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Assessment of soil liquefaction from data acquired
with Cone Penetration Test, using the latest and

most widely used methodologies.
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Ground Improvement

 Objective of ground improvement is typically for:
— Increased bearing capacity (strength)
— Reduced settlements (stiffness)
— Increased resistance to liguefaction (cyclic resistance)

« Many techniques available for ground improvement

 Vibratory technigues are common in sandy soil, e.qg.
— Vibro-compaction (VC)
— Vibro-replacement (stone columns - VR/VD)
— Dynamic compaction (DC)
— Rapid Impact (RI)



Principle behind vibratory methods

 Disrupt sand structure to form denser packing

 Vibration (drained cyclic loading) the most effective means to
densify granular soils (i.e. sand)

« Most vibratory methods also:
— Increase lateral stress (i.e. change K, and OCR)
— Destroy any existing microstructure (age, cementation, etc.)



QC for ground improvement

« CPT often used for quality control (QC)
— Fast & cost effective
— Continuous profile
— Reliable/repeatable measurements
— More than one measurement (g, f, U & V)

« CPT iIn granular (sand-like) soils is influenced by:
— Density (state)
— In-situ stresses (K,)
— Stress history (OCR)
— Grain characteristics (e.g. compressibility, fines content)
— Microstructure (e.g. age, cementation)



Basic CPT Parameters

Sleeve Friction

/ fs — IOad/

2ntrh

Pore Pressure
U,

Tip Resistance

/ g, = 'oad/ 2




CPT — Normalization

CPT (wroth, 1984):
Qu=(0—0,) /0o (clay)
F=1/c',
F, =1/ (g, — 5,)100 (%)
CPTu:
B, = (U —Ug) / (G, — o)

U,=(u,—ug) /o'y,



CPT Soil Behavior Type SBT

Robertson, 1990 CPT SBT based on
N/ e ] In-situ soil behavior
) strength, stiffness,
SANDS / (Strength, sttlr
| compressibility)
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CPT SBT Index, I

SBT, Index, I,
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NORMALIZED FRICTION RATIO, Fr

Soil Behavior Type Index,
|

C

Ic = [(3.47 — log Q,)? + (log F+1.22)7]%5

Function primarily of
Soil Compressibility

Compressibility linked to soil
plasticity & amount/type of
fines



Generalized CPT Normalization

» Normalization based on solil type, density and
stress level (Robertson, 2009)

Qi = [(0; — 0,)/P,] (p/S’,)"

Qi (= 9cn) = [(9;— 0,)/p.] Cy

Where:
(g; — o,)/p, = dimensionless net cone resistance,
(p,/c' )" = stress normalization factor = C
n = stress exponent that varies with soil type & density (Ic) + stress level
- typically n ~ 1 clay (Qy = Q,,) and n ~ 0.5 clean sand
p, = atmospheric pressure in same units as g, and o,



Soil Behaviour Type (SBTn)

Coarse-grained soils
essentially plot in
SBT zones 5, 6, 7 and
8 on the normalized

¥4 SBTn chart by
Fine. Robertson (2009)
> grai_ned .
e el Approx. | < 2.60

I:r = 100[f3/ (qt'Gvo)]
Robertson (2009)



Compactability based on CPT

Already dense \ ] Soils suitable for
A % vibro-compaction
~ Compactable ¢ \ essentially plot In
Foo” SBT zones 5, 6 and
Harder to compact
/K A / on the

normalized SBTn
chart by Robertson
(2009)

4

I:r = 100[f3/ (qt'cvo)]

Modified from Massarsch, (1991)



Updated SBTn Charts

Behavior Descriptions

Soil Behaviour Type

. CCS Clay-like - Contractive - Sensitive
: CC Clay-like - Contractive

: CD Clay-like - Dilative

: TC Transitional - Contractive

: TD Transitional - Dilative

: SC Sand-like - Contractive

: SD Sand-like - Dilative

CD = (Q, - 11)(1 + 0.06F )7
I = 100(Qy, + 10)/(70 + QyF))




Compactability?

Kirsch & Kirsch (2010) — data courtesy Hayward Baker

OPre-CPT © OPre-CPT

Q Post-CPT 0 O Post-CPT

FC > 40%

Not ',f"_' ;'i.'-.’ Not

Compactable

Soil's Fine Content %

Sandy soils with high fines content (> ~40%) and high
CPT I, (I. > 2.6) are generally less compactable




Compactability and | .-value

Degen et al (2005)

Test Area 1, qc over fr

Test Area 1, qc over lc

e betterlndlcatorof
o soil behaviour than F,

qc,tsf

ffi;:

Post

Sandy soils with high fines content and high CPT 1.
(I. > 2.6) are generally not compactable




Compactability and fines content

Plastic fines prevent
Robertson & Wride (1998) CO m paCt I O n '
Rﬂlbr'ns:m etal (2013)

Fines content does not
distinguish between
plastic and non-plastic
fines.
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| value captures the
presence of plastic
fines in one value

Fines cantent, FC (%)

(Modified from Boulanger & ldriss, 2015)



QC based on Relative Density, D,

In the past — QC criteria often based on Relative
Density (D,) as an intermediate parameter

Dr = (emax - e)/(emax - emin)
Strength and stiffness not always well
represented by D,

Most relationships between D, and CPT based on
large calibration chamber (CC) testing using
clean sand



Calibration Chamber Testing

Calibration Chamber Testing Since cone resistance varies

a Mirieraloii BC1, with overburden stress — it

SEGENTSS G L] G BC2
Grain Distribut y . . .
in requires ‘normalization’ to

2 Index Parameters
e R account for depth

2 Dry or Saturated
1 Stress History

CONE RESISTANCE , g, bars

Cone resistance
varies with depth
- normalized to

| Artificial
e 1 Sande
| Deposit

Modified from Mayne, 2009

Controlled test environment to
study link between CPT g, and relative
density D, in clean sands
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Summary of D, CC - sand

NC Calibration Chamber Test
" Data (n = 456; r* = 0.887)
__Corrected for D/d size
(Jamiolkowski, et al. 2001)
--Plus: 15 Undisturbed Sands
NOTE: oy, =1atm=1 bar
" =100 kPa = 1 tsf = 14.7 psi

—Mean
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QC Criteria

In the past, typical to define target CPT g In
terms of either relative density or defined g,
profile (i.e. Q,, = constant)

Minimum q. (MPa)

Function
of ¢’

£
N =t
e
Q
v
0

Example target g, profile
constant D, & Q,,




NOT recommended

Will NOT apply to sands with some fines (e.g.
silty sands and sandy silts)

Minimum q. (MPa)

Qtn
I

|
ONLY WORKS FOR
CLEAN SAND

Function
of ¢’
Example target g, profile

constant D, & Q,,

£
N =t
e
Q
v
0




Soils with fines content?

« Ground improvement methods based on
densification are generally less effective In
sandy soils with high fines content and
depends on plasticity of fines

 Penetration resistance (CPT) less sensitive In
solls with high fines content

- Application of ‘clean sand equivalent cone
resistance’ (Qy, cs)




Clean Sand Equivalent

Evolved from early work of Seed et al (1985) based on
liguefaction case histories - observed that soils with
same resistance (CRR) have different penetration
resistance (q,) with different fines content (FC).

Based on concept that soils with same ‘clean sand
equivalent’ penetration resistance have same soil
response to cyclic loading (CRR), I.e. soils have same
In-situ state.

(works well in young, uncemented silica based soils —
1.e. solls with little or no microstrcuture)



Clean sand equivalent, Qm,CS

Qtncs (Robertson & Wride 1998) Soils with same ‘clean

sand equivalent’” Q, .
|ncre§sed 8 i tance have similar behavior
Based on case histories
of young, uncemented
silica-based sandy
soils

, Qtn,cs o Kc Qtn
Same Clean sand equivalent”

penetration resistance Simple correction based on

I - Same in-situ State 2 soil behavior type index, I,
= |

1
NORMALIZED FRICTION RATIO, F;

2

s
o]
Wi
O
2
7
Vel
L
ec
"
=
@)}
O
[
]
N
-l
<t
=
=3
o
—




Theoretical (CSSM) framework
State Parameter, ¥

Chitical BtEBIinE 68, (_|_) Loose Critical state line from I, relation

. (Bolton 1986) with Q=10 .
Contractive 1 00se

¢r=Drcs—Dr
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| Critical State Soil Mechanics (CSSM) Drcs " o100+ 2K, e,

o e it
0.40 -~ VR

3F,
1 10 100 1000 10000
, 0.01 0.1 1 10 100
p' (kPa)

Mean principal effective stress, p'/P,

After Jefferies and Been, 1985 Relative State Parameter index
After Boulanger, 2003
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State Parameter from CPT (screening)

State Parameter, ¥

Updated from Plewes et al 1992
' 4 O R
Increéﬁed resistance
to}oadi g

Same in-situ State
Different penetration resistance

i

o~

NORMALIZED FRICTION RATIO, F;

Soils with same
state have similar
behavior

Essentially contours
of ‘dilation’ angle’ —
a fundamental
mechanical behavior

Approx. contours of
state parameter for

young, uncemented
silica-based solls



State parameter () and Qy,

Robertson, 2009  state Parameter, ¥ Qtn,cs (Robertson & Wride 1998)

1000
/

Acreased resistance Qincs creaseq resistance
to logding| * 56 to lo dlng

/ g—
\ 100 \ /
lquive

g

5Q _ ’
s \
H CONTRACTIVE |

Qtn,cs =70 at = -0.05 //

Based on CSSM theory, CC, samples Based on lig. case histories

1
0.1 1 10

K,~ 0.5 MCBMALIZEL FRECTIN RATIC, by NORMALIZED FRICTION RATIO, Fy

NORMALIZED CONE RESISTANCE, Q;,,
o

&
o]
Ty
(@]
=
&
A
(Y%
(=
i
=
(@]
O
o
i
N
|
<
=
e
(@)
=
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Recommended QC Criteria

Recommend using CPT criteria based on ‘clean sand
equivalent’ Oy, .

Applies to wide range of soils (not just clean sand)

Requires a pre-agreed method to calculate Qy,
— Robertson & Wride (1998) - based on I,

— Boulanger and Idriss (2014) - based on fines content (but
generally converted to 1)

Can not be presented as a single line (depends on soll

type, 1.e. 1))
Software can process data



Example — clean sand

Project:  Hydraulic Fill - Ground Improvement - Filtered average values

CPT: Before
Location: Hong Kong Airport - Massarch & Fellenius 2002

Total depth: 5.99 m, Date: 7/17/2015

Cone resistance gt Sleeve friction Pore pressure u Friction ratio

/ qt : 1:s : u2 : Rf

. .

Soil Behaviour Type

Before compaction

Depth {m)
Depth {m)
Depth {m}
Depth ()
Depth ()

Sand & silty =and

Clean sand hydraulic fill (HK) — data from Massarch & Fellenius (2002)

1 T 'l'--.-...| 10!--.-..l|".| 10!'--.-...| 1':'!..-
=] 10 13 20 40 &0 20 100 ul 20 40 &0 20 100 ul 2 4 )

Tt T T T
2 10 02 4 & 2 101214 112

Tip resistance (MPa) Friction (kPa) SBT (Robertson, 2010)

Pressure (kPa) Rf (%)




Example — clean sand

Projed: Hydraulic Fil - Ground Improvement - Fltered average values

CPT: After
Location: Hong Kong Airport - Massarch & Fellenius 2002

Total depth: 10.00 m, Date: 7/17/2015

Cone resistance qt Sleeve friction Pore pressure u Friction ratio

Soil Behaviour Type

f u R
\vqt : \ vs : 2 : f

w w

After vibro-compacti

Depth ()
Depth ()
Depth ()
Depth {m)

Depth {rm)

Sand & =ity sand

Clean sand hydraulic fill (HK) — data from Massarch & Fellenius (2002)
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=] 10 13 20 u] 20 40 &0 80 100 u] 20 40 &0 80 100 u] 2 4 & a 10 o2 4 & 8 101214 1618
Tip resistance (MPa) Friction (kPa} Pressure (kPa) R (%) SBT (Robertson, 2010)




Example — clean sand

Norm. cone resistance MNorm. friction ratio
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Example — clean sand

rMeasured and Required gt

VAR o

Cruring Earth q.

Criteria
based on
Qines = 100
(with
variable
unit weight)

io0 12 14 16 12 Z0
gk (MPa)

rMeasured and Reguired gt

N of

Crurifyg Earth q.

Depth {m)

Criteria
based on
Qtl’],CS - 100

10 12 14 1 15 20O
gkt (MPa)



Depth {m)

Example —

rMeasured and Required gt

on

Cruring Earth q.

Criteria
based on
Qines = 100
(with
variable
unit weight)

Simple
linear
criteria

io0 12 14 16 12 Z0
gk (MPa)

clean sand

rMeasured and Reguired gt

N of

Crurifyg Earth q.

Depth {m)

Criteria
based on
Qtl’],CS - 100

10 1= 14 16 15

z0
gkt (MPa)



Example — complex profile

Before
After

Interlayered i
sandy silt =




Example — complex profile

Morm. cone resistance Marm. friction ratio Corrected norm. cone resistanc SBTn Index
1] 0

i B{eforg Qitn,gcs |

Criteria
based on

- only clean
sand

100 200 200 400 500 I T & 7 8 9 0 I 100 200 200 00
Q1N Qkn,cs




Example — complex profile

Measure d and Required gkt MMeasure d and Required gt

Before |, . )
Liquefaction analyses

IN reverse

ol el el =l el el
R
ny

Diepth (Ft)
[ rth (ft)

X [ I I T I R
1 O 0 = o R Lo T T T Y I I W O TN 9 [

Criteria = s Criteria
based on 1 based on
Qtn,cs =100 Qtn cs ~ =100

(I.>2.6

excluded)

= -
31—

s
:_-._' h
Feature in Cqu h




Change in |,

Morm. cone resistance Morm. friction ratio Mom. pore pressure ratio SBTn Plot
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Change in |,

Qtncs (Robertson & Wride 1998)
Ground improvement
Increases the resistance
to loading.

For clean sands (F, <
0.5%) - Q, Increases

\ and |, decreases.

For silt sands — Q,
increases and F,
Increases and |, will
2 decrease less or stay
constant
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Change In |

Qtn,cs (Robertson & Wride 1998) Potential problem if
' ' compaction changes I
from
Pre- 1.>2.6
to
Post- |.<2.6

Soil has NOT changed
from clay-like to
sand-like due to

compaction?

s
o]
Wi
O
2
7
Vel
L
ec
"
=
@)}
O
[
]
N
-l
<t
=
=3
o
—

Also influenced by

change in K,
NORMALIZED FRICTION RATIO, F;




Change in |,

Morm. cone resistance Morm. friction ratio Mom. pore pressure ratio SBTn Plot
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Correct for change In 1

Morm. cone resistance MNorm. friction ratio Mom. pore pressure ratio SBTn Plot

Clean sand

0 S0 100 150 200 200 250 400 450 S0 N T 78 0.2 1 02 04 0k
Qkn (%o Eq




CPT Soil Behavior Type SBT

"\ /07,210 Normalized CPT
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Suggested
contours of
In-situ K, on

the CPT-
based SBTn

chart
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Additional measurements?

« CPTu — penetration pore pressure (u)
— useful in fine-grained soils
— can capture stress history

« SCPT — shear wave velocity (V,)

— potential to capture stress history?

— average increase in solil stiffness

— BUT - insensitive parameter (needs high accuracy)
« DMT — flat dilatometer test

— Increased sensitivity to horiz. stress changes



Seismic CPT System Configuration

Cone Truck
Seismic Cone Penetration Test (SCPT)

ASTM D 5778 and ASTM STP 1213

SCPTu

[ measurements!

Horizontally- i
polarized W qt
and vertically= -« horizontal geophone f
propagating 3 )
Shear Wave shear waves .- inclinometer U
Arrivals taken 12 2
at 1-m rod "
intervals R ' fs = sleeve friction resistance VS (Vp)
50 diss
u, = porewater pressure u
: : 0
Penetrometer Readings = '~.. |

taken every 1 or 2 seconds

After Mayne, 2014




|dentification of Unusual ~ soils
(soils with microstructure)

« CPT penetration resistance, g, — mostly large
strain response — mostly controlled by peak
strength

» Shear wave velocity, V, — small strain
response — controlled by small strain stiffness

« Potential to identify unusual’ soils from
SCPT by measuring both small and large strain
response



|dentify
‘unusual ’ solls
- Solls with

microstrcuture
based on SCPT

G, = p (V)2

OIn b (qt I cFvo)




Soil Mixing
 Soll mixing more common in either complex soil
profiles and/or more fine-grained soils

« QC criteria typically based on ‘unconfined
compressive strength’ (q,)

— undrained shear strength, s, = q, /2
» CPT can be used as rapid QC based on:
S, = (0;— o,,)/ N, (where N,, ~ 15)

e.g. If QC critreia q, > 2 bar, then s, > 1 bar
CPT q, > 15 bar (1.5MPa)



Summary

» CPT the most common In-situ test to evaluate
ground improvement (esp. deep compaction)

» Issues such as:
— Thin layers (or transition zones - remove)

— Solls with high fines content
 Use clean sand equivalent

— Time affects
— Microstructure (e.g. age & cementation)



Questions?



