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CPT-based methods
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Vancouver
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» Cyclic (selsmic)
Liquefaction

— Zero effective stress
(during cyclic loading)

e Flow (static)
Liquefaction

— Strain softening
response
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Cyclic (seilsmic) Liquefaction

Zero effective stress due
to undrained cyclic
loading

Shear stress reversal

— Level or gently sloping

ground

Controlled by size and
duration of cyclic
loading

Large deformations
possible

Cyclic Liquefaction — Lab Evidence

Shear stress, 4 Shear stress, q

A
Peak strength
Goy= st envelope
Cyclic
Liquefaction

Mean effective stress, p' '\Shea.r Gy

Shear stress reversal=>» Zero effective stress=>» small stiffness

shear strain Cyclic
o Liquefaction

No. of cycles, N
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Flow (static) Liquefaction

« Strain softening (contractive) response in
undrained shear
» Trigger mechanism required
— cyclic or static
o Static shear stress greater than minimum
(liquefied) undrained shear strength
 Kinematic mechanism required
— Uncontained flow
— Contained deformation

Schematic undrained response of
saturated, contractive sandy soil

! Yield Strength
Static or Constant Rate of Loading Envelope
Failure D

Undrained Creep or Deformation

Shear Stress

sylyield)

Cyclic or Seismic
Loading SulLiQ)

Shear Strain or Deformation Normal or Vertical Effective Stress

After Olson & Stark, 2003
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[ Material Characterization |
|
— : Flow chart to

Contractive Dilative

/5 evaluate
~T liquefaction

Monotonic/Cyclic Size and duration
Trigger of cyclu: loading

Gravitational stresses > Shear stress | No shear stress :
Undrained shear strength fe\‘el' sal reversal Terms ‘ Contractive

and ‘Dilative' apply at
Contained | |Uncontained Cychc Cycllc ;
Deformation Deformat\on L|quefac1|on Mobmty lar gestrains

Potential 'lor Small

Progressive Fanlure | |Deformat|ons | |Defon'aat|ons |
1

Deformations can contlnue Deformations essentially
after the trigger event stop after cyclic loading

redistribution After Robertson, 1994

What level of sophistication is
appropriate for SI & analyses?

GOOD Precedent & local experience  POOR
SIMPLE  Design objectives COMPLEX
LOW L evel of geotechnical risk HIGH
LOW Potential for cost savings HIGH

Tracitional Methods SRS Advanced Methods

“Simplified” “Complex”




‘Simplified Procedure’ — Cyclic Liqg.

Percent Fines = 35 15
v i

<5

[
. from Séedet a

*~-CRR curves for 515, and
/| 35 percent fines, respectively

Cyclic Stress Ratio, 7av/Ovo'
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K| Recommended | Japanese data
By Workshop || Chinese data
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Adjustment || Pan- American data  ®

Magial - No
Liquefaction Liquefaction Liquefaction|
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20 30
Corrected Blow Count, (N})gg

50

Following the 1964
earthquakesin Alaska and
Niigatathe “Simplified
Procedure” was devel oped by
Seed & Idriss (1971) for
evaluating seismic demand
and liquefaction resistance of

sands based on case histories
(lig. & non-lig. cases)

Origin of CPT-based methods

All methods have similar origins:

Case histories (each summarized to 1 data point)
— CSR; 5,521 = 0.65 (a,5/9) (6,/c” ) rq/ MSF* K|
— Normalization (q.,,) and ‘fines’ correction to get

normalized clean sand equivalent (g.;y ¢sOF Qpn s
Each method made different assumptionsfor: ry, MSF, K,

normalization of g, & ‘fines correction’

Cydlic StressRatio, (CSR)
F T

o ko
Corrected CPT tip rosistance, Qe

7
Iy & Boulanger (2000) —~ |
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Updated database > 250 sites
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Modified from Boulanger & Idriss, 2014
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CPT SBTn Index, I,

SBT, Index, I, Soil Behaviour Type

I e TTTTTI
:_ \/ Index, |,

- SANDS

I, = [(3.47 —log Q)2 + (log F+1.22)2]05

(Modified from Jefferies & Davies,
1993)

8

| isan index of soil
behaviour

-
° Function primarily of
| S Y Y | | | | Iki\ll $I| Comprblllty

1 10

NORMALIZED CONE RESISTANCE, Q

p....
b

NORMALIZED FRICTION RaTiO, F
Robertson, 2014

Updated database on SBTn chart

All cases have CPT SBTn
. <2.6

Data base shows that
whenl,> 2.6
predominately fine grained
‘clay-like’ soil

Normalized cone tip resistance, Q

Normalized friction ratio, F Data after Boulanger & Idriss, 2014




Susceptibility to cyclic liquefaction

[ Applicable for:

PI (Plasticity Index)

L (a) FC220% if PI>12% ~
(® FCZ35% if PI<I2% N @
P:‘\\

-
//9‘/

Seed et al, 2003

CH
cL MH

Zone B: Test if w, 2 0.85(LL)

ML - Zone A: Potentially Liquefiable
b if w.> 0.8(LL)

— Physical

| Not Suscept\b\e

47

40 50 60 70 80 90 100
LL (Liquid Limit)

Characterlstl cs

NORMALIZED CONE RESISTANCE, Q,

1000

SBT, Index, I

Behavior Characteri stl cs

' 2 6
1

NORMALIZED FRICTION RATIO, Fr

Transition from sand to clay-like behavior

SBT from CPT

A

o
©
*

Normalized Net Tip Resistance, q, ; ., (MPa)

NP
0%<PI<12%
12%<PI<20%

25
20%<PI<35% PIIaStI ¢
35%<PI% 50

1.0

Normalized Friction Ratio, Fz %

Plasticity Index as
function of SBT I,

Boundary between sand-
like and clay-like soilsis
7<PI<12

When |, < 2.60
95% samples NP
84% have Pl < 12%

Data from Cetin & Ozan, 2009

Robertson, 2014
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SBT I cut-off?

* Robertson & Wride (1997) suggested that |, = 2.6
was a reasonable valueto ‘ cut-off’ clay-like soils
from analysis, but when |, > 2.6 samples should be
obtained and soilswith I,> 2.6 and F, < 1% should
also be evaluated

* Youd et al (2001-NCEER) suggested | . > 2.4 samples
should be evaluated

Whenever soilsplotin theregion closetol.=2.6itis
advisable to evaluate susceptibility using other
criteria and modify selected cut-off

Exceptions

Very stiff OC clay
NC low-plastic silt

Challenge
linking SBT with
RN - traditional
Ttviy pe g E  geologic' terms,

Lol LTl ] such as ‘sand’
1

8
A
\

NORMALIZED CONE RESISTANCE, Q,,
S

NORMALIZED FRICTION RATIO, F,
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Generalized CPT Soil Behaviour Type

CPT Soil Behaviour

CGD: Coarse-grain-Dilative
(mostly drained)

CGC: Coarse-grain-Contractive
(mostly drained)

FGD: Fine-grain-Dilative
(mostly undrained)

FGC: Fine-grain-Contractive

(mostly undrained)

8

=]

NORMALIZED COMNE RESISTANCE, Oy,

1 | L1111l

0.1 1
NORMALIZED FRICTIOM RATIO, Fy

Modified from Robertson, 2012

CSR,, <0.20

N TS

Sameresistanceto cyclicloading
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Clean sand equivalent
e mmm—?  NOrmalized cone resistance,
. NORMALIZED FRICTION RATIO, F, Qtn,cs based on soil behaviour
o Mol — R, -02 typeindex, |,

A Lig-Class"C" (Robertson & Wride 1598)

Robertson 2009
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CPT-based correction to Qy, .

* Finescontent isaphysical characteristic obtained on
disturbed samples, that has aweak link to in-situ
behaviour. Application of acorrection based on fines
content introduces added uncertainty.

« CPT SBT I.isabehaviour characteristic, that hasa
strong and direct link to in-situ behaviour.

How reliableis a correction based on | .?
| sthere a theoretical basis for the correction?

Theoretical framework

State parameter and Qy, .

Qin,cs (Robertson & Wride 1998)

State Parameter, W

1000 1000

CONTRACTIVE |

S
T

j

NORMALIZED CONE RESISTANCE, Qyr,

Quee=70at y=-005 /-

Based on lig. case histories ;
l

1 R A A = st B
0.1 1 10

NORMALIZED FRICTION RATIO, Fy

-

Based on CSSM theory, CC, samples

11 T R A AN A=l I I ]
0.1 1 10

K,~0.5 NORMALIZED FRICTION RATIO, Fy

Young, uncemented, silica-based soils ~ y ~ 0.56 —0.3310g Qy, ¢ IReb=ESi, 200
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Case histories — flow liquefaction

AN

DILATIVE

L L

T T \I T

L]

et

NORMALIZED CONE RESISTANCE, Q;y,
|

CONTRACTIVE

| IIIIIIIL\\/F/IIIIII'1

NORMALIZED FRICTION RATIO, F,

0

Case historieswith CPT

Nerlerk (sand) — 19,20,21
Jamuna (sand) - 34

Fraser River (silty sand) - 27
Sullivan mines (silty tailings) - 35
Northern Canada (silty clay) — 36
L. San Fernado Dam (silt) — 15

CPT datain critical layers +/- 1 sd.

All case histories plot in
‘contractive’ portion of
CPT SBT chart

After Robertson, 2010

Shearwave Velocity Approach JEREEIEEteile

P =659 50% 5%
Mw —75 T A5%h15%
o, =100kPa *®

400 cases

Liguefaction

Na Liquefaction

-7

200

300

100 < Vg, < 230 m/s

No liguefaction:

Vg > 250 m/s

Young, uncemented
soils

Almost no influence
dueto fines
- can use as a check
on CPT ‘fines
correction

V., (m/s) Kayenetal., 2013

10/11/2014
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NORMALIZED CONE RESISTANCE, Q;,,

NORMALIZED CONE RESISTANCE, Q;,,

Estimated V_ based on CPT

Ver = Vs (Po/0'y0) >

m

e

[

1
NORMALIZED FRICTION RATIO, Fy

Ver = Vs (Po/0'y0) >

m

[

1
NORMALIZED FRICTION RATIO, Fy

Soilswith same Vg
have similar (small
strain) behavior

Young (Holocene-age)
uncemented soils

Based on large database
(>1,000 data points)

Robertson, 2009

Soilswith same V4
have similar (small
strain) behavior

Young (Holocene-age)
uncemented soils

Based on large database
(>1,000 data points)

Robertson, 2009

10/11/2014
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Example V, measured vs estimated

Cone resistance qt Norm. friction ratio Pore pressure u Shear Wave velocity SBTn Index
= o 2 s

HARD AGER I AR AUGER | D AIGE

10 30 30 40 S0 €8 o 2 H 1,000 2,000 3000 200 400 600 800
Tip resistance (MPa) Pressure (kPa) Vs {mis)

Example - young, uncemented soils— downtown San Francisco

Comparison between V -
based trigger curves by
Kayen et al (2013) and the
CPT-based trigger curves by
. (U — Robertson and Wride (1998)

= | RWOStRODIc=16 ] using the correlation
— KET13 PL=15%FC=25% | between CPT_Vsl propo%d
eeees KETI3 PL=15%FC=35% by Robertg)n (2009)

Sngle, unique | -based
correction provides
excellent fit to large V
data base

10/11/2014
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Modified I,

Ques = K Qp RWSS)

Modified to fit "
30 Kayen et al (2013) P
V,; curves P;=15% 1

RW98

Correction factor, K,

= = RW98 Modified
— RW'98

Small changeto K-l relationship

to get very good agreement

Current correction dlightly
conservative at high |,

CRR*

correction

=* RWO9E+R09 Ie=2.6 Modified
== RW9E+R09 Ie=1.6
0.4 w— KETI3 PL=15%FC=5%
sess KETI3 PL=15%FC=35%

Fines content correction

! 1

I Revised FC adjustments: q 4y =—\

]  ——
| 140" 4

e T ]

- e
Y A T e 50T 100, o,

Z/.-. N

%.—-—-—--—.—..-.
Idriss-Boulanger (2008): q,,, = —2

40 60
Fines content, FC (%)

Qoines = Jern + chm

After Boulanger and Idriss, 2014

Complex ‘additive’ correction based
on ‘measured’ fines content

eLittle theoretical basis

eLittle justification for ‘additive’

form

T T-
| )]

[/
//

s

/

Deterministic triggering
correlation at different FC
L

150 200 250

10/11/2014
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Fines content & SBT |,

Large scatter partly dueto

S' - - f;m;&' i S o difference between
k| © Suzukieta ) ‘ : 1 ‘ g )
]
_[. Lig case histories | 5 physcal and beh?wour
measuremen

Lo
L=1

Iy= (FC + 137)/80 - Crs

N
L5

B & | (2014) recommend

“using C =-0.29,0
and 0.29 to evaluate the
sengitivity to FC
estimates’
Thiscan result in large
uncertainty

Soil behavior type index, .
%]
k=1

Finessgonienl; FE(] Most case histories have

: low PI fines with mean |,
After Boulanger and Idriss, 2014 ~20

Conseguences of Liquefaction

» Post-earthgquake settlement caused by
reconsolidation of liquefied soils, plus possible
loss of ground (gjected) and localized shear
induced movements from adjacent footings, etc.

 Lateral spreading due to ground geometry

 Loss of shear strength, leading to instability of
slopes and embankments — strain softening
response — flow liquefaction

16



Predicting post-EQ settlement

Based on summation of vol. strains (zhang et al,
2002) using FS from selected method

Many factors affect actual settlement:

— Site characteristics (stratigraphy, buildings, gecta, etc.)
— EQ characteristics (duration, frequency, etc.)

— Soil characteristics (age, stress history, fines, etc.)

No ‘correct’ answer (many variables)

Useful index on expected performance

Challenges estimating vertical
settlements

®)
i) N

10/11/2014
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Transition zone

CPT datain ‘transition’ when
cone is moving from one soil type
to another when thereis
significant difference in soil
stiffness/strength (e.g. soft clay to
sand)

Tip resistance, MPa
10 15

CPT data within transition zone
will be misinterpreted

In interlayered deposits
thiscanresultin
excessive conservatism

Interface distance, m

o'y =70 kPa
o'y = 35 kPa

Ahmadi & Robertson, 2005

Fine tune transition layer detection algorithm

It walues {minimunn - maximum): 1.51 - 3.24

{1} ‘ L] L]
EEE T T | ransrtl on
Detla Ic ratio[ 0.0005 | E] Minrum, of painks 23|

SBTn Plot Norm. Gail Behaviour Type ZI I e

0 oy Sand
05 5 ! i sad
X 5 T E==10)

i S & I O

Sad

Sand
Sitysaid 8sandys It
c

SN0 5.8 hysant
Clay&sliyclay

il Based on rate of

Clay&sliyclay

i change of |, near
S boundary of I, = 2.60

Depth (m)
Depth (m)

sad

A& A

Siny sz & sandys it Can be Very
Cly .

important for
o - - ]
i liquefaction analysis

s

ok Sand & sliysand

SR TR oA s
Ic (Robertsan 1990) SETR (Robertson 1990) ”Cl_iq ” software
www.geol ogismiki.gr

v ey | [ 3¢ cancel
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Depth of liquefaction

, S — Ishihara (1985) showed that
For a giren PGA .o, FS) there ) surface damage from
P g ol liquefaction is influenced by
e e thickness of liquefied layer and
thickness of non-liquefied

surface layer.

~

@«

Cetin et al (2009) proposed
simple weighting of vol. strain
with depth to produce similar
results

10

&
: ground damage
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Ishihara, 1985

1 L 1 L s L 1

3 4 L] 13 7 ] e
Thickness of surface layer , Hi {m)}

o

Cone resistance CRR plot Vertical settlements

50% of calc.

"
[l > u
. BRI T 4 N
: . i ]
2l Layerin 55 i B
o T 1 i L - |
4.5 T T+ - e 6] 1
0| i I 554 T o
| EE. o
P 5 5T T T ]
£ . E 7 £
H = &= | =
% :(”. ﬁ By 1 &7
g - — B B
. £ 851 T e
= [ ie—" — ‘|
95 [—F—
= E L i e A RRREN
i3 1 1r- 1
1154 p 1.5
LN 21 1

13+ & 13+ 7
e el Settlement?
Tt wEanEpEw v hi o e i usiwhimnm
gt (MPa) CRR & CSR Settlement (cm)

Christchurch KAN-19 M, = 7.1, gy = 0.23g Minor liquefaction, estimated settlement ~2cm

10/11/2014
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Transition zones - example

Cone resistance

5 1 © DRELOLT

Pare pressure

DAULOUT

SBTn Plot

Christchurch KAN-19 M, = 7.1, g

3
Ic (Robertson 1350)

Depth (m)

CRR plot

Vertical settlements

14
145

T 4

Transition zones removed

Depth {(m)

[

02 04 s
CRR &CSR

024 68Wi121s1618%
Settlement (am)

) = 0-23g Minor liquefaction, estimated settlement ~2cm

Transition & weighting - example

Cone resistance

) | bRILOUT

Pore pressure

Depth (m)

Christchurch KAN-19 M, = 7.1, g

H 3
It (Robertson 1350)

CRR plot Vertical settlements
[} [
05 | 1 a5
11— g earg ]
157 T 157
2 B2
25 254
ES Ey
351 35
4 a5
45 457
s B
55 ssHr
& 2
_. 651 H T 654
E n I = £ ~
£ 75| e | 5 ;5]
g — &
a5 = + a5
s —— s
951 1T a5t
10 10
Pl I as]
11 11
124 i = 12
1257 e : 125
13 .
el Transition zones removed
#1 & weighting with depth (18m) -
0 0z 04 06 0246 8101214161820
CRR & CSR Settlement (cm)

) = 0-23g Minor liquefaction, estimated settlement ~2cm

10/11/2014
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Settlernents (o)

o0 ~ M oW & o o~ @
z T S T ST S S S

Sengitivity analysis

Settlements vs PGA

— 9-KAMN-19

1My =71 Darfield earthquake 9K AM-19 Transitions

—— 9-KAM-19 Trans & weight

Removing transition
zones and weighting vol.
strains with depth

reduces conservatism
and generally gets closer
to case history
performance —

unless sand gjecta has

Best estimate of 8, = 0.23g  Played arolefor very
shalow lig.

|

04 045 02 025 03 035 04 045 05

PGEA (g)

=1
[x]

Recent Christchurch NZ Cases

» Green et a (2014) identified 25 high quality
case history sites from Christchurch NZ

» Detailed site and digital CPT data available

» Each site experienced several earthquakes

— 2 major earthquakes for 50 cases
—Sept 20010M =7.1& Feb 2011 M =6.2

» Each site categorized by damage

10/11/2014
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Settlement (cm)

NORMALIZED CONE RESISTANCE, Q

Christchurch (NZ) Experience

Green et al., 2014 (data) Transition zones removed
41 reliable cases — average values for each category ~ VOI. strain weighted to 18m
Predicted 1-D Settlement

All methods are conservative

B&I‘14 —most conservative (mostly dueto new MSF)

RW'’98 — less conservative

(Note: change from previous version of slide for

M 0ss06)

Newer methods appear to be getting more conservative?

10.00
5.00
000 - '_I - -

NoLiq(8)  Minor (15) Moderate (11)

Regions of potential liquefaction

Coarse-grained soils - Evaluate potential
behavior using CPT-based case-history
liquefaction correlations.

T TTTTIT

CGD Cyclic liquefaction possible depending
on level and duration of cyclic loading.

T T
%
Q

@

O ¢
2

CGC Cyclic & flow liquefaction possible
depending on loading and ground geometry.

T T TTTIT

Fine-grained soils - Evaluate potential
behavior based on in-situ and laboratory test
measurements

FGD Cyclic softening possible depending on
level and duration of cyclic loading.

FGC Cyclic softening and flow
L1l T ”1 liquefaction possible depending on soil
! sensitivity, loading and ground geometry

NORMALIZED Y 100%
FRICTIONRATIO 4, Oy

Modified from Robertson, 2009

10/11/2014
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Summary

Each method is a ‘ package deal’ — can not mix
and match

All methods are conservative — some more
conservative than others (helpful to compare)

Similar predictions for many case histories
— esp. wherelig. clearly occurred (in clean sands)
— less so for siteswhere lig. was not observed

Different extrapolation into regions with no case
history data (eg. z>12mand M,, < 7.0)

Caution required if extrapolated beyond database

Summary
Recommend removing transition zones
— CLig provides auto feature to remove
Recommend ‘weighting’ strains with depth
— CLiqg provides simple ‘weighting’ feature
Adjust I, cut-off, if needed
Recommend sensitivity analysis to evaluate
sensitivity of output (deformation) to main
variables (e.g. EQ load, etc.)
Often no single answer — requires some judgment
— complex problem with ‘simplified” method

10/11/2014
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