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Thursday 31 May & Friday 1 June - International Symposium (280 participants)

-7 PIenary sessions Vibro & Impact compaction — Vertical drains,Vacuum consolidation & Preloading —
Soil Stabilisation - Deep mixing — Rigid inclusions & Stone Columns
Soil reinforcement in fill & in cut — Biogrout & other grouting methods

- Louis Menard lecture (P. Mengé, DEME)

- Specialty lecture by J.L. Briaud, President ISSMGE

- Technical Exhibition (16 Companies : gold & platinum sponsors)

- Banquet in the Belgian Comic Strip Centre — Horta (170 participants)

Profile participants short courses

-Participants from 36 countries — 6 continents
(B:85-F:45-other: 150)

- Contractors & Manufacturers :48% (B: 55%)
- Design/consultants :15 % (B: 22%)
- Research & academics :33% (B: 18%)
- Government/owners :4% (B: 5%)




Parameters related to ground improvement

IN-SITU TEST

+ Static Cone Penetration (CPT)
+ Dynamic Penetration (SPT)

+ Vane Test (VT)

+ Menard Pressuremeter (PMT)

LABORATORY TEST

. ldentification test
+ Oedometer test
+ Triaxial test



Parameters related to ground improvement :
Differents types of in situ tests

Vane test Static Cone Dynamic Pressuremeter
(VT) Penetration Test Penetration Test (PMT)
(CPT) (SPT)
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Static Penetration Test (C.PT.)

Uy

Pore pressure
filter location
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Process of C.P.T.

> A 60° cone with face area
10cm? and 150cm? friction
sleeve is hydraulically
pushed into the ground
(the device is pushed,
rather than being driven
by blows, into the soil).

> By applying a measure
force to the rod, the cone
Is pushed into the soil at a
constant speed of
penetration (ranging form

1.5 to 2.5cm/s).
‘ Figure 2.0 : Cone Penetration Test



Présentateur
Commentaires de présentation
We traditionally use a linear elastic perfectly plastic model to define the behaviour of the soil layers. This model requires the five following input parameters.
Do we need to consider Em/alpha for the Young modulus which is a common correlation retained for settlement calculation.
Do we need to consider the effective shear strength parameters measured by lab tests ?
Or is it better to calibrate these parameters in order to take into account the soil – structure interaction ? I mean the interaction between the soil and the rigid inclusion ?
And I will follow this last approach.
The best solution would be to calibrate these input parameters on a plate load test executed at the beginning of the jobsite and then use these calibrated parameters to perform the global design of the project. But practically, it is generally not possible to proceed like this.
Therefore, the idea is to calibrate the input parameters in order to match the FE results with the empirical curves established by Frank & Zhao. These curves are based on the pressuremeter test results.


Assessment of Cone Penetration Test

Advantage Disadvantage

»Rapid and inexpensive »No sample recovered
» Reproducible result » Penetration depth limited to 150 -
» Real time measurement 200 feet

»Accurate,  detailed  subsurface »Normally cannot push through gravel
stratigraphy / identification of problem >Requires special equipment and

soils skilled operator


Présentateur
Commentaires de présentation
The semi-empirical curves are established on the interpretation of a large number of in-situ load tests performed by the laboratory of “Ponts et Chaussées” on isolated piles.


Static Penetration Test : Rought soil identification from

CPT Test

100
80
60
o
“0 SABLE
§ ¢ | trés dense
c 2042
e
v & dense ME LANGE DE
5 s 1% SR || SABLE et SILT
f S L .
i - Za
[
o e e / |ARGILE_ SABLEUSE
g 6= ET SILTEUSE
c
=.1c / ARGILE
2 / NON FISSUREE
é’, g lache / INORGANIQUE
< -~
e B ~_ | fres raide
tres lache / \""-l.., 7
/.‘ raide /"(..
1 e S
08 U / ferme b
[ / ARGILE
06 =~T~==C[7 ORGANIQUE
/ —~ < —ef TOURBE
04 molle /
tres molle
0,2 }
0 1 2 3 4 5 6 7
Rapport de frottement Rf en % =_:;_i_ x 100
Fig. 6.14. Estimation de la nature des sols d’aprés g, et R;
(Schmertmann 1969)




Dynamic Penetration Test
Parameters : N blows; soil identification

C’uﬁ i.ng head
Soil sample

Split section




Triaxial test

Piston (to apply deviatoric stress)

iIure plane

:i::/ O-ring

impervious
| membrane
Soil sample at _ N
failure : sample |:
: :; Porous
Perspex 5::;/ stone
cell ,
. — Water

Cell pressure - 7

Back pressure % Pore pressure or
volume change

pedestal



Consolidation Test: oedometer

~ simulation of 1-D field consolidation in lab.

Ty WA
N SR R T

pgrous stone

P - undisturbed soil
G specimen /metal ring
Dia = 50-75 mm (oedometer)

Height = 20-30 mm

field lab



Settlement computations

~ computing Ae using e-log o, plot

If the clay is normally consolidated,

the entire loading path is along the VCL.

initial
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Settlement computations

~ computing Ae using e-log o, plot
If an overconsolidated clay becomes normally
consolidated by the end of consolidation,

! ' !
o, o, +Ac

* Ae =C log——+C_ log
o o

initial vo P




Osterberg piston sampler




Louis MENARD (1933-1978)

HHPTTLoFA—F-O@BEET S 47— K (BRF306 (1860) F)

Courtesy of Michel Gambin Courtesy of Kenji Mori

ENGINEER, INNOVATOR




PRESSUREMETERS IMPROVEMENTS WITHIN THE FIRST DECADE

1967 1971-1975 1975

y

The second PMT D-9000 G-type and ~ Soil-soils |
prototype Versatile drill GC-type edited by Mike Gambin
Pressuremeter



WHY PRESSUREMETER?

e Performed in previously drilled hole to any depth

e Performed in submerged sand or gravel, directly driven slotted
casing or STAF® method

e Performed in fills even landfills (only possible technique)
 Provides its own reaction

e Large volume tested up to several tens of tons

e Average soil response

e Two stress-strain parameters

e Creep information

e Automatic data recording and test perfomance available

e Pressuremeter modulus ( E,,) (independent from porepressure)
e Limit pressure (P,), close to failure of plate, footing or pile tip



WHY STRESS CONTROLLED TESTS ?

e Strain is only consequence of stress and not its
action

 Creep is available

* In construction, loading is stress controlled



General scheme of a Ménard pressuremeter
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General scheme of a Ménard pressuremeter

GUARD CELLS

MEASURING
CELL

PRESSUREMETER PROBE
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Detail of Ménard pressuremeter probe

. Type G probe :
I Central Cell + Flexible Cover to form 2 Guard Cells.
q Central Cell Pressure is higher than in Guard Cells
L ® to balance cell membrane resistance.

Pressure lag between the Central Cell and the
| Guard Cells is kept constant at a given Depth

Hollow probe body

measuring cell membrane
external sleeve or flexible cover
water inlet to the measuring cell
gas inlet to the guard cells
measuring cell drain outlet
slotted tube

rods

probe/rod coupling

2-3

o
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Latest state of the art

GeoPAC® + GeoBOX

High precision and high pressure
measuring tool.

Automatic piloting of the test,
automatic recording and log
presentation transmitted from
GeoPAC® to GeoBOX® by Wifi and
to the office by GPRS

Stress-controlled test (possibilities
of cyclic program)

Ranges 0,1 cc to 100 Mpa



Evolution of drilling

* Drilling methods from European norm

- Hand auger

- Power auger

- Rotary drilling bit with bentonite injection

- Shelby tube sampler

- Slotted casing driving method

- Roto percussion

- Open slotted casing

- Recent STAF® Method (Self bored tube system)

- Self-boring pressuremeter probe under development



Slotted casing method

Cross
section of a
probe inside
a slotted
casing




The Menard Pressuremeter :

typical loading tests

MENSRD

Typical load tests conducted on
foundations :

() PBT; and

(i) PMT

(not CPT or SPT)

PBT — vertical load test

PMT — shear loading test




Self bored tube system STAF®




STAF® technique : Ménard Pressuremeter Tests inside a
self-bored slotted tube




Self bored tube system STAF®




Roto percussion drilling
to reduce casing friction




The pressuremeter curve

* Typical PMT field record (manual recording)
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MV{cm3)
CHANTIER de __ C.ROSNE T
Date: XS [9) Heure:
Forage n° _¥_M___ Profondeur :—_ Wa_
Type de forage : . 7
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e Geobox automatic test piloting and recording

Typical PMT test

] EI]-!][?@E&‘A’:J&JW [Preassnrameter MEMARD PRESSUREMETER File 2366
- TESTA DATA w | Country France
fi *;)_ Survieys Cepany Borehole expansion test conforming | Job site identification | PARIS
A - 11 wvenue Francs de Prossensé 93571 SAINT-DENES LA PLAINE codex D=L [ Location plan ref. IGC 23-16
~1 =1 :
| Tl 33 ()1 41 62 80 00 Fax 33 (0)1 43 17 80 00 cafherine pineauainor i Borehole number FP 401
CELL PARAMETERS TUEING & FLLID PARAMETERS PRESSURE LOSS PARAMETERS Test number (or depthl ES11120202
Code 44 goet_) T | Coaxial | X Licuic Matura Eau Comaction sheet reference |ET10120202 Test date and time 12 nov 02 - 13:19
w Length Cover e | Twan T wncighl 1.00 Ullirrsate pr |0.272 Control urit nurmber -G200E-
@ 210 mm | Rubber | Tatal length () | Matura Azote VOLUMWE LSS PARAMETERS '5 Diata logger number 201
2 370 mm | X Remborced mesh | 30,00 s | Comgressibalily &g (") 0,00016 | Comeclion sheel relerence |CA10120201 E Operalor's name TL
o Type Metallic mesh | MEMEBRANE FPARAMETERS Calibration cylinder diameter d (mm) |§9.0 Differenlial pressure (MPa) 0,100
E | Metallic strips | | Supplier rype and cote |m4 Calibration coemcent s (o MPa) 2,354 Chsenvations sun
X Slalled tube | X | Pressure loss p., (MPa) 10,044 Prosbas volurrie W (em®) |1009,2 {rzather, elc 18°C
FIELD DATA DATA CORRECTED from PEV losses Datum Levels Relatve
PRESSURES pr {MPa) VOLUMES Vit) fem®) PRESSURE | VOLUME | SLOPEm, | CREFP levels
Step 13 1% s 0= B0s 13 1% s 305 603 piMPal | v iem? Aviap | ave
fem’MPal | fem) P
o oo -
1 0,052 0,057 0,047 0,055 ang 5,2 778 8.3 008 874 104 b 0 {b"":r_:‘]"“
2 oo o097 0,096 0,096 926 ar s 993 LI 0,066 R a1z 12 w
3 0138 0,152 0151 0,155 1036 091 1116 1140 0,115 1129 n 25 -
4 0,190 0,200 0,205 0,209 1188 1732 1257 1287 0,156 127 2 250 EX
5 024y 0,250 0,253 0,251 1236 1385 1418 144,71 0,195 1428 397 3
[ 0,300 0,303 0,305 0310 1486 1563 1606 1667 0736 | 1645 578 6.1
7 0,340 0,347 0,350 0,353 1716 179.0 1032 1906 0,266 188,1 7 73
8 oaue uA4us 0,395 o402 1988 2084 2145 2244 0,299 2ns w32 98 Localzation syshiem M=
9 0,455 0455 0457 0,455 2328 458 2556 734 0328 | 7702 | 1887 178 Y=
10 050 0,504 0,505 0505 2838 2308 EIER 3390 0,350 IBS 2uBY 238 Dinilling rig BE 2050
11 0,548 0,552 0.550 0554 3500 3702 3880 4230 0,369 4192 4532 3449 I-_III Dorilling rnethod THC63
12 | 0gm 0,603 0,599 0,801 4388 4B 4 4086 5318 03a0 | 5798 | 5343 454 S | ttable © sbbrevistians)
13 0B41 0.B52 0,649 0Bl 5505 sEL3 E148 B73.7 0a13 B8Y9.3 Bl54 588 I e Lype fishtail
14 | Drilling teol diameter (mm] | 63,5
o | 5
18 o | Casing foot at (m depth) n.a.
16 | Cllieng Fud none
m . fram level [m) 2,00
18 Drling [enath |, el m 270
14 before testing i f:nIEﬂr\LlP.ﬂ *
20
21 w | Elevabions metre m
22 = | Times sacond &
2] Z | Violumes cubic centimetre_em?®
24 = [Freseures Menapascal MPa




Typical PMT test report and interpretation

Fil 2366
E@W@@@@m @Fgﬂﬂﬁs@m@ﬁ@? MENARD PRESSUREMETER ile
REPORT AND INTERPRETATION Test reference ES11120202
_‘]- @My@ @@m[@@[ﬁ]y Borehole expansion test conforming Job site identification EVRY
L - 11 avenue Francis de Pressensé 93571 SAINT-DENIS L PLAINE cedex 10 EN S0 224784 procedure Borehole FP.401
Tél. 33 (011 41 62 8000 Fax 33 (0)1 48 17 90 00 catherine pineau@afnor fr Test depth 2,00
CALCULATED NORMATIVE RESULTS
0,018
.~ 1400 Shs !
€ o 0,03
;U, s 0,15
] P 0,26
2 P 045
o o 044
Eu 77
— Ewlm 16,9
5
£ Ew!pr 176
&
? [EXTRAPOLATION METHODS PARAMETERS)
inverse A -2 BAE-02
volumes B 1,23E-02
[R— swerage error e | 1 44E+01
hyperbolic € 422601
P D 1,12E+04
J— #werage error iem™ | 3 40E+01
Al 14A2E+08
A2 -7.12E+04
double A3 2,84E+07
hyperbolic Ad 3,00E+02
— AS -2,00E+01
EM =7,7 MPa AB 574E-01
400 4 #werage error iem™ | 5, 21E+00
COMMENTS
200 4
0 T T T T
0,00 0,10 0,20 0,30 040 0,50

b (tpa) | [Geomatech xrramsiczn &5




What is a pressuremeter modulus

Compression modulus

Shear modulus

E= o/¢

G=17/y

Poisson coefficient (V)

The relation between moduli is

-

dg

¢

JE)

E=2(1+v).G

e Ménard proposes to always adopt v=1/3

SO

E, =2(1+v). V.

AP
AV

or

E\

8

V,+V,, AP
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Bearing capacity

 Prandtl and Terzaghi theory and limitations




Prandtl’s Theory on Bearing Capacity Analysis

Prandtl 1920 developed an equation based on his study of
penetration of long hard metal puncher into softer materials
for computing the ultimate bearing capacity. He made the
following assumptions for the derivation.

The material is softer, homogeneous and isotropic.

The material is weightless and possesses only friction and
cohesion.

The problem is two dimensional

The base of the puncher is smooth.

The material behaves as a rigid body.

The volume change will be Zero.

The resulting deformation will be a plastic deformation.



Bearing capacity after Terzaghi Bearing capacity after Ménard

Function of (h, vy, D, c, ®) Function of q, - g, =k, (P, — P,)

d -0, = kp (P — Po)

here gl is the ultimate bearing stress at the footing or pile tip

- g, the vertical overburden stress at pile tip depth

- k, the Menard Bearing Factor at footing or pile tip and type of soil
- p,y the Ménard limit pressure at footing or pile tip depth

- p, the insitu horizontal effective stress at footing or pile tip depth

and it appears that, below a “critical depth”, the tip bearing capacity
alone is much

less than predicted by the ¢’ and ®’ (Mohr - Coulomb)



Pressuremeter bearing capacity factor

BEARING FACTOR AGAINST EMBEDMENT

FOR ISOLATED FOOTINGS ,PIERS AND PILES
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Settlement and deformation

D/ Menard deformation approach

V\/(10 years)=

z ¥ 2 ¥

\ Shear domain Spherical domain or volumetric




NO TENSION IN SOIL IMPACTS THE PMT MODULUS

BECAUSE ELASTICITY ASSUMES TENSION

£l 4 ; ; ; 0.25
E ) SAND 5
= 7
E o 3 0.33 %
S E SILT S
= 19 E
g g 7 0.5 q
0 S CLAY e
NE s s |

S 1 i '. '. 1

S 0 5 10 15 20

COMPRESSION MODULUS E
TENSION MODULUS 'E-

Briaud, Ménard lecture 2013



The Menard Pressuremeter :

Settlement calculation under a footing

half width reference radms R 0,30 m — 7 —
Reference radms Ro 0,30 m - o
Footing length L 0,60 m “{ sherical I
Pression sur la fondation P 9,40 bars w .
PMT modulns mn deviatoric domain Ed 250 bars
PMT modulus m sphernical domam Es 250 bars
Rheological factor a 1/4 deviatoric domain
Shape factor il 1,10
Shape factor As 1,12
a
133 R
E d R 0 ) E s
Results
Spherical stram Ws 0,07 cm E =
Devuatoric stram wd 0,51 cm §

Calculated settlement W 0,58 cm




SETTLEMENT UNDER HIGH RISE BUILDINGS

IN CHICAGO

TERZAGHI LECTURE 2009
Clyde N. BAKER Jr

Pressuremeter Data
E, =94.3Mpa
’ E*, =26TMpa
f ol
| ¢ =—%-035, Use 0.4
T I[ E‘-
)
o Lgfl_{?ﬂ': Settlement Calculation — Menard Empirical Method
T Aveom 1.33 RY  agAR
S.Menurd = q ] "%1 e +—
3xE, R,) A4S5E,
= 4,54, =1 for a circle
R, =30cm
F'ﬁ.-i.i :E[kE(,;
ﬁé—% S vonard = 0 33cm + 2.16em = 27. 1mm
E S5E E
B ; ‘;"" Settlement Calculation — Elastic Theory
L T B g _ fypqB
54 03594 2064 e E
E.=13MPa 0.35x0.92 % 6.100x 73,000
: Sippas: = = 59mm
250,000 Measured 24 mm




PRESSUREMETER THROUGH INTERNATIONAL SYMPOSIUMS AND NORMS

1982 1986 1990 1995 2005

Paris, FRANCE Texas, USA Cambridge, UK Sherbrooke, Paris, FRANCE
— - _CANADA

nnnnnnnnnnnnnn ISPS - PRESSIO 2005

SYMPOSIUM
ON THE
PRESSUREMETER

AND ITS MARINE
APPLICATIONS

23 36 54 72

papers papers papers papers papers

Applicable standards: USA => ASTM D 4719
Europe => EN ISO 22476-4, DIN EN I1SO 22476-4
Russia => GOST 20276-2012




FOUNDATIONS DESIGNED WITH MENARD PRESSUREMETER

: | Burj Dubai

7" Kuala Lumpur
452 metres

MNakheal Harbour
2 and Tower
i Dubai
"ﬂ' Over 1km tall




Soil Improvement Techniques

With added
materials

Cohesive soil
Peat , clay ...

1 Drainage ‘
2 VAcuum

Soil with
friction

Sand , fill

3 Dynamic
consolidation
4 Vibroflottation



Présentateur
Commentaires de présentation
There two different categories of soil improvement. The first is called « without added material ». It consist in improving the initial caracteristics of the ground. If the ground can be classified the the clay soil categorie (combination of very fine elements and water) then the objective is to extract the ground from the water . It can also be called an hydraulic soil improvement. The the ground belongs to the sandy soils (small elements or coarse elements with or without water) then the soil will be improvement using a mechanical way.energy will be transfered to the ground in order to rearrange the soil squeleton…


Vertical drains

CONCEPT

-Stable subsaoil for surcharge
-Soil can be penetrated
-Time available is short

-Some residual settlement is allowed

PARAMETERS

1 — Depth

2 — Drainage path

3 — Cohesion

4 — Consolidation parameters
(oedometer, CPT)

€o Co, Cyy Cr, C i t,

CPT dissipation test



o
Preloading with vertical drains

high fines contents soils

oc=c +U

A



Présentateur
Commentaires de présentation
General cross section of a preloading job site.


Radial and Vertical consolidation

(A) VERTICAL DRAINAGE ONLY (B) RADIAL DRAINAGE ONLY

VERTICAL
DRAIN

I ] “ t-Tv{Hd] RADIAL

SEEPAGE

ONLY
/F;Q Uy =1 t'r,,.‘.l
VERTICAL

IMPERVIOUS SEEPAGE
BOUNDARY ONLY

CERTIGAL T = 1= (1-To)(1 ~Un)
SEEPAGE TRt




Vertical drains: material

High fines contents soils

5cm, PVC
Flat drain circular drain vertical drain + geotextile

%/—/
-




Vertical Drains




Vacuum Consolidation (high fines contents soils)

Vacuum Gas
Phase Booster
Atmospheric Pressure

Vacuum Air

Lyt b= =

Fill o ® @ L] i-- e ® g @ e eswe_o9
I"'.: -- D s® ‘a0 ".‘--'i- Ll
Draining —p "M'F‘ff f ' f

A AV A AT A AT

Alr Flow ——p I I

Drains

ISOTROPIC CONSOLIDATION

Vertical
Vacuum
Transmission
Pipes

Peripheral
Drain wall

VACUUM (J.M. COGNON PATENT)



Vacuum Consolidation

CONCEPT

-Soil is too soft for surcharge
-Time does not allow for step loading
-Surcharge soil not available

-Available area does not allow for berns

10 -

PARAMETERS

Depth

Drainage path

Condition of impervious soill
Watertable near surface
Absence of pervious continuous layer
Cohesion

Consolidation parameters
(oedometer, CPT)

€0, Cey Cyy Cir, Cu t,

CPT dissipation test

Theoretical depression value
Field coefficient vacuum

Reach consolidation to effective
pressure in every layer

11 — Target approach
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Case history — EADS Airbus Plant, Hamburg

General overview of Airbus site

\

-
Image &12010/Aero\West @znngcoogle.

4 | : &2010.Tele Atlas
Imagery Date: Jun 10, 2006 53.535331" lon 9.832238° elev Om Eye alt. 3.07 km

B50'm




Basic design and alternate concept
of Moebius—Menard
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Subsoil characteristics

Soil | Water | Density Shea}nj' Deformation | Coefficient of | Coefficient of
type |content strengt Modulus |consolidation| secondary
{under G, = consolidation
100 kN/m?)
W ' — | &) Cy Es 2 Co
%) | KN/m® | (kNim?) | (ki) | (MNim?) | Cv (myean )
Mud 142 13/3 20/0 0.5-5 0.8 0.35 0.03
Y;:';g 119 | 144 | 200 | 2-10 0.9 0.35 0.03
Clay 70 15/5 |[17.5/10| 5-20 1.5 0.5 0.02
Pj:;‘fy 139 | 14/4 | 2005 | 520 0.9 0.4 0.03
Peat 240 1111 20/0 5-1b 0.5 =04 0.04
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Case history — EADS Airbus Plant, Hamburg




PORT OF BRISBANE — PADDOCK S3B
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Located at the mouth of the Brisbane river;

New reclamation area: 234 ha enclosed in the Port
Expansion Seawall;

Part of the new reclaimed area to be ready in Syears;
Seawall construction completed in 2005;




PORT OF BRISBANE — PADDOCK S3B

| AREA 2a ;

, _ i _ _RLs825m_

i P474 location : h

i ; .~

i - Water level during construction: : Warking Platform

i RL+7.1m and RL+8.3m at vacuum start ! 65 m )

i i | B

| - Working platform at RL+8.6m N

i (thickness=6.8m) as of 22/12/08 i i
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Simplified Soil Profile for As of 06/09/06
Consolidation Calculation -
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Stress path for Vacuum Process

Vacuum
Surcharge S pP=c, K =1
p'=2/3 5, Isotropic
K,=0.5 c’,= 80kPa -
—~ A o',=40kPa . Ki(failureline)
U o“‘
~ | o';=40kPa _ L
g _ I
o ., Active Zone
*
5 “0“ .“ Sh < 0
S " Surcharge %, e K, (&, = 0)
= @ > @ %, e
o k‘ \ ’( Passive Zone
> o RS N €. >0
&) % .. @ o h
= S e Vacuum Consolidation -
RO > <

Mean Stress (p’)



Case history : Kimhae (Korea) - 1998




Ground Improvement with compaction

With added
materials

_ _ 1 Drainage
Cohesive soll 2 \VAcuum
Peat , clay ...

vy
Soil with _
friction 3 Dynamic
consolidation
Sand | fill 4 Vibroflottation



Présentateur
Commentaires de présentation
There two different categories of soil improvement. The first is called « without added material ». It consist in improving the initial caracteristics of the ground. If the ground can be classified the the clay soil categorie (combination of very fine elements and water) then the objective is to extract the ground from the water . It can also be called an hydraulic soil improvement. The the ground belongs to the sandy soils (small elements or coarse elements with or without water) then the soil will be improvement using a mechanical way.energy will be transfered to the ground in order to rearrange the soil squeleton…


Parameters for Concept

CONCEPT PARAMETERS

AL FLLUNFORMIOND gorg,, — LLtLOAD - Age if fill saturated or not
_ _ W Gwr P
2 L
. -Selfbearing level
5] -
1 ) -
Eltle_pth v Elele_;l;m v [F)Iele_;l;m v QC’ FR’
(m) (m) (m) N
t
p (about 10 years) DC - hmy= C5E -RD (7?7)
1 50% (S80) Cmenarty ~05.1 -Shear wave velocity
2— 80% (SBC) Clhydraulic) = 0.55 -Seismic parameters
3] 60% (SBC) S¥ gspc® 7777 20841 (SILICA SAND) -Grain size
4 ¥ om?™ =0.4-0.6 (SILICA SAND)
S (%) 50% (SBCY §.B.C. = Self Bearing Coeflicient
v 30% (SBC) SBC.=S()

s()




Case History

Nice airport runway consolidation
Granular soil







AL AIN AL QUO’A in ABU DHABI

e 1.1 Millions m? treated

e  Maximum depth=16m

024135 2AB/3AD 5AB/7AC 18U/18T
o 5 10 15 20 25 o 5 10 15 20 25| 0 5 10 15 20 25| 0 5 10 15 20 25|
o om om om
40 | w22 390 3] 54 | 264 | » xgas
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N
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am am 5 : am 2 s 4m z .
6m 6m g &m £ 6m X 2
Xﬁa.z 11 50 /049 7 163
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DC: Burj Dubai Old Town Residential, UAE 2004
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Desalination Plant -

Wind Turbines

Golt Coursa

Research Park

Waste Water
Treatmaent Plant

L

i
Future Residential —— :

Typical master plan
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AREAS TO BE TREATED

AL KHODARI (1.800.000 m2)
*BIN LADIN (720.000 m2)

SCHEDULE

* 8 months




THE FUTURE SITE




Project structure

[ KING ABDULLAH ]

[ ARAMCO

[ INFRASTRUCTURE ]

DREDGING ROADS ‘ |

- N a B asagoliiaall rdcgona @
MARINE CIVIL [{ K &S/ fﬁ a SAUDI BINLADIN GROUP N
WORKS WORKS HLE'-{WJ‘_T\ P | PUBLIC BUILDINGS & AIRPORT

N J Y, L - |

GROUND
IMPROVEMENT




A

P AN +W + N f01 4

o

ELEVATION

DEPOSITS

SITE=1,5 km

TYPICAL SITE CROSS SECTION OF UPPER

&
<

LAYER w % %fines N BE;S Fr % Bi;S BE;S
- SABKAH SM + ML 35-48 28-56 0-2 0-2 1,2-4 0,4-1,9 awr-17
- LOOSE SILTY SAND 15-28 3-9 12-45 0,5-1,2 2,1-4 18-35
- CORAL 26-35 6-12 5,1-7,2 35-60
- LOOSE TO MED DENSE SAND 12-37 3-18 15-80 0,5-1,8 4-12 28-85




VARIATION IN SOIL PROFILE OVER 30 METERS

‘Eme resistance (qe} in MPa 7 Erictron rafio in % (Rf} @e resistance (gc) in MPa —!
o [ 1.2 24 36 438 6 72 84 860 1.2 24 3.6 4.8 8 7.2 8.4 9.8 o 0 1.2 24 3.6 4.8 [ 72 8.4 9.6
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Concept

[ 150 TONS

Depth of footing = 0.8m
Below G.L.

Engineered fill

A

+ 4.0
o, = 200 kn/m?2

2 meters arching laer
+2.5

Working platform (gravelly sand)

\4

+1.2

Compressible layer from loose
sand to very soft sabkah

0 to 9 meters




TYPICAL SOIL PROFILE

Limit Pressure Pressuremeter Modulus Cone Resistance

S S 0O 40 80 120 160 200 240 0 2 4 6 8 10 12 14
‘ ‘ ‘ ‘ ‘ 3.0 — 30 —

Lo 254

20 -

S 15 -

640 1.0 -

e oo |

200

w0 00|

! -05 1
-1.0 -
-15 1
-2.0
25 -
-3.0 -
-3.5 -
-4.0
-4.5 A
-5.0
-5.5 ~
-6.0
-6.5
-7.0 A
-7.5 A

Elevation (m E
Elevation (m E

Elevation (m E

615

40 Pomb b e

40 e e e e

50 : : ‘ ‘ ‘ 6.0 l l l i i i 8.0
P (bar) Ep (bar) Qc (Mpa)
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DC (Dynamic Compaction)
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SHEAR W,

AVE =

velative amplitude

ST Iy

Shock waves during dynamic

\‘\. L i \ WAVE TYPE PERCENT OF
i‘hiﬁg:m K RAYLEKGH TOT:LT e
. ° . SHEAR 26
consolidation — upper part of figure cowpresson | 7
after R.D. Woods (1968).

T50
(P) Wave:

Increases pore water pressure
+« Distocates soil matrix

(S) And rayleigh waves:
» Shear soil grains

o Rearrange structure towards denser siate



KAUST
Dates for soil improvement

| LEGEND

0L 1042007
I 5102007
LG | Q00

Q11 172007

B 1511/2007

T 1571 242007
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SELECTION OF TECHNIQUE

ENE |
FEReEd,

n Tl
E“-‘-i‘i‘
L "-""'1' e

R

N 0,80 _ Preloading L FPL
DR (Dynamic . ol T N
Replacement) z N < "
e N 7 N4 7 Y TN NIV NI N> ~ ~ ~— — — -
| B e o Pty PO G o,
HDR (High Energy wE O EEL bR EE O v o
Dynamic o — EE ke e B
Replacement) + % 3 %% ’{% % %%
< Ko T gy
surcharge % A K 2 = bece
(7]
| f BSL (variable)




EQUIPMENT RESOURCES

*13 DC/DR Rigs of 95 to 120 tons

*15 pounders from 12-23 tons

*30 vehicles (bus, 4x4, pick-up, berlines)
o1 truck with crane

o1 forklift

*3 CPT rigs

o1 drill + pressuremeter

*15 containers

¢1 set of site offices




TYPICAL SURFACE CONDITIONS







Particle Size Distribution Report
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STRESS DISTRIBUTION
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Grid 5,50 x 5,50

120 kPa 4

vertical effective stresses (sig'-yy)

80 kPa

vertical effective stresses (sig'-yy)

STRESS DISTRIBUTION

Grid 3,80 x 3,80

100 kPa

Yertical effective stresses (sia’-vv)

-16.000

Wertiral effertive shresces fein'-wwl




ANALYSIS OF (PL-Po) IMPROVEMENT

AS FUNCTION OF ENERGY AND FINES

K.A.U.S.T. — Saudi Arabia BASIS
*60 grainsize tests
P -P, (MPa) *180 PMT tests
16 ‘ ‘ : : :
10% =8 | | |
‘ 4 SI=47 1 1 1 PARAMETERS

Y 2 EEEEEEEE S SRR -
| | | | | *P, — P, = pressuremeter limit pressure

*kJ/m3 = Energy per m3 (E)
*% = % passing n°200 sieve

— I:)LF
el = improvement factor ——

P | x100

*S.1 : energy specific improvement factor

_— - —_— | _— | | _— | _— | —_—— | _— - _3 L} —_— L} —_— 1;:1’5 —_— L} _: n _— L |
S 30% o s | LEGEND
06 DC 1 - : e A treatment val
I I verage pre-treatment values
DOMAIN ‘ | ‘ gep
A — | | ¢ Average values between phases
- ER- | - PR SRR A
| | ) 1= Average post-treatment values
‘/ R 40% SI=072 gep
o SRIESBIR— ‘ ¢ — = =+ SPECDC:P,-P,>0.75 MPa
e | = -+ = SPECDR:PL-Po020.18 MPa
0 100 200 300 400 500 Energy

(kJ/m?3)



SPREAD SHEET OF CALCULATION OF SETTLEMENT

AND BEARING CAPACITY

Calculation of the Settlement and Bearing Capacity of a foundation
According to
Project Name: According to PMT # Dated:
Zone Ref # X Y z
DESCRIPTION OF SOIL, TREATMENT AND FOOTING TYPE
Footing Characteristics DR Description
Load 150 tons Mesh 550m
Mean contact stress p 0,20 MPa Hence: LB= 10 Diameter 220m
Length of the fooling L 2,74 m And = 1,10 Hence, a= 12,6%
Width of the footing B 274 m A= 1,12 Pressuremeter charaderisfics
Embedment D 0,80 m According to calibration #
R 10,0 Mpa
Pion 1,5 Mpa
[ 13
Soil Description
Layer# | Description Sail DR Thickness | Depth from | -y (kNm3) Pressuremeter characteristics
category {m) FPL (m) Inter Prints (after Soll Improvemennt, as| Homogeneized soll
per above mentionned PMT)
E,,(MPa) | Pi(MFa) « E,, MFa) | Pi(MPa) P
1 Engineering fill I 15 15 20 20,0 25 13 20,0 250 13
2 Waorking platform I 1,0 25 20 17,0 2,4 13 17,0 240 143
3 Soft Material 1l 10 35 20 11,1 13 13 11,1 130 12
4 Soft Material 1l 1,0 45 20 6,3 1,0 113 63 1,00 143
5 Soft Material 1l 10 55 20 16,3 25 13 16,3 250 13
6 Soft Material 1l 1,0 6,5 20 12,2 2,1 113 122 2,10 143
4 Soft Material 1l 1.0 5 20 3.7 0.6 113 3.7 0,60 143
5 Sandy material 1l 20 25 20 350 5.0 13 350 500 13
: i i - g )
Remark: The depth described is sufficient P _aj?_m+(1_a)PHa‘ aq:%xﬂ],% E,. —aFf, 2 +(-aE, .
Tz &
D60 MODELISATION
Modulus
E1 18,41 MPa E,=E Ea 18,41 MPa (sphesical modulus)
E2 11,84 MPa 1 Ee 12,68 MPa {deviatoric modulus)
E3,5 7,20 MPa By =
E6,8 35,00 MPa +r,tr o, 1 @ 0,33 Spherical component
£9,16 35,00 MPa E, 085E, E,, 25E; 215F, @e 0,34 Deviatoric component
Limit Pressure
pr2 2,46 MPa Hence ple 1,81 MPa Thus helR 0,83
pr3 1,33 MPa And he 1,13 m And k 107
CALCULATION RESULTS
Bearing C. = Settlement
3 133 RY™
q,=—p. qa 643 KPa w=— A— + & PAR w 583 mm
3 3E; R, 45E,
Higher than 200 kPa => Spedfication reached Lower than 25 mm => Spedfication reached
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PORT BOTANY EXPANSION PROJECT

GENERAL ARRAGEMENT COUNTERFORTS INCLUDING RECLAMATION

H

g:
ii;
Ejs
3
|
!I
-Jiiwwm F4L

I AAD O INTERIAT WhALL

HEAZ EAST WEST)

L A AT AT {E

wr | 2
TER =

|

SCOUR FROTEC TS 4]

oy RV EED =
i H
3648 NORTH S6dIH BEH !

'

£

12t Bol LD

PR PR BEAM DETALS
REFER To DEEM CoedfoMENT i3 (B

0l TBAG T EXTEMD To GRAYEL:

HERFRaH ToF &HD T BE ADAHTIER
T SUIT SPRJ] AN S LIAMSERT of
LW RIS

e,
e,

PO COMMTERPORT 5 TRUCTURE ———
SLINA € TALS ISR T0 DRETS -
WEsll-[55A 1 D

SEEC_[5 G2 B

EEOTERTLET FE i—

#3 HOLE THRUGHBAE N
Tir Rt GEATENTLE T LT \

TOR OF COPE BEAR-
4388 i b EadT wEST BENTH

TOF OF LAHDWA FD (RANE BESM -
<345 I (EAST WEST FERTHI

A% WL R TH SUTHRERTH
FOF LaMrw D (RARE BEAM

HOTES:
1 MIRCENERAL WITES REPER TO DRA Ra
SEAL4-EE-005.

1 FFOowTROL LME SETOUT REFER T DESKGY
HPIHENT '

] T

4. FoR S4DTHREATHENT FLax REFER ToDESKGS
COMPOHENT RECLA®A TS (82 RO,

5 FEFER To GEOTEDHMICA L 0o TRUCTIEM

[OMPLILSIE TESTISG FLAS (BOCTF) FOF

BAKRLL asD REQLamaTiow FLL

=

ALL G OTEXTLES T BE SECUR B Ta F REVERT
SOVEWERTOLFISGOR PRI T SLESEGLENT
FELLAHATICH OF SCO SFHOUR FLAL|

#4355 wl. (ORT H SolTH BERTH

a'-,\‘;;‘.é?’

5
S

W-£[TU S0IL

A

ook TREWCH Follw baTIw DETA LS
FEFER ToDESKN ComPusEsT %3 TR

At

1 PO COMSTRLCTION TOLERANIE FEFTR
THENCH FollabaThos DETALS
TESGH CaPsENT 123 TFI

g3 duTl [WARK - REFER THEWCH

[Foft CRUSHED Fock LAFER REFER
TRRDETALS

FOURDATIOH

DESKEH [HFOHENT (33 TR M0
DR . AT P04

[ revarertresm nacrn,
it

0 THIX SCeUR FRoTECTIOS Pk LaYER
IFEFER Tt 03TF TREMCH FolMOATIEM FEFORT

WAL i | LamTHEE BaGAL TREWCH Pl
LATER REPER TEORA W ERI-TP-04-100

i THICK BRANEL REDOISALAYER (REFER TE
EATF TEEMCH MILMOATHIS REFORT]

IR $OL USTT BOUSDARY
I THRICAL ELEWATINS|

COMTERRORT BAALL

EBHPACTED SAND FLL TH
FISAL FORFATER LEVEL

FEILAMATION ALL ARCYE FL -1m LD

FEILAHATION RLL &40 M=5TU
BELIW EL -Km 0

OT FOR CONSTRUCTIO
THPICAL SECTION WOT TO 5E USED FOR PRICING |
STALE T
ows| m [omm| w [ = LT T . ann .-,. CTHAY FRY 1-
PR T e — .
=) & S T wg, [cowrerrorT sTRUCTURE SEZING

] e | v 6 (: :) GENERAL ARRANGEHENT
. . : Iw = H’“d/:v HORNIBROOK | ?:?’p’:ﬁ‘f PE'(FE:_ST TAPECAL SECTION INCLUDING RECLAMATION  ygzr epe
[ e st - b [ee— . h FUTY = -
o I N g 41 ¢ Qo FINALDESIG | SEBN0-C5-GA—057

[%:




PORT BOTANY EXPANSION PROJECT

Batany Bay - Trench Key Section L
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PORT BOTANY EXPANSION PROJECT
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Ground Improvement with inclusions: stone columns

With added
materials

1 Drainage
Cohesive soil 2 VAcuum
Peat , clay ...
Granular soil 3 Dynamic
consolidation
Sand , fill

4 Vibroflottation




Stone Columns — Bottom Feed

Vibrator penetration Material feeding Vibration of
material during
extraction

Principle of the technology - bottom feed with air tank



Stone Columns — Bottom Feed

Stone Columns
bottom feed to i \@i‘
22 m depth

(VAN
O N\




Ground Improvement with inclusions: Deep Mixing

With added
materials

1 Drainage
Cohesive soil 2 VAcuum
Peat , clay ...
Granular soil 3 Dynamic
consolidation
Sand , fill

4 Vibroflottation




1oLk I1S-GI Brussels 2012

Construction principles and equipment

Execution process and ground improvement patterns

- Two types of installation method: wet and dry mixing

- Ground improvement patterns:

= Soil-cement columns
. . Quasthoff. State of the art in “Dry Soil Mixing” — Basics
= Rectangular soil mix panels and case study . 1S-GI 2012

= Continuous barriers
= Global mass stabilization




IS-GI Brussels 2012
Construction principles and equipment

Wet soil-cement column systems
CVR C-mix® system
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Denies et al. Soil Mix walls as retaining structures — Belgian
practice. I1S-Gl 2012 E ﬁ“ T\f

Water/Cement weight ratio (W/C): 0.6 to 0.8 (-)
Amount of cement: 350 to 450 kg/m3
Spoil return: up to 30%

Typical characteristics: ““““m L,“;!“ e |
i




1oLk I1S-GI Brussels 2012

Construction principles and equipment

Wet soil-cement column systems
SMET Tubular Soil Mix (TSM®) system

practice. I1S-Gl 2012

Typical characteristics:

Water/Cement weight ratio (W/C): 0.6 to 1.2 (-)
Amount of cement: 200 to 450 kg/m3

Spoil return: up to 30%
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1oLk I1S-GI Brussels 2012

Construction principles and equipment

Wet soil-cement column systems

Keller Foundations FLAPWINGS® system

The drilling can be protected by steel tubes to avoid grout pollution of the top layers like ballast of




1oLk I1S-GI Brussels 2012

Construction principles and equipment

Cutter Soil Mixing (CSM®) system for soil mix panels

Gerressen and Vohs. CSM-Cutter Soil Mixing — Worldwide experiences of a young soil
mixing method in challenging soil conditions. IS-GI 2012

Several case histories in the proceedings of the 1S-Gl 2012

Typical characteristics in Belgium:
Water/Cement weight ratio (W/C): 0.6 to 1.2 (-)
Amount of cement: 200 to 400 kg/m3

Spoil return: up to 30%




(oL EkM I1S-GI Brussels 201

Construction principles and equipment

ALLU® mass stabilization system

Al-Tabbaa et al. Soil Mix Technology for Integrated
Remediation and Ground Improvement: Field Trials. 1S-GI
2012

Wet and dry methods are available




Deep mixing — EN 14679 (CEN TC 288) : field of
application

A

Road embankment stability/settlement Braced excavation earth pressure/heave

f

High embankment stability g Pile foundation lateral resistance
h
|

Bridge abutment uneven settlement Sea wall bearing capacity

Stability of cut slope Break-water bearing capacity

Reducing the influence from nearby construction
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IS-GI Brussels 2012
Field of applications and case histories

Earth/water retaining structures

o - W x B E 3

Peixoto et al. Permanent Excavation Support in Urban Area using Cutter Soil
Mixing technology at Cannes. IS-Gl 2012
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Since 2000 in Belgium: applications for DSM
- earth/water retaining structures and foundations
- permanent function
- always deeper and larger project
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IS-GI Brussels 2012
Field of applications and case histories

Earth/water retaining structures

Construction of shafts with CSM technology

—~—yy

e Steel ring beams
. ot

o

4

Connection profiles

Pinto et al. Ground Improvement Solutions using CSM Technology. 1S-Gl 2012
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Field of applications and case histories

Slope stabilization

Widening of an existing road platform:

Slope stabilization and foundation of the retaining wall

190 ———— 190 4 z

’ I . Granite
| — [ Canarir ] [ wail 48 | - [tanarur |

185. — — _ 185.

1801 -~ r i ¢ 180. .~

/' Soils without i — A |7 Granite

. /bearing capacity', : W5.4

A5+ / forthe wall . o Nspr>60
foundation p

170 4 : _ Load transfer platform (LTP):

(kPa) . 1551
0

’ ‘.-

34
Granit (W5 with NspT < 60) 19 10 35 50 160

Existing heterogeneous landfill 18 CSM panels 2,4x0,9m?,

4MPa (UCS), A'"=13m?

Granit (W5 with Nset > 60) 20 30 35 100 ADOPTED SOLUTION

Pinto et al. Ground Improvement Solutions using CSM Technology. IS-Gl 2012
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Field of applications and case histories

Barrier against liquefaction and post-liquefaction damages

3D arrangement of Geomix® caissons

Benhamou and Mathieu. Geomix Caissons against liquefaction. IS-Gl 2012




Hydro-mechanical characterization of DSM material:
some results form the research project in B

Typical UCS values

CSM systems in sandy soils
10 construction sites and 222 data

z
>
Q
=
[
=
o
[
B
[T

DSM columns in clayey soils

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 =25
ucs (MPa)

DSM core samples

i | | ‘ 8 construction sites and 184 data
Denies et al. SOIL MIX WALLS as retaining structures — mechanical characterizatior [, |I A ‘I | | I I, ‘l I, ‘l l 0.A.Mm @, I
6 7

Brussels 2012 01 2 3 4 5 10 1" 12 13 14 15 16 17 18 19 20 21 22 23 24 >25

Frequency (-)

UCS (MPa)




Hydro-mechanical characterization of DSM material: some results

form the research projectin B

UCS and curing time effect (NEW RESULTS)

Zand en leem-cement labo mengsels : gemiddelde waarden

15
Elk punt is de gemiddelde waarde van 3 testresultaten
14 Behatve {7 dagen met 6 resultatenen 28 dagen met 9 resultaten
* Constante waarde na 126 dagen *
2 T .
11 Vs /
/K
ﬁ10 + Zand-cement monsters H/D=1 T
©
a 9 ) .
s EN 1992-1-1: ——EN 1992-1-1 fit with s = 0.709 (-): R = 0.98
o 8 UCS(t) = B..(t) UCS(28 days) -
hv / 28 @ Leem-cement monsters H/D=1
UCS |37/ | pewsi-yF .
e
7 S A fit wi = J-R2=
L6 /' tot 126 dagen EN 1992-1-1 fit with s = 0.98 (-): R2=0.99 |
a s - r r 1 |
/ Zand @ = Blitzdammer cement
4 - Effectieve W/C = 1.5 (~ geinjecteerd W/C=1 en water gehalte van 9.3%)
- Cementgehalte = 300 kdcement™M’iabo mengsel
3
- rrr rr r r 7]
2 Leem - Blitzdammer cement
- Effectieve W/C = 1.75 (~ igeinjecteerd W/C=1 en watergehalte van 13.8%)
1 - - Cementgehalte = 300 KU.oment/M° 1200 mingsel
0 N A s —
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Hydro-mechanical characterization of DSM material: some results
form the research projectin B

UCS and curing time effect (NEW RESULTS)

UCS (time) = 3. UCS (28 days)

Sand-Cement samples Loam-Cement samples

7 days p=0.37 p=0.28
28 days p=1 p=1

56 days p=1.13 p=1.31
126 days p=1.46 p=1.67

After 126 days : no increase of UCS




Hydro-mechanical characterization of DSM material: some results
form the research projectin B

UCS and Modulus of Elasticity (E)

DSM core samples -
. ’ .
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Hydro-mechanical characterization of DSM material:
some results form the research project in B
UCS and Tensile splitting strength (T)

|
¢+ Column contractor A

DSM core samples

EN 1992-1-1 : 2004
e Column contractor B

= CSM contractor C sile| splitting strepgth
A CSM contractor D 2nsile strength /0.9
CSM contractor E .3 *UCS23)/ 0.9
15 construction iites and 95 data

Tensile splitting strength
= Tensile strength / 0.9
=0.1*UCS/ 0.9 l

l EN 1992-1-1 : 2004
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Hydro-mechanical characterization of DSM material:
some results form the research project in B

Porosity and permeability

Porosity (%) NBN B15-215
30% 35% 40% 45% 50% 55% 60% 65%

70%

1 .E'07 | |

16 construction sites and 59 data ¢ Column contractor A

DSM core samples e Column contractor B
CSM contractor C

» CSM contractor D
CSM contractor E




Hydro-mechanical characterization of DSM material: some results
form the research projectin B

TC 211 IS-GI 2012 — short courses on DEEP

MIXING




Ground Improvement with inclusions: CMC

With added
materials

1 Drainage
Cohesive soil 2 VAcuum

Peat , clay ...

Granular soil | 3 pynamic
consolidation

Sand , fill

4 Vibroflottation




CMC — Execution

Fleet of specilized equipment
m Displacement auger => quasi no spoil
= High torque and pull down

Fully integrated grout flow control

'
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CMC — Typical Testing

= Load testing on isolated CMC
= Checking of individual capacity,

= Checking of adequate soil parameters taken
into account.

= Compression tests on material
= Checking of good grout resistance

» Data recording system during execution

= Recording of drilling parameters =>
Checking of anchorage,

= Recording of grouting parameters => No
necking




CMC - Execution




CMC Principle

= Create a composite material Soil + Rigid Inclusion (CMC) with:
» |ncreased bearing capacity
» Increased elastic modulus

» Transfer the load from structure to CMC network with a transition layer




CMC - Basic behavior under uniform load

= Negative skin friction allows to develop a good arching effect

Settlement Stress in the column
Negative skin  (F % | [ 7 | U
friction il N\
.......... Neutral
A / point
Positive skin
friction \




CMC Design - Principle

Axisymetric FEM calculation
with one CMC and the soil
=> e(. Stiffness

Global axisymetric \
calculation by modelising

the improved ground by
material having an
improved stiffness




CMC Design — Specific case of non vertical loading

= Calculation principle

1/ Estimation of the vertical stress in the column (% of the embankment load),
2/ Thus maximum momentum so that M / N <D / 8 (no traction in the mortar),

3/ Thus maximum shear force taken by the includion (similar to a pile to which
a displacement is applied),

4/ Modeling of the CMC as nails working in compression + imposed shear force
... under TALREN software (or equivalent).

Displacement Differential displacement Pressure soil/CMC

Shear force Bending moment
—-— soll i i i
e soil/CMC p.B in the CMC in the CMC
777777 R
Embankment, (0} N : 7777777777
Soft soll

m (=)

maxi. momentum (+)

77777777777

Substratum

maxi. moment




CMC Design — Benefits for the structure

= Structure shall be designed as if soil was of good quality

= Specialist contractor provides structural designer with bearing capacity, Kk,
etc...

= No connection between foundation and structure

= Structure is less complex to be designed,
= No stiff connection, thus no increase under seismic analysis,

= Structure very simple to be built: footings and slab on grade, no pile cap,
thus benefit in terms of cost and speed of execution
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General behaviour of rigid inclusions
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Présentateur
Commentaires de présentation
I would say that the rigid inclusions concept can be classified in between shallow foundations concept and the deep foundations concept. The objective of the rigid inclusions concept is to share the load of the structure between the soil and the rigid inclusion. Let’s try to illustrate in a few words this concept.
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Présentateur
Commentaires de présentation
Here is a quick overview of several finite element models.


Rigid inclusions design based on Finite Element Models

 Use of linear elastic perfectly plastic law with Mohr-Coulomb’s failure criterion

 Main basic parameters l 1 1 1
— Young’s modulus E,
— Poisson’s ratio v
— Unit weighty
— Effective cohesion ¢’
— Effective friction angle @’

« Which values should be input ?
E
— EY == 7

o
— ¢’ and @’ determined from lab tests ?



Présentateur
Commentaires de présentation
We traditionally use a linear elastic perfectly plastic model to define the behaviour of the soil layers. This model requires the five following input parameters.
Do we need to consider Em/alpha for the Young modulus which is a common correlation retained for settlement calculation.
Do we need to consider the effective shear strength parameters measured by lab tests ?
Or is it better to calibrate these parameters in order to take into account the soil – structure interaction ? I mean the interaction between the soil and the rigid inclusion ?
And I will follow this last approach.
The best solution would be to calibrate these input parameters on a plate load test executed at the beginning of the jobsite and then use these calibrated parameters to perform the global design of the project. But practically, it is generally not possible to proceed like this.
Therefore, the idea is to calibrate the input parameters in order to match the FE results with the empirical curves established by Frank & Zhao. These curves are based on the pressuremeter test results.


Semi-empirical mobilization laws of Frank and Zhao

e Behaviour at the inclusion bottom

Stress at the inclusion bottom

q

q Limit value of end-bearing pressure of an inclusion
b N pressuremeter metno

qp/2

-
Sp
Vertical displacement of the inclusion bottom

11E . . . 8E .
kq = _TM for fine-grained soils, kg = TM for granular soils

B : inclusion diameter


Présentateur
Commentaires de présentation
The semi-empirical curves are established on the interpretation of a large number of in-situ load tests performed by the laboratory of “Ponts et Chaussées” on isolated piles.


E,=E,/a
¢’ = g, (g, determined based on pressuremeter method)

¢’ =0°

' E,=1.5t06xE,_/a
‘T ¢’ =q,/9 (q, determined based on pressuremeter method), API (1991)
d)’ ~ 00



Présentateur
Commentaires de présentation
Internally we recommend the following rules to quickly converge towards the empirical results. We have set 5 of the 6 different parameters. We just need to play with the Young modulus at the tip of the CMC. We have noted that the typical value is between 1.5 to 6 times Em/alpha.


Example: Plate Load Tests in Venette, France

 Load test curve with calibrated parameters — Comparison with in-
situ load test

Curve load / deformation

Om
| -
o W
B .\l\\
]
4 N\ S | ~

E - N
E
. -10
c
: \
& -12 \
8 14 \ \\

-16 \

e Frank & Zhao
-18 = Plaxis - initial parameters
20 e Plaxis - calibrated parameters
®  In-situ load test \ \
22 | | -\ |
0 100 200 300 400 500 600 700 800

Load at inclusion head (kN)




Conclusion

e C(lassical determination of the FE input parameters is often
very conservative

 The calibration of the input parameters on the empirical
curves from Frank & Zhao allows to better simulate the rigid
inclusion behaviour

e The Frank & Zhao curves require the use of the pressuremeter
test parameters E_ et p,

e Three modelling parameters need to be calibrated:

— Effective cohesion
— Effective friction angle
— Young’s modulus


Présentateur
Commentaires de présentation
This new approach is based on the calibration of the input parameters on the empirical curves established by Roger Frank & Zhao in the eighties. This approach may be a bit surprising as it leads for instance to the introduction of shear strength parameters along the CMC shaft and at the CMC tip which are not related to the actual shear strength parameters measured by lab tests. However, we have tested this approach several times and it has been each time successful. Finally, using this approach allows to optimize projects and may lead to substantial savings for a project.


New Developement — CMC as Compaction Grouting - Design

= Principle: Execution and testing procedure

» Seismic parameters (seism PGA, Magnitude) => gc soil
profile to be achieved (Seed and Idriss methodology)

= Estimation of Replacement ratio to achieve required qc
= Execution of Works and testing by CPT
= Additional grouting if necessary

Execution of Compaction
Grouting as per preanalysis
(replacement ratio => mesh]

and diameter)

| P

Execution of CPT testing

Until CPT
results are

\ satisfactory

Results OK Results not OK

v

Execution of additional
Compaction Grouting in the
problematic layers




New Developement - CMC as Compaction Grouting -

Execution

= Same type of equipment as for CMC

= Soil displacement rig and Pump,

= Key points
= Quality of grout (grain size distribution, workability, consistancy)
= [njection speed and successive phases

= Final Testing = CPT ‘[ ‘[ H




New Developement - CMC as Compaction Grouting —




Future Caisson Stability Analysis
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As built conditions

EXHIBITED DESIGN

compacted sand fill
¢ =35°

natural undisturbed clay
(N > 50)
C, =250 kN/m?

AS-BUILT CONDITION

compacted sand fill
¢ =35°

isturBed/soffendd /s
y layer (1~ 1.,5m
. =0 KN/m?

natural undisturbed clay
(N > 50)
C, =250 kN/m?




Proposed solution

EXHIBITED DESIGN PROPOSED SOLUTION
compacted sand fill compacted sand fill
¢ =35° @ =35°
compacted sand fill compacted rock mat
1.3m o 3m
¢=35°C=0 dredggd line (p=45°C=0)
Ls undisturbed clay 15% rock (¢ = 45°) + 85% s
=M ¢=0°C, =250 kN/m? clay (C, = 80 kPa) -om
natural undisturbed clay natural undisturbed clay
(N=50) (N > 50)
@=0° C, =250 kN/m? @=0° C, =250 kN/m?



View of pounder construction




View of pounder ready to work
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General SFT up
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After compaction actual results

Original rock surface before compaction
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