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Evaluation of Initiation of Ligquefaction

. Consequences of Soil Liquefaction

Liquefaction Mitigation Methods




1. Undrained Response of Sands under Dynamic Loads

Sand Boils, June 16 Niigata
Earthquake M 7.5

Sand boils near Niigata (photo by K.
Steinbrugge,courtesy of EERC, Univ.
of California







1. Undrained Response of Sands under Dynamic Loads

Mostly occurs in loose saturated sands. However studies show that silty sands and even
silts may also liquefy

A loose saturaetd sand layer
under earthquake motion




1. Undrained Response of Sands under Dynamic Loads

Liguefaction:
Tendency for densification under dynamic loading causes excess pore water pressures to
develop under undrained conditions, which in trun reduces the effective stresses.
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1. Undrained Response of Sands under Dynamic Loads

Liquefaction occurrence in sands is affected by:

> Relative Density ,Dg

» Effective confining stress o’ (initial stresses)

» Particle size, shape and gradation (influences volume change behavior)
» Stress history

» Fines content

» Mode of deposition,

» The distance from the epicenter and the magnitude of the EQ




1. Undrained Response of Sands under Dynamic Loads

Under Undrained Cyclic Loading:

2 Common Mechanisms:
1. Flow Liquefaction
2. Cyclic Softening: — Cyclic Mobility
~ Cyclic Liquefaction

2 main factors defining liquefaction mechanism:
» Relative density
» Initial state of stress




1. Undrained Response of Sands under Dynamic Loads

* Flow Liguefaction

> Initial static shear stresses > Undrained residual shear strength
» Failure before reaching 0 effective stress condition

» Usually occurs in loose saturated sand, due to their strain softening behavior under
undrained conditions.

> Failure Types: Loss of bearing capacity (Kavagishi-cho Apt)
(Foundation Failures)
Slope Instability, e.g. dam failures

Initiation of flow liquefaction by Kramer 1996
cyclic loading

S,,= steady state shear strength or
residual shear strength




1. Undrained Response of Sands under Dynamic Loads

* Flow Liquefaction

Kramer 1996

Loss of Bearing Capacity, Tilting of Kavagishi-cho
Apartment Buildings, 1964 Niiagata

Loss of Bearing Capacity, Tilting of a building during 10

Adapazar1 EQ 1999




1. Undrained Response of Sands under Dynamic Loads

Cyclic Softening

Initial static shear stresses < Undrained residual shear strength
Occurs in both loose and dense saturated sands
Excessive deformations
2 types: cyclic mobility (no zero shear stress condition)
cyclic liquefaction (zero shear condition)

A special case is "level ground liquefaction™, which means without initial shear stresses, ¢' =0
condition is reached
Failure Types: Lateral Spreading

Level Ground Deformations; sand boils,

settlements, differential transient deformation

q}

Figure 9.21 Zone of susceptibility to
cyclic mobility. If initial conditions plot
within shaded zone, cyclic mobility can
OCCur.

Kramer 1996 11




1. Undrained Response of Sands under Dynamic Loads

Cyclic Mobility

Fi

gure 9.22  Three cases of cyclic mobility: (a) no stress reversal and no exceedance of
the steady-state strength; (b) no stress reversal with momentary periods of steady-state
strength exceedance; (c) stress reversal with no exceedance of steady-state strength.




2. Initial Liquefaction

Governing Equation
c’=c-U

<—U0 “
+ Au o' Us = Uyt AU

Before Liquefaction: After Liquefaction:

Lo

G'y=0 - U G'i=0 - U

L_evel Ground (Initial) Liguefaction :
c's=0 - (UytAu) =0

6i=c'y-Au=0
Pore pressure ratio: r,= Au/c',
cs=06'y(1-r)=0
1-r,=0

r, = Aulc',= 1

Pictures: Simple Liquefaction Mechanism (from Jorgen Johansson and Steven Kramer)



2. Initial Liquefaction

Sand boils near Niigata (photo by K.
Steinbrugge,courtesy of EERC, Univ.

Sand boils on the field of California

along Hwy 98 during 1979
El Centro EQ




3. Evaluation of Initiation of Liquefaction

Laboratory Tests

» Cyclic triaxial, cyclic simple shear, torsional shear tests, shaking table and centrifuge

tests.
> Initial Liquefaction Criteria :
Number of cycles to Liquefaction, N, = N for 5% DA for triaxial
=N for r =1
» Stress-controlled or strain-controlled tests, r, generation

Shear strain, y, %
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3. Evaluation of Initiation of Liquefaction

Laboratory Tests
Cyclic Triaxial Tests

P
Agy
Tanial 4

- l g3=0y

Soil specimen  fe—— O3 =0 =04,




3. Evaluation of Initiation of Liquefaction

Laboratory Tests
Cyclic Triaxial Tests
Stress-Controlled

St E‘I 1 UI Hlj W Iuiulu IJ‘IJI\ U.'\‘ Ul-
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Figure 9,26 Results of wrsional shear rests on isoeropically consolidsted { ) = 98 kPa)
specimens of () boose sand (47% relative density) and (b) dense sand (75% relative
therxsiny ). Lovwse specimen reached inidal liquelscion (r, = 1000 on 10k lnading cycle.
Dresite much higher bading, derse specimen has not guite reached initial Nguefaction after
1T cyelas, (After Ishibors, 1985; uwsed by permission of Khuwer Acadomic Mablishers. i




3. Evaluation of Initiation of Liquefaction

Laboratory Tests
Cyclic Triaxial Tests

Stress-Controlled

g = void ratio
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Figure 9.27  Cyclic stresses required io prodece initial Dguefaction and 209 2xial
strain in sotropically consulidaed Sheramento River Sand traxial specmens. (After

Seed nsd Lee, 1965.)




3. Evaluation of Initiation of Liquefaction

Laboratory Tests
Cyclic Triaxial Tests

Strain-Controlled
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Figuarca et al. (1994); . | Dobry (1985):
L ICU hollow-cylinder torsional shear, Cyclhic friaxial tests,
Reid Bedford sand, | Eight sands,
Dp=60%, p', =124 kPa D= 20 to 80%,

L o= 02510 1.9 atm,
10 cycles.
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Figure 35. Excess pore water pressure generation versus shear
strain amplitude in strain-controlled cyclic undrained triaxial tests
on sand (NRC [985).
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3. Evaluation of Initiation of Liquefaction

Laboratory Tests

Cyclic Simple Shear Tests:

Stress-Controlled

Cyclic stress ratio

ol
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Number of cycles to cause Initial liquefaction

CRR=aN™
b is 0.34 for clean sands

| a depends on many factors

De Alba 1975



3. Evaluation of Initiation of Liquefaction

Laboratory Tests
Cyclic Simple Shear Tests:

Dynamic Simple Shear (DSS) with Confining Pressure Testing System
» Simple Shear with flexible membrane, cell pressure and pore pressure
measurements




Laboratory Tests

3. Evaluation of Initiation of Liquefaction

DSS with Confining Pressure Testing System

Step 1 : Hardware Setup

Assign Channels and Contrallers ta sach of the hardware
variables used by the cunent test

Step 2 : Specimen Details

Enter Initial specimen dimensions as well as initial moisture
specifications.

Step 3 Saturation Method

Canfigure and Enter Initial Conditions for the Saturation
Stages

Step 4: Consolidation Setup

Configure and Enter Initial Canditions for the Consolidation
Gtages

Step 5: Static Loading Setup

Carnfigure and Enter Initial Conditions for the possible Steady
Shress tests,

Step b Cyclic Stiess or Strain Setup

Canfigure and Enter Initial Conditions for the simple cpclic
shea tests..

Step 7: Liquefaction Cyclic Shear Setup

Configure and Enter Initial Conditiors for the liquefaction
phase of the cyclic shear tests..

[ Liquefaction Time Related Curves
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3. Evaluation of Initiation of Liquefaction

Laboratory Tests DSS with Confining Pressure Testing System
Strain-Controlled

Shear Strain, v (%6)
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3. Evaluation of Initiation of Liquefaction

Laboratory Tests

DSS with Confining Pressure Testing System




3. Evaluation of Initiation of Liquefaction

Laboratory Tests: Model Tests -

1. Shaking table tests: Original Position
of Shake Table

Cyclic Simple Shear Liquefaction Box o
CSSLB /piﬁ/ HEARE / Flexible Sealant

Fixed Against
Translation

Flexible Sealant

Rotating / Hinge
Plexiglass Wall | L i /
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Shear strain, y, %
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Number of Strain Cycles, N Shake Table Displaced Position of
Eseller-Bayat et al. 2013 Shake Table

o




3. Evaluation of Initiation of Liquefaction

Laboratory Tests: Model Tests -
1. Shaking table tests:

Eseller-Bayat et al. 2013




3. Evaluation of Initiation of Liquefaction

Laboratory Tests:
Model Tests :

1. Shaking table tests:

Cyclic Simple Shear Liquefaction Box
CSSLB

Shear strain, y, %

1

Time, sec

Eseller-Bayat et al. 2013 ' 1

Time, sec




3. Evaluation of Initiation of Liquefaction

Laboratory Tests: Model Tests -

1. Shaking table tests:

Laminar Box _ _
height of six meters.

» The enclosed volume can be filled with a
saturated sand or soil to a maximum capacity of
82.5 cubic meters, using a hydraulic slurry pump
and distribution system.

A supply of Ottawa (F-55) sand is stored in three
50 cubic yard outdoor storage containers and
may be available for use.

» The structure consists of 39 rings or laminates (I-
beam-cross sections) stacked vertically to form a
rectangular box. Two base rings are available:

1. A level ring for assembling and testing a
vertical soil column

2. A sloped ring that allows the testing of a sail
column with a 2-degree incline

UB EQ Eng Lab 5mx2.75m




3. Evaluation of Initiation of Liquefaction

Laboratory Tests:
Model Tests :

2. Centrifuge tests:

» 1/N scale model at a distance r from the axis of a centrifuge

» Rotated at a rotaional speed Q=V(N/r) which provides N times the acceleration of
gravity.

» Viscous fluid such as glycerin are often used as pore fluids since dissipation of pore
water is 10000 faster than the real in the field.

Table 6-2 Scaling Factors for Centrifuge Modeling® .

Muodel Dimension
Type of Event Quantity Prototype Dimension

All events Stress 1
Strain 1
Length
Mass
Density 1
Force
Gravity N
Dynamic events Time
Frequency N
Acceleration N
Strain rate N

Diffusion events Time 1/N°
Strain rate N

Source: After Kutter and James (1989).

*Vah{es are based on the assumption that the same soils and fluid are
used in the model and the prototype and that the soil properties are not
rate dependent.




3. Evaluation of Initiation of Liquefaction

Laboratory Tests: Model Tests :
2. Centrifuge tests:

Tokyo Institute of Technology




3. Evaluation of Initiation of Liquefaction

Laboratory Tests: Model Tests -

2. Centrifuge tests:

Marasini and Okamura (2015)



3. Evaluation of Initiation of Liquefaction

Laboratory Tests: Model Tests -

2. Centrifuge tests:

Marasini and Okamura (2015)




3. Evaluation of Initiation of Liquefaction

Field Evaluation:
1. Cyclic Stress Approach FS — CRR

"~ CSR

33
Boulanger and Idriss 2008




3. Evaluation of Initiation of Liquefaction

Field Evaluation:
1. Cyclic Stress Approach

Estimation of shear stresses induced at the site for CSR:
1. From ground response analysis

Shear Stress
Time History

Sand '-~MWMWMH~-~

Profile
Earthquake

Magnitude, M

2. Simplified Procedure for Estimating Earthquake Induced Stresses (Seed and Idriss)

«MNWWW\MWW

0 20 40 60 0 0.5 1 1.5 2
Time, sec Time, sec
Irregular shear stress record within a soil profile Equivalent uniform stress cycles at0.65 1,
from ground response analysis due to an stress level (for M=7.5: 15 equivalent cycles)

earthquake with magnitude M

~ 1=065T7
X

Shear Stress, T

Shear Stress, ©

7o =0.65 ar;ax ol




3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Simplified Procedure for Estimating Earthquake Induced Stresses (Seed and Idriss)

Irregular earthquake-induced loading is characterized by a level of uniform cyclic shear
stress that is applied for an equivalent number of cycles
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3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Simplified Procedure for Estimating Earthquake Induced Stresses (Seed and Idriss)

Maximum shear stross , g = (T i T ]

(“maxir ® #M8may

r,, =0.65 a;ax o,

Tcy

CSR =
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3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Simplified Procedure for Estimating Earthquake Induced Stresses (Seed and Idriss)

a
Toe =0.65 gax ol

rg = expleeiz) + B{z) M)

L 1.73

+ 3. 142)

a(z) = —l.DlE—J.JEﬁsin( +5.133)

=

| 1.28

Blizy=0.1064+ 0,115 sin (




3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):

Site A: Surface
evidence of "liquefaction”

m—vﬁf’"“\m—

Site B: No surface
evidence of "liquefaction”
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Some in situ test indice
for liguefaction resistance

Boulanger and Idriss 2008 5,




3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):

T a7
(1) Seed (1979) I
[ (2) Seed & ldriss (1932) |
-(3) Seed et al (1984) & NCEER/NSF Workshops [1997)

[ (4) Cetin et al (2004)

(5) ldriss & Boulanger (2004) L]
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Figure 66. Curves relating the CRR to (N )go for clean sands with
M=75and o). =1 atm.




3. Evaluation of Initiation of Liquefaction

Field Tests

Standard Penetration Tests

» The sampler is driven into the soil by hammer (140
Ib or 63.5 kg) blows to the top of the drill rod from
a specific height (0.76 m-30 in.)

» # of blows (N) for 6 in or 15.24 cm penetrations are
recorded 1

For 3"6in." intervals
N for Last 2 intervals are used to get
"Standard Penetration Number (SPT N)"
=Total of N's for the last 2 intervals
N per12in. or N per feet <

!

STANDARD PENETRATION TEST

hollow stem
auger

http://www.youtube.com/watch?v=yRoBXfrA9sw&feature=relate http://www.youtube.com/
d watch?v=2sAXjeL pAM&fe
ature=related



http://www.youtube.com/watch?v=yRoBXfrA9sw&feature=related
http://www.youtube.com/watch?v=2sAXjeL_pAM&feature=related

3. Evaluation of Initiation of Liquefaction

Field Tests: High Strain Tests
Standard Penetration Tests

» Correction for test conditions:
v N, : based on the standard (rope and pulley release and safety hammer type) 60% of
the input energy is transferred to the sampler

actual hammer energy to the sampler

0%) =
Er (%) input energy

input energy=Wh

v' correction factors needed when test conditions are different than the standard.

Ny = VT ggﬂsUR

Das 2006




3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):
Based on in-situ Test:

» Using Standard Penetration Test

14.1 126

(Ny ) {(Nnm

Modified from Liao and Whitman
(N1)60 =(N )60 xCy 1986

Simpler version is m=0.5 and ¢’ iS

in kg/cm?(100 kPa) N
or correlate Dp t0 (Ny)gy D = /( 41260

<1l.7

P j0.7840.0768xm




3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):

2 3 4
Jc1n +(qc1Nj _(qcle -I-(quNj —3
540 67 80 114

» Using Cone Penetration Test

Based on in-situ Test: {

CRR, 75,0, <La=0 — ©

qcl = (qc)XCN
m=0.784—-0.521x D,

D, = 0.478(q,,, )*** —1.063




3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):
Based on in-situ Test:

» Using V. Shear wave velocity measurments

0.6 . T
Andrus and Stokoe (2 .. _ - )

Uncemented Holocsne soils V,, is normalized to 1 tons/ft?(96kPa)
| Average Vg, & a,,, values' A sl

L -]
MSF & r, by driss (1999); o “35 20 <5 Fines V
CRR curves are for . Content (%) _ S
. sl ( 1 )n
O

M=7.5 o' =1 atm.
n = 3 by Tokimatsu et al. 1991
=4 by Finn 1991

o' isin tons/ft?

Finas —® . I vo
L NL Content
B0 <5%
| 4 & 6-34% Etf
® 0 = 35% F-apy:
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MNL=nonlig,
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3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):

CRR=CRR,,_,: xMSF xK_xK_

Magnitude Scaling Factor MSF:

CRR,
MSF = M

3 1 ] 1 Al Y 1 T " T 1 — 1 15 1 q
| () Seed & Idriss (1982) ] {:-RR_.’H:?_j
— .= Tokimatsu & Yoshimi (1983)
A Ambraseys (1985)
) — 1'1—"?.

i MSF = 6.9 exp (—) —0.058
| -Cmm  [driss (1999) " 4
MSF < 1.8
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Earthquake moment magnitude, M
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3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):

CRR=CRR,,_,: xMSF xK_xK_

Correction for Overburden stress K,:

, o)
K, =1—C,In (f) < 1.1

1.4 ;

1.2

. =0 =R T . ]. D g
AN u < (.
% ] | 189 — 173Dz ~

~ =S | 1

] — = (.3
E— 8.9 —2.55TNDeo —
1 |

NsJ20=25, Gon=1 & = == - — = 0.3
AP e | 37.3 — 8.27(ge1v)" 20

L {NJJﬁﬂ= Iﬁ |.-|||:_|r,'|= I'I:Iﬁ

1 i i i
2 4 & ]
Vertical effective stress, o', . /P,
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3. Evaluation of Initiation of Liquefaction
1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):

CRR=CRR,,_,: xMSF xK_xK_

_ Tstatic

20 128 i 1 o =—"
"'/.'.'.—. . s lga, Qo = o VO

I P B
// ' f_,..-;-.’-:-'. 128

éf - //---—_ 16 110 ]

T

: e Py = 1 ] 8y Py = 4

o HE M
o — 0.0 i

% 8 72
a.0 a1 Q.2 0.3 0.4 oo o1 0.2 0.3 0.4

482
Static shear stress ratio, o Stafic shear stress rafio, «

Figure 65. Vanations of K, with SPT and CPT penetration resistances at
effective overburden stresses of 1 and 4 atm.
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3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of the soil (CRR):

CRR=CRR,,_,: xMSF xK_xK_

; 2
G, .= 3 tonsit

%

0.3 0.4

Figure 9.32 Variation of correction
factor, Ky, with initial shearmormal siress
ratie, (After Seed and Harder, 1990, A,
Bolton Seed Memorial Symposinm

Proceedings, Vol. 2, p. 364, Used by
permission of BiTech Publishers, Lid.)

Kramer 1996



3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Toyer  cyclic shear stress required to cause liquefaction
T equivalent cyclic shear stress induced by earthquake

cyc

CSR =~ = 0,65 2nx o >,

Gvo g G

CRR=CRR,,_,: xMSF xK_xK_




3. Evaluation of Initiation of Liquefaction
1. Cyclic Stress Approach

Estimation of liquefaction resistance of silty sands (CRR):
Based on in-situ Test:

» Using Standard Penetration Test

(Nl)GOcs — (N1)60 + A(N1)60
9.7 ( 15.7 )ZJ

FC+0.01 ‘FC+0.01

(1.63+

A(Nl)GO =€

50
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1. Cyclic Stress Approach

Estimation of liquefaction resistance of silty sands (CRR):

Based on in-situ Test:
» Using Standard Penetration Test

(Nl)GOcs = (N1)60 + A(N1)60

9.7 (157
FC+0.01 ‘FC+0.01

(1.63+
A(Nl)60 =€

J

0.6

0.5

Cyclic stress ratio
= =
L] £
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3. Evaluation of Initiation of Liquefaction
1. Cyclic Stress Approach

Estimation of liquefaction resistance of silty sands (CRR):
Based on in-situ Test:

» Using Standard Penetration Test

ﬂ.ﬁ T T I _' 1
Curve recommandad by
Idrizs & Boulanger [2004)

far clean sands
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3. Evaluation of Initiation of Liquefaction
1. Cyclic Stress Approach

Estimation of liquefaction resistance of silty sands (CRR):
Based on in-situ Test:

» Using Cone Penetration Test

(qclN )cs = Qen Ay

9.7 15.7 2
1.63+ | )
Ay = (5.4 " qlcgN jx e( e |

FC+0.01

Boulanger and Idriss 2008




3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Estimation of liquefaction resistance of silty sands (CRR):
Based on in-situ Test:

» Using Cone Penetration Test

54
Boulanger and Idriss 2008
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3. Evaluation of Initiation of Liquefaction

1. Cyclic Stress Approach

Example 1. M,=7.5 a.,=0.4g, v,=16 kN/m3, y.,=20 kN/m3

Depth FC o G'
11 6 9

3.00 48.0 48.0 0.982 1.44 0.255 0.118 0.46
4.50 19 76.0 66.2 0.966 1.23 15 0.289 0.162 0.56
22 106.0 81.5 0.949 1.11 17 0.321 0.182 0.57
7.50 24 136.0 96.8 0.930 1.02 18 0.340 0.181 0.53
26 166.0 112.0 0.910 0.94 18 0.351 0.179 0.51
10.50 31 196.0 127.3 0.889 0.89 25 0.356 0.276 0.78
12.00 22 226.0 142.6 0.867 0.84 18 0.357 0.178 0.50
13.50 22 256.0 157.9 0.845 0.80 17 0.356 0.169 0.47
15.00 25 286.0 173.2 0.822 0.76 18 0.353 0.169 0.48
16.50 25 316.0 188.5 0.800 0.73 15 0.349 0.146 0.42
18.00 19 346.0 203.8 0.778 0.70 14 0.344 0.141 0.41
19.50 2 376.0 219.0 0.757 0.68 7 0.338 0.091
21.00 3 406.0 234.3 0.737 0.65 7 0.332 0.093
22.50 15 436.0 249.6 0.717 0.63 13 0.326 0.128
24.00 17 466.0 264.9 0.699 0.61 8 0.320 0.096
25.50 17 496.0 280.2 0.682 0.60 8 0.314 0.094
27.00 22 526.0 295.5 0.667 0.58 15 0.309 0.142




3. Evaluation of Initiation of Liquefaction
1. Cyclic Stress Approach

Example 1.

CSR, CRR for SK-1 Factor of Safety to Liquefaction, FS
0,0 0,2 0,4 0,6 0,8

, 0,0 0,5 1,0 1,5
T T T T T 0 LI B | LI |

===CRR

I A —o—SK-1 (70)
—#=—CSR I i

—=—SK-3 (124)
—a=—SK-2 (123)

Depth, (m)




3. Evaluation of Initiation of Liquefaction

2. Probabilistic Approach

Toprak ol al (1999)

Zaliny

! .“ =
2 0 40 0 0 20 20 #0
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Figure 81. SPT-based probabilistic correlations for the CRR of clean sands
for M = 7.5: (a) Toprak et al. (1999) and (b) Cetin et al. (2004, with

permission from ASCE). .

Boulanger and Idriss 2008



3. Evaluation of Initiation of Liquefaction
3. Numerical Modeling

Finn Model (uncoupled)

AU in undrained condition
is related
FLAC3D 5.01

©2015 ltasca Consulting Group, Inc.

to
Step 1018

4/15/2016 1:05:47 AM

Volumetric strain
Zone -

Colorby: Group ~ Any
H Boundaries

— developped in drained
Free Field (SAND) JI‘I‘I\.__ \'\'\_}_ Cond iti On

A&,

C3 + E‘Zld

Atyq = Co (¥ — Capg) +
fva = QoY — Coua) + ot

More coupled models
are developed:
UBCSand, PM4SAND,
NUTASAND..etc.




3. Evaluation of Initiation of Liquefaction

3. Numerical Modeling

FLAC3D 5.01

©2015 tasca Consulting Group, Inc.

Step 1018
4/15/2016 1:05:47 AM

Zone
Colorby: Group  Any
Boundaries
Free Field (SAND)

F3 Fo
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4, Consequences of Soil Liquefaction

Bearing capacity failure of a building after Izmit EQ, 1999 Failure of a bridge due to span loosing support in the Prince William
Sound, Alaska Earthquake

Retaining wall damage and lateral spreading, Kobe 1995 Settlements and tilting of the buildings




4, Consequences of Soil Liquefaction




1. Sand Boils

4, Consequences of Soil Liquefaction

Sand boils near Niigata (photo by K.
Steinbrugge,courtesy of EERC, Univ.
of California

Excess pore pressure dissipates by
upward flow of pore water.
When the hydraulic gradient reaches to
critical value vertical effective stress will
reach to zero. In this case water velocity
will be sufficient to carry sand particles
to the surface.
It depends on:

magnitude of excess pore pressure,

thickness,

density,

permeability




4, Consequences of Soil Liquefaction

1. Sand Boils




4, Consequences of Soil Liquefaction

1. Sand Boils




4, Consequences of Soil Liquefaction
2. Settlement

The post-liquefaction reconsolidation strains are computed by using relationships that are largely derived
from laboratory studies but which have been found to provide reasonably good agreement with field
observations (Lee and Albaisa 1974, Tokimatsu and Seed 1987, Ishihara 1996). They concluded it

depends on:
> Relative Density or SPT N
» Maximum shear strain

1) Tokimatsu and Seed 1987) 4

Volumetric sirain (%)

1054 3 2 1 05

i

0.4 |-

03 .

0.2 - :
Figure 9.53 Chart for estimatiop of
volumetric strain 1n saturated 54045 trom
“| cyclic stress ratio and standard penetragion
resistance. (After Tokimatsu apgd Seed,
1987. Evaluation of settlements jn sand due
to earthquake shaking, Journal of
Georechnical Engineermg, Vol 113, No. &,
Reprinted by permission of ASCE,)




4, Consequences of Soil Liquefaction

2. Settlement
2) Ishihara and Yoshimine 1992 approach

Ishihara & Yoshimine (1992).
- Irreguiar cyclic simple shear,
uni=- and multi-directional,

= Fuyi mear sand.,
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Figure 102. Relationship between post-liquefaction volumetric
strain and the maximum shear strain induced during undrained
cyclic loading of clean sand (after Ishihara and Yoshimine 1992).




4, Consequences of Soil Liquefaction

2. Settlement
2) Ishihara and Yoshimine 1992 approach

(—2.5Dg )xmin(0.08,ymax ) 0

&, =l.oxe I

& =15x o (~0.369 (N )eoc J<min(0.08,7max) o

s —=15x e(2.551—1.147(qcl,\,cs)0-264)><min(0.08,7/max)
v :

qclNcs = 21




4, Consequences of Soil Liquefaction

2. Settlement

2) Ishihara and Yoshimine approach

The same relationship can be also represented by FS vs volumetric strain

L] I L) I L] L]
Ishihara & Yoshimine (1992}

= FSjig - Eymax - D refationship Dig=30% 4
for clean sands. (Palgg =<
— SPT and CPT revised Serw =50
accoording lo ldriss

| & Bowlanger (2006), D=401% o
{MWaden =7, Qopw =80

O=5015% —]
A e 12, Goggy = 700

r
D= 608, (N> 17, Qery= 125 ——d

Dy =T0%, (M =23, Gogy = 160
1 1

I I -
Dig=80%, [Nylog =28, Aoy s 195 m——
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Figure 103. Post-liquefaction volumetric strains versus the factor
of safety against triggering of liquefaction (», = 100%) for clean
sands of different initial relative densities (after Ishihara and
Yoshimine 1992).




4, Consequences of Soil Liquefaction

2. Settlement

Example 2.: Same site in Example 1.
Tokimatsu and Seed Ishihara and Yoshimine

Depth FC
11 6 9

3.00
4,50 19 6
22 6 17 0.321 0.182 057 (.0168 0.025 0.0279 0.042
7.50 24 8 18 0340 0181 053 (o161 0024 S e
26 8 18 0.351 0179 051 o016 0.024 0.0264 0.040
10.50 31 18 25 0.356 0.276 0.78  0.0122 0.018 0.015 0.023
(X0 22 19 18 0.357 0.178 0.50  0.0162 0.024 0.0264 0.040
13.50 22 19 17 0.356 0.169 047  0.0161 0.024 0.0279 0.042
15.00 25 15 18 0.353 0.169 048 (0162 0.024 0.0264 0.040
16.50 25 11 15 0.349 0.146 042 0.01875 0.028 0.0314 0.047
18.00 19 20 14 0.344 0.141 041  (.0185 0.028 0.0328 0.049
19.50 2 63 7 0.338
21.00 3 54 7 0.332
22.50 15 53 13 0.326
24.00 17 8 8 0320 009 030 00291 0044
25.50 17 7 8 0314 0094 030 00291 0044
27.00 22 40 15 0309 0142 046 (o188 0028

Total Settlement, XAh: 0.4 m

0.255 0118 046 0272 0.041 0.0414 0.062
15 0.289 0.162 056 (018  0.028 0.0314 0.047




4, Consequences of Soil Liquefaction

3. Lateral Spreading

Geostru 2015

The top layer will fracture into blocks and the material that constitutes the lower layer
(liquefied) goes to fill the fractures.

The fractured soil moves laterally toward the free surface with even metric
displacements.

Only empirical estimations




4, Consequences of Soil Liquefaction

3. Lateral Spreading Sapanca Hotel, 16 August 1999

George Gazetas



4, Consequences of Soil Liquefaction

3. Lateral Spreading Sapanca Hotel, On August 18, 1999

George Gazetas



4, Consequences of Soil Liquefaction

3. Lateral Spreading
Pile Failure
Depth {m)

or
ik

2_

Fig. 24.62 Extent of damage in piles due o
lateral displacement of liquefied subsoil
(sketch by Proll Nozomu Yoshida)

Towhata 2008

o Bending
moment

Unliquefied
bearing layer

i, 24,63 Inferred mode of deformation
along damaged pile

Fig. 24.64 Fallen Showa Bridge crossing Shinano
River (Department of Civil Engineenng, University
of Tokyo)




4, Consequences of Soil Liquefaction

3. Lateral Spreading
Pile Failure

https://civil-engg-world.blogspot.com.tr/2015/05/Geologic-Geotechnical-Investigation-Seismic-Design-
Foundation.html




4, Consequences of Soil Liquefaction

4. Bearing Capacity Failure

Adapazari, Turkey

Bearing capacity of the foundation drops
due to the reduction in effective stresses
consequently in the shear modulus of the

foundation soil




4, Consequences of Soil Liquefaction

5. Ground Response

NiigataKawagishiNSAccel.fig ‘\u,t_dta Kmm,t_u]u[- “ \ccel h,t_

T T T T | T T T T | T T T T | T T T T | T T T T | T T T T = T T T T T T T T
NS acceleration 1964 Niigata earthquake c _ Max 1 59 Gal
I Kawagishi-Cho record i

1964 Niigata earthquake -

Ma“.i 155 (.]al EV’# acce ILI‘d‘LIUI‘l Kamanl'ihl (tm rcmrd
1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 | 1 | 1 | 1 | 1

0 15 2 ' 5 10 15 20 25
Time (sec.) Time (sec.)

Fig. 17.45 Niigata Kawagishi-cho NS motion  Fig. 17.46 Niigata Kawagishi-cho EW motion
Towhata 2008

The maximum response is at long period since the soil shear modulus becomes
lower as the excess pore pressures increases.




. Consequences of Soil Liquefaction

5. Ground Response

—
o
]
o
LN
]
o

Port Island Accel.fig |

0

A "1 Port Island Disp.fig 1
o 400 L
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Fig. 17.47 Acceleration time history Fig. 17.48 Displacement time history
in Kobe Port Island (Kobe City in Kobe Port Island
Development Bureau)
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2200 |
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NS Displacement (¢cm)

-
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Towhata 2008

> reduces the acceleration at the surface,
> increases the surface displacement amplitude.
¢ Thus, displacement seems to be a more appropriate index of subsurface liquefaction.

*» Performance-based analysis/design Is needed




5. Liquefaction Mitigation Methods

Liquefaction Mitigation Techniques

Stone Columns or
In-situ soil densification Wick Drains Chemical Injection and Grouting




5. Liquefaction Mitigation Methods

Liquefaction Mitigation Techniques
Jet grout

Ground surface Unit area ratio

[ — 4 EQinduced 1@
/ Shear S
-"l-= stresses

= Ve 00mi's

y

Soil displacements

Jet grout ! I . Jet grout column
S (JG)

Ve - TEOMIE colmuns

=% Vertical and Lateral ‘
JG spacing

Ozsoy and Durgunoglu 2003

T=Tqdg +7,5d,

t=t,(l-a)+7,.a,




5. Liquefaction Mitigation Methods

Induced Partial Saturation

» Reduction of degree of saturation by the injection of sodium perborate which creates
partially saturated sands in liquefiable areas, even under the existing buildings.

Fully Saturated

Air-Entrapped

Building Response in Fully Saturated Building Response in

Sand Air-Entrapped Sand
Eseller-Bayat 2013




5. Liguefaction Mitigation Methods

Induced Partial Saturation

> Reduction of degree of saturation by the injection of sodium perborate which creates
partially saturated sands in liquefiable areas, even under the existing buildings.

M. K. Yegian

82




Homework Assignment

Choose one of the following 2 questions for the HW:

1) For a site in Turkey, the following standard penetration test (SPT) data is given. Ground water table
(GWT) is at 1 m below the ground surface. The characteristic earthquake for the site has 7.5M and
0.4g peak acceleration. Estimate the total settlement of the ground due to liquefaction, if there is any.
Assume fine content (FC) <5%. Unit weiaht of the soil: v..=18 KN/m? v...=20 kN/m3.

15.8
14.8
41.1
41.9
11.7
13.1
111

2) Please answer the following questions for your home-country:
I.  What is the most common liquefaction assesment (evaluation) procedure or method used
according to the codes or application in practice ?
What type of liquefaction-induced failures observed most?
What is the most common mitigation technique applied in practice.

Your HW should be submitted before Oct. 28, to the address below.
Email : homework@quake.enveng.titech.ac.jp




