Geotechnical Engineeringe Subsurface Exploratione Environmental Servicese Construction Testing and Material Engineering

GEOTECHNICAL ENGINEERING LIBRARY
GEOTILL

USA

GEOTILL

ENGINEERING, INC.

Phone 317-449-0033 Fax 317- 285-0609

info@aqeotill.com

Toll Free: 844-GEOTILL

Geotechnical, Environmental and Construction Materials Testing Professionals

www.geotill.com

Offices Covering all USA


http://geotill.com/services/drilling/cone-penetration-testing-cpt/
mailto:info@geotill.com
http://geotill.com/services/drilling/cone-penetration-testing-cpt/
http://geotill.com/services/drilling/cone-penetration-testing-cpt/
http://geotill.com/

oy

g’

CPTU Derived Soil Engineering
Parameters for CLAY

1. Key Aspects of Clay Soil Behavior

2. Important engineering design parameters

. Background and application of CPTU
correlations for estimation of design parameters

4. Applied to Case Studies in follow-on lecture.
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Basic Soil Behavior - CLAY i

K, ——, |1-D Consolidation I

Compressibility (RR and CR)
Yield stress (c';)

Coefficient of consolidation (c,)
Hydraulic conductivity (k)
Horizontal stress (o', or Kp)

DB ON

¢ log k,
5w o4 impo 2
o= Koo'sgYield stress = o', = o', Epl
Also known as:
- Preconsolidation stress
- Maximum past pressure

For 1-D or geostatic
siress conditions
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Basic Soil Behavior - CLAY }

- IUndrained Shear Strength

Key Aspects:

1. Shear induced pore
pressures

2. Effect of OCR

3. Anisotropy

4. Rate effects

Most Important Parameter:
Undrained shear strength = s,
S 5 e = SIOCRP

3 OCR

3i50

General Aspects of CPTU Testing in Clay |

1. Penetration is generally undrained and therefore
excess pore pressures will be generated.

2. Cone resistance and sleeve friction (if relevant)
should be corrected using the measured pore
pressures.

3. The measured pore pressures can also be used

directly for interpretation in terms of soil design
parameters.
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Interpretation of CPTU data in clay

1. State Parameters = In situ state of stress
and stress history

. Strength parameters
. Deformation characteristics
4. Flow and consolidation characteristics

E 5. In situ pore pressure

LA 5150
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In Situ State Parameters

1. Soil Unit weight: v, for computation of in
situ vertical effective stress (c',4)

2. Stress history
c's and OCR = &' /6’4

3. In situ horizontal effective stress
S'ho = KoG'o
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Estimation of Soil Unit Weight

Howdy  Orwsesdising Lo eSS
& Propsrore o vy e ooy iodiet | i bty
e s

“hes ol o {Larsson and Mulabdic 1991} 50

Estimation of Soil Unit Weight 1

Approximate
Unit Weight
{kN/m?)
175
12.5
175
18.0
18.0
18.0
18.5
19.0
19.5

g

{Robertson et al. 1986} 200

205
18.0

pla|dleleiNjoialsjwin]s

Note: 1 kN/m? = 6.36 pcf
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Stress History: OCR =o' /c",,

Estimation of Stress History (OCR or ¢',) can
be based on:

« Direct correlation with CPTU data

« Pore pressure differential via dual element
piezocone

« Indirect correlation via undrained shear
E strength

CPTU Stress History Correlations

B

Wroth (1984), Mayne(1991) and others proposed
theoretical basis (cavity expansion; critical state soil

-~ mechanics) for the following potential correlations

between CPTU data and o', or OCR:
Most Common:

o'y = ;—( f(Au, o)r Auy)
o'p = (g - oy o'y =k(q,~ 6,0)
o'y =f(g,-up) ° v

or
OCR = f(B= Au,/(q - 6,))

OCR = (Q; = (4 - 6y)/ T'y0))
OCR = f((q, - u)/ 0',0)

OCR =K[(g;— 0,4)/c" ]

1Ws0

CPTU Stress History Correlations ]

4 [ Legend:

B, 0 W @-on

[Lunne, et al. 1989)
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CPTU Stress History Correlations
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Comprehensive study initially by Chen and
Mayne (1996) with later updates (e.g.,
Mayne 2005):

o', = 0.47(Au,) = 0.53(Auy)
' = 0390, ) ——— | ostammen]
o', = 0.60(q, - Uy)

Note: values listed above are from best fit regressions; there is a sizable
range in all values, e.g., k ranges from 0.2 to 0.5 for 6", = k(g; ~ 5,0)
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Stress (kPa)

«| Example - CPTU
Stress History
] Correlation

1| Boston Blue Clay Site —
4 CPT) X030 Newbury, MA.

o', values obtained from
Constant Rate of Strain

41| (CRS) Consolidation tests
conducted on high quality

[Bosore o | Sherbrooke Block samples

CPTU Stress History Correlations

Data from NGI Block Sample Database
(Karlsrud et al. 2005)

Laboratory tests conducted on high quality
undisturbed block samples (e.g., Sherbrooke
Block Sampler) — sample quality can have a
significant influence on o',

Soft to medium stiff clays
s,(CAUC) = 15 - 150 kPa; OCR = 1.2 - 6.3;
l,=10-50 %; S, =3 -200

- s e
Importance of Sample 17— . CPTU Stress History Correlations
Quality — Boston Blue Clay : T2 R
i it >
Used 4 sampling methods | - °r oY i o 115- 06710900 11 | NGI Block Sample
- g ST ’
. Poor: SPT sampler 7 w0k e | %l Database
| ) £ 08 <1 N
. Fair: Standard 76 mm thin walled |{® OCR=1(B,)
tube sampler (with free or fixed g 15+ + $\\ !
piston) > Depth =74 m o 06 \\ e T
i . . 20 || = Free Piston mouiar tube ] * TN ™
. Good: Fixed piston sampler in e Fiedd Piston - special tube 0.4 N
mudded borehole using modified T LS e Sp<=15
76 mm diameter thin walled tube 2 R Yy P 0.88-0.51log OCR ,
10 100 1000 02 | ® St<=15
. Best: Sherbrooke Block Sampler Vertical Effective Stress, o', (kPa) @ St> )15
00, 2 3 4 5 6 7 80qq LKarisrudetal 2005
15/50 OCR 16/50
CPTU Stress History Correlations CPTU Stress History Correlations I
100 I 20
e St<=15 S¢> 150
0 2.5:5101 OCR N 18 & # Sy<=15
8. w
. P St <= 15: OCR = (Qy/3)1-2 / @ St>15
3 60 = A 12 . <* ’/ NG! Block Sample
b L1
3 e Lt s | |[NerBiock Sample /| '( Database
& 40l g 2 | e° Database 8 - @' OCR = (Q)
2 - =1(Q,
7o N Lol OCR = f(Auy/c' o) P s |
20 2.4 +8 log OCR IS¢ > 15: OCR = (Qy2)1-11
& % 2 3 ‘,t é flS ;8910
0.0 {Karisrud et al. 2005}
1 2 3 4 5 6 78910
s OCR o OCR [Karisrud et al. 2005] o




CPTU Stress History Correlations K, — OCR Relationship for Clays f

I—

- 1
a el

, );z 9 Sy For simple case of
8 From pore pressure s loading followed by
o 8 o :
g data using dual element Koo' unloading, K, increases
g7 piezocone with increasing OCR
c . unicad such that:
2 Ko, 0¢
g PPD = (u, — up)lug l Koo = Ky (OGR)
B .oc = K,
g s Kone  ©p
§: :
3, o'y

@

2
Pore pressure difference, PPD= (u,-u)ju Suveta.i88

20/50
In Situ Horizontal Effective Stress Ky~OCR-P! Relationship
There are curreqt!y no reliable methods for 3 LA S A JNeed values for
. determining the in situ horizontal effective L . 4! Plasticity Index (Pl)
stress, o'y = Ky('0) from CPTU data R . J{and OCR.
. _ . K ocR = | Determine OCR from
For approximate (preliminary) estimates ° . 1) CPTU correlations
consider correlations based on: T B o 2{::“{?‘“9"
= OCR via CPTU correlationg for OCR or s, | shearstrer ?next side)
» Measured pore pressure difference b o, Scerendliod
: - 5 E) 46 &0 80)
@ | Plosticity Index, PI (%)
nGl [Brooker and Ireland 1965]
250 t%%{% 2280

NGI Relationship among OCR-s,/c",-K,-Pl | Estimate K, from Dual Element Piezocone
u 4 a1 )| e
: From Basic Sof i pesv=fu-uites © | |Difference between u,
-} Behavior tm & land u,increases with
oo = SOCR *’“§§§ : s =54 |increasing OCR — K,
/% " Smom . e : also increases with
Koo = Kono{OCR) 3 »iﬁi& . * - |increasing OCR, hence
£ L A positive correlation
. i %‘ a:/‘;:/' _ | between (u; ~ u,)ic' 4
T R s | [ANd K
” f P T !
$ £ S g
!13, 32..; = %W d
2 L3 k. . s k)
- 2wse PPSY from CPTU I{Suw and Campanelia 1991] } 24/50
3

\



.

Shear Strength of Clays |

For most design problems in clays (especially
loading) the critical failure condition is
undrained.

1. Undrained Shear strength s, (= ¢,)

2. Remolded undrained shear strength (s,,) or
Sensitivity, S, = s//s,,

Note: 1kPa = 20.9 psf

Notes Regarding Undrained Shear Strength

NG
Bty

1. The undrained shear strength is not unique.

2. The in situ undrained shear strength depends on many factors
with the most important being: mode of shear failure, soit
anisotropy, strain rate and stress history.

3. Therefore s, required for analysis depends on the design
problem.

. Measured CPTU data are also influenced by such factors as
anisotropy and rate effects.

5. The CPTU cannot directly measure s, and therefore CPTU
interpretation of s relies on a combination of theory and
empirical correlations

Theoretical Interpretation CPTU in Clay J

1. Existing theories for interpretation of s, from CPTU data
involve several simplifications and assumptions. Therefore
existing theories must be "calibrated” against measured data

2. Most important to use realistic and reliable soil data from
high quality tests conducted on high quality samples

3. At NGI - key reference is to use s, from Anisotropically
consolidated triaxial compression (CAUC) tests conducted on
high quality undisturbed samples. A secondary reference is to
use the average s, (ave) [or mobilized for stability problems] =
1/3[s (CAUC) = s (DSS) + s (CAUE)]

750

Undrained Shear Strength Anisotropy

®
020 % 7 %
A Triaxa! Compression (TC). g,
015+ ¢ ¥V ¥ @  Direct Simple Shear (DSS): 7, |
g Triaxial Extension (TE} g,
i

0.10 ! L 1 ] ] 1 1 1
0 20 40 60 80 100

Plasticity Index P (%)
{Ladd 1991, Ladd and DeGroot 2003}

0.40 T T T T T T T T T
A a
035 rs a IS -1
S SN ©
0.30 - A“K s A -
A A v® DSs
025 e0gp B o4 (85=45115°)

ndrained Shear Strength from CPTU Data

Theories for interpretation:
1. Bearing capacity

2. Cavity expansion

3. Strain path methods

All result in a relationship of the form:
q; = Ns, + o, Where o, could = 6,4, Gy, O1g

In practice most common to use:
q, = N8, + 0,4, for which theoretically N, = 9 to 18.

Rl w0

Undrained Shear Strength from CPTU Data

|

The empirical approaches available for interpretation
of s, from CPT/CPTU data can be grouped under 3
main categories:

1. s, estimation using "total" cone resistance
2. s, estimation using "effective" cone resistance

3. s, estimation using excess pore pressure

3050




Undrained Shear Strength from CPTU Data }

1S, = QoedNye = (@, = 0,0)/Nyg

= AUINAU = (UZ - UO)/NAU

8y = Ae/Nie = (A = Up)/Nie

Need empirical correlation factors Ny, N,,, or N, factors as
correlated to a specific measure of undrained shear
strength, e.g., s (CAUC) or s (ave)

3156

CPTU s, Cone
Factors

~ s (Lab) = s (ave) =
1/3[s (CAUC) + s (DSS) + s (CAUE)]

-ls,(cAUC) |

Note: Ny, for s (CAUC) < N,, for s (ave)

[Aas et al.1986] ars0

CPTU s, Cone Factors — Karlsrud et al. (2005) |

Update of CPTU s, cone factors using NGI high quality block
sample database. Derived cone factors as function: OCR,
Sensitivity (S,) and Plasticity index (1)

40 B T T T I T T T

Block and tube samples

s0lf) _{1! of Onsay, Norway clay \? |
—— P1=30to 40

20F i / E
1] = p— +4+ 4
e 76 mm Tube .
e 84 mm Tube CAUC Recompression tests
o 1 1 i i i i 1
¢ 2 4 6 &8 1 2 30 4 s 60 70 80
Axial Strain (%} P (kPa)
33450

®
— 5= Q= 0vo)/Ny |
= T
] ‘E; ;,’4& i
T " Y P
@ e e
2
.St<=15
.St>15
2 3 4 567890 [Karisrud et al. 2005]
OCR .

]

| CPTU s, Cone Factors — Karlsrud et al. (2005) |

1
Sy = (UZ - UO)/NAU I

S
P
S

2 L ] St<= 154
e St>15
0 r—r—r—r
3 4 5 67 8910 [Karsrud et al. 2005}
OCR

OCR 1-2
OCR 2-4
QCR>4; G <= 15

&)

OCR 1-2 S<=15
OCR 1-2 S¢»15
OCR 2-4 §==15
OCR 24 Sp15
OCR » 4 Si<=15
OCR>4 Sp»15

G o X KO

20 30 40 50
l;} (%) [Karisrud et al. 2005]
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CPTU s, Cone Factors — Karlsrud et al. (2005) |
10 1l

’ 8.=@-uN, |

]
0 02 04 06 08 1 1.2 [Kersrudetal 2005]

q 3750

CPTU s, Cone Factors — Karlsrud et al. (2005) |
_ Bestfit regression lines to plotted data for s (CAUC)

Cone | Sensitivity | Regression Equation Standard
Factor S, Deviation

<15 7.8 +25l0gOCR + 0.082l,
>15 |85+ 2.5l0g0CR

<15 6.9 - 4.0l0gOCR + 0.071,
N 0.128
o >15 9.8 - 4.5l0gOCR
<15 11.5~9.05Bq
N, 0.172
“ >15  [12.5-11.08q
Best relationship (statistically) = N,,. Note: N, correlation uses direct
measurement (u,) and does not require use of q, which must be
" corrected for overburden stress in other correlations.

Ne 0.197

3850

Updated NGI N, ¢,y Cone Factor for S, <15

14 Plotted for Range
i OCR =1to 10 and
1,=10to 80

High = 12.5
@OCR=1and |, =80

Low=3.6
@OCR=10and |, =10

[Karisrud st al. 2005]

s, from CPTU via CPTU-', correlations

For a given element of soil, the preconsolidation stress o', is
essentially unique whereas s, which is strongly dependent on method
of measurement and is therefore not unique.

Alternative procedure to estimate s,, is first determine o', (and hence
OCR) from the CPTU data, then use established laboratory (e.g.,
CAUC, DSS) orin situ (e.g., FVT) relationships between s, and o', (or
OCR) for a particular mode of s, shear.

Examples:
SHANSEP Equation (Ladd 1991)
s,/d'y = S(OCR)™, with § =5, /0' g at OCR = 1
e.g., s,(DSS)/a', = 0.23(OCR)%®

s (mob) = 0.22¢", Mesri (1975)
450

STRERGTH, WPy Comparison between UUC
triaxial test data on
remolded samples with
CPTU friction sleeve data
for Offshore California site

i
£

&L—r»—n—

8 13 18 & 50

|

[Quiros and Young 1988}

4180

Remoulded Undrained Shear Strength s l

ur |

Remoulded strength in R2, kPa
o o0 100 190 20 2% 3% 3% 44| Comparison of laboratory
-
. le measurements of remolded
# L undrained shear strength with
8 N sleeve friction from CPTU tests
< 53 for Ormen Lange area offshore
2., | Norway.
H =
; 30
3
s w
5 L
o4
o T
o S Ultrem}
= FC{rem)
o8 +CPTs in R2 19_2 420
100 © "Intact” ringshear residuaj [Kvalstad et al. 2004]




Wi

Undrained Shear Strength Sensitivity, S, J

pr——
e "'i%) Relationship between
Sensitivity and CPTU Ry

% A for two sites in Norway
@ LA ]
§ | one ;

)u
2 e o
NATS
: ! *| [Rad and Lunne 1986]
Friction rabio R= 1/g/%)

43150

Deformation Parameters

1. Constrained Modulus — for 1-D compression, M
2. Undrained Young's Modulus, E
3. Small strain shear modulus, G,

Two approaches for use of CPT/CPTU data to estimate
deformation parameters:

1. Indirect methods that require an estimate of another
parameter such as undrained shear strength s,

2. Direct methods that relate cone resistance directly to
modulus.

44/50

s’

Example of Direct Correlation between CPTU and Gmyj

1w Mayne and Rix (1993)
+ intact{e <3
F . mﬂ) 4 Estimation of small
€ H strain shear modulus
- J . G pay for clays from CPT
10t N q. data + estimate e.
% o ."
£ wt o
Mulple Regression Line | /
in=418 -0801) /1 | Note: G,,, is anisotropic +
Ww‘ 10* 10! 1% 19* | in the context of CPT/CPTU
Goge = 406 9,26 '® * (kPa) | testing, better to measure

directly down hole with
seismic cone (= G,
45/50

Consolidation and Hydraulic Conductivity

Measurement: dissipation of penetration pore pressures
during pause in penetration. Can be u, or u,. Ideally
- measure until Au = 0 but time depends on ¢, and k,,.

erived Soil Properties:
. Coefficient of Consolidation, ¢,

~ 2. Hydraulic Conductivity (= permeability), k;,

Since the dissipation is radial, ¢, and k;, are derived.

Some clays can have highly anisotropic consolidation

and flow parameters (e.g., varved clays) — need to use
s published anisotropy ratios to estimate k, and c,,.

48150

Bothkennar, UK (= soft clay)
Dissipation Tests at 15 m
depth

Typically plot:

U = Au/Au; as function t
which for the u, position =
(uz ~ up)/(u; = ug)

where

U, = in situ pore pressure
before penetration, and
uy=uatt=0

47150

Theory for CPTU derived ¢, and k,,
Terzaghi Theory: ¢, = (TH2)/t

Torstensson (1975, 1977) suggested use time at 50%
dissipation and for CPTU geometry thus,

S = (Tso/tso)r?

Hence for 10 cm? cone, ¢, = 0.00153/t5, [m?/s]

erzaghi Theory: k;, = ¢;y,,my,

Determine c,, from dissipation test + need estimate m,
= coefficient of volume change, which can be
& correlated to q, or q,




k" 4

‘:«sshuﬂww Coefficient of
‘ Consolidation

Example ¢, - Boston

Blue Clay (Newbury, MA)

Houlsby and Teh (1988, 1991):
Strain Path Theory and Finite
Element Analysis

For uy or u, and 10 cm? or 15 cm?
cones. Uses tg, + requires Rigidity
Index, |, = G/s, [I, tends to decrease
with increasing OCR and I]

cn = (T'so)r2(l) P/,

‘ 1T =0.118for u,

. s o e =0.245 for u,
o gy

10 cm?, u, Piezocone
tsp=1750s,a=1.78 cm
T'so = 0.245, I, = 100

¢, = 0.0044 cm?/s

49/50

Note: if uy unknown and cannot
assume hydrostatic then must run
full dissipation — can be very time
consuming.

saise

Recommendations - CPTU Derived Soil
Engineering Parameters for CLAY

1. Do not eliminat ling and lab y testing
2. Verify reliability of results and that undrained conditions prevail
3. With increasing experience modify correlations for local conditions

Good CPTU interpretation methods exist for:

+ Soil Unit Weight (y,)

+  Stress History: OCR or o',

*  Undrained Shear Strength for s (CAUC) and s (ave)
+  Small strain shear modulus (G,,,,)

« Coefficient of Consolidation (c,)

Approximate estimates can be made from CPTU data for:

1. In Situ horizontal effective stress (o', or Kg)

2. Remolded undrained shear strength (s, ) or Sensitivity (S,)
g 3. Hydraulic Conductivity (k)

S e






