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Introduction and problematic

2/60



Problematic
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Problematic

* Bouassida et al.(1995)

* Guetif et Bouassida (2005)
* Jellali et al.(2007)

* Ellouze et al.(2010)

* Bouassida et Hazzar (2012)
* Frikha et al. (2013)

* Bouassida (2016)...

Improvement

of initial soil

Bearing
capacity

Stones
columns

Liquefaction

Settlment and
consolidation

‘V
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Problematic

Reverse buildings
Earthquake of Niigata, Japon
1964 (NISEE)

W oo A o

Rise of sandy materials

Sidi Thabet earthquake 1970, Tunisia
(El May et al. 2009)

Landslide

Christchurch earthquake
in New Zealand (EERI
2011)
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Problematic

Liquéfaction ?
Phenomenon: Generation of water pore pressure, Loss of shear strength, Disappearance of

intergranular contact forces.

= e o e R ' ' " ]
g‘ - 0.75 M |.1‘I. B—
3 Aulza ) Sable d'Hostun RF = o5k ‘a nnnn’\'ﬂ!m
s 180 lu‘ulm | nn!WVVMUUu“
E o'y = 200 kPa 0.25 ﬁuﬂv 1
0 1 |
g 4 [ I ]
3 2 T_B_.
ol &n 0 SN VLYY nn'ﬂﬁnr ]
=0 W
% © T T 1 71 1 b T T T | [ - 1 L A 1 A l L
10 13 0 5 10 15 20 25 30
Déformation axiake £, (%) Cycle number
Monotonic loading Cyclic loading
Canou et al. (1994) Boulanger et Truman (1996)

Criteria of susceptibility to liquefaction:

Granulometry, Relative Density, Degree of saturation, Atterberg limits, etc.

(Seed et Idriss1982; Andrews et Martin (2000); Bray et al. 2004)
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Problematic

solutions against liquefaction

The liquefaction potential can be reduced by:

» Increasing the compaction of the soil (densification)

» Reinforcing the soil

» Improving drainage capacity

Improvement techniques that can be considered for liquefaction:
Pre-loading, Vibro-compaction, Rigid inclusions, Deep soil mixing, Jet grouting,

Vertical Drains, Stones Columns, etc..

(Baez 1995; Adalier et Elgamal 2004; Green et al. 2008)
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Problematic

Stones columns against liquefaction

Stones columns : vertical drains
* Decrease in the generation of pore pressures

* Acceleration of their dissipation by horizontal drainage

1.Drainage

Reduce

liquefaction
risk

8/60



Problematic

Stones columns against liquefaction
When the installation of SC, the vibration energy generates:
* Reorganization of the granular soil structure

* Reduction of the void ratio and increase of the relative density

* Improvement of the initial properties of the soil (compaction)

2.Densification

-

Reduce
liquefaction
risk

b

9/60




Problematic

Stones columns against liquefaction

Thanks to the high rigidity of the constituent material of the columns compared to 1nitial soil :

( G, = % varied between 2 to 10)

sol
» Overall improvement of homogenized characteristics

» Improvement of soil shear strength

» (Baez 1995; Green et al. 2008; Rayamajhi et al. 2012)

3.Reinforcement

(Stiffening )

Reduce

liquefaction
risk
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Problematic

Stones columns against liquefaction

vy

2.Densification

. 3.Reinforcement
1.Drainage . .
(Stiffening )

Reduce
liquefaction
risk

How to quantify the effects of these mechanisms on the efficiency of
Stones Columns? 11/60



Outline

I. Study of the generation and the dissipation of the pore water pressure
of a soil improved by SC

1. Effect of SC Installation

2. Presentation of model
3. Results

12/60



I. Study of the generation and the dissipation of the pore | Goal and Methods

pressure of soil improved by SC

g =— 1 Liquefaction risk
o)
Goal
> Study of the effect of the installation of SC on the variation of I,
Methods

> Unit cell model

»Study of the generation and dissipation of interstitial overpressures

during a cyclic loading 13/60



A Stone column installation

Effect of SC installation

p—

Method of installation of SC :

l

Disturbed aera around the column (smear zone) -2

NG =<BP

2

Variation of Initial Soil properties in Disturbed o
Area (Example: Horizontal Permeability) @

ballastée
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I. Study of the generation and the dissipation of the pore

pressure of soil improved by SC

1. Effect of SC installation

Area replacement
factor

Effect of
installation of
SC on

liquefaction risk

> Parameter studied :

ratio « ¢ /b »

2
C
Area replacement factor n= (Bj

Zone d'influence

Zone
d'influence

Colonne
ballastée
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I. Study of the generation and the dissipation of the
interstitial pressures of a ground improved by SC

Colonne
ballastée

Effect of
installation of
SC on
liquefaction risk

> Parameter studied :

Radius of disturbed area « S »

1. Effect of SC installation

Extent of
disturbed
area

fobed

Colonne Zone Zone
ballastée¢ remaniée, non
k_% remaniée
D {—>
98
(X
ose
C /-\
(s )
\_/ b
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I. Study of the generation and the dissipation of the pore = 1. Effect of SC installation

pressure of soil improved by SC

> Parameter studied :

Rate of reduction of horizontal permeability: Ki /K

Ki : Initial permeability of soil
kg : Pemeability in disturbed zone (boundary)

| k(1)

S

Effect of
installation of
SC on
liquefaction risk

R

Colonne (3
ballastée

e, C
0w zoh

& Zone Zone non

7Y W remaniée remaniée

r i —

Rate of
reduction of C
horizontal S

permeability

b ©17/60



I. Study of the generation and the dissipation of the pore = 1. Effect of SC installation

pressure of soil improved by SC

3 models of permeability variation k(r) in the disturbed area : CSI=s

1) Reduced constant permeabilty k(l’) =Ks
ki —K

2) Linear variation k(l‘) - ﬁ (I’ - C)"‘ Ks

3) Parabolic variation K(r)=k, —%)(A— B+C Ej{m B-C gj

Variation of Effect of

installation of
of the SC on
permeability . . .
liquefaction risk
. K

Colonne

ballastée
Zone non
remaniée remaniée
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I. Study of the generation and the dissipation of the pore

pressure of soil improved by SC

1. Effect of SC installation

Variation
of the

permeability

Area
replacement
factor

Effect of
installation of
SC on
liquefaction risk

Rate of
reduction of
permeability

Extent of
disturbed

arca

k
Colonne (3
ballastée
% =
& G kS
% Zone Zone non
@ remaniée remaniée
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I. Study of the generation and the dissipation of the pore | 2. Model

pressure of soil improved by SC

Model of generation and dissipation of pore pressures of soil improved by SC

k(r) lau+62u L1 o(k(r))ou _ou  Oug Ny
ramyror or? ) yum, or or at ONg ot

K : horizontal permeability Ug . interstitial pressure generated after loading
I : Raduis t, : Duration of loading

U :interstitial pressure Nge : Number of cycles

My : volumic compressibility Ngg @ Equivlent cyclic number

Dimensionless parameters (united):

r k(r) t Ny, N oN _kitg 1
R=— K(r)=—2 =— — % __So<t<ty)—2 =0t >t Tq = 2
r=d oyl My 1 L 20/60

9= Nge amMN . 207 T
O Oo e ' sin’ 1(2 rujco{z rUJ (DeAlba et al. 1976; Seed et Booker 1977)



I. Study of the generation and the dissipation of the pore

pressure of soil improved by SC

2. Model

Model of generation and dissipation of pore pressures of soil improved by SC

1or, o°r, i,

TiK(R)

G(K(R)) aru _ aru 8U9

ROR  OR?

» Finite difference resolution (Matlab)

OR

=Zu_ 9N,
OR AT Ny,

k(r)

/>Boundary conditions:

zero for (r=b): Z—l:(r =b)=0

o

*The pore pressure in the vicinity of the column is zero:

* Due to the symmetry, the rate of change in pore pressure 1s equal to

u(r=c)=0

DN

3

(1)

k

S
Zone
remaniée

Zone non
remaniée

SN RN
Gl Gl Gl 2‘; g Gl Gl G(k
=

/

(9]

» Initials Conditions :

generated during an initial time dt.

* The porel pressures are equal to the average interstitial pressures

~

J 21/60




I. Study of the generation and the dissipation of the pore = 3. Results

pressure of soil improved by SC

q Effect of area replacement factor ]
**Without disturbance
n(%)
1 4 9 16 25
1 1 1
1.0 1.0 % = “ 1.0
099 ¢~ c¢/b =0.50(n=25%)
05| OO c/b=0.40(n=16%) 0.8 - L 0.8
© ] —#%—%—c/b =0.30 (n=9%) —O—O0—r " résiduelles
—O—0O—c/b =025(T|=625%) ] max__: i
0.7 4 N S
| —0—0— ¢/b =0.20(n=4%) * R—%—r,pic
0.6 4 —<F—<c/b =0.15 (n=2.25%) 0.6 - 0.6
{ —~+—~+¢/b=0.10 (n=1%) 3 rumax peak
05 g
FEI " 044 L 0.4
0.4 . )
] D w .
0.3 4
] — v
02 024 |r™résid.(t=2t,) - 0.2
0.1 \o
\
4 O\m Va
00 0.0 : . . 0.0
" 0.01 o T '0f1 0.1 0.2 0.3 0.4 0.5
T(tht) c/b

Variation 't peak et air;"résid.

Variation of "™*versus normalized time
u versus 7]
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I. Study of the generation and the dissipation of the pore = 3. Results

pressure of soil improved by SC

Influence of Rate of reduction of
e Effect of Extent of disturbed area permeability
1.0 1.0
1M=9% [ n=9%
0.94M 4
Jkjk =2 %9 sic =2.0
0.8 - s/c= 0.8 1
- - ki Iks =4
0.7 4 0.7 4
064 —>——>—s/c=3.0 s/c=2 064 s Kk/k =5 - /k«% -
1 ———=—s/c=25 ' e = RN
x 0.5 1 054 —X—X—kl/k=4
g | —0—<—s/c=2.0 4 1 I s_ ki /k. =1
“" 044 —O0—0—sl/c=1.5 sl TV Vo kkE3 i/Ks =
] —<—x—slc=1.0 /c=1 | —o—0—k/k=2
0.3 - 034 —o0—0— ki/ks=1
0.2 - 0.2-
0.1- 0.1-
0.0 4 —ry —ry 0.0 ——
0.01 0.1 1 0.01 0.1
T(th ) T(tt)
Variation of rumaxversus s/c Variation of r;"™ versus ki / ks

Example: Linear variation of permeability in the disturbed area 23/60



I. Study of the generation and the dissipation of the pore = 3. Results

pressure of soil improved by SC

[a effect of variation of the permeability ]

in the disturbed area

1.1 1.1
] n =9% n=9%
1.0{k/k_=3 ' ~ a4 104slc=20
0.9 ! 0.9 4
o !
‘S 0.8 - ! O 0.8+
E | :
0.7 4 , 0.7 4
0-6 7 O O Variation lineaire 0.6 1 —O0—0O— Vfiariation linéaire
—v¢—¢— Variation parabolique " ' \ariation paraboli
—A—/\— Perméabilité réduite constante ? A _9 i ,0 gue
05 . : . : . : . . . 0.5 & —/—7/— Perméabilité réduite constante
1 ' 1 ' [} ' 1 ' 1
1.0 15 2.0 25 3.0 ] > 3 4 5
. Kk /K
I S
P r™ peak . P ™ peak :
Variation of I P€aK 35 3 function of s/c Variation of I, P€aK as5 a function of k; /k
i/ Rg
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max

I. Study of the generation and the dissipation of the pore | 3, Results
pressure of soil improved by SC

[ Parametric study ]
1.0 1.1
0.9 i —X——X—s/c =1 kifkg =2 1_0_. ki / kS = slc =2
l —O—C0O—s/c=15 1
0.8 - —O>—O—slc =2 0-97
1 0.8 -
0.7 - - Ki /kg =3
] 0.7 -
0.6 4 J
o ] o 06-
o 0.5+ ;5_ 1
) 8 0.5-. O—_
= 04- " 044 Ki /Ks =
0.3 - 03] \O\Q
0.2 - 0_2_. O—O—kilkg=1
0.1+ 0.1 TV ki3
] U << kilkg=5
0.0 —— 7777 0.0 — T T T T T T T T
8 10 12 14 16 18 20 22 24 26 8 10 12 14 16 18 20 22 24 26
n (%) n (%)
Variation of 1, peak as a function of n Variation of 1" peakas a function of 7]
and s/c and k; /K

Example: Linear variation of permeability in the disturbed area 25/60



I. Study of the generation and the dissipation of the pore ' Synthesis

pressure of soil improved by SC

Conclusion:

> Reduction of the generation of pore pressure and Increase of its dissipation in the presence of

SC.

»Efficiency of SCs depend on the area replacement factor (rate of substitution), the extent of

the disturbed area and the reduction of permeability in this area.

> Increased liquefaction potential when:
"  Area replacement factor is decreased.
»  Extent of the disturbed area is increased.

" Permeability in this area is reduced.
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Outline

II. Study of the effect of densification and Stiffening on the
liquefaction potential
1.  Constitution of the database
2.  Evaluation of densification and Stiffening

3.  Calculation of the FS factor of safety

27/60



» 11 Study of the effect of densification and Stiffening on the ' Scope and Methods

liquefaction potential

Scope :

» Study of the effect of densification and Stiffening on the liquefaction
potential mitigation

Methods:

1. Constitution of a database (soil improved by SC)
2. Quantification of Densification and Stiffening
3. FS calculation: (Densification effect and/or Stiffening effect)

28/60



» 11 Study of the effect of densification and Stiffening on the

Scope and Methods

liquefaction potential

[ Safety Factor FS ]

* Evaluation of liquefaction (Behavior of earthquake sites + In situ tests):

(Seed et Idriss 1971; Youd et al. 2001; Idriss et Boulanger 2008)
CRR «—— Cyclic resistance ratio (The ability of the soil to resist the shear stress)

FS=
CSR «— Cyclic shear stress ratio (Earthquake-Induced cyclic shear stress)

* When FS <1:Risk of liquetaction

Total vertical overburden stresses

* Expressions of CRR and CSR

CRR=MSF.K_..CRR\-751atm
7 AN -

Magnitude
Scaling Factor

CsR="a% _o g5y, | OV (am_ax
o, 7 \oy g

Overburden Correction )
Shear stress reduction factor Peak horizontal acceleration

factor

* SPT : Corrected SPT blow count * CPT : Corrected CPT penetration resistance

2 3
2 3
Nigoes [ Nigoes | [ Nisos q;ﬂ\locs +(qc(1§csj —(q%%j
14.1 126 23.6 CRRM=7.5,1atm =exp
CRRw-7.5,1atm = &XP . . [ Getnes 4
{M] _98 114
254 29/60

Idriss et Boulanger (2008)



» 11 Study of the effect of densification and Stiffening on the | 1. Constitution of database

liquefaction potential

Constitution of database

» 24 case studies collected: SC technique used

» Potentially liquefiable soil

> Sites of construction : M= 6.2 2 7.5 and apg =0.1g a 0.44¢

»CB design parameters (Diameter and length, substitution rate, etc.)

»>in situ test: 31 SPT et 33 CPT performed before and after SC installation

30/60



» 11 Study of the effect of densification and Stiffening on the | 2. Evaluation of densification and reinforcement

liquefaction potential

Evaluation of the Densification after installation of
columns

Project: Construction of a tunnel (California, USA)

N1,60
0 10 20 30 40 50 60 70
O ' - 1 ' = 1 K 1 1 '
J \ \ S S O0—0O—N &
] D R 1602Pes
. . 2 4 RIS ’
»Loose fine sand potentially liquefiable _ 4 | Before | 7| After | F&5in—m— N, avant
»Triangular mesh 1" s g0
E 8 I\ o |sat:e fin § n=16 %
- ] _ ache o
. _ | .
»Spacing= 2.4 m é 10- - N
g 12 4 ] O
- ]
»Diameter =0.57 m 2 4] / \
1 0 O
16 1 \. e [:]/ i
»n = 16% 18 \_ /
1 ./ D/ Argile (Lee et al. 2005)
20 - -
»Length =15m P

Increased resistance to penetration after SC installation
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» 11 Study of the effect of densification and Stiffening on the | 2. Evaluation of densification and reinforcement

liquefaction potential

Evaluation of the Densification after installation of columns

0O 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

1 1 1 1 1 1 1 1 1 1 1 1 1 | | | | | | | | | | 1 1 1 1
38.5 % Blanchard et Clements (1993) 16.3 % Rollins et al. (2012)

34.4 % Résultats non publiés
34.7 % Blanchard et Clements (1993)
39.5 % Mahoney et Kupec(2014)
39.6 % Bell et al. (1986)
40.1 % Slocombe et al. (2000)
42.3 %Hayward Baker Geotechnical Keller (2009)
42.9 %Durgunogluet al. (1995)
47.8 % Gambin (1992)
48.5 % Baez et Martin (1992)
49.8 % Sondermann(1997)
50.1% Keller et al. (1987)
51.3% Shenthan (2005)
53.3% Chen et Bailey (2004)
54.4 % Ashford et al.(2000)
73.8 %Weaver et al. (2004)

39.2 % Lyle Simonton (2012)

41.5 % Rollins et al. (2006)

42 % Thiriot (2010)

43.3 % Basarkar et al. (2009)
45.7% Duzceer (2003)

53.2 % Kumar et Puri (2001)
60 % Lee et al. (2005)

70 % Chambosse (1983)

I I I

Taux moyen d'augmentation de N (%) Taux moyen d'augmentation de q¢(%)

SPT CPT

Summary of results

»What is the effect of this improvement ? 32/60



» 11 Study of the effect of densification and Stiffening on the

liquefaction potential

2. Evaluation of densification and reinforcement

Determination of some factors influencing Densification

Type of soil

80
70
60 - ¥ e <
F o
AG
504 % %
E ﬁi\iﬁ Y W Types de sol
=_ 40 x R ¥ -Sable propre
™ pAs ¥
& . * B o -Sable lache a dense
- ¢ gi? %@)’D O -Sable légérement
2 304 %%ﬁ% 0 silteux et argileux
O -Silt
204 g o o o -Silt argileux
o et sableux
1 ¢ o O -Argile
10 O
@)
0 1 1 1 ' 1 ' 1 ' 1 ' 1
0 10 20 30 40 50 60 70
N1’csyeoln|tlal
SPT

Results of tests before and after SC installation

80

a c1Nesfinal

1000 H
" %
800
i
w
e I

NAY O

4 ok %ﬁ%
600 w B *ﬁ* $H° & Types de Sol
ﬂﬁgﬁ w -Sable propre
g@gﬁ O -Sable lache a dense
400 4 . o) 8 -Sable légérement
Yo O silteux et argileux
ﬁ%{ o S O -silt
O @) -Silt argileux
200 S O et sableux
(8380% OOO PGy 5.0 -Argile
1 Co50 o
O @(g)
O O O d
0 I I I I I
0 200 400 600 800 1000
qacq Ncsinitial
CPT
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» 11 Study of the effect of densification and Stiffening on the

liquefaction potential

2. Evaluation of densification and Stiffening

Determination of some factors influencing Densification

Parameters for SC design

q_(MPa)
0 5 10 15 20 25 30 35 40
0 T y T T T T T T
e . .pe .
o Mechanism of densification
1 &&B}
'{\ O\ — —0O— g apres (espacement =1.8m)
gﬁ%@f\um —O— q, aprés (espacement =2.4m)
2 - %o O —%— g aprés (espacement =3m)
é = o —®—q.avant
5 m =g @
o 34 \-\ T ——m——0
g . T CRR
9 >I /i‘:/ /B\D\ I:g —
° 4. [ P o m
2 " T CSR
"~ T A
5 S n Sﬁ\\?\ O\ 7
[ ] pAd o
] >

Spacement
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» 11 Study of the effect of densification and Stiffening on the = 2. Evaluation of densification and Stiffening

liquefaction potential

Quantification of the Stiffening after columns’s installation

» Overall improvement of initial soil characteristics
» Increasing bearing capacity
» Reducing settlement

»Reduction of the shear stress generated by the earthquake (CSR):

=) Estimation of the reduction of CSR

35/60



» 11 Study of the effect of densification and Stiffening on the = 2. Evaluation of densification and Stiffening

liquefaction potential

Reduced shear stress of soil improved by SC

Concentration of Shear Stresses
on the Column

+ ‘ Reduction of cyclic shear stress

Increased stiffness of soil CSR

improved

Mechanism of Stiffening ‘ CRR — FSf
CSR Y,

> Estimation of the reduction of CSR

CSR s« € Cyclic shear stress of improved soil
Kg = —onse
CSR <«——  Cyclic shear stress of initial soil

36/60



» 11 Study of the effect of densification and Stiffening on the = 2. Evaluation of densification and Stiffening

liquefaction potential

Proposed approach
Reduced shear stress of soil improved by SC

Evaluation of K

1.0 - Ben Salem et al.(2016)
Soil and SC react as shear beams 0.9
(Priebe (1998), Baez and Martin (1993)...) 05
Soil and SC deform in a combination of .
shear and flexure .
Goughnour and Pestana (1998) , Rayamajhi et al. & 09 & G=2 1
(2012)...) 0491 _0-G=3
03] A G:=4
Soil and SC deform in a combination of ,,] %2 63=5
shear and flexure + Increase of G (after SC ¢4 igf;‘
installation ool
Ben salem et al. 0 10 20 30 40
n (%)
» Hypotheses: Increase of G, after installation of CB 1
Kg = )
>Estimation : Geo =14.12N *%mai et Tonouchi 1982) Crimona 17+ ()
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» 11 Study of the effect of densification and Stiffening on the | 2. Evaluation of densification and reinforcement

liquefaction potential

Reduced shear stress of soil improved by SC

0.8

| —0— Seed et Idriss (1971)

0.7 4 —©— Priebe (1998)

| —~— Baez et Martin (1993)
—.— Goughnour et Pestana (1998)
—— Rayamaijhi et al. (2014)
| —*— Ben Salem et al. (2016)

B T T T T — T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
CSR

Variation of the cyclic shear stress of a soil improved by SC 38/60



3. Calculation of safety factor

» 11 Study of the effect of densification and Stiffening on the

liquefaction potential

Example : Project of tunnel

Estimation of the risk of liquefaction before SC installation
construction , Lee et al. (2005)

CSR et CRR
0.0 01 0.2 0.3 04 0.4 0;6 0;8 1;2 14
0 T T T T T 0 ! ! ’ T ¥ ’
1 1
M=7 ' ! M=7
) amax=0-29 ! CSR , bl lsch ! anax=0-29
7 ! 7 sable lache saturé |
| { | ——CRR ] et sable silteux
. sable lache saturé / !
7 et sable silteux ! !
. E
1 1
6 - ! ,
1 1
CSR>CRR | / :
1 1
89 / zone de = zone de .
T ' liquéfaction £ liquéfaction
N 1 - 1
5 10 ! 3 :
3 ) % :
T | ) 5 '
o (N1,60,CS)initiale=13-67 . S 1
0 124 1 - .
a o !
14 :
16 -
argile compacte :
1| 29 18 1 argile compacte :
N ii01.=22.07 !
(N1,60,cS)nitiale CSR<CRR FS> 1 :
20 20 ,
39/60




» 11 Study of the effect of densification and Stiffening on the | 3. Calculation of safety factor

liquefaction potential

Estimation of the risk of liquefaction before SC installation

0.6 100000 =
CRR M=7 i m=7 *
amax:o'29 E amax=0.29 *
0.5 1 Avant mise en oeuvre des CB: 10000 E
Liq_ hefaction % Sols liquéfiables ]
* Sols non liquéfiables . . . *
1000 Avant mise en oeuvre des CB: *f
1 ¥ Sols liquéfiables
. * ] * Sols non liquéfiables :
(14 * 100 *
(%0} 7)) 3
(&) L. E
* 10
* > ]
* Kook ** * %
T Mk Jokk ke ok k kK 14
Under line
0.0 T T T T . T . T . r . 0.1 T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 0 50 100 150 200 250 300 350 400

q
qc1N,CS c,1N,CS

Potential for liquefaction before the installation of SC
CPT 40/60



» 11 Study of the effect of densification and Stiffening on the | 3. Calculation of safety factor

liquefaction potential

Estimation of the risk of liquefaction after SC installation

0 effect of Densification a effect of Stiffening
0.6
M=7 0.6 =
CRR a_=0.2g | © Avantmise en oeuvre des CB CRR aM_7=0 29
® Aprés mise en oeuvre des CB max
0.5 O Avant mise en oeuvre des CB 0.5 - Influence du renforcement
® Aprés mise en oeuvre des CB: Baez et Martin(1993)
Influence de la densification

0.4 1

Risque de Pas de risque de 0.4
liquéfaction liquéfaction Risque de Pas de risque de
* o % liquéfaction liquéfaction
K 3. Influence de [ la densification £ 3
2] 7] :
&) (&)

] Influence du renforcement
b °
0.1-
o+ 1T T T 0.0 — T - T - T T 1T T 1T
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300
qc1N,CS qc1N,CS
Potential for liquefaction after the installation of SC 41/60
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» 11 Study of the effect of densification and Stiffening on the | 3. Calculation of safety factor
liquefaction potential

Estimation of the risk of liquefaction after SC installation

effect Densification + Stiffening

0.6
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E iti i CRRM—751atm
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» 11 Study of the effect of densification and Stiffening on the ' Synthesis

liquefaction potential

Synthesis:

»Densification rate (in situ measurements) variable and depend on several factors (type of the
soil, design parameters, etc.).

» Evaluation of the reduction of CSR.

» Evaluation of the liquefaction potential from (before and after SC intallation).

»Reduction of the liquefaction potential of soils reinforced by SC :

ES / = Densitfication ( / CRR) + Stiffening (\\ CSR)
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Outline

ITI. Numerical study of the liquefaction potential of soil
improved by SC

1. Presentation and validation of the munerical model
2. Study of the liquefaction potential

3. Parametric study
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III. Numerical study of the liquefaction potential of soil = Scope and Method

improved by SC

Scope :

» Numerical study of the liquefaction potential of soil improved by SC

Method :

» Numerical model with FLLAC2D of the vibration table test
»>Validation of the numerical model

» Application on a case of the database
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III. N ical del for the liquefactic tential predicti : D :
B i O .en 1l prediction 1. Presentation and validation and numerical model
of soil improved by SC

» Numerical model with FLLAC2D of the vibration table test

“*Experimental model (Ueng et al. 2010)

a b
| —E ‘ » Sinusoidal excitations
A N {not to scale)
™ - —— .- .
imej’fra/m N Sidingralls ——§ » saturated silica sand of Vietnam
S §
| ;D »Pore overpressure measurements
E—— )
b ' :
=& »Byrne's model (1991) for the evaluation of
v outer frames : . figid base
S, | sreking e liquetaction potential
I_ X tigid walls |_ X
a plan view b side view

*Numerical model
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III. Numerical model for the liquefaction potential prediction

ot soil improved by SC

Validation of numerical model - FLAC

7
Essai a la table vibrante: F30
6 -
{ —%— Expérimental (Ueng et al. 2010)
5 —O— Numérique (FLAC)
— 4 -
©
o
X
; 3 Frequence =4 Hz
E= Durée=5s
a =0075¢g
2
1 4
O I I I I
0 200 400 600 800

Profondeur (mm)

Experimental and numerical results of the variation of U

1. Presentation and validation and numerical model

8 - Essai a la table vibrante: E16

[y = Expérimental (Ueng et al. 2010)
1 —O— Numérique (FLAC)

6 - O

5 -

4 4

3 4 Frequence =2 Hz
| O Durée=5s

a_=0.075

2 - max g

14

0 I I I I
0 200 400 600 800 1000
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III. Numerical model for the liquefaction potential prediction

of soil improved by SC = 1. Presentation and validation of numerical model

Numerical modeling of soil enhanced by SC

* Project N12: Building a taank (Duzceer 2003)
* Silty sand improved by SC
* Trench model in plane strain

e Sinusoidal excitation

wg

30m

Sable silteux Ballast
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III. Numerical model for the liquefaction potential prediction

ot soil improved by SC

2. Study of liquefaction potential
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III. Numerical model for the liquefaction potential prediction

of soil improved by SC 3. Etude paramétrique

€ ctiect of the loading frequency © ctrect of loading amplitude
/ VW ) |
| Q@
19 ﬁzﬁ? S oH Durée = 4s 1.2 4 - Durée = 4s
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III. Numerical model for the liquefaction potential prediction 3, Parametric study

ot soil improved by SC

[ a Influence de la mise en place des colonnes ]
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III. Numerical model for the liquefaction potential prediction St

ot soil improved by SC

Synthesis:

» Results of numerical analyzes :

v" Reduced liquefaction potential with improvement by SC.

v More Reduction around the column . The decrease depends on the horizontal

distance.

v" Risk of liquefaction potential proportional dependant to the frequency and amplitude
ot loading applied.

v" Reduced liquefaction potential when the effect of densification is taken into account.
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Outline

I. Study of the generation and the dissipation of the interstitial
pressures of a ground improved by SC

II. Study of the influence of densification and reinforcement
on the liquefaction potential

ITI. Numerical study of the liquefaction potential of soil
improved by SC

IV. Perspectives
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IV. Perspectives = Petrspectives

* Identification of all the parameters influencing the Densification (Position of the tests in situ%
CB, position and thickness of the liquefiable layers, sizing of the SC, etc.)

* Experimental study for a better characterization of the effects of implementation and estimation
of the reduction of the shear stresses.

* Numerical study taking into account the influence of all the mechanisms (Drainage, Densification
y g g

and Stiffening).

Development of a liquefaction potential evaluation method integrating the effects of Drainage,
Densification and Stiffening.

=) Formulation of a SC design methodology that encompasses both bearing capacity, settlement
and especially liquefaction.
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If you want more details :

* 7. Ben Salem, W. Frikha, M. Bouassida (2016). Effect of Granular Columns installation on
Excess Pore Pressure Variation During Soil Liquefaction, International Journal of
Geomechanics,16(2). DOI:10.1061/(ASCE)GM.1943-5622.0000516, 04015046.

*Z. Ben Salem, W. Frikha, M. Bouassida (2017). Effects of densification and stiffening on
Liquefaction Risk of Reinforced Soil by Stone Columns. Journal of Geotechnical and
Geoenvironmental Engineering (ASCE). Vol. 143, Issue 10 (October 2017)

*Z. Ben Salem, W. Frikha, M. Bouassida (2014). Evaluation of Liquefaction Risk of Reinforced Soil
by Stone Columns. Proc. 17th Brazilian Conference on Soil Mechanics and Geotechnical
Engineering—COBRAMSEG2014,Golania/ GO Brazil.

*Z. Ben Salem, W. Frikha, M. Bouassida (2015). Use of Stone columns for liquefaction mitigation.
Proceedings of the 16th African Regional Conference on Soil Mechanics and Geotechnical

Engineering. Innovative Geotechnics for Africa; eds Bouassida et al. Tunisita, Hammamet 27-30

April, 387- 392,

* Z. Ben Salem, W. Frikha, M. Bouassida (2017). Numerical analysis of liquefaction susceptibility
of reinforced soil with stone columns. Submitted to the GeoMEast 2017 International Conference
‘Sustainable Civil Infrastructures: Innovative Infrastructure Geotechnology’, Sharm Elsheikh

LEgypt.

* 7. Ben Salem, W. Frikha, M. Bouassida (2017). Densification and stiffening effects on
liquefaction Risk of Reinforced Soil by Stone Columns. Submitted to the 19th International

Conference on Soil Mechanics and Geotechnical Engineering ICSMGE, Seoul, Republic of Korea.
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