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Wednesday 30 May – Short Courses :  Publications 
 

TC 211 Workshop ICSMGE Paris 2013 



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



 Static Cone Penetration (CPT) 
 Dynamic Penetration (SPT) 
 Vane Test (VT) 
 Menard Pressuremeter (PMT) 

 

Parameters related to ground improvement  

IN-SITU TEST 

LABORATORY TEST 
 Identification test 
 Oedometer test 
 Triaxial test 

 



Vane test 
(VT) 

Static Cone 
Penetration Test 

(CPT) 

Dynamic 
Penetration Test 

(SPT)  

Pressuremeter 
(PMT) 

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



Undrained cohesion of soils 

Cohesive soil 

Vane Test 



Static Penetration Test (C.P.T.) 



Process of C.P.T. 

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 

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 



Dynamic Penetration Test 
Parameters : N blows; soil identification 



Soil sample at 
failure  

Failure plane 

Porous 
stone 

impervious 
membrane 

Piston (to apply deviatoric stress) 

O-ring 

pedestal 

Perspex 
cell 

Cell pressure 
Back pressure Pore pressure or 

volume change 

Water 

Soil 
sample 

Triaxial test 



Consolidation Test: oedometer 

 



Settlement computations 



Settlement computations 



Osterberg piston sampler 

 



Louis MENARD (1933-1978) 

ENGINEER, INNOVATOR 



PRESSUREMETERS IMPROVEMENTS WITHIN THE FIRST DECADE 

D-9000 
Versatile drill 

G-type and 
GC-type 

Pressuremeter  

1971-1975 1955 1967 

The second PMT  
prototype 

1975 

Soil-soils  
edited by Mike Gambin 



WHY PRESSUREMETER? 

• Performed in previously drilled hole to any depth 
• Performed in submerged sand or gravel, directly driven slotted 

casing or STAF® method 
• Performed in fills even landfills (only possible technique) 
• Provides its own reaction 
• Large volume tested up to several tens of tons 
• Average soil response 
• Two stress-strain parameters 
• Creep information 
• Automatic data recording and test perfomance available 
• Pressuremeter modulus ( EM) (independent from porepressure) 
• Limit pressure (PLM), close to failure of plate, footing or pile tip 

 



WHY STRESS CONTROLLED TESTS ? 

• 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 



General scheme of a Ménard pressuremeter 



Evolution of the pressuremeter 



Detail of Ménard pressuremeter probe 

Type G probe :  
Central Cell + Flexible Cover  to form 2 Guard Cells. 
Central Cell Pressure is higher than in Guard Cells 
to balance cell membrane resistance. 
Pressure lag between the Central Cell and the 
Guard Cells is kept constant at a given Depth  



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 

 

Typical load tests conducted on 
foundations :                                
(i)   PBT; and                                  
(ii)  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) 



Typical PMT test  

• Geobox automatic test piloting and recording  



Typical PMT test report and interpretation 



What is a pressuremeter modulus 

• Compression modulus 
• Shear modulus 
• Poisson coefficient  (ν) 
  
• The relation between moduli is   

 
• Ménard proposes to always adopt ν=1/3 
so 
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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 Ménard 
Function of qL - qo = kp (pLM – po) 

qL - qo = kp (pLM – po) 
 

here qL is the ultimate bearing stress at the footing or pile tip 
- qo the vertical overburden stress at pile tip depth 
- kp the Ménard Bearing Factor at footing or pile tip and type of soil 
- pLM the Ménard limit pressure at footing or pile tip depth 
- po 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 c’ and Ф’ (Mohr - Coulomb) 

Bearing capacity after Terzaghi 
Function of (h, γ, D, c, Ф) 



Pressuremeter bearing capacity factor 

Pressuremeter probe, equal active zone 
Surrounding soil passive reaction 



Settlement and deformation 

D/ Menard deformation approach 

Shear domain Spherical domain or volumetric 

W(10 years)= 



NO TENSION IN SOIL IMPACTS THE PMT MODULUS  
BECAUSE ELASTICITY ASSUMES TENSION  

Briaud, Ménard lecture 2013 



The Menard Pressuremeter :  
Settlement calculation under a footing 
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SETTLEMENT UNDER HIGH RISE BUILDINGS  
IN CHICAGO 

Measured 24 mm 

TERZAGHI LECTURE 2009  
Clyde N. BAKER Jr 



PRESSUREMETER THROUGH INTERNATIONAL SYMPOSIUMS AND NORMS 

1982 
Paris, FRANCE  

23  
papers 

1986 
Texas, USA 

26  
papers 

1990 
Cambridge, UK 

36  
papers 

1995 
Sherbrooke, 

CANADA 

54  
papers 

2005 
Paris, FRANCE 

72  
papers 

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

Applicable standards: 



FOUNDATIONS DESIGNED WITH MÉNARD PRESSUREMETER 
 



 
 
Cohesive soil              
Peat , clay …     
     
     
     
     
Soil with  
friction  
     
Sand , fill  
 
 
 
 

Without added  
materials 

With added 
materials 

1 Drainage  
2 VAcuum 

3 Dynamic  
consolidation 
4 Vibroflottation 

4 Dynamic 
   replacement 
 
5 Stone columns 
6 CMC 
7 Jet Grouting 
8 Cement Mixing 

Soil Improvement Techniques 

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…



-Stable subsoil for surcharge 

-Soil can be penetrated 

-Time available is short 

-Some residual settlement is allowed 

1 – Depth 

2 – Drainage path 

3 – Cohesion 

4 – Consolidation parameters 

(oedometer, CPT) 

eO, CC, CV, CR, Cα, t,  

CPT dissipation test 

CONCEPT PARAMETERS 

Vertical drains 



σ=σ’+u 

high fines contents soils 

Preloading with vertical drains 

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



Radial and Vertical consolidation 



High fines contents soils 

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

Vertical drains: material 



Vertical Drains 



VACUUM (J.M. COGNON PATENT) 

Vacuum Consolidation (high fines contents soils) 



-Soil is too soft for surcharge 

-Time does not allow for step loading 

-Surcharge soil not available 

-Available area does not allow for berns 

1 –  Depth 
2 –  Drainage path 
3 –  Condition of impervious soil 
4 –  Watertable near surface 
5 -  Absence of pervious continuous layer 
6 –  Cohesion 
7 -  Consolidation parameters  
 (oedometer, CPT) 
 eO, CC, CV, CR, Cα, t,  
 CPT dissipation test 
8 –  Theoretical depression value 
9 –  Field coefficient vacuum 
10 –  Reach consolidation to effective 
 pressure in every layer 
11 –  Target approach 

CONCEPT PARAMETERS 

Vacuum Consolidation 



Case history – EADS Airbus Plant, Hamburg 



General overview of Airbus site 

Case history – EADS Airbus Plant, Hamburg 



Dyke construction to +6.5 in 8.5 month and to + 9.00 in 16 month 

 
Columns GCC 

 
Settlement 0,7 – 1.84 m 

 

Settlement ≥ 2,0 – 5,5 m 

 

Temporary sheet pile wall – in 5 month – dyke construction in 3 years 

Dyke construction to +6.5 in 8.5 month and to + 9.00 in 16 month 

Columns GCC Settlement 0,7 – 1.84 m 

Settlement ≥ 2,0 – 5,5 m 

Basic design and alternate concept  
of Moebius–Menard  



Subsoil characteristics 



Case history – EADS Airbus Plant, Hamburg 

How to move on the mud ! 



Case history – EADS Airbus Plant, Hamburg 



Case history – EADS Airbus Plant, Hamburg 



 PORT OF BRISBANE – PADDOCK S3B 

PROJECT OVERVIEW 
 

 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 5years; 
 Seawall construction completed in 2005; 

Port of Brisbane 
Sydney 1000 km 



 PORT OF BRISBANE – PADDOCK S3B 
GEOLOGICAL SOIL PROFILE 
 



 PORT OF BRISBANE – PADDOCK S3B 
CONSTRUCTION SEQUENCE 

Impermeable Strata 

 VACUUM 
 UNITS 

 VACUUM 
 UNITS 

SOIL BENTONITE  
CUT-OFF WALL 

VERTICAL TRANSMISSION 
PIPES INSTALLATION 

VERTICAL 
MEMBRANE 

HORIZONTAL TRANSMISSION 
PIPES INSTALLATION 

MEMBRANE HDPE 1mm SEALING TRENCH BY 
BENTONITE  PROTECTION FILL 

 1ST SURCHARGE PLACEMENT  2ND SURCHARGE PLACEMENT 

 PERMEABL
E LAYER  
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Stress path for Vacuum Process 



Case history : Kimhae (Korea) - 1998 



 
 
Cohesive soil              
Peat , clay …     
     
     
     
     
Soil with  
friction  
     
Sand , fill  
 
 
 
 

Without added  
materials 

With added 
materials 

1 Drainage  
2 VAcuum 

3 Dynamic  
consolidation 
4 Vibroflottation 

4 Dynamic 
   replacement 
 
5 Stone columns 
6 CMC 
7 Jet Grouting 
8 Cement Mixing 

Ground  Improvement  with compaction 

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…



- Age if fill saturated or not 
-PL 
-Selfbearing level 
-∅ 
-EP or EM 
-QC, FR, 
-N 
-R.D. (???) 
-Shear wave velocity 
-Seismic parameters 
-Grain size 
 
 
 

CONCEPT PARAMETERS 

Parameters for Concept 



Nice airport runway consolidation 

Very high energy (200 t , 24 m) 

Granular soil 

Case History 





AL AIN AL QUO’A in ABU DHABI 

• 1.1 Millions m² treated 
• Maximum depth=16m 
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DC: Dredged fill of New Corniche Road,  
Abu Dhabi, UAE 2003 

 



DC: Burj Dubai Old Town Residential, UAE 2004 
 





Typical master plan 



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 
 

DREDGING 

INFRASTRUCTURE 

GROUND 
IMPROVEMENT 

ROADS 

MARINE 
WORKS 

CIVIL 
WORKS 
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3 - CORAL - 26-35 - 6-12 - - 5,1-7,2 35-60

4 - LOOSE TO MED DENSE SAND SM - 12-37 3-18 15-80 0,5-1,8 4-12 28-85

 

 

 

 

 

  



VARIATION IN SOIL PROFILE OVER 30 METERS 
 



Concept 

+ 1.2 

+ 2.5 

+ 4.0 

2 meters arching laer 

Depth of footing = 0.8m 
Below G.L. 

Working platform (gravelly sand) 

Compressible layer from loose 
sand to very soft sabkah 

Engineered fill 

0 to 9 meters 

150 TONS 

σz = 200 kn/m² 



TYPICAL SOIL PROFILE 
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SELECTION OF TECHNIQUE 

DC (Dynamic Compaction) 



Shock waves during dynamic 
consolidation – upper part of figure 
after R.D. Woods (1968). 



KAUST 
Dates for soil improvement 



SELECTION OF TECHNIQUE 

NGL
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Preloading

DR (Dynamic 
Replacement) 
 
HDR (High Energy 
Dynamic 
Replacement) + 
surcharge 



EQUIPMENT RESOURCES 

•13 DC/DR Rigs of 95 to 120 tons 
•15 pounders from 12-23 tons 
•30 vehicles (bus, 4x4, pick-up, berlines) 
•1 truck with crane 
•1 forklift 
•3 CPT rigs 
•1 drill + pressuremeter 
•15 containers 
•1 set of site offices 

 



TYPICAL SURFACE CONDITIONS 





TYPICAL TEST PITS (120) AND GRAIN SIZE 



Before DC After DC – Between columns 
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STRESS DISTRIBUTION 
ANALYSIS OF WORST CASE FOR VARIOUS GRIDS 

. 
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STRESS DISTRIBUTION 
Grid 5,50 x 5,50 

 

Grid 3,80 x 3,80 

Stresses at 
El (0) 

 

Stresses at El 
(-1,0 m) 

 



Afin de vous aider à protéger votre confidentialité, PowerPoint a bloqué le téléchargement automatique de cette image.

BASIS  

•60 grainsize tests 

•180 PMT tests 

 

PARAMETERS 

•PL – Po = pressuremeter limit pressure  

•kJ/m3 = Energy per m3 (E) 

•% = % passing n°200 sieve 

•I = improvement factor  

•S.I : energy specific improvement factor 

 

LEGEND 

          Average pre-treatment values 

          Average values between phases 

          Average post-treatment values 

 SPEC DC : PL – Po ≥ 0.75 MPa 

 SPEC DR : PL – Po ≥ 0.18 MPa 

 

K.A.U.S.T. – Saudi Arabia 
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SPREAD SHEET OF CALCULATION OF SETTLEMENT  
AND BEARING CAPACITY 

 



Dynamic surcharge 





VIBROFLOTS 

Amplitude 
28 – 48mm 



GENERAL ARRAGEMENT COUNTERFORTS INCLUDING RECLAMATION 

PORT BOTANY EXPANSION PROJECT 



PORT BOTANY EXPANSION PROJECT 



PORT BOTANY EXPANSION PROJECT 



 
 
Cohesive soil              
Peat , clay …     
     
     
     
     
Granular soil 
     
Sand , fill  
 
 
 
 

Without added  
materials 

With added 
materials 

1 Drainage  
2 VAcuum 

3 Dynamic  
consolidation 
4 Vibroflottation 

4 Dynamic 
   replacement 
 
5 Stone columns 
6 CMC 
7 Jet Grouting 
8 Cement Mixing 

Ground Improvement  with inclusions: stone columns 



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 
Stone Columns 
bottom feed to 
22 m depth 
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Without added  
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With added 
materials 

1 Drainage  
2 VAcuum 

3 Dynamic  
consolidation 
4 Vibroflottation 

4 Dynamic 
   replacement 
 
5 Stone columns 
6 CMC 
7 Jet Grouting 
8 Cement Mixing 

Ground Improvement  with inclusions: Deep Mixing 
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Construction principles and equipment 

Execution process and ground improvement patterns 

- Two types of installation method: wet and dry mixing 

 Soil-cement columns 
 Rectangular soil mix panels 
 Continuous barriers 
 Global mass stabilization 

- Ground improvement patterns: 

Quasthoff. State of the art in “Dry Soil Mixing” – Basics 
and case study . IS-GI 2012 
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Construction principles and equipment 

Wet soil-cement column systems 
CVR C-mix® system 

Denies et al. Soil Mix walls as retaining structures – Belgian 
practice. IS-GI 2012 

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

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

Denies et al. Soil Mix walls as retaining structures – Belgian 
practice. IS-GI 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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Construction principles and equipment 

Wet soil-cement column systems 
Keller Foundations FLAPWINGS® system Soletanche Bachy SPRINGSOL® system 

Lambert et al. Soil-cement columns, an 
alternative soil improvement method. IS-GI 2012 

Guimond-Barrett et al. Deep mixing for reinforcement of railway platforms with a 
spreadable tool. IS-GI 2012 

Wet soil mixing systems for ground reinforcement under an existing railway track 

The drilling can be protected by steel tubes to avoid grout pollution of the top layers like ballast of 
railways 
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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 IS-GI 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% 
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Construction principles and equipment 

ALLU® mass stabilization system 

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

Wet and dry methods are available 



Deep mixing – EN 14679 (CEN TC 288) : field of 
application 
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Field of applications and case histories 

Earth/water retaining structures 

Peixoto et al. Permanent Excavation Support in Urban Area using Cutter Soil 
Mixing technology at Cannes. IS-GI 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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Field of applications and case histories 

Earth/water retaining structures 

Pinto et al. Ground Improvement Solutions using CSM Technology. IS-GI 2012 

Construction of shafts with CSM technology 



Afin de vous aider à protéger votre confidentialité, PowerPoint a bloqué le téléchargement automatique de cette image.

Field of applications and case histories 

Slope stabilization 

Pinto et al. Ground Improvement Solutions using CSM Technology. IS-GI 2012 

Widening of an existing road platform: 
 
 

Slope stabilization and foundation of the retaining wall 
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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-GI 2012 
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Hydro-mechanical characterization of DSM material: 
some results form the research project in B 

Typical UCS values  

Denies et al. SOIL MIX WALLS as retaining structures – mechanical characterization. IS-GI, 
Brussels 2012  !!! 

DSM core samples 
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UCS and curing time effect (NEW RESULTS) 

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

UCS 

Time (days) 
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UCS and curing time effect (NEW RESULTS) 

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

After 126 days : no increase of UCS 
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UCS and Modulus of Elasticity (E) 

Denies et al. SOIL MIX WALLS as retaining structures – mechanical characterization. IS-GI, 
Brussels 2012  

NBN EN 12390-3: 2008  
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DSM core samples 

Hydro-mechanical characterization of DSM material: some results 
form the research project in B 
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UCS and Tensile splitting strength (T) 
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NBN EN 12390-3: 2008  

DSM core samples 

Hydro-mechanical characterization of DSM material:  
some results form the research project in B 
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Porosity and permeability 
NBN B15-215  
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Denies et al. SOIL MIX WALLS as retaining structures – mechanical characterization. IS-GI, 
Brussels 2012  

DSM core samples 

Hydro-mechanical characterization of DSM material:  
some results form the research project in B 
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TC 211 IS-GI 2012 – short courses on DEEP 
MIXING 

 In situ EI characteristics  
 Effect on strains in steel reinforcement 

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

Large-scale bending tests @ BBRI (17 tests – 7 sites) 
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1 Drainage  
2 VAcuum 

3 Dynamic  
consolidation 
4 Vibroflottation 

4 Dynamic 
   replacement 
 
5 Stone columns 
6 CMC 
7 Jet Grouting 
8 Cement Mixing 

Ground Improvement  with inclusions: CMC 



CMC – Execution 

Soft soil 

Grout 
flow 

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

 Fully integrated grout flow control 



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 

128 



CMC Principle 

Stress 
concentration 

CM
C 

Residual stress 
Arch effect between the 

columns CM
C 

Transition 
layer 

 Create a composite material Soil + Rigid Inclusion (CMC) with:
 Increased 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 

Positive skin 
friction 

Settlement 

Soil 

Column 

Stress in the column 

Neutral 
point 

Depth 

 Negative skin friction allows to develop a good arching effect



CMC Design - Principle 

Complex Soil + CMC with 
improved characteristics 

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

Global axisymetric 
calculation by modelising 
the improved ground by
material having an 
improved stiffness



δ

 

CMC Design – Specific case of non vertical loading 

R
i 

Ti 

 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).



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, k, 
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



Load-bearing layer 

General behaviour of rigid inclusions 

QP(0) + FN = Qmax = FP + QP(L)  

Dense soil 

Soft 
soil 

Load transfer 
platform 

Rigid inclusions 

q0 
QP(0) QP(0) 

Qmax 
= QP(0) + FN 

qS qS 

QP(z) 

z z 

FP 

FN 

N N 

hc 

QP(L) QP(L) 

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.



Rigid inclusions design based on Finite Element Models 

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 
– Young’s modulus EY 
– Poisson’s ratio ν 
– Unit weight γ 
– Effective cohesion c’ 
– Effective friction angle φ’ 

 
• Which values should be input ? 

– 𝐄𝐄𝐘𝐘 = 𝐄𝐄𝐦𝐦
𝛂𝛂

 ? 
– c’ and φ’ 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 

• Behaviour at the inclusion bottom 

sb 

𝐤𝐤𝐪𝐪 = 𝟏𝟏𝟏𝟏𝐄𝐄𝐌𝐌
𝐁𝐁

 for fine-grained soils, 𝐤𝐤𝐪𝐪 = 𝟒𝟒.𝟖𝟖𝐄𝐄𝐌𝐌
𝐁𝐁

 for granular soils 
  
B : inclusion diameter 

sb 

q 

Limit value of end-bearing pressure of an inclusion 
(determined in this case based on pressuremeter method) 

Vertical displacement of the inclusion bottom  
 

Stress at the inclusion bottom 

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.



Calibration of FEM input parameters on Frank & Zhao’s laws 

EY = Em/α 
c’ = qs (qs determined based on pressuremeter method) 
φ’ ≈ 0° 

 

EY = 1.5 to 6 x Em/α 
c’ = qb/9 (qb determined based on pressuremeter method), API (1991) 
φ’ ≈ 0° 

 

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 
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• Load test curve with calibrated parameters – Comparison with in-
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Conclusion 

 
• Classical 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 

• The Frank & Zhao curves require the use of the pressuremeter 
test parameters Em et pl 

• 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 

Results OK Results not OK

Execution of additional 
Compaction Grouting in the 

problematic layers

Until CPT 
results are 
satisfactory

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

and diameter)

Execution of CPT testing

 Principle: Execution and testing procedure
 Seismic parameters (seism PGA, Magnitude) => qc 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



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)
 Injection speed and successive phases

 Final Testing = CPT



New Developement - CMC as Compaction Grouting – 
Fos LNG Terminal 



Future Caisson Stability Analysis 



As built conditions 



Proposed solution 

Layer I 
 
 
Layer II   

15% rock (φ = 45°) +            85% clay (Cu = 50 
kPa) 



View of pounder construction 



View of pounder ready to work 



General SFT up 



After compaction actual results 

 

φ=48 degree
Ar=22%
C=0kPa
Column Dia=2.4m

φ=40 degree φ=40 degree

Cu=50kPa Cu=50kPa

Cu=250kPa

φ=48 degree
Ar=22%
C=0kPa
Column Dia=2.4m

φ=48 degree
Ar=22%
C=0kPa
Column Dia=2.4m1.3m

1.3m

0.2m

Original rock surface before compaction



Terima kasih… 
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