1 i Soil Modulus
x = A, A tanhGd) L H
N [ ¢ o d Length. i
g L
The proportion of load transferred from the top to toefbase is: @ Ewmiddength)
{4a] PP, =50
“The proportion of load carried in side shear is: . (org st toutss)
,,,,,, e R
{ab] PP, =1-PP,
Soil or Rock Layer 2 0, tosegeamateris
“The displacement at the pile toefbase is given by: odulas o yer )
2= Depth
5] w, = wcosh(uL) i
[ n = dyd =eta factor (Note: d, = base diameter, so that 1 = 1 for straight shaft piles)
[20] & = E,/E, = xifactor (Note: =1 for floating pile; & <1 for end-bearing pile)
11 pe =E.JE, = rhoterm. The parameter can be evaluated from: p, = Vo(L+E,/E,,).
[12] % = 2(I+)EJE, = lambdafactor
[13] € =In{[0.25+ (25 po(1- v) - 0.25)] (LU} = zeta factor
[14] L= 2QICA)- (Ud) = mufactor
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Opelika National Geotechnical
Experimentation Site, Alabama

Load Tests: Opelika, Alabama (Brown 2002)

-~
3
E
-
I3 p I @]
S ‘
kY |
o 15 I
[res e Qtotal = Qs + Qb
8 w—Pred. Qs
P S i ——ye il v
IS 1 © Meas. Total -
254 — | —{ & Meas. Shaft F—A-—A- -
m  Meas. Base
L=
30

Axial Load, Q
1

(MN)
2

lcz (total)

Drilled Shaft
No. 01
(cased)
d=091m
L=110m

1 Q shaft

l Q base

SPTs at -85 Bridge, Coweta County, GA

930 P A4
h J "
820 0w gy .
gm-'.): - :-mm {_ Drilled
N Hfs? smysmd e | Shaft:
= 800 ::#3:. ‘ ;":ﬂ ws.mynm_,
2 wop ¥y, o D=0.91m
P 18 L=20.1m
i s * @poT
o eso - 3 rooge .
E - Gnelsal
mi_ " 25 Grnle Load Test
i : Directed by
B0 it 80 Mike O'Neill
0 20 40 60 B0 100

SPT-N Value {blows/0.3 m}
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Mean SCPTu at Opelika NGES, Alabama
q:(MPa) 1, (kPa) g (kPa) v, (mis)
0 2 4 & 8 W0 0 100 200 M 40 00 0 100 00 300 0 100 200 300 400 500
L] L] L] o
;5 R
2 - 2 Pt 2 i 2
% |
i N 4 L . | M 1
g Means from ean
E ¢ ¢ T E T 6 ’- toaceus |0 SDHTs
g‘ 10 1% 4 5 - 10 T 10
b |
12 12 1ol | 12 | 2
:; i
" + “" “Q . " T "
1% 1% 1% 1%

I-85 Bridge, Coweta County, Georgia
Drilled Shaft Load Test: d =0.914m; L =19.m

Cone Rig at |-85 Bridge, Coweta Georgia
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SCPTu at I-85 Bridge, Coweta Georgia

qr (MPa) f, (kPa) U, (kPa) V, (mls)
w—g_/r‘es HERBERT, ONCE URIN A TIME YoU WERE
ORANGE THE ROCKOF MY WORLD.THEN You BEGHE
by Hilary Price THE gTONE iN M‘f ?HOE... Now ‘rt)U’RE
THe CAND [N MY CANDWICH. GoopBYE .
]
Saprolitic
LOVE |,
|
i
e !

Rock — Stone — Sand — Formation of Residuum

Osterberg Load Cell Test

o High capacity sacrificial hydraulic jack

o Originally installed at pile base

o Juxtaposes side resistance of upper
pile segment vs. base resistance

a Continue until ultimate skin friction or
end bearing are reached, else capacity
of the O-cell

a Multiple O-cell can be used at several
elevations within test shaft

o Staged O-cell tests have now reached
up to 30+ tons on single drilled shaft

http://www.loadtest.com/loadtest-uk/
‘aboutiocell/3%200-cell.ipa)

71
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Axial Load Response of Coweta Shaft

Axial Load, Q (kN)

0 2000 4000 6000 8000

< 0 t t Qtotal = Qs + Qb
Epl N >>». ——Pred. Qs
é: Pred. Qb
P e -
S
'..3 @ Meas. Total
30+ ---f---—-- -—-
t & Meas. Shaft
[a}
%40 Tr———tr——— - - m Meas. Base
[ [ ]

50 T 1 y

‘wwwhindu.coi

s

Osterberg Cell
www.fhwa.dot'gov

Statnamic Load Test
www.statnamiceurope.com

70

Osterberg Load Test (using O-cell)

| | 10,000 psi Pump
side (680 atm)
resistance
Q ~— Drilled Shaft Foundation
| | O-cell (inflatable hydraulic jack)
end bearing I e
Qo Lt l

12



Calgary Drilled Shaft O-Cell Load Test
by Seismic Piezocone Tests

CPTO5-13 Calgary

Tip Stress, g, (Pa) || Sleeve Friction, 5 (kPa)
1 o 20 600

Porewater, u; (kPa) Shear Wave, Vs (m/s)
20000 o s

1000 | 0 100 200 300 400 500 600
L

500

Drilled
Shaft O-Cell
Load Test

Dimensions
4m

O-Cell

L=t4m

GDOT Bridge at International Boulevard
near CNN, Atlanta

Drilled Shaft Load Test by O-Cell
GT Class "A" Prediction
March 2003

Copyright 2011 - PWMayne

] ‘ O-Cell Elastic Solution
upper Diameter Rigid pile shaft under upward loading
segment ﬁ‘e;gzlrﬁ P, _ 2n Ly
b Gslro1W1 Cl rDl
Rigid pile under compression loading
O-Cell I P1=P,
P _ 4 2L
lower I:Ear:e;rer G,lpaW, (1-v)g G, 1y
segment Length
e

284

w = pile displacement

I = Ey/Gs = soil-pile stiffness ratio

ro = pile radius & =Gs/Gsp, (Note: floating pile: § = 1)
Ep = pile modulus Ggp = soil modulus below pile base/toe
G; = soil side shear modulus § = In(rw/ro) = soil zone of influence

v = Poisson's ratio of soil rm = L{0.25 + £ [2.5 (1-v) — 0.25]}

P = applied force
L = pile length

Evaluation of Calgary O-Cell Shaft Response
by Seismic Piezocone Tests

Calgary Foothills Medical Center ~ O-cell load test data App. A, page 3 of 5
O-Cell Load Test Results LOADTEST Project No. LOT-9121 (Figure 1)

—Loading bown S Measured Below O-Cell
© Measured Above O-Cell —— Loading Up
Lo L
~ 7
E 60 B e e
= 50 ke -
E )
E‘ 30
S 2
g€ 0} ------"-—---L__-fF L
g o
S gL ___-_ITT%
o
w203 -
O 30
<40
0 1000 2000 3000 4000 5000 6000 7000 8000
O-Cell Load, Q (kN)

GDOT Viaduct at International Blvd. CNN

ety
Pt 51y gaun s

Jias P Braatey O WA

8- T
Ay 30w
[

Bl Luthas bing D W0
Buckws 3T

Fan 51 S 3 AF
Farkan S-S e

£ g
oy
PR
O . BE
% £

abky 3 T

2o

3/9/2011
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Depth (m)

GT Seismic Piezocone Sounding (SCPTu)
GDOT Viaduct at CNN Atlanta, Georgia

Tip Resistance Sleeve Friction Porewater Pressure Shear Wave velocity

qr (MPa) f, (kPa) u, (kPa) Vs (mis)
10 20 30 o 200 400 600 800 -100 0 100 200 0 100 200 300 400 500 600
T T T
; g N jt7 T X
3 |
- — —_ - — = ‘L._ -
= !
= = I -
£ - |
= F T
— |

T
T R R
o

Georgia Tech
CPT Rig

6DOT Viaduct
at CNN and
International
Boulevard
Atlanta, GA

1 | O-cell Elastic Solution|

Rigid pile shaft under upward loading

Diameter

upper Py
segment Length _h L
L GylyW, G o

Rigid pile under compression loading

O-C'e//I Pueps

P, 4 2n L,
) - 4+ =2
Diameter
lower dorar GalaW, 1-v)g G T
segment Length
— Lz

P = applied force

L = pile length

r, = pile radius

E, = pile modulus

G = soil side shear modulus
v = Poisson's ratio of soil

w = pile displacement

| = Ep/6q_ = soil-pile stiffness ratio

&= 6s/6g, (Note: floating pile: & = 1)
G = soil modulus below pile base/toe
& = In(rm/ro) = soil zone of influence
rm=L1{0.25 + £ [2.5 (1-v) - 0.25]}
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6DOT Bridge
at CNN

As-Built Construction
of Drilled Shaft

om 1.37Tm l
T d=1.68m
Residual Soils
(ML/SM)
7m N -
127 m d=159m
12m sssssssssees
Stage 2 O-cell
X T / And Stage 3
Partially-Weathered
52m
Rock (PWR) J d=144m
20.6m " Stage 1 O-cell
Osterberg Load Test Using SCPTu Data
GDOT International Blvd. at CNN
Axial Load, Q (MN)
0
0
G
g 10
=3
E3
< 20
2
=
3
% 301 - Qt Predicted [~~~ — — I -\ -
o o O-cell top down
a '
5 1 __ [T S . S, __
>4 40 = = O-cell Creep Limit | I
|
| | | | | | '
50
RIGID BASE RESPONSE (Compression)
(Povios, 1969; Rancolph & Wroth, 1978, 1979)
GDOT for CNN International Blvd Viaduct, Atlanta, GA
STAGE 3:Upper O-cell Moving Down
WidSocton pus the Baso
Pile Diameter, d (m) = 1.44 (Es)L = Modulus pile tip
Pile Length, L (m) = 5.23 (Eb) = Bearing Stratum
Pile Modulus, Ep (kPa)= 35000000
Poisson Ratio of Soil 0.2
Soil Modulus, EsL (kPa 480000 3.
Base Modulus, Eb (kPa) = 1392000 :
Rho = Ratio(Es)mid/(Es) 1 .
haft Capacity, Qs (kN) 2735.0 X
Base Capacity, Qb (kN) 61086 .
Total Capacity, Qt (kN] 8843.6 X
Compress.Param 0
Xi = Ratio (Es)U(Eb) = 0.344827586 Ratio Qtens/Qcmpr 0.71233
Eta = Base Effect = 1 i 23.58
1.62
a3 ) = EXT 072
7.29
DAVISSON OFFSET LINE CRITERION 3.88
offset = 0.6208235 inches 15.7689169 mm LONG Liro> 3(Ep/Gsl)*0.! 23.30
PId = ApEpiLp = 394466228 KNim Gmax along sides kPa= 200000
for 10 mm change, Q = 304466.228 Gmax (kPa) = 580000
q end (kPa) = 3777
157689169 o Side fp (kPa) = 116
16.0325643 10400 BASE ELEV Vs (m/s) 526
Unit wt. (kN/m3) = 20.
CPT gt atbase = 15500 kPa
Increment
0.18 Expon g= 03 Expon g= 03
T wimm)_w(m) _Pb() PbiPbu__Gbase __Ps(kN) _PsiPsu__Gsids _PsPb
5 SO0 00000060 SEO00T00 0008000000 2000000001157
0000 0000 0000 0O 000  SH0000O0 00048 00000 2000000000 1116
0000 00000 00000 0O 000  SIGO7ATSS 0049 000D 1962230093 11362
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G6DOT O-Cell Load Test at CNN

Shaft diameter
' Varies  Depth
| |

100 - om
! T ! FogRtam [ casing
! ! ! ! ! ! d=1676m
I [ I [ — |
I [ | I |
0 i RN
£ | [ | | |
é : : : ! : 1 d= 1.53‘5 m
2 0 &g 2 | L=1dm | 10m
= Q9 | [ |
H a9 T Q [ |
£ | B\ (6 [ 6] | | |
Upper
O 504 é é 15
b [ @ [ I O-cel Ty | m
S [ [ 8 [ I
o [ P Ty b=sgm d=1435m
D 04 ] §‘ | Lower O-Cell I 2om
5 Vew Sge T Towe o Tower ©-Cell Toad bowr ™ I
O Meas. Stage 2 Upper Ocell  ===Upper O-Cell Load Down | |
© Weas. Stage 3: Downward —— Upper 0.Cell: Load Up
© weas Stage 3: Upper Segment Stage 1: Lower O-cell I I
150 ot Bt Seots etos bewws vewee siots pooet rests reves reuli SUSTSONIT]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

O-Cell Load, Q (MN)

Arthur Ravenel Bridge over Cooper River, SC
(Camp, ASCE GeoSupport GSP 2004)

Tip Stress, g, (MPa) Sleeve, f, (kPa) Porewater, u, (MPa) Shear Wave, V, (mis)
5 15 2 o 50 100 150 0 1 2 3 4 5 0 100 200 300 400 500 600

e
Mean of 5
nearby LR

ScPTs |

Depth (m)
8

IS
&

50

60

——Lower O-Cell: Load Down

Arthur Ravenel Bridge, Charleston, SC

o Meas. Stage 1
O Meas. Stage 2
© Meas. Stage 3 ——Upper O-Cell: Load Up

100 1= T T

Shaft diameter

Displacement, w (mm)
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Cooper River Bridge, SC

Deep Foundations: 2.5 m- and 3-m diameter
drilled shafts with lengths of 45 to 60 m

Arthur Ravenel Cooper River Bridge, SC
Camp (2004 ASCE GSP)

Arthur Ravenel Bridge
over the Cooper River, Charleston, SC

[T

15



Depth (m)

0

Seismic Piezocone Sounding
Golden Ears Bridge Site, Vancouver, BC

Shear Wave V, (m/s)
100 200 300 400 500

Tip q; (MPa) Sleeve f; (MPa) Porewater u, (MPa)
5 10 15 20 25 00 01 02 030 1 2 3 4 0

i ey

91

Golden Ears Bridge, Vancouver

) Frction Angle, ¢ (dsg.)

1

1%

wié

o

™

-

£ 4

ssu

Golden Ears Bridge, Vancouver

RIGID PILES: When LT, < 05 (E/G,)75, then
top load (Q) relationship with tip displacement
() is given by:

= __ Impet

INTERMEDIATE PILES:

=26m

Pile diameter d
i e

21m Casing

Layer 1, Stage 2 Gy,

VERY LONG PILES: When L/r, < 3(E/G,)°%,
then load vanishes before length of pile is
reached. For this case, tanh(,.L) approaches 1 and
the axial load-displacement relationship is:

2= Depth|

NOTE: For loading under tension the following
terms are omitted, (for upward loading in stage 2,

~2=E/G,, = Soil-pile stiffness ratio

*6=Gy /Gy,

+G,, = Soil stiffness below the pile tip/toe/base
*&=In(r,/ry)

* n=r,/r, = Measure of soil zone affected by pile influence|
L{0.25 + £[2.5 p(1 - v) - 0.25]} = Magic radius

« L = 2(2/¢2)°5(L/d) = mu factor

* E, = Pile modulus
* G, = Soil shear modulus along sideatz=1L =,

* & = Gyy/G,_= Gibson parameter

+ G,y = Soil shear modulus at mid-shaft
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Golden Ears Bridge, Vancouver

sy - S
FT . T
L Pitt

s

- \K
Goldan Ears Bridge
{under construstion)

Maple Ridge

Golden Ears Bridge, Vancouver
Unit Pile Shaft Resistance, f, (kPa) Shaft Capacity (MN)
0 00 300 20 40 60
0 + .
10 ‘ Alsamman Method #
2
20 PT Method ‘
Ean — — B Method
S0 — KTRI Method
o
@
S e
S
o T — Unicone Method
90 4| “BBack-calc. Mean: O-cell Hyperb. Fit = LOPC Method
——Beta Method
100

& N ~
S S =]

Displacement (mm)

&
S

-130

O-Cell Test - Golden Ears Bridge

2.6 m diameter 74-m long drilled shaft

Load (MN)
20 25

0 5 10 15 30 35 40

45

Pile diameterd = 2.6 m

® Measured - Stage 2, Upper Segment Displ. \
B Measured - Stage 2, Middle Segment Displ. \

——El. Solution - Stage 2, Upper Segment Displ

— El. Solution - Stage 2, Middle Segment Displ. \
~ = -El. Solution - Stage 1, Lower Segment Displ.

\

1}

1

)

|
¥ o Measured - Stage 1, Lower Segment Displ
. \
)

]

)

£
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@Pﬂe Info
European Pile
Foundation Systems | | &

www.geoforum.com

Website maintained
by Rainer Massarsch
Sweden

New and Emerging Pile Types
(Paniagua, 2009)

Pile / Technique Country | Developer —
Confractor=
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German Direct CPT Method
Kempfert & Becker (2010, ASCE GSP 205)
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New and Emerging Pile Types

Dewaal Pile

Fundex Pile

German Direct CPT Method: Piles in Sand
Kempfert & Becker (2010, ASCE GSP 205)

14— - T T 300 1 ' '
| (@ drivan precast piles (a) = () driven pracast piles (b)
12 | @ Simplex piles E 250 | @ Simplex pies
‘g D Atias plies. = 3 Atlas piles
Z 0 {D) Fundex pilas = | @ Fundex plles
g 1 %) bured piles. ';m 200 | Gboed piles
¥ 8 g |
g B 2150
5 o rul
B ‘L ; o 1 §100 i
g4 B s |
B 2r 1 5 50 |
o upper values {50% quantie] | — upper values (50%-quante)
£ 0 . lwer values (10%-yantile} o o lower values (10%-quaniiie)
o] § 10 15 20 25 30 0 5 10 15 20 25 300
cone resistance g, [MN/m?] cone resistance q, [MN/m?)
pTIO,
20 N"x

%,

n[!h

EP F,
oEEP Fo,
L

Mayne and Niazi
(2009 Michael W.
O'Neill Lecture)

1]y 1O

DH JOURNAL

The journal of e Diep Fowndations st
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LINDATIONS.

Mayne and Woeller (2008)
British Geotechnical Association
(BGA) International Conference

on Foundations (ICOF)

Mayne and Woeller (2009)
ASCE GSP 186
International Foundations
Conference & Expo Exhibit
(IFCEE'09, Orlando

Mayne, Niazi, and
Woeller (2010)
ASCE GSP 205

GeoShanghai

CPT 10

CONPERENCE PROCELDING

Niazi, Mayne, and
Woeller (2010)
CPT'10

2010 PDCA-DFI Seminar

Baltimore, Maryland

Evaluating Axial Pile
Response from
Cone Penetrometer Tests

12 March 2010

Paul W. Mayne

Georgia Institute of Technology

Elastic Pile Solutions (Randolph 1989)

RIGID PILES: Rigid whenLi, < 0.3 (By@aF®  Ther, te opload (P) relaionshp
withtop displacement (w, is given by:

I _ s, M L
Grw, a-uv)é r,
INTERMEDIATE PILES:
tn__ 2ap, tamh(d) L
A [
G, Tn ) L

et 1o+
wi(l-v)f o

VERYLONG PILES: whm L, = 3 EqGu)® ther load varishes before lezgtk of pile
reached. Then, for this case, tggh(uL) approaches | aud the axidl bad-displacement

selationshiy is
2 .y

= - = e

GaloW, K

L=pile length
5= pile sadius
5= radius of pile base

T=p/r,=etatern £=Inlgs
E.=pil modulns = L{0
Ga=so0il shear moduhus 2t z= L “agic dm

£z~ Gas G~ Gibson parameter
G soil shicar modula #t mid-shaft

Driven Piles, Sandpoint, ldaho

CANADA

« Sand Creek
Byway Project

» Data and load
test information
courtesy of
Dean Harris,
CH,M-Hill

* 14th Annual PDCA
Conference - Idaho
06-08 May 2010

WYOMING

Sandpoint, Idaho

* Route 95 bridge for IDOT

» Deep deposit of silty clay (> 100 m) with

sand lenses & layers

» 80-m deep piezocone test by ConeTec
(upper 60 m as SCPTu)

» Driven composite piles (15 m steel pipe
over 15 m timber)

* Very long driven 45-m driven pipe pile
(Fellenius, et al. 2004, CGJ)
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Sandpoint, Idaho

Evaluating ¢’ at Sandpoint (NTH Method)

& 30007 ‘ ‘ ‘

o : I I I
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o 1 | | |
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ki E I I

] ] | | |
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g ] Nm=Q= 4.2

.o_, 5005'777\ E T I

(7] ] | | |
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0 100 200 300 400 500 600

Effective Vertical Stress, c,,' (kPa)

Evaluation of ¢’ by CPTu (NTH Method)

Bq=0.1
100 1 02
£ 1 [Nm = A(Qeovo)/Acyo’ 0:4
z 4 0.6
5 0.8
e 1.0
[
S
z 10F >
Q 3
Q 3
S o
E 3 & "
g o o]
o o Bq = (u2-Uo)/(qt-cvo)
14 + +
20 30 40 50
¢ [=323]
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Depth (meters)

CPTu Sounding, Sandpoint, Idaho

Tip Resistance, q, (MPa) Sleeve Friction, f, (kPa) Pore Pressure, u, (MPa)
0 50 100 150 0 1 2 3

Evaluating ¢’ at Sandpoint (NTH Method)

Excess Pressure, u, - u, (kPa)

2500

2000 1

1500 1

1000

500 1

0 1000 2000 3000

Net Cone Resistance, q; - 6, (kPa)

Interpretation of Effective Friction Angle

(01™-03)/2

Max. (g/p") ratio criterion - IDAHO Triaxial Data

0 100 200 300 400 500
p' = (04" + c3')/2
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CPTu Evaluation of P.' at Sandpoint, Idaho

Preconsolidation, o, (kPa) Overconsolidation Ratio, OCR

0 200 400 600 800 1000 0 1 2 3 4

0 I 0 t
*teme |
0} 8 " Nl
P
20
@ ~ 20
o . v
I
£ 3 2o
E .o £ @
c 4 o T
£ o 0o i u
] ¥ LY O 2 H
o % - o % y
'."':5,. SnflaE
6 - 60 B O o
o e . .
1 5, N 70
| 3 e o
| B, o (Y
80 i o | % AP

Sandpoint Pile Loading Test

» Axial compression loading test on a 0.41 m (16 in)
steel pipe pile, driven to a depth of 45 m, with
PDA and CAPWAP analysis

» Pile was instrumented at 8 levels, with vibrating
wire gauges on sister bars, and 2 telltales;
concrete-filled

Osterberg Cell (O-Cell) used at the head of the
pile, with steel reaction frame 1

» 3 Composite Piles to 30 m

Randolph Model

iPF load at top

RIGID PILE
Elastic Continuum Solution

Ground Surface

d = diameter ;

L =Length i

Lo—oj

é Top Displacement, w,

Side Load, Pg !

1
l‘-—-—;
=Py'Pb¢i | L
[
e 1 L/d
Soil Modulus, Eg L o,z (L/d)

102 o) MBLIDE-W]

and : %
Poisson’s ratio, v il
1 ) H) I

P
P, = Base load 5 - 5
° Po1-02
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- Axial Pile Capacity
=
------------------------------------------------------------- \_/
Cone Driven
Penetrometer Pile
=P anfi OCR Calculate
v . = Effective ¢' pile side friction
s |0 = Stress Coef. K, and
— ::: = Undrained s, :> end bearing
f = Pile freeze due to Au
s
fo = CuCk Ko tand'sy,'
Uy |
V
QT O = *Nc Su —
~—

Sandpoint, Idaho

Pile Driving
Operations:

APE D36-32
single-acting diesel
hammer

Closed-ended pipe
d =0.406 m
t=12.5mm
L=45m

Axial Pile Influence Factors (Rigid Pile)

Influence Factor, |,

Poulos & Davis (1980) Solution vs. Randolph Solution

1.00
I I I |
F--1 Pr-ly  |= [ o soundayeemems |- ==
F--45 = ~ 7| ——closed Fomv=05 [T T =~
] dES 7| = —closedFormv=02 | T T
,,,,,,,,,,,,, Ll
Closed Form v =0 |
T T |
0.10 |
********************** h
| | |
| | |
0.01 +

0 10 20 30 40 5 60 70 80 90 100
Slenderness Ratio, L/d
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i i i Driven . . .
Pile Case History, Sandpoint, Idaho Tost Driven Piles, Sandpoint, Idaho
Seismic Piezocone Test Soundin Piles . . )
9 d=0.4m Equivalent Elastic Modulus Profile
Tip q; (MPa) Sleeve f, (kPa) Porewater u, (MPa) Velocity V, (m/s)
0 5 10 1500 50 100 150|0 1 2 3| 0 100 200 300 400 l l Initial Stiffness, E.x (MPa)
0 T A
=
%— l__ F- 0 100 200 300 400 500 600 700 800 900 1000
10 = r fiom —1— —
T i
_ i
§ 2 = i‘ 1 — Epax (MPa)= 80 +4.52 (m)
£ = £ — ! 1 1 ]
£ l L g E T T
E tt___ = 30m £  Ena =26, (14V)
L - ok 2
. - || | a Grnax = piVs?
— = — _
- gfg - V, = shearwave velocity
- iog
© | ! 1 ] 45m _ _ .
— p¢=7/9.= mass density —
5= T
1 1 1 i 1
i 1 1 1 1 1 ]
60
Driven Piles, Sandpoint, Idaho ; ; ;
' point, Driven Piles, Sandpoint, Idaho
NONLINEAR AXIAL PILE RESPONSE
(Povios, 1963 Rancon & Wi, 1975, 1979) Composite
Driven Composite Piles at Sandpoint 1200
Fellenius etal. (2004, 6J) SCPTU Evaluation using Elastic Solution
[Pile Diameter, d (m) = 01 1000 +
[Pile Length, L (m) = 30.00
|Pile Modulus, Ep (kPa) 28709757.65 —
i o of Soil 05
215,000.00 E 800 +
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Fraction Increment * 210 200 d = 0.406 m steel pipe
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. . . Approx. Nonlinear Elastic Settlement of Piles Under Axial Loading
Driven Pile, Sandpoint, Idaho (Poulos, 969, Randoloh & Wrot, 178, 1979
. o . Pipe Pile: d=0.406 m; L =458 m
OAD (KN Driven Steel Pipe Pile, Sandpoint Idaho US 95, Sandpoint, Idaho
L ( ) Georgia Tech - Geosystems and CH2M-Hill 3000
(PW. ayne, October 11,2001) Based o SCPTu and 345CFT03)
0 500 1,000 1.500 2.000
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Pile Length, L (m) 45.00| (@)= Boaring Stratum (151 3
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Evaluating Axial Pile Response by CPT

o Elastic continuum solution (Randolph 2003)

0 Fundamental initial ground stiffness from shear
wave velocity: G, = p; V>

a CPT readings for direct pile capacity evaluation

a Nonlinearity of modulus with FS using
algorithm by Fahey (1998)

o Axial load-displacement response and load
transfer distributions with depth

o Case studies: Texas, Georgia, Alabama, Alberta,
British Columbia, Idaho, and South Carolina

22
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APPENDIX - WEBSITE LINX ON IN-SITU TESTING

A partial listing of manufacturers and suppliers of in-situ testing systems and their websites is given
below. This is followed by a list of service companies that offer field testing and related specialty in-situ
test methods. Also listed are websites containing information about software specific to the post-
processing of in-situ test data.

GENERAL SITES OF INTEREST:

GT In-Situ Research Group: www.ce.gatech.edu/~geosys

Links to In-Situ Info: http://geosystems.ce.gatech.edu/misc/links.htm

GeoEngineer Website: www.geoengineer.org

ISSMGE Technical Committee on In-Situ Testing: www.geoforum.com/tc16

CPT Equipment Manufactured Systems and Distributors
AMAP static-dynamic CPT: http://www.elphicom.com/sicinfra42/
A.P. van den Berg: www.apvdberg.nl

EAPS for enhanced access: http://cpt.ara.com/projects/wireline.html
Envi AB, Sweden (Memocone): www.envi.se

Geomil: www.geomil.com

Geonor (for van den Berg): www.geonor.com

Geotech AB: www.geotech.se

Gouda Manufacturing (GMF): www.goudageo.com

Hogentogler & Company: www.hogentogler.com

Pagani: www.pagani-geotechnical.com

Precision Sampling: http://www.precisionsampling.com/index.html
SAGE mini-cones: http://www.sage-engineering.net/

Vertek/ARA: www.vertek.ara.com
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Flat Plate Dilatometer Test (DMT) for soils

General
http://www.marchetti-dmt.it

Suppliers
http://www.gpe.org
http://www.pagani-geotechnical.com/
http://www.cambridge-insitu.com/DMT/Marchetti Index.html

Dilatometers for Testing Rocks
http://www.cambridge-insitu.com/specs/Instruments/73HPDSPC.htm

Pressuremeter Testing (PMT)

http://www.cambridge-insitu.com/
http://www.pagani-geotechnical.com/
http://www.roctest.com/index.php?module=CMS & func=view&id=69
http://www.apageo.com/

Vane Shear Test (VST) or field vane (FV):

General
http://www.pagani-geotechnical.com/
http://www.geonor.com/field_vane_testing.html
http://www.envi.se/
http://www.apvdberg.nl/
http://www.geomil.com/

Geophysical testing

General
http://www.geoforum.com/knowledge/texts/bodare/index.asp?Lang=Eng
http://appliedgeophysics.berkeley.edu:7057/

Suppliers
http://www.geometrics.com/
http://www.geonics.com/products.html
http://www.sensoft.ca/
http://www.oyo.com/
http://www.gdsinstruments.com
http://www.greggdrilling.com/methodology.html#sasw
http://www.gemsys.ca/
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Field Instrumentation Equipment

http://www.geokon.com/
http://www.geocomp.com/
http://www.slopeindicator.com/
http://www.solinst.com/
http://www.geocon.com

Rieker, Inc (http://www.riekerinc.com/)

Laboratory Testing Equipment Suppliers

http://www.geocomp.com/
http://www.eleusa.com/
http://www.terratek.com/
http://www.gcts.com/
http://www.durhamgeo.com/
http://www.gdsinstruments.com/

Related books on In-Situ Testing available at:

In-situ Soil Testing and Sampling Bookstore:
(http://www.guideme.com/Bookstores/INSITU.HTM)

Papers on Cone Penetration: (http://www.geoengineer.org/cptl 0.html)
Papers on Flat Dilatometer: (http://www.geoengineer.org/dilatometer10.html)
Reference Documents on In-Situ Testing:
http://www.geoforum.com/tc16/home/page.asp?sid=92&mid=2&Pageld=5648

In-Situ Testing Firms

Applied Research Associates (ARA), USA: www.ara.com

Aquaterra Engineering, Baton Rouge, LA: http://www.aquaterraeng.com/

Ardaman Associates, Tampa and Orlando, FL: http://www.ardaman.com/subsurface.htm
ConeTec Investigations, USA and Canada: www.conetec.com

ECS Limited, Savannah, GA: www.ecslimited.com

Fugro Geosciences, USA: www.fugro.com

GeoCim, Puerto Rico: http://geocim.com/

GeoConsult, Inc, San Juan: http://www.geoconsult-inc.com/
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Gregg Drilling and Gregg In-Situ, California: www.greggdrilling.com/insitu.html
In-Situ Soil Testing, LC, Washington, DC: http://www.2006dmt.com/

Minnesota GeoServices: www.mngeoservices.com

Soil & Material Engineers (S&ME), Charleston, SC: www.smeinc.com

Southern Earth Sciences (SES), Mobile AL and Baton Rouge, LA: www.soearth.com
Stratigraphics, Chicago: http://stratigraphics.com/

Whitaker Laboratories, Savannah, GA: http://www.whitakerlab.net/services_cpt.htm
Williams Earth Sciences, Tampa, FL: http://www.williamsearthsciences.com/

Wright-Padgett-Christopher (WPC), Charleston and Savannah: www.wpceng.com

In-Situ Websites of Interest and Information:
Cone Penetration:
WWwWw.conepenetration.com
GT Geolinks:
http://www.ce.gatech.edu/~geosys/misc/links.htm
ISSMGE Technical Committee 16 on In-Situ Testing:
www.geoforum.com/tc16
Minnesota GeoServices CPT Links:
http://www.mngeoservices.com/CPT _related links
MN DOT soil borings and CPT soundings:
http://www.mrr.dot.state.mn.us/geotechnical/foundations/borings/borings.asp
US DOE Report on Cone Penetrometer Innovations:
http://www.external.ameslab.gov/cmst/CMSTSite/Projects/[TSR/conepen/index.html
Ames Laboratory - Site Characterization by CPT:

http://www.external.ameslab.gov/cmst/CMSTSite/characterization.html
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IN-SITU TESTING SOFTWARE WEBSITES

The below links are for software programs available for post-processing cone penetration test data:

Conrad is a program offered by the Swedish Geotechnical Institute for reducing CPT data:
http://www.swedgeo.se/varatjanster/program-e.html

CPTINT is software developed by Prof. Dick Campanella at UBC and provides interpretations of 35
different soil parameters from CPT results:

http://www.civil.ubc.ca/home/rgc/
CPTLIQ offers evaluation of soil liquefaction potential and estimate on magnitude of ground
displacements in seismic concerns:
http://www.geosoftwaresolutions.com/
CPT-LOG offers graphics software for plotting channels from CPT readings:
www.geotech.se

CPT-Pro is a program for complex interpretation of CPT soundings and preparation of geotechnical
cross-sections:

www.geosoft.com.pl
DCCONE is a program for presentation of CPT results in profiling:
http://www.dc-software.com/html/dccone.html
DMT ELAB is a Windows-based program to reduce flat dilatometer test data:
www.marchetti-dmt.it
Edison is a CPT program from the Swedish Geotechnical Institute to obtain soil parameters:
http://www.swedgeo.se/varatjanster/program-e.html
Geotechnical & Geoenvironmental Service Directory (GGSD) is a website link to over 1500 geotechnical
software programs ranging from free-ware, public-domain, share-ware, to commercially-sold programs.
Subtopics with geotechnics can be sorted to the user's interests:
www.ggsd.com

Geotechnical Directory lists some 12 computer software programs for the CPT:

http://www.geotechnicaldirectory.com/page/Software/Insitu_testing.html
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Geotechnical Integrated (gINT) software is used to create boring logs, sounding records, and subsurface
cross-section profiles, as well as data managing:

www.gintsoftware.com

LPD-CPT is a computer program for evaluating axial pile capacity for driven concrete pilings by three
different CPT methods. It is a free download from the LTRC website at:

http://www ltrc.1su.edu/downloads.html

MFoundation is a commercial code developed at GeoDelft for using CPT data to obtain capacity
evaluations of pile bearing, tension piles, and shallow foundations:

http://www.delftgeosystems.nl/

PClass-CPT is freeware used to determine fuzzy soil classification profiles by CPT. It has been developed
by the Louisiana Transportation Research Center (LTRC) under the efforts of Dr. Mehmet T. Tumay:

http://www.coe.lsu.edu/cpt/
PL-aid is a program (pile load-settlement analysis from in-situ data) that uses electric CPT data to
evaluate axial capacity and pile displacements:

http://mctrans.ce.ufl.edu/
Rapid CPT is a subroutine add-on to gINT for reduction of cone penetration test data. It produces various
plots of CPT readings, interpreted soil types, and soil parameters and allows the user to graph these in
gINT to create subsurface profiles across a project site. It further allows multiple comparison plots of
resistances or parameters from a series of CPT soundings to produce summary graphs of results:

www.dataforensics.net

Shake2000 is a commercial program for site-specific estimates of ground motions and soil liquefaction
evaluation from CPT data:

http://www.shake2000.com/

ShearPro is a freeware program that reduces downhole shear wave velocity data from SCPT using the
cross-correlation method:

http://www.ce.gatech.edu/~geosys/Faculty/Mayne/papers/index.html

Static Probing is software for plotting CPT results and interpreted soil values for 19 different parameters,
output in tabular or graphical format:

http://www.geostru.com/
UniCone offers a means to plot soil profiles from CPT data and interpret axial pile capacity:

www.unisoftltd.com
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SI CONVERSION FACTORS
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm> square millimeters 0.0016 square inches in’
m? square meters 10.764 square feet ft?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
ml millimeters 0.034 fluid ounces fl oz
1 liters 0.264 gallons gal
m’ cubic meters 35.71 cubic feet ft
m’ cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces 0oz
kg kilograms 2.205 pounds 1b
TEMPERATURE
°C Celsius 1.8C+32 Fahrenheit °F
WEIGHT DENSITY
g/cc grams per cubic centimeter 62.4 poundforce /cubic foot pcf
kN/m’ kilonewton /cubic meter 6.36 poundforce /cubic foot pcf
FORCE and LOAD
N newtons 0.225 poundforce Ibf
kN kilonewtons 225 poundforce Ibf
kg kilogram (force) 2.205 poundforce Ibf
MN meganewtons 112.4 tons (force) t
PRESSURE and STRESS*
kPa* kilopascals 0.145 poundforce /square inch psi
kPa kilopascals 20.9 poundforce /square foot psf
MPa megapascal 10.44 tons per square foot tsf
kg/cm? kilograms per square cm 1.024 tons per square foot tsf

*Notes: 1 kPa = kN/m” = one kilopascal = one kilonewton per square meter.

For dimensionless graphs and equations, a reference stress of one atmosphere can be used, such that 6, = Py, = 1

bar = 100 kPa = 1 tsf = 1 kg/cm’.

Copyright 2011 - PWMayne 312






