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Abstract  

Ground improvement techniques using concrete injected column (CIC) or controlled 

modulus column (CMC) have been widely used since 1980s. However, impacts of ground 

displacement induced by the techniques have not been studied adequately. This project 

advances both experimental and numerical bases for assessing effects of installing CICs 

or CMCs on the surrounding soils and previously installed columns, with interests given 

to installation sequence and behaviour of concrete inclusion at early age.  

Three-dimensional numerical modelling was conducted to investigate how groups of 

columns installed in different sequences could affect previously installed columns. The 

assessment included coupled consolidation analyses in large strain mode, considering 

soil-column interaction. CMC installation was modelled numerically with the combined 

use of cylindrical and spherical cavity expansion theories. Where possible, the results 

were compared with analytical solutions and published field cases. The study revealed 

that the use of different installation sequences resulted in noticeable differences in the soil 

responses near existing CMCs as well as the difference in the bending moments generated 

in the previously installed columns. 

A soil-displacement piling rig and a fully instrumented soil tank were also designed and 

built in the laboratory to simulate column installations and to study the soil behaviour and 

the responses of previously built columns to nearby installations. A group of concrete 

columns were cast in-situ in soft soil using low strength concrete. The installation effects 

in terms of soil behaviours and structural responses of the columns were well captured by 

3D laser scanning, soil miniature instrumentation, and a customised strain gauge system 

installed in CMCs. Test results revealed complex interactions between the soil and the 

columns, which are otherwise often difficult to observe in the field.   



vii 
 

Contents 

ACKNOWLEDGMENT iii 

LIST OF RESEARCH PAPERS iv 

ABSTRACT vi 

CONTENTS vii 

LIST OF FIGURES xii 

LIST OF TABLES xix 

LIST OF SYMBOLS xx 

 

CHAPTER 1 INTRODUCTION .............................................................................................................. 1 

1.1 BACKGROUND AND PROBLEM STATEMENT ............................................................................................... 1 

1.2 SCOPE AND OBJECTIVES ....................................................................................................................... 5 

1.3 THESIS OUTLINE ................................................................................................................................. 6 

CHAPTER 2 LITERATURE REVIEW ...................................................................................................... 8 

2.1 CMC – DISPLACEMENT PILING FOR GROUND IMPROVEMENT ...................................................................... 8 

2.1.1 History of CMCs .................................................................................................................... 8 

2.1.2 CMC Displacement Auger ................................................................................................... 10 

2.1.3 CMC Installation Process .................................................................................................... 11 

2.2 INSTALLATION EFFECTS AND INSTALLATION SEQUENCE ............................................................................. 15 

2.2.1 Construction Site at an Elementary School in the USA ....................................................... 15 

2.2.2 Channel Tunnel Rail Link (CTRL) .......................................................................................... 17 

2.2.3 Coopernook to Herons Creek Alliance Project .................................................................... 18 

2.2.4 Upgrade of a Motorway Interchange in Australia.............................................................. 19 

2.2.5 Bridge Approach for a Highway Upgrade Project .............................................................. 21 

2.2.6 Large Embankment for Highway Upgrade ......................................................................... 22 

2.2.7 Model Test on Displacement Augers .................................................................................. 22 

2.2.8 Summary ............................................................................................................................ 24 



viii 
 

2.3 CMC GROUT AND PROPERTIES AT EARLY AGE ........................................................................................ 25 

2.3.1 Grout Mixture ..................................................................................................................... 25 

2.3.2 Strength and Stiffness ........................................................................................................ 26 

2.3.3 Material Models ................................................................................................................. 30 

2.3.4 Quality Control and Testing ................................................................................................ 35 

2.4 EXISTING ANALYTICAL SOLUTIONS ........................................................................................................ 36 

2.4.1 Cavity Expansion Methods ................................................................................................. 36 

2.4.2 Lateral Soil Displacement ................................................................................................... 37 

2.4.3 Excess Pore Water Pressure................................................................................................ 38 

2.4.4 Shallow Strain Path Method ............................................................................................... 39 

2.4.5 Chai’s Method .................................................................................................................... 41 

2.5 EXISTING NUMERICAL METHODS ......................................................................................................... 43 

2.5.1 Remeshing Technique in Numerical Modelling .................................................................. 43 

2.5.2 Updated Lagrangian and Update Mesh in FLAC3D/PLAXIS ................................................. 46 

2.5.3 Numerical Approach and Cavity Expansion Method .......................................................... 47 

2.5.4 The Two-Stage Approach ................................................................................................... 48 

2.6 IMPORTANT FEATURES OF MODEL TESTS ............................................................................................... 48 

2.6.1 Single Gravity Modelling and Scale Factor ......................................................................... 49 

2.6.2 Penetration Rate ................................................................................................................ 51 

2.6.3 Strain Gauge Embedment in Concrete Pile ......................................................................... 52 

2.6.4 Soil-Column Interaction ...................................................................................................... 54 

2.7 GAP AND LIMITATIONS IN CURRENT LITERATURE ..................................................................................... 57 

CHAPTER 3 NUMERICAL COMPARISON OF INSTALLATION SEQUENCES OF PLAIN CONCRETE RIGID 

INCLUSIONS 59 

3.1 SYNOPSIS ........................................................................................................................................ 59 

3.2 INTRODUCTION ................................................................................................................................. 61 

3.3 NUMERICAL SIMULATION ................................................................................................................... 65 

3.3.1 Finite Difference Mesh and Boundary Conditions .............................................................. 65 



ix 
 

3.3.2 Adopted Installation Sequences ......................................................................................... 67 

3.3.3 Ground Profile and Properties ............................................................................................ 69 

3.3.4 CMC Properties ................................................................................................................... 73 

3.3.5 Initial Conditions and CMC-Soil Interface ........................................................................... 77 

3.3.6 Cavity Expansion to Simulate Column Installation ............................................................. 79 

3.4 RESULTS AND DISCUSSION .................................................................................................................. 82 

3.4.1 Response of Soil to CMC Installation .................................................................................. 82 

3.4.2 Responses of Previously Installed CMC to New Nearby CMCs .......................................... 106 

3.5 SUMMARY ..................................................................................................................................... 125 

CHAPTER 4 LABORATORY MODEL TEST ON THE RESPONSES OF EARLY AGE CONCRETE INCLUSIONS 

IN SOFT GROUND SUBJECT TO NEARBY INSTALLATIONS .................................................................... 128 

4.1 SYNOPSIS ...................................................................................................................................... 128 

4.2 INTRODUCTION ............................................................................................................................... 129 

4.3 MODEL TEST SET-UP AND MATERIAL PROPERTIES ................................................................................. 131 

4.3.1 Equipment ........................................................................................................................ 131 

4.3.2 Soil Bed Preparation ......................................................................................................... 139 

4.3.3 Concrete Column Properties ............................................................................................. 145 

4.4 METHOD OF INSTALLING COLUMNS .................................................................................................... 146 

4.4.1 Column Layout and Sequence of Installation ................................................................... 146 

4.4.2 Installing the Central Column ........................................................................................... 148 

4.4.3 Installing Perimeter Columns............................................................................................ 155 

4.5 RESULTS AND DISCUSSION ................................................................................................................ 158 

4.5.1 Responses of Soil to Column Installations ........................................................................ 158 

4.5.2 Response of Column C1 to Nearby Installations ............................................................... 173 

4.6 SUMMARY ..................................................................................................................................... 180 

CHAPTER 5 EFFECTS OF PILE PENETRATION IN COMPARISON WITH COMBINED CYLINDRICAL AND 

SPHERICAL CAVITY EXPANSIONS: EXPERIMENTAL AND NUMERICAL STUDIES .................................... 182 



x 
 

5.1 SYNOPSIS ...................................................................................................................................... 182 

5.2 INTRODUCTION ............................................................................................................................... 183 

5.3 LABORATORY MODEL TEST ............................................................................................................... 187 

5.3.1 Soil Tank ........................................................................................................................... 187 

5.3.2 Soil Bed Preparation ......................................................................................................... 187 

5.3.3 Soil Properties ................................................................................................................... 190 

5.3.4 Jacked Pile Penetration..................................................................................................... 193 

5.4 FINITE DIFFERENCE ANALYSIS ............................................................................................................ 198 

5.4.1 Geometry and Boundary Conditions................................................................................. 198 

5.4.2 Material Model for Soft Soil ............................................................................................. 201 

5.4.3 Numerical Simulation of Cavity Expansion ....................................................................... 201 

5.5 COMPARISON BETWEEN RESULTS OF MODEL TEST AND NUMERICAL SIMULATION ....................................... 205 

5.5.1 Soil Penetration Resistance during Pile Penetration ........................................................ 205 

5.5.2 Predicted versus Measured Excess Pore Water Pressures ................................................ 206 

5.5.3 Predicted versus Measured Surface Soil Movement ......................................................... 209 

5.6 SUMMARY ..................................................................................................................................... 211 

CHAPTER 6 PRACTICAL AND CONSTRUCTION ASPECTS OF CMC INSTALLATION EFFECTS ............... 213 

6.1 INTRODUCTION ............................................................................................................................... 213 

6.2 BRIDGE PILE RESPONSE TO LATERAL SOIL MOVEMENT INDUCED BY INSTALLATION OF CONTROLLED MODULUS 

COLUMNS ............................................................................................................................................... 213 

6.2.1 Objectives ......................................................................................................................... 213 

6.2.2 Numerical modelling ........................................................................................................ 215 

6.2.3 Material Modelling ........................................................................................................... 216 

6.2.4 Interfaces, Boundary and Initial Conditions ..................................................................... 217 

6.2.5 Modelling CMC Installation .............................................................................................. 218 

6.2.6 Results and Discussion ...................................................................................................... 219 

6.2.7 Summary .......................................................................................................................... 226 



xi 
 

6.3 SUSTAINABILITY CONSIDERATIONS FOR GROUND IMPROVEMENT TECHNIQUE USING CONTROLLED MODULUS 

COLUMNS ............................................................................................................................................... 227 

6.3.1 Objectives ......................................................................................................................... 227 

6.3.2 Sustainability Aspect of CMCs .......................................................................................... 229 

6.3.3 Potential Development in Terms of Sustainability for CMC .............................................. 233 

6.3.4 Summary .......................................................................................................................... 240 

CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH ............................ 242 

7.1 SUMMARY ..................................................................................................................................... 242 

7.2 CONCLUSIONS ................................................................................................................................ 244 

7.2.1 Effects of Installation Sequences on Previously Installed Concrete Columns ................... 244 

7.2.2 Responses of Early Age Concrete Inclusions Subject to Nearby Installations ................... 246 

7.2.3 Effects of Pile Penetration in Comparison with Cavity Expansion Numerical Modelling .. 247 

7.2.4 Practical and Construction Aspects of CMC Installation Effects ....................................... 247 

7.3 RECOMMENDATIONS FOR FUTURE RESEARCH ....................................................................................... 248 

 

REFERENCES 251 

APPENDICES 274 

  



xii 
 

List of Figures 

FIGURE 1.1 COST, TIME FOR THE RESULT, AND PERFORMANCE CONSIDERATIONS OF DIFFERENT GROUND IMPROVEMENT 

METHODS (MODIFIED AFTER HIGGINS 2014) ................................................................................................ 2 

FIGURE 1.2 TYPICAL SHAPE OF EXCAVATED COLUMNS PRESENTING SOUND CHARACTERISTICS (NGUYEN ET AL. 2014) ........... 3 

FIGURE 2.1 CMC AUGER: (A) PATENTED HOLLOW DISPLACEMENT AUGER (MODIFIED AFTER COGNON 2004) (B) 

DISPLACEMENT AUGER AT THE GERRINGONG PROJECT SITE IN NSW, AUSTRALIA ............................................... 11 

FIGURE 2.2 A CMC PILING RIG USED IN GERRINGONG, NSW, AUSTRALIA ................................................................. 12 

FIGURE 2.3 A PILING RIG FOR CMC CONSTRUCTION WITH A MAST LENGTH OF 25.2 M (PHOTO COURTESY OF MENARD 

GMBH) .............................................................................................................................................. 13 

FIGURE 2.4 CMC GROUND IMPROVEMENT METHOD: (A) INSTALLATION OF CMC, AND (B) CONSTRUCTION OF LTP AFTER 

COLUMNS INSTALLATION ......................................................................................................................... 14 

FIGURE 2.5 TYPICAL GROUND IMPROVEMENT DESIGN ALONG THE BRIDGE APPROACH EMBANKMENT ............................... 14 

FIGURE 2.6 INSTALLATION SEQUENCE TO AVOID DAMAGE TO ADJACENT FRESHLY GROUTED COLUMNS (MODIFIED AFTER 

PLOMTEUX, PORBAHA & SPAULDING 2004) .............................................................................................. 17 

FIGURE 2.7 COLUMN INSTALLATION WITH TWO DIFFERENT INTERLEAVE PASSES AT THE CAMDEN HAVEN NORTH BRIDGE 

APPROACH (AFTER HEWITT, SUMMERELL & HUANG 2009) ........................................................................... 18 

FIGURE 2.8 MOVEMENT OF THE COLUMN HEAD: (A) HORIZONTAL MOVEMENT, AND (B) UPLIFT; (PLOTTED USING DATA FROM 

LARISCH, KELLY & MUTTUVEL 2015) ........................................................................................................ 20 

FIGURE 2.9 COLUMN PATTERN AND INSTALLATION SEQUENCE (AFTER LARISCH, KELLY & MUTTUVEL 2015) ..................... 21 

FIGURE 2.10 COMPARISON BETWEEN (A) CMC AUGER (COGNON 2004; MASSE ET AL. 2017) AND THE ROTARY 

DISPLACEMENT AUGER WITH LARGE DISPLACEMENT BODY (HIRD, NI & GUYMER 2011; SKINNER ET AL. 2003) ....... 24 

FIGURE 2.11 CMC GROUT AT GERRINGONG PROJECT SITE IN NSW AUSTRALIA .......................................................... 26 

FIGURE 2.12 DRILLED DISPLACEMENT COLUMNS INSTALLED AT CAMDEN HAVEN RIVER BRIDGE, NEW SOUTH WALES, 

AUSTRALIA (AFTER HEWITT, SUMMERELL & HUANG 2009) ........................................................................... 27 

FIGURE 2.13 CRACK INITIATION AND DEVELOPMENT IN DDC COLUMNS (AFTER LARISCH, KELLY & MUTTUVEL 2015) ........ 28 

FIGURE 2.14 FLAC3D MOHR-COULOMB FAILURE CRITERION (MODIFIED AFTER ITASCA 2012) ....................................... 31 

FIGURE 2.15 DOMAINS USED IN THE DEFINITION OF FLOW RULE (AFTER ITASCA 2012) ................................................. 32 

FIGURE 2.16 TYPICAL STATIC LOAD TEST RESULTS (NGUYEN ET AL. 2014) .................................................................. 35 



xiii 
 

FIGURE 2.17 LATERAL DISPLACEMENT OF A SOIL ELEMENT AT A RADIUS R DUE TO CAVITY EXPANSION, (AFTER VESIC 1972) . 37 

FIGURE 2.18 AXISYMMETRIC ‘SIMPLE PILE’ WITH GEOMETRY AND NOTATION USED IN SSPM ANALYSES (SAGASETA, WHITTLE 

& SANTAGATA 1997) ............................................................................................................................ 41 

FIGURE 2.19 PLAN VIEW SHOWING POINT A, WHERE LATERAL SOIL DISPLACEMENT IN THE X DIRECTION TO BE CALCULATED BY 

CHAI ET AL.’S METHOD (AFTER CHAI, MIURA & KOGA 2005) ........................................................................ 42 

FIGURE 2.20 FINITE CAVITY EXPANSION FOR MODELLING PILE INSTALLATION (AFTER CARTER, RANDOLPH & WROTH 1979) 48 

FIGURE 2.21 MEASURING STRAINS ALONG EITHER SIDE OF THE PILE (AFTER MOHAMAD ET AL. 2011) ............................. 53 

FIGURE 3.1 MODEL GEOMETRY IN 3D VIEW ......................................................................................................... 66 

FIGURE 3.2 PLAN VIEW OF (A) INSTALLATION SEQUENCE NO. 1 AND (B) INSTALLATION SEQUENCE NO. 2, USED IN NUMERICAL 

MODELS (ALL DIMENSIONS IN MILLIMETRES) ................................................................................................ 68 

FIGURE 3.3 PROFILES OF (A) INITIAL PORE WATER PRESSURE AND VERTICAL EFFECTIVE STRESSES, (B) OVER-CONSOLIDATION 

RATIO (C) UNDRAINED SHEAR STRENGTH, AND (D) RIGIDITY INDEX OF SOIL ......................................................... 71 

FIGURE 3.4 DEVELOPMENT OF THE UNIAXIAL COMPRESSIVE STRENGTH OF FLY ASH CONCRETE WITH TIME ......................... 74 

FIGURE 3.5 (A) SIMPLIFIED MODEL FOR CMC INSTALLATION, AND (B) DEFORMED MESH AFTER UNDRAINED CAVITY EXPANSION 

AT CMC 6 IN SEQUENCE NO. 1 ................................................................................................................ 81 

FIGURE 3.6 CONTOURS OF LATERAL SURFACE SOIL DISPLACEMENT (A) IN X DIRECTION AND (B) IN Y DIRECTION, INDUCED BY 

INSTALLING THE FIRST CMC ..................................................................................................................... 83 

FIGURE 3.7 MAGNITUDE OF LATERAL SOIL DISPLACED BY THE INSTALLATION OF CMC1 (A) PLAN VIEW, AND (B) CROSS SECTION 

THROUGH CMC1 AXIS ............................................................................................................................ 84 

FIGURE 3.8 ACCUMULATED LATERAL SOIL DISPLACEMENT INDUCED BY TWO CMCS INSTALLED IN SUCCESSION: (A) PLAN VIEW, 

AND (B) CROSS SECTION THROUGH THE AXIS OF CMC 2 AND CMC E2 ............................................................. 85 

FIGURE 3.9 COMPARISONS OF CHAI’S METHOD (CHAI ET AL. 2009) AND THIS NUMERICAL STUDY FOR LATERAL SOIL 

MOVEMENT INDUCED BY INSTALLING COLUMNS OF THE FIRST ROW .................................................................. 86 

FIGURE 3.10 INDUCED SOIL MOVEMENT: (A) LATERAL DISPLACEMENT OF SOIL IN Y DIRECTION, AND (B) SOIL HEAVE BETWEEN 

TWO ADJACENT EXISTING CMCS AFTER INSTALLING NEW CMCS ..................................................................... 87 

FIGURE 3.11 COMPARISON OF MEASURED AND NUMERICALLY PREDICTED LATERAL SOIL MOVEMENTS IN THE SOIL INDUCED BY 

THE ADJACENT COLUMN INSTALLATION SITE ................................................................................................. 88 



xiv 
 

FIGURE 3.12 COMPARISONS OF SAGASETA, WHITTLE & SANTAGATA (1997) ANALYTICAL METHOD AND THIS NUMERICAL 

STUDY FOR SOIL HEAVE INDUCED BY INSTALLATION OF CMC 1 ........................................................................ 90 

FIGURE 3.13 SOIL HEAVE AND CMC UPLIFT DUE TO NEW INSTALLATIONS (A) SEQUENCE NO. 1 AND (B) SEQUENCE NO. 2 .. 91 

FIGURE 3.14 CONTOUR PLOT OF THE VERTICAL MOVEMENT OF SOIL AT THE SURFACE AFTER INSTALLING ALL THE CMCS: (A) 

SEQUENCE NO. 1 AND, (B) SEQUENCE NO. 2 .............................................................................................. 93 

FIGURE 3.15 TIME-DEPENDENT UPLIFT OF CMCS AND SOIL HEAVE: (A) SEQUENCE NO. 1 AND, (B) SEQUENCE NO. 2 ........ 95 

FIGURE 3.16 SOIL HEAVE BETWEEN TWO EXISTING CMCS DURING AND AFTER INSTALLING CMC1-6 WITH THE TIME AXIS 

PLOTTED: (A) ON A LOGARITHMIC SCALE AND (B) ON A NORMAL SCALE ............................................................. 96 

FIGURE 3.17. EXCESS PORE WATER PRESSURE GENERATED BY INSTALLING CMC 1: (A) CURRENT NUMERICAL PREDICTION, AND 

(B) EXISTING ANALYTICAL SOLUTIONS BY VESIC (1972).................................................................................. 97 

FIGURE 3.18 ACCUMULATED EXCESS PORE WATER PRESSURE ALONG THE FRONT FACE OF CMC E2, INDUCED BY INSTALLING 

NEARBY CMCS (SEQUENCE NO. 1) ........................................................................................................... 99 

FIGURE 3.19 ACCUMULATED EXCESS PORE WATER PRESSURE ALONG THE FACE OF CMC E2, INDUCED BY INSTALLING NEARBY 

CMCS (SEQUENCE NO. 2) .................................................................................................................... 100 

FIGURE 3.20 EXCESS PORE WATER PRESSURE ALONG CMC E2 FRONT FACE: (A) POINT D, (B) POINT E, (C) POINT F ........ 102 

FIGURE 3.21 EXCESS PORE WATER PRESSURE AND MEAN EFFECTIVE STRESS OF SOIL: (A) AT 2M DEPTH, AND (B) BELOW THE 

BASE OF CMC E2 AND CMC2 ............................................................................................................... 104 

FIGURE 3.22 SCHEMATIC DIAGRAM OF HEAD MOVEMENTS OF CMC E2: (A) INSTALLATION SEQUENCE NO. 1 AND (B) 

INSTALLATION SEQUENCE NO. 2 ............................................................................................................. 105 

FIGURE 3.23 (A) UPLIFT OF EXISTING CMC E2 DUE TO INSTALLING NEW CMCS, (B) AXIAL STRAIN IN CMC E2, AND (C) 

DISPLACEMENT OF CMC E2 TIP DURING AND AFTER CMC INSTALLATIONS ..................................................... 108 

FIGURE 3.24 LATERAL DEFLECTION OF EXISTING CMC E2 INDUCED BY NEW INSTALLATIONS NEARBY: (A) INSTALLATION 

SEQUENCE NO. 1, AND (B) INSTALLATION SEQUENCE NO. 2 ........................................................................ 110 

FIGURE 3.25 PROFILE OF CMC E2 IN TERMS OF: (A) LATERAL DEFLECTION (B) BENDING MOMENT (C) SHEAR FORCE AND (D) 

NET LATERAL SOIL RESISTANCE FOLLOWING INSTALLATION SEQUENCES NO. 1 AND NO. 2 ................................... 112 

FIGURE 3.26 TIME-DEPENDENT RESPONSES OF COLUMN CMC E2: (A) LATERAL DEFLECTION AND (B) BENDING MOMENT DUE 

TO INSTALLATION SEQUENCE NO. 1; AND (C) LATERAL DEFLECTION AND (D) BENDING MOMENT DUE TO INSTALLATION 

SEQUENCE NO. 2 ................................................................................................................................ 115 



xv 
 

FIGURE 3.27 HOEK-BROWN YIELD SURFACE AND STRESS STATE IN CMC E2 ALONG POINT K........................................ 116 

FIGURE 3.28 EVOLUTION OF TENSION PLASTICITY IN CMC E2 AT: (A) ONE DAY OLD AND (B) 28 DAY OLD, SUBJECT TO CMC1-

6 INSTALLATIONS USING SEQUENCE NO. 1 ................................................................................................ 118 

FIGURE 3.29 EVOLUTION OF TENSION PLASTICITY IN CMC E2 AT: (A) ONE DAY OLD, AND (B) 28 DAY OLD, SUBJECT TO 

CMC6-1 INSTALLATIONS USING SEQUENCE NO. 2 ..................................................................................... 119 

FIGURE 3.30 MAXIMUM TENSION STRESS GENERATED IN CMC E2 (AFTER 28 DAYS OF CURING), INDUCED BY INSTALLATION 

SEQUENCE NO. 2 ................................................................................................................................ 120 

FIGURE 3.31 EFFECT OF CURING PERIODS ON BEHAVIOUR OF CMC E2: (A) LATERAL DEFLECTION, (B) BENDING MOMENT, (C) 

SHEAR FORCE, AND (D) LATERAL SOIL RESISTANCE (SEQUENCE NO. 1) ............................................................ 123 

FIGURE 3.32 EFFECT OF CURING PERIODS ON BEHAVIOUR OF CMC E2: (A) LATERAL DEFLECTION (B) BENDING MOMENT, (C) 

SHEAR FORCE, AND (D) LATERAL SOIL RESISTANCE (SEQUENCE NO. 2) ............................................................ 124 

FIGURE 4.1 SCHEMATIC SET-UP FOR COLUMN INSTALLATION SIMULATION (ALL DIMENSIONS IN MM) ............................. 133 

FIGURE 4.2 PILING ASSEMBLY FOR SOIL DISPLACEMENT AND GROUTING (ALL DIMENSIONS IN MM) ................................ 134 

FIGURE 4.3 SCHEMATIC DIAGRAM OF THE CONSOLIDATION CELL: (A) CROSS-SECTIONAL VIEW, AND (B) PLAN VIEW (ALL 

DIMENSIONS ARE IN MM) ...................................................................................................................... 136 

FIGURE 4.4 MINIATURE INSTRUMENTATION: (A) IN-SOIL PORE WATER PRESSURE TRANSDUCERS, (B) PRESSURE TRANSDUCERS 

WITH CABLE EXITING AT THE BACK OF SENSOR (C) PRESSURE TRANSDUCERS WITH CABLE EXITING AT THE SIDE OF THE 

SENSOR (COURTESY OF TOKYO SOKKI KENKYUJO CO., LTD) .......................................................................... 138 

FIGURE 4.5 THE 250 KN AXIAL LOADING SYSTEM FOR CONSOLIDATING SLURRY IN THE SOIL TANK ................................. 140 

FIGURE 4.6 VOID RATIO VERSUS VERTICAL EFFECTIVE STRESS ................................................................................. 142 

FIGURE 4.7 CONSOLIDATION SETTLEMENT VERSUS TIME DURING CONSOLIDATING A SOIL SAMPLE 250 MM IN DIAMETER AND 

200 MM HIGH .................................................................................................................................... 143 

FIGURE 4.8 PERMEABILITY AND VOID RATIO RELATIONSHIP OF SOFT SOIL USED IN THE MODEL TEST ............................... 144 

FIGURE 4.9 RESULTS OF CONSOLIDATED UNDRAINED TRIAXIAL COMPRESSION TESTS ................................................... 144 

FIGURE 4.10 PLAN VIEW AND THE LAYOUT OF COLUMNS ...................................................................................... 147 

FIGURE 4.11 GRAPHICAL REPRESENTATION OF THE TEST PROCEDURES: (A) JACKING UNTIL FULL PENETRATION (B) OUTER TUBE 

ADVANCING DOWNWARD, INNER CORE RETRACT, AND SPOIL REMOVAL; (C) INSERTION OF STRAIN GAUGES AND 

POURING FIRST LIFT OF GROUT (D) POURING SECOND GROUT LIFT AND RETRACTING OUTER TUBE ......................... 149 



xvi 
 

FIGURE 4.12 STRAIN GAUGE HOLDING CAGE: (A) CAGE HOSTING STRAIN GAUGES, (B) CAGE PLACED INSIDE THE CREATED 

BOREHOLE, AND (C) SIDE VIEW ............................................................................................................... 151 

FIGURE 4.13 (A) COLUMNAR SECTIONAL AREA, (B) AMPLIFICATION AND BRIDGE COMPLETION, (C) EMBEDDED STRAIN GAUGES 

IN COLUMN C1, (D) LOCATIONS OF STRAIN GAUGES WHEN COLUMN C1 IS UNFOLDED, AND (E) HALF BRIDGE STRAIN 

GAUGE LAYOUT AND CONNECTION; ALL DIMENSIONS ARE IN MM ................................................................... 152 

FIGURE 4.14 (A) TYPICAL CAST IN-SITU CONCRETE COLUMN AT ONE-DAY AGE, RECOVERED FROM SOFT SOIL; AND (B) EXPOSED 

SOIL AND COLUMNS AFTER EXCAVATION ................................................................................................... 154 

FIGURE 4.15 ARRANGEMENT OF MONITORING INSTRUMENTATION FOR COLUMN C1 ................................................. 156 

FIGURE 4.16 PLAN VIEW OF INSTALLATIONS: (A) INITIAL CONDITIONS; (B) INSTALLING C2; (C) COMPLETING C2; (D) JACKING 

TO FULL DEPTH AT COLUMN C3; (E) C1 TO C3 INSTALLED; (F) FULL PENETRATION AT COLUMN C4; (G) GROUTING 

COMPLETED AT C4; (H) GROUTING COMPLETED AT C5; (I) COMPLETE INSTALLATION AT C6; (J) ALL COLUMNS 

INSTALLED; AND (K) ORIENTATION OF ALL COLUMNS ................................................................................... 157 

FIGURE 4.17 MEASURED PENETRATION RESISTANCE DURING JACKING FOR INSTALLING COLUMNS C1 TO C7 ................... 159 

FIGURE 4.18 3D SCANNING: (A) THE SET-UP OF THE HANDHELD 3D LASER SCANNING DEVICE (B) SCANNING OPERATION 

DURING COLUMN INSTALLATIONS ............................................................................................................ 160 

FIGURE 4.19 3D SCANS OF SURFACE SOIL AND COLUMN HEADS: (A) INITIAL CONDITION, (B) C1 INSTALLATION, (C) A DAY 

AFTER C1 INSTALLATION, (D) AFTER C2 INSTALLATION, (E) AFTER C3 INSTALLATION, (F) AFTER C4 INSTALLATION (G) 

AFTER C5 INSTALLATION, (H) AFTER C6 INSTALLATION, AND (I) AFTER C7 INSTALLATION .................................... 161 

FIGURE 4.20 VOLUME OF SOIL SURFACE HEAVE INDUCED BY EACH SUBSEQUENT COLUMN INSTALLATION ........................ 162 

FIGURE 4.21 CONTOUR OF SOIL SURFACE HEAVE AFTER ALL INSTALLATIONS WERE COMPLETED ..................................... 163 

FIGURE 4.22 SOIL SURFACE HEAVE ALONG SECTION AA  OF FIGURE 4.21: (A) THE INITIAL GROUND SURFACE LEVEL AND 

SURFACE LEVEL AFTER C1 INSTALLATION (B) AFTER C2 INSTALLATION (C) AFTER C3 INSTALLATION (D) AFTER C4 

INSTALLATION AND (E) AFTER ALL 7 COLUMNS WERE INSTALLED .................................................................... 164 

FIGURE 4.23 CHANGES IN TOTAL HORIZONTAL STRESSES IN THE SOIL AT DEPTHS OF 236 MM (PS2) AND 336 MM (PS1) . 165 

FIGURE 4.24 CHANGES IN TOTAL HORIZONTAL STRESSES IN THE SOIL AT DEPTHS OF 36 MM (PS4) AND 136 MM (PS3) ... 166 

FIGURE 4.25 CHANGES IN TOTAL VERTICAL STRESS AT THE BASE OF THE SOIL TANK AT PRESSURE SENSOR PS6 (BENEATH 

COLUMN C1) AND PS5 (BETWEEN COLUMNS C5 AND C3) ........................................................................... 166 



xvii 
 

FIGURE 4.26 EVOLUTION OF EXCESS PORE WATER PRESSURE BETWEEN COLUMNS C1 AND C2, AND 176 MM BELOW THE SOIL 

SURFACE (P10 AND P11) ...................................................................................................................... 169 

FIGURE 4.27 DISPLACEMENT OF TRANSDUCER P11 AND P10 DUE TO THE INSTALLATION OF C1 ................................... 169 

FIGURE 4.28 EXCESS PORE WATER PRESSURE AT THE BOUNDARY AT LOCATIONS OF P3 & P4 ....................................... 171 

FIGURE 4.29 EXCESS PORE WATER PRESSURE AT THE BOUNDARY AT LOCATIONS OF P1 & P2 ....................................... 172 

FIGURE 4.30 EXCESS PORE WATER PRESSURE AT THE BASE OF THE SOIL TANK AT LOCATIONS OF P6 TO P9 ...................... 172 

FIGURE 4.31 ACCUMULATED AND INCREMENTAL UPLIFT OF COLUMN C1 HEAD DUE TO INSTALLATION OF SUBSEQUENT 

COLUMNS AND (A) COLUMN UPLIFT IN MM, AND (B) NORMALISED COLUMN UPLIFT WITH COLUMN LENGTH AND CROSS-

SECTIONAL AREA .................................................................................................................................. 174 

FIGURE 4.32 (A) ACCUMULATED UPLIFT OF EACH INDIVIDUAL COLUMN AS INSTALLATIONS PROGRESSED, AND (B) NORMALISED 

ACCUMULATED UPLIFT WITH A NON-DIMENSIONAL FORMAT (ΔZΠL/Ω) ........................................................... 175 

FIGURE 4.33 ROTATION OF COLUMN C1 HEAD DURING THE INSTALLATION OF COLUMN C2 ......................................... 177 

FIGURE 4.34 MEASURING STRAINS  AND  ALONG EITHER SIDE OF THE PILE (AFTER MOHAMAD ET AL 2011) ............. 177 

FIGURE 4.35 BENDING MOMENTS INDUCED IN COLUMN C1 DUE TO INSTALLING C2-C7: (A) ABOUT X AXIS, AND (B) ABOUT Y 

AXIS .................................................................................................................................................. 179 

FIGURE 5.1 DIAGRAMS OF THE SOIL TANK AND THE ARRANGEMENT OF PORE WATER PRESSURE TRANSDUCERS: (A) SIDE VIEW, 

AND (B) PLAN VIEW .............................................................................................................................. 188 

FIGURE 5.2 SOIL BED PREPARATION: (A) SLURRY PREPARED IN THE SOIL TANK (B) PLACEMENT OF THE FIRST SURCHARGE 

WEIGHT PLATE AND (C) FULL SURCHARGE PRESSURE APPLIED ........................................................................ 189 

FIGURE 5.3 SOIL SPECIMEN WITH SURCHARGE PLACEMENT PRIOR TO THE JACKED IN PILE INSTALLATION ......................... 193 

FIGURE 5.4 SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SET-UP FOR JACKED PILE PENETRATION ................................. 195 

FIGURE 5.5 EXPERIMENTAL ARRANGEMENT ABOVE THE SOIL TANK .......................................................................... 197 

FIGURE 5.6 DATA ACQUISITION SYSTEM IN THE LABORATORY ................................................................................. 198 

FIGURE 5.7 THE FLAC3D FINITE DIFFERENCE MESH .............................................................................................. 199 

FIGURE 5.8 BOUNDARY CONDITIONS AND MODELLING OF SURCHARGE .................................................................... 200 

FIGURE 5.9 SIMPLIFIED SIMULATION OF JACKED PILING: (A) CAVITY EXPANSION MODELLING, AND (B) DISPLACEMENT VELOCITY 

APPLIED TO THE INITIAL CAVITY (1/4 OF MODEL PILE); ALL DIMENSIONS ARE IN MM .......................................... 202 



xviii 
 

FIGURE 5.10 DEFORMED MESH BEFORE AND AFTER CAVITY EXPANSION: (A) INITIAL CAVITY, AND (B) AFTER CAVITY EXPANSION

 ........................................................................................................................................................ 203 

FIGURE 5.11 A) SOIL PENETRATION RESISTANCE WITH DEPTH AND (B) THE PILE PENETRATION RATE ............................... 206 

FIGURE 5.12 EVOLUTION OF THE EXCESS PORE WATER PRESSURE DUE TO JACKED IN PILE PENETRATION .......................... 207 

FIGURE 5.13 EVOLUTION OF EXCESS PORE WATER PRESSURES ALONG THE WALL OF THE SOIL TANK AT THREE LOCATIONS: 

PWP-B2, PWP-B3, AND PWP-B4 ....................................................................................................... 208 

FIGURE 5.14 EVOLUTION OF THE EXCESS PORE WATER PRESSURES ALONG THE BASE OF THE SOIL TANK ........................... 209 

FIGURE 5.15 MEASURED AND PREDICTED SOIL CONSOLIDATION SETTLEMENT DURING AND AFTER PILE PENETRATION ........ 211 

FIGURE 6.1 (A) FLAC3D FINITE DIFFERENCE GRID AND (B) THE LAYOUT OF CMCS AND THE EXISTING BRIDGE PILE ............. 215 

FIGURE 6.2 DEFORMED MESH AFTER UNDRAINED CAVITY CREATION AT THE FIRST CMC .............................................. 219 

FIGURE 6.3 THE ORDER OF CMC INSTALLATION .................................................................................................. 219 

FIGURE 6.4 RADIAL SOIL MOVEMENT DUE CAVITY EXPANSION VERSUS HORIZONTAL DISTANCE FROM CMC AXIS .............. 221 

FIGURE 6.5 RADIAL SOIL DISPLACEMENT VERSUS HORIZONTAL DISTANCE FROM CMC AXIS BY DEPTHS ............................ 221 

FIGURE 6.6 PILE HEAD MOVEMENT DURING CMC INSTALLATION PROCESS (LPILE = 9.6M) ............................................ 223 

FIGURE 6.7 PORE WATER PRESSURE UPON COMPLETE INSTALLATION OF THE FINAL CMC ............................................ 223 

FIGURE 6.8 (A) PORE PRESSURE NEAR PILE FACE (B) NORMAL STRESS ACTING ON PILE FACE AFTER CMC INSTALLATION..... 224 

FIGURE 6.9 BRIDGE PILE RESPONSE: (A) LATERAL DEFLECTION AND (B) BENDING MOMENT .......................................... 225 

FIGURE 6.10 BRIDGE PILE RESPONSE UPON COMPLETE INSTALLATION OF THE FINAL CMC FOR THREE MODEL DEPTHS ....... 226 

FIGURE 6.11 NF EN 15804 INDICATORS – COMPARISON OF VARIOUS CMC SCHEMES (PRISM SOLUTION – COURTESY OF 

MENARD BACHY) ................................................................................................................................ 232 

FIGURE 6.12 DISTRIBUTION OF RADIAL EFFECTIVE STRESS IN TERMS OF K AT THE END OF CONSTRUCTION WITH VARYING CMC 

RADIUS R0, VARYING UNDRAINED STRENGTH RATIO (USR = SU/Σ'V) AND A CONSTANT SOIL RIGIDITY INDEX G/SU OF 50 

(RIVERA ET AL. 2014) .......................................................................................................................... 235 

FIGURE 6.13 A TYPICAL FIBRE REINFORCED CEMENT-TREATED CLAY SAMPLE (PHOTO COURTESY OF DR LAM NGUYEN) ...... 236 

FIGURE 6.14 EQUIVALENT CARBON COMPARISON BETWEEN CMCS AND PILES (AFTER MASSE ET AL. (2011)) ................ 239 

  



xix 
 

List of Tables 

TABLE 2.1 CMC GROUND IMPROVEMENT PROJECTS .............................................................................................. 10 

TABLE 2.2 TYPICAL PARAMETERS FOR MODELLING CMC COLUMNS ........................................................................... 33 

TABLE 2.3 SCALE FACTORS FOR 1G LABORATORY PHYSICAL MODELLING (MODIFIED AFTER MUIR WOOD 2004) ................ 50 

TABLE 2.4 INTEGRATION AND DIFFERENTIATION METHODS IN ELASTIC BEAM ............................................................... 54 

TABLE 3.1 SELECTED SOIL MODEL PARAMETERS ADOPTED IN THE 3D FINITE DIFFERENCE ANALYSIS .................................. 72 

TABLE 3.2 CONCRETE PARAMETERS FOR NUMERICAL MODELLING OF CMC ................................................................ 77 

TABLE 3.3 CMC-SOIL INTERFACE PARAMETERS ADOPTED IN THIS NUMERICAL MODELLING ............................................ 79 

TABLE 4.1 TECHNICAL SPECIFICATIONS FOR PRESSURE SENSORS & PORE WATER PRESSURE TRANSDUCERS ....................... 137 

TABLE 4.2 PROPERTIES OF SOFT SOIL USED IN MODEL TEST .................................................................................... 145 

TABLE 4.3 STRENGTHS AND STIFFNESS OF GROUTED COLUMNS .............................................................................. 146 

TABLE 4.4 COLUMN PROPERTIES IN THE MODEL TEST AND SCALED DIMENSION FOR PROTOTYPE .................................... 148 

TABLE 5.1 PHYSICAL AND INDEX PROPERTIES OF SOFT SOIL USED IN THE MODEL TEST .................................................. 192 

  



xx 
 

List of Symbols 

The following symbols were used in this thesis: 

 excess pore water pressure 

 excess pore water pressure due to spherical cavity expansion 

 smallest width of FLAC3D zone 

δ column lateral deflection 

 swell-recompression index  

 virgin compression index  

 soil’s effective Poisson’s ratio 

 Poisson’s ratio of concrete 

 concrete density 

 dry density of soil 

 soil saturated unit weight  

 major principal stress in CMC 

 minor principal stress in CMC 

 unconfined compressive strength of grout specimen or intact concrete 

 indirect tensile strength of grout specimen 

 tensile strength of concrete 

 in-situ vertical effective stress 

 in-situ horizontal effective stress 

 specific volume 

 reference specific volume  

  soil’s effective friction angle 

 effective friction angle 

 interface friction angle 

 dilation angle of concrete 

--------- -------------------------------- 

 soil compression index 

Ck permeability change index 

 soil recompression index 

 effective cohesion of soil 

 interface effective adhesion  

 vertical coefficient of consolidation  



xxi 
 

 CMC or column diameter 

 pile diameter 

 or  drained Young’s modulus of soil 

 Young’s modulus of concrete 

eo initial (or current) void ratio 

   characteristic cylinder strength of concrete at 28 days 

 characteristic cylindrical strength of grout at 28 days 

 characteristic cylinder strength of concrete or grout at age of t days 

 mean tensile strength of plain concrete (e.g. CMC)  

 mean tensile strength of concrete 

 mean tensile strength of concrete at  days. 

G shear modulus of soil 

 specific gravity of soil  

I area moment of inertia 
K bulk modulus of soil 
K0 coefficient of earth pressure at rest 

 fluid bulk modulus 

k or kh hydraulic conductivity of soil  

kn interface normal stiffness  

 initial permeability 

ks interface shear stiffness  

L column length  
M slope of the critical state line  

M or M(z) column bending moment 
m Hoek Brown material constant 

 constant in  equation 

 porosity 

OCR over consolidation ratio of soil 
p' mean effective stress of soil 
p'c pre-consolidation pressure of soil 
p'o initial mean effective stress in the soil 
p'ref reference pre-consolidation pressure (i.e. 1 kPa) 
 deviatoric stress 

R radial distance from column axis 



xxii 
 

Rp radial position of elastic-plastic boundary (cylindrical cavity) 
Rsp radial position of elastic-plastic boundary (spherical cavity) 

 CMC radius 

 column radius 

rf radius of expanded cavity 
ri initial radius of cavity 
rpile radius of pile 
S Hoek-Brown material constant 
s column spacing 

 coefficient taking into account the cement type  

 undrained shear strength of soil 

 maximum excess pore water pressure 

 in-situ pore water pressure 

V shear force in CMC 
V or  non-dimensional pile penetration velocity   

  vertical pile penetration velocity   

 plastic limit 

Rp radial position of elastic-plastic boundary (cylindrical cavity) 
Rsp radial position of elastic-plastic boundary (spherical cavity) 

 

 

  



1 
 

CHAPTER 1 Introduction 

 

 

1.1 Background and Problem Statement 

Building contractors and engineers face numerous challenges when designing and 

building structures over soft soils (Han & Gabr 2002; Liu, Ng & Fei 2007). In most cases, 

ground improvement works are required to minimise excessive soil settlement and 

stability issues associated with soft soils. Since the 1970s, piled supported embankments 

have been a subject of intensive studies (Ghosh, Fatahi & Khabbaz 2016; Hewlett & 

Randolph 1988; Holmberg 1979; Van Eekelen, Bezuijen & van Tol 2013). In the last 25 

years, this geotechnical solution combined with drilled displacement columns (DDC) or 

controlled modulus columns (CMC) has been one of the most effective ways for reducing 

short-term and long-term deformations of weak soil under road embankments, 

warehouses and seaports (Fok et al. 2012; Plomteux, Porbaha & Spaulding 2004; 

Suleiman et al. 2016).  

Unlike stone columns (Ambily & Gandhi 2007; Castro & Karstunen 2010) and deep soil 

mixing (Huang & Han 2009; Porbaha 1998), CMCs are built in the ground with a piling 

rig equipped with a hollow displacement auger that displaces the surrounding soils 

laterally with minimal spoil return to the ground surface (Plomteux, Porbaha & Spaulding 

2004). The time for target results using CMC can be compared with other ground 

improvement methods, referring to Figure 1.1 (Higgins 2014; Larisch, Kelly & Muttuvel 

2015).  
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Figure 1.1 Cost, time for the result, and performance considerations of different ground 

improvement methods (modified after Higgins 2014) 

The installation method of CMC can be categorised as full displacement piling similar to 

driven or jacked piles. These result in substantial reduction in spoil disposal or treatment, 

and reduce the risk of bored-hole collapsing. The large deformation of soil induced by 

CMC installation increases the stresses in the ground such that, in theory, they could 

enhance the load bearing capacity of the rigid inclusions. Figure 1.2 illustrates good 

quality CMCs with well-formed shafts and regular diameters. The presence of small and 

localised cracks is generally acceptable similar to the most type of unreinforced concrete 

structures. 

Cost

Time for result

Post Construction 
Settlement



3 
 

  

Figure 1.2 Typical shape of excavated columns presenting sound characteristics 

(Nguyen et al. 2014) 

The application of a full displacement piling technique in the column installation process 

makes CMC ground improvement one of the most cost effective and sustainable methods 

(Masse et al. 2011; Nguyen et al. 2014). However, loadings associated with the movement 

of soil due to installation can have an adverse effect on nearby columns installed 

beforehand (Larisch, Kelly & Muttuvel 2015; Plomteux, Porbaha & Spaulding 2004; 

Turatsinze & Garros 2008), particularly when the columns are closely spaced.  

The risk of damaging the freshly grouted surrounding columns due to nearby installations 

has been reported in the past (Brown 2005; Hewitt, Summerell & Huang 2009; Plomteux, 

Porbaha & Spaulding 2004). Newly installed CMCs are susceptible to an imposed load, 
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due to the slow strength gain of fly ash concrete at early ages (Mehta 2004), low strength 

intended for ground improvement purposes (McCarthy & Dhir 2005; Plomteux, Porbaha 

& Spaulding 2004; Turatsinze & Garros 2008), and pre-existing micro-cracks that 

naturally develop in most concrete. Unless a proper installation sequence is considered, 

defects and cross-sectional shear failure may develop in the columns, which often lead to 

damage, loss of verticality, and reduced flexural stiffness (King et al. 2017; Larisch, Kelly 

& Muttuvel 2015).  

Unlike bored piles, the CMC installation process is a closed system and rather difficult 

for visual observations. According to geotechnical practitioners in New South Wales 

Australia, cracks most probably developed within some upper 3 m of existing CMCs 

during nearby CMC installations. This directly affects the construction quality and the 

long term performance of CMCs. Hence, the above concerns are of practical significance 

in the process of project planning and feasibility study (Larisch, Kelly & Muttuvel 2015). 

Good contracting practice has called for early trials and excavation of “calibration” 

columns to confirm that the combination of selected design parameters (e.g. grid spacing 

and  the column diameter for a given type of soil) and retained methodology do not 

present a risk to the structural integrity of the columns installed (Nguyen et al. 2014). 

While field trials are highly recommended prior to construction commencement (Larisch, 

Kelly & Muttuvel 2015), ongoing research is required to seek a precise solution to 

minimise any potential damages on the concrete columns installed by ground-

displacement methods.  
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1.2 Scope and Objectives  

This research aims to advance the knowledge of the installation effects of soil-

displacement concrete columns for ground improvement works on surrounding soils and 

previously installed columns, with special interests on the installation sequences and the 

behaviour of concrete inclusion at the early stage of hardening. In this research, numerical 

and experimental approaches were carried out with the following specific research scopes 

and objectives:   

1. To provide an insightful review of the current knowledge on the installation effects 

of soil-displacement concrete columns for ground improvement purposes.  

2. To present the results of a 3D large strain numerical approach to compare the effects 

of using different installation sequences of soil-displacement columns on the 

surrounding soils and the already-installed columns. The numerical model was based 

on the theory of cylindrical and spherical cavity expansions and was compared with 

the existing analytical solutions. The study aims to investigate how the curing periods 

affected the behaviour of existing CMCs subjected to nearby installations. 

3. To present the design, construction and operation of a state-of-the-art instrumented 

soil tank and a penetration system for the laboratory model test. Cast in-situ reduced 

scale concrete inclusions were constructed and the installation effects of soil-

displacement concrete piles on the surrounding soils and previously installed columns 

were investigated, with particular interests on the early curing age of the already-

placed concrete columns.  

4. To validate a numerical model for assessing the installation effects due to soil-

displacement installation methods. The proposed numerical model was a large strain 

numerical approach based on the idea of the combined use of the cylindrical and 
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spherical cavity expansions. The validation was carried out using the results of the 

laboratory model test, which explores the evolution of the excess pore water pressure 

and the consolidation settlement induced by the jacked pile penetration and the 

subsequent soil consolidation. 

5. To explore the practical construction aspects of CMC, and to present a number of 

sustainability considerations and potential areas in CMC identified for further 

technological development.   

 

1.3 Thesis Outline 

The layout of the thesis is described below: 

o Chapter 1 presents the research background, introduces the controlled modulus 

column (CMC) ground improvement technique or soil-displacement concrete 

columns, and describes the installation-effect related issues that need to be addressed, 

along with the aims and scope of the present research. 

o Chapter 2 delivers a comprehensive review of the literature relevant to methods of 

installing CMCs, installation effects of CMC and other full-displacement piling 

techniques, and effects of using different installation sequences. Existing analytical 

and numerical approaches to assess installation effects, properties of CMC grout at 

the early age, and important aspects of physical modelling are reviewed. The findings 

of this Chapter are summarized and important knowledge gaps are highlighted. 

o Chapter 3 describes a numerical approach to investigate how groups of CMC installed 

in different sequences could affect columns installed previously. Two different 

installation sequences adopted to assess the effects of installing new columns beside 
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existing ones are described. Coupled consolidation analyses in large strain mode and 

incorporating soil-CMC interaction were carried out using the three-dimensional 

finite difference software package FLAC3D. Appropriate plasticity models were used 

to model soil and CMCs. The validation using various existing analytical methods 

was presented.  

o Chapter 4 presents the results of a large-scale laboratory simulation to investigate the 

behaviour of concrete columns at various curing ages subjected to loadings from 

adjacent column installations. The results of the model test were presented in terms 

of soil heave by 3D soil surface scans, excess pore water pressures, and stress changes 

and the bending moment induced in the affected column.  

o Chapter 5 presents the results of the laboratory model test in which the penetration of 

a full displacement pile into soft soils was conducted to provide a validation exercise 

for a proposed numerical model. The large strain numerical approach with a combined 

use of the cylindrical and spherical cavity expansions are explained. The predicted 

and measured excess pore water pressure and consolidation settlement are compared 

and discussed.    

o Chapter 6 presents some practical and construction aspects of CMC installation 

effects.  Firstly, the results of a numerical investigation on the CMC installation effect 

on an existing bridge pile using the three-dimensional finite difference software 

package FLAC3D are presented. Secondly, the key sustainability aspects of using 

CMC and potential aspects of CMC for further development are discussed. 

o Chapter 7 summarises the thesis, together with the key findings and recommendations 

for future research.  
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CHAPTER 2 Literature Review 

  

 

This chapter consists of seven main sections, which survey the existing works on the 

installation effects of CMCs or drilled displacement columns for ground improvement. 

Section 2.1 presents the effects of using soil-displacement piling method for CMC ground 

improvement solution. Section 2.2 discusses several field case studies and reduced-scale 

model tests on the installation effects of CMC or general drilled displacement columns, 

with a special interest on the effects of the installation sequences. Section 2.3 presents 

properties of CMC grout, modelling techniques, and material models. 

Section 2.4 presents the analytical methods for assessing installation effects, while 

Section 2.5 presents the challenges of numerical modelling incorporating the construction 

sequence. Section 2.6 presents several considerations for laboratory model tests 

undertaken to investigate the responses of columns due to displacement piling and 

subsequent grouting. The last section summarises the gap and limitations in the existing 

literature.  

2.1 CMC – Displacement Piling for Ground Improvement 

2.1.1 History of CMCs  

Since the 1970s, piled supported embankment has been a subject of intensive study 

(Ghosh, Fatahi & Khabbaz 2016; Hewlett & Randolph 1988; Holmberg 1979; Van 

Eekelen, Bezuijen & van Tol 2013). The advancement in the ground improvement 

technology lead to the replacement of expensive traditional piling methods by cost-
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effective techniques such as stone columns (Ambily & Gandhi 2007; Castro & Karstunen 

2010; Priebe 1995), cement soil mixing (Huang & Han 2009; Nguyen, Fatahi & Khabbaz 

2014; Shen, Han & Du 2008), jet grouted columns (Shen et al. 2013; Wang et al. 2013) 

and drilled displacement piles (Brown 2005).  

Since most piled embankment projects have stringent project completion deadlines, 

concrete rigid inclusions installed by the drilled displacement piling method for ground 

improvement works have gained increasing popularity. The displacement auger piling 

methods have a long history since the 1960s (Larisch 2014; Slatter 2000; Van Impe 1988). 

Various design shapes for the screw displacement augers namely the Atlas pile (Van Impe 

1988), Spire pile (Bustamante & Gianeselli 1998), De Waal pile, and Omega pile (Kurian 

& Shah 2009; Van Impe 1988) were proposed in the past.  

Developed in France by Menard Soltraitement in 1994 and patented in the USA (Cognon 

2004; Masse et al. 2017), CMC may be regarded as the second generation of screw 

displacement piling techniques for ground improvement. Despite using a similar auger 

concept as the previous auger design, the design innovation in CMC has been advanced 

further in terms of efficiency. Today, variations of this technique in terms of auger shapes 

or construction process include Controlled Stiffness Columns (CSC), Drilled 

Displacement Columns (DDC) (Larisch, Kelly & Muttuvel 2015) and Concrete Injected 

Columns (CIC) (Hewitt, Summerell & Huang 2009; Hsi 2008).   

In the last 25 years, CMC has been widely used as an effective ground improvement 

technique to strengthen soft soil in road construction areas and has been described well 

in the texts by Plomteux, Porbaha & Spaulding (2004) and Pearlman & Porbaha (2006), 

amongst others. The technique has been used considerably in Europe with increasing 
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popularity in the USA, Australia, and Asia. A selected number of successful CMC 

projects in the world are summarised in Table 2.1.  

Table 2.1 CMC ground improvement projects 

Project Location Reference 

Kempsey Bypass Alliance – North 
Approach of McCleay River Bridge 

New South Wales,  
Australia 

Wong & Muttuvel 
(2012a) 

The Breakwater Road Realignment - 
construction of a 640 m long multi-span 
bridge over the Barwon River 

Victoria, Australia Fok et al. (2012) 

Freeway construction as part of the 
European route E372 

Lublin, Poland Michalowski et al. 
(2018) 

Nouvelle Autoroute 30 Project in 
Beauharnois, Quebec - Beauharnois Canal 
Bridge 

Quebec City, Canada  Chatte & Lauzon 
(2011) 

Garden State Parkway Bridge over Mullica 
River 

New Jersey, United 
States 

Wilson-Fahmy, Ro 
& Leiendecker 
(2011) 

 

2.1.2 CMC Displacement Auger 

As illustrated in Figure 2.1, the displacement auger consists of three segments: (i) the 

lowest segment has two pitches of screw flange, (ii) the middle segment also has screw 

flanges but welded with vertical blades and (iii) the uppermost portion has a larger core 

diameter with thin screw flange and a reverse helix (Cognon 2004; Masse et al. 2017). As 

the auger penetrates the ground, the cuttings at the auger tip are carried upwards between 

auger flights of segment i. At segments ii and iii, the presence of the vertical blades and 

the discontinuity of the auger flight of the upper large displacement body prevent soils 

from moving upward in the spiral flight, and force soils to move outwards. As result, the 

installation process does not generate spoils to the ground surface.  
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(a) (b) 

Figure 2.1 CMC auger: (a) Patented hollow displacement auger (modified after 

Cognon 2004) (b) Displacement auger at the Gerringong Project site in NSW, 

Australia 

 

2.1.3 CMC Installation Process 

Prior to CMC installation, a granular working platform is constructed for the safe 

operation of CMC rig. The CMC rig has powerful thrust and is equipped with a 

displacement auger attached to the Kelly bar (Figure 2.2). The column installation process 

involves penetration of a displacement auger into the ground under the torque and 

downward thrust provided by the drilling rig (Figure 2.2); followed by grout injection 

through the hollow stem of the drilling tool while the drilling tool is withdrawn. During 

concrete injection, a medium pressure was used to pump the concrete Figure 2.3. Larisch, 

Kelly & Muttuvel (2015) indicated that the average concrete overconsumption of 

approximately 28% during drilled displacement installation, mostly occurring in soft soil. 

Vertical blades to 
destructure soils 
and push soils 
laterally

Screw flanges 
to transport soils

Larger 
diameter with 
reverse flights
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Columns are often installed through the weak soil layer and embedded at least 0.5m into 

the stiffer ground. In practice, auger penetration continues 0.5 m to 1 m after substantially 

increased resistance to drilling is encountered (Michalowski et al. 2018). Menard was 

able to install up to 40 m long Controlled Modulus Columns during construction of oil 

tanks in Raceland, Louisiana, US. 

 

Figure 2.2 A CMC piling rig used in Gerringong, NSW, Australia 
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Figure 2.3 A piling rig for CMC construction with a mast length of 25.2 m (photo 

courtesy of Menard GMBH) 

In most cases, a CMC is a non-reinforced concrete inclusion installed in the ground to 

reduce the loads on the foundation soils, especially weak or unsuitable grounds. Besides 

CMC rigid inclusions, a load transfer platform (LTP) over the soil-column matrix helps 

reducing differential settlement and transferring loads to columns towards the stiff 

stratum (Figure 2.4). The diameter of CMC ( ) varies from 0.3 m to 0.45 m and the 

column spacing varies from 1.35 m (or 3 ) to 2.25 m (or 5 ). CMCs are 

often arranged in square or triangle patterns (Fok et al. 2012) and the spacing may be 

variable to provide transition zones (Hsi 2008). 
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Figure 2.4 CMC ground improvement method: (a) installation of CMC, and (b) 

construction of LTP after columns installation 

The typical applications of CMC involve bridge approach embankments (Figure 2.5), port 

development and warehouse foundation with the aim to reduce both total and differential 

settlements and to accelerate construction (Fok et al. 2012; Wong & Muttuvel 2012b).  

 

Figure 2.5 Typical ground improvement design along the bridge approach embankment 

Since auger continuously supports the soils during installation, the risk of borehole cave-

in and necking is reduced as compared to the bored pile method (Pearlman 2012). 

Experience shows that many bored piling projects suffered extended delay due to the 

unforeseen ground conditions. In addition, as auger displaces the soil aside, the generation 
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of minimal soil cuttings contributes towards sustainability (Masse et al. 2011; 

Michalowski et al. 2018; Suleiman et al. 2016). This feature is particularly essential for 

construction projects involving contaminated or landfill sites, acid sulphate soils or soils 

with significant organic contents, where reduction of cost for spoil disposal and handling 

can be achieved, as compared to the contiguous flight auger (CFA) piling or bored piles 

(Masse et al. 2011; Walker, Masse & Swift 2011).  

2.2 Installation Effects and Installation Sequence 

2.2.1 Construction Site at an Elementary School in the USA 

Field investigation to study the installation effects of CMC on the surrounding soils has 

been reported by Suleiman et al. (2016). The field study consisted of installing one 320 

mm-diameter CMC and four surrounding reinforced CMCs with a diameter of 395 mm. 

The diameter of these CMCs is generally smaller than the CMC size used in Australia. 

The ground consisted of 1.2 m thick sand, over very soft sandy organic soils extending to 

a depth of approximately 7.6 m, which overlay bedrock. The groundwater table was found 

at 1.6 m below ground surface. The standard penetration test (SPT) results indicate the 

presence of soft clay with recorded SPT N values was zero. The results of several triaxial 

and consolidation tests were provided. The CMCs were installed in very soft sandy 

organic soils until auger refusal.   

Suleiman et al. (2016) installed four push-in pressure sensors at 2 m depth and four shape 

acceleration arrays (SAA) to capture stress, pore water pressure and the lateral 

displacement in soft silty soil throughout column installation and static load test. Four 

SAAs were installed together with a polyvinyl chloride (PVC) casing into a predrilled 

hole. One SAA was customised and did not fit well with the casing, and hence did not 

give good results. The study revealed the followings:  
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 The zone affected by the CMC installation extended to 4R to 6R (R is the CMC 

radius) from the outer surface of the CMC shaft.  

 Pressure sensors and shape acceleration arrays indicated that the surrounding soils 

experienced an increase in horizontal stresses and lateral movement throughout the 

CMC installation.  

 At the end of CMC installation, the readings from the pressure sensors indicated an 

increase in the horizontal soil stress by 2 kPa recorded within 1D (i.e. one diameter) 

distance from the CMC, by 8 kPa within 2D distance, and then with decreasing trend 

with increasing distance from the CMC. This result may not necessarily incorrect or 

unreasonable, but it indicates that the results may be influenced by the accuracy and 

reliability of the equipment.  

 Some stress relaxation by approximately 2 kPa to 3 kPa was recorded at the end of 

the installation. After installation, the stress recorded around the central CMC 

increased and was greater than stresses recorded at the end of the installation.  

 The maximum soil displacements recorded at radial distances of 450 mm, 750 mm 

and 1050 mm from the centre of the CMC were approximately 13 mm, 8 mm and 3 

mm, respectively.  

 The recorded soil displacement showed a clear decreasing trend with increasing 

distance from the CMC. The excess pore water pressure also fell quickly.  

While there have been many research papers published on CMCs, the field study by 

Suleiman et al. (2016) is one of the first major in-depth research works on installation 

effects. However, this study only investigated the short-term effects of CMC installation 

and construction sequences were not considered. Since the soil contained a large amount 

of silt and sand, the excess pore water pressure dissipated quickly after installation. 

Although the speed of installation was fast, it is believed that the excess pore water 
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pressure generated during installation had partially dissipated by the time the installation 

was completed.  

2.2.2 Channel Tunnel Rail Link (CTRL) 

At the Tank Hill Road South Embankment project in the UK, CMCs were used to improve 

the very soft ground under the access embankment of a road crossing over the Channel 

Tunnel Rail Link (CTRL). The columns were arranged in a square pattern and the column 

spacing varied from 1 m to 1.7 m. The column lengths varied from 7.5 m to 12.5 m. 

 

Figure 2.6 Installation sequence to avoid damage to adjacent freshly grouted columns 

(modified after Plomteux, Porbaha & Spaulding 2004)  

Within the area of densely spaced CMCs, Plomteux, Porbaha & Spaulding (2004) 

highlighted the risk of damaging the freshly grouted columns. As shown in Figure 2.6 the 

proposed construction method was modified with CMCs installed in two different 

interleave passes, each with 1.4 m  1.4 m grids. No integrity tests or load test results 

were reported by the authors. 
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2.2.3 Coopernook to Herons Creek Alliance Project 

Drilled displacement columns were used to reduce settlement at the bridge approach 

abutment as part of the Coopernook to Herons Creek Alliance project. The columns had 

a diameter of 375 mm, and were arranged in a square pattern with column spacing as 

shown in Figure 2.7. During column installations, Hewitt, Summerell & Huang (2009) 

adopted a construction sequence similar to Plomteux, Porbaha & Spaulding (2004) to 

minimise the damage caused to the previously installed columns. The columns were 

installed in two interleave passes, as shown in Figure 2.7.  

 

Figure 2.7 Column installation with two different interleave passes at the Camden 

Haven north bridge approach (after Hewitt, Summerell & Huang 2009)  

In this bridge duplication works, the soil heave and lateral displacement induced by new 

column installations may affect the existing bridge abutment and its approach 

embankment. The installation sequence allowed columns closer to the existing 

Legend: 
First pass columns

Infilled columns (i.e. second pass)

3 m2 m
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embankment to be installed first and then the rig worked away from the existing 

embankment to avoid accumulated installation-induced stresses. Using the adopted 

installation sequence, the soil heave of less than 50 mm was observed during column 

installations. The existing bridge structures and embankment was not affected by the 

column installations.  

Concrete coring and ultrasonic integrity tests were carried out to confirm the quality of 

the as-built plain concrete columns and to check if any crack was present. Tests results 

indicated that in some columns, cracking was developed within the upper column shaft 

but it was unclear about the cause of the cracking. One of the possible reasons could come 

from the load applied by tracking the rig over the recently completed columns. 

2.2.4 Upgrade of a Motorway Interchange in Australia 

Larisch, Kelly & Muttuvel (2015) reported a case study involving installations of 450 mm 

diameter drilled displacement piles at a site underlain by up to 18 m thick soft soil. The 

near-surface soil was either 1.5 m thick fill platform or by up to 3.5 m thick settled 

embankment fill. The columns were installed in a 4D or 5D c/c square pattern (where D 

denotes the diameter of the column). The depth of the columns ranged from 16 m to 25 

m, including a 2 m embedment in stiff clay. 

As demonstrated by Larisch, Kelly & Muttuvel (2015), trials were requested by the client 

to investigate the installation effect. As shown in Figure 2.8, four columns were installed 

in the following sequence: P1, P2, P3 and then P4; and the uplift and horizontal movement 

of the column head were monitored as installations proceeded. The results shown in the 

same figure indicated that the uplifts of two out of four columns were substantial and 

exceeded 100 mm, which was four times greater than the maximum horizontal 
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displacement of the column heads. It is interesting to note that the horizontal movement 

of column heads may be superimposed after each subsequently installed column.  

 

Figure 2.8 Movement of the column head: (a) Horizontal movement, and (b) uplift; 

(plotted using data from Larisch, Kelly & Muttuvel 2015) 

Larisch, Kelly & Muttuvel (2015) also reported trials to optimise the column installation 

sequence to minimise column deformations induced by the subsequent installations. As 

shown in Figure 2.9, the installation sequence was: zigzag with AC115 first, then AD116, 

AC117, AD118, and AC119; then “hit and miss” tactic in a straight line: AD120, AD122 

and finally AD124. After installations of these columns (i.e. zigzag pattern), the measured 

uplift and horizontal movement of the column head ranged from 29 mm to 122 mm and 

from 6 mm to 14 mm, respectively.  

For the pattern (b), the measured uplift and horizontal movement of the column heads 

ranged from 7 mm to 11 mm and from 5 mm to 10 mm, respectively. The comparison 

indicated that the zigzag pattern induced greater column head movement than those 

measured when columns were installed in a straight line, especially with respect to the 

uplift. Hence, installation sequence as “hit and miss” pattern in a straight line was adopted 

for the project.  
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Figure 2.9 Column pattern and installation sequence (after Larisch, Kelly & Muttuvel 

2015)  

2.2.5 Bridge Approach for a Highway Upgrade Project 

This case study involved installing up to 8 m long drilled displacement columns in alluvial 

deposits with interbedded clay and sands, underlain by extremely weathered bedrock. The 

thickness of the weak soils within the northern bridge approach ranged from 6 m to 7 m. 

The adopted column diameter D was 450 mm and the column spacing was 3.5D (i.e. 1.6 

m). The concrete overconsumption for the entire project was in the range of 20%.  

Trials were carried out to achieve an optimal construction sequence for minimum soil 

lateral movement. Initially, 17 columns were installed in a trial in a “hit and miss” 

approach in a straight line. Measured lateral soil movements by inclinometers near the 

installation site were between 15 mm and 20 mm with visually observed soil heave less 

than 100 mm. The insignificant ground movements were attributed to the improved 

drained behaviour due to sand lenses. Therefore, the construction sequence was revised 

to installations in a straight line continuously, instead of the initially adopted “hit and 

miss” pattern. The low strain integrity tests for 2% total columns indicated that cracks 
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and damage were found in two out of 23 columns. The record during installation showed 

low concrete pressure at depth. However, there was no evidence of column cracking 

caused by the dynamic load tests. 

2.2.6 Large Embankment for Highway Upgrade 

The third case study reported by Larisch, Kelly & Muttuvel (2015) involved installing a 

grid of 450 mm diameter drilled displacement columns at a spacing of 1.3 m c/c (that is 

less than 3D). The average depth of the column was 12.5 m and embedded into medium-

dense sand or stiff to very stiff/hard clay. Due to a very close column spacing, the 

observed heave was significant. In addition, a pile located at a distance of 5 m from the 

installation sites moved laterally by 150 mm, which demonstrated the installation effect.  

To reduce the risk of the freshly cast columns being damaged by nearby installations, the 

initial sequential order of installation was to leave at least 10D or 4.5 m spacing between 

the centres of the freshly cast columns. The infilled columns were installed a few days 

later. Although no severe crack was detected by integrity tests, the adopted installation 

sequence caused severe site congestions and construction delays. The final adopted 

sequence was to install columns in a straight line in a sequence that missed at least one 

column. With the addition of a single bar of steel reinforcement for each column, no 

severe crack was observed.  

2.2.7 Model Test on Displacement Augers  

A small-scale laboratory experiment was conducted by Hird, Ni & Guymer (2011) to 

study the movement of transparent synthetic soil during the penetration of a miniature 

displacement auger as shown in Figure 2.10b. The soil was contained in a chamber with 

observable window, which allowed the displacement field to be captured by photographs. 
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The movement of the soil around the displacement auger was analysed using “particle 

image velocimetry” (PIV) technique. PIV allows simulating screw displacement auger 

without the use of on-sample instrumentation. The following important observations were 

made:  

 The soil beneath and around the tip of the auger was displaced downwards and 

outwards in a similar manner as would be observed for a cylindrical straight-sided 

pushed pile. 

 The soil displacement depends on the rotation speed of the auger and the penetration 

rate.  

 For the auger used in Figure 2.10b, the soil was transported upwards on the flights 

away from the tip, then forced to move out around the shoulder of the auger, and 

finally moved back to the smaller stem of the auger.  

 The soil displacement observed agreed well with the shallow strain path method. 

 Small-scale models may provide roughly similar trends of lateral displacements in 

full-scale field tests.  

Only soil displacement during auger penetration was considered in this research as the 

concreting stage could not be simulated realistically. Some boundary effects were present 

as the model size was relatively small (50 mm by 100 mm in plan and 200 mm high). It 

is noted that the miniature displacement auger used for this study is shown in Figure 

2.10b, as compared to the Menard CMC auger, as shown in Figure 2.10a.  
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Figure 2.10 Comparison between (a) CMC auger (Cognon 2004; Masse et al. 2017) 

and the rotary displacement auger with large displacement body (Hird, Ni & Guymer 

2011; Skinner et al. 2003) 

2.2.8 Summary 

As pointed out by Hewitt, Summerell & Huang (2009), the direction of installation 

progress is important to avoid damage to the existing sensitive structures or newly formed 

columns. Caution has been taken by practitioners in the past to minimise the unnecessary 

impact of CMC installations on the existing structures or the freshly cast concrete 

columns. To account for the site specific geology and project requirements, Larisch, Kelly 

& Muttuvel (2015) suggested that trials be carried out prior to construction to optimise 

installation sequence. The following construction practices are often adopted by the piling 

contractors and building contractors:   

Large 
displacement 

body to 
displace soils

To cut and 
transport soils

Similar stem 
size from this 

point up

(a)



25 
 

 Installing columns initially at a wider grid than design, then progressively filling in to 

form the design grid; or 

 Starting from the centre and working radially outwards in a uniform manner to reduce 

the risk of causing lateral ground movement in a concentric direction; or  

 Starting column installation near the existing structures and then working away from 

the previously installed columns; or  

 Modifying the patterns of installation: The convention of installing columns in the 

straight line may be modified to become “hit and miss”, zig-zag pattern or a 

combination of both patterns. 

A solid justification for the installation sequence may be required and how efficient they 

were in comparison to other possible installation patterns. Optimisation of the CMC 

installation patterns requires (1) field trial; (2) accurate assessments of the lateral 

displacement of the surrounding soils due to column installation, specific to CMC 

technique; (3) good soil characterisations; and (4) understanding of the soil structure 

interaction.  

2.3 CMC Grout and Properties at Early Age 

2.3.1 Grout Mixture  

According to Fok et al. (2012), CMC grout mixes typically vary depending on the location 

of the project and the local availability of the materials, but typically comprise a blend of 

cement and fly ash, a homogeneous mixture of sands and gravels between 2 and 7 mm 

and addictive for workability and fluidity. For example, for the Breakwater Road 

Alignment project in Victoria, Australia the dry component of CMC mix contains fly ash, 

cement and local sands (Menard Bachy 2012). As a pumpable mix, CMC grout contains 
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small aggregate or just sands and hence, is termed “lean sand-mix” mortar or pea-gravel 

concrete (Masse, Brockbank & Pearlman 2004).   

2.3.2 Strength and Stiffness 

2.3.2.1 Compressive Strength of CMC 

Grout specimens after curing periods of 1, 7, 28 and 56 days are tested to determine the 

cylinder compressive strength (AS 1012.9) and indirect splitting tensile strength (AS 

1012.10). The 28 day unconfined compressive strength  of CMC grout may vary 

between 7 and 30 MPa  (Cirión et al. 2013; Fok et al. 2012; Masse et al. 2011; Plomteux, 

Porbaha & Spaulding 2004; Wong & Muttuvel 2012a) for different applications. In a 

recent CMC project in Poland, according to Michalowski et al. (2018), the concrete used 

in columns without reinforcement was specified as Class C12/15, with compressive 

strength  = 12 MPa and elastic modulus of  = 27 GPa. 

 

Figure 2.11 CMC grout at Gerringong Project site in NSW Australia 
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Figure 2.12 Drilled displacement columns installed at Camden Haven River bridge, 

New South Wales, Australia (after Hewitt, Summerell & Huang 2009) 

Grout develops its strength from the fresh state (Figure 2.11) to the hardened state (Figure 

2.12) and its compressive strength increases with time. As recommended by Eurocode 2 

(2015), the compressive strength of concrete at a concrete age of t older than 3 days can 

be estimated using Equation (2.1) and the 28 day unconfined compressive strength  of 

CMC grout.  

 
  (in MPa)   (2.1) 

where 3 <  < 28 days and the coefficient  = 0.31 considering the low strength cement 

used in CMC grout production. The compressive strength  at the concrete age 3 

days or earlier can be obtained from the test data or from existing literature (Bazzar, 

Bouatiaoui & Alaoui 2013; Huang et al. 2013; Lam, Wong & Poon 2000; McCarthy & 

Dhir 2005; Naik et al. 2003; Siddique 2004; Smith 1991; Yoshitake et al. 2014) applicable 

to the characteristics of CMC grout (e.g. a 50% replacement of cement with fly ash and a 

water/binder ratio of approximately 0.5).  
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2.3.2.2 Tensile strength of CMC 

Larisch, Kelly & Muttuvel (2015) reported a case study where Abaqus analyses were 

carried out with columns subject to vertical loads, possibly equal to the full embankment 

height. They found that the cracks were flexural and not shear, as shown in Figure 2.13.  

 

Figure 2.13 Crack initiation and development in DDC columns (after Larisch, Kelly & 

Muttuvel 2015)  

The most important characteristic of CMC grout for lateral column resistance  the CMC 

tensile strength can be estimated based on Eurocode 2 recommendations for plain 

concrete. Clough et al. (1981) indicated that the tensile strength of a cemented sand is 

about 10% of the unconfined compressive strength. The mean tensile strength   at 

an age of  days can be estimated from Equation (2.2) (2015).   

 
 (2.2) 

The tensile strength of plain concrete (e.g. CMC) can be estimated using Equation (2.3) 

(BS EN 1992-1-1 2015).  
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                                              (2.3) 

where  = characteristic tensile strength of concrete = 0.7 (t);  = is a 

reduction  factor that accounts for the long term effects on tensile strength (  = 0.8); 

 = factor applied for ultimate limit state design ( =1.5); and  = factor to obtain the 

design resistance of cast in place piles ( =1.1). In practice CMCs are often designed 

assuming no tensile stress in the CMC material (Plomteux & Lacazedieu 2007; Wong & 

Muttuvel 2012a). 

2.3.2.3 Stiffness of CMC 

Made from low strength concrete, CMC is clearly a quick solution to reduce short-term 

and long-term post construction settlement and fast-track the bridge construction 

(Plomteux & Lacazedieu 2007). For comparison, the performance of stone columns 

depends on the degree of compaction of the materials in the columns (Plomteux, Porbaha 

& Spaulding 2004; Poorooshasb & Meyerhof 1997). 

According to Sideris, Manita & Sideris (2004), Young’s modulus ( ) and Poisson’s ratio 

( ) values can be estimated from the compressive strength of concrete, which increases 

with time. The modulus of elasticity of CMC,  estimated from  based on Eurocode 

2 should only be regarded as indicative, especially for geotechnical applications (BS EN 

1992-1-1 2015). As recommended by the ASIRI project for rigid inclusions (2012), a long 

term modulus of elasticity of approximately 10 GPa can be used for concrete inclusions 

fabricated in-situ with a displacement piling method, for a  varying from 12 MPa to 

20 MPa. This value can be obtained using Equation (2.4) (Bétons de sable 1994).  

 1/3  in MPa (2.4) 
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The modulus of elasticity of concrete at age of t days, (t) was determined based on 

Equation (2.4) and by adopting the compressive strength  at age  in MPa.  

2.3.3 Material Models 

Concrete structures are often modelled using linear elastic properties, since the applied 

loading is normally below the yield strength limit. The stress-strain curve is linear and 

path-independent, with reversible deformations upon unloading. The strain increments 

generate the stress increments according to the linear and reversible law of Hooke’s law, 

which is described by two elastic parameters: bulk modulus  and shear modulus  

(Itasca 2012). However, for low strength concrete, an elastic-plastic model should be used 

especially when the external load is likely to exceed the yield stress of the concrete. 

According to ASIRI National Project (2012), besides an elastic model, a material-specific 

failure criteria should be introduced for the inclusions. According to PLAXIS 

(Brinkgreve, Kumarswamy & Swolfs 2016), the elastic-perfectly plastic model with 

Mohr Coulomb yield criteria is the best available option to describe the behaviour of 

concrete. This model, however, requires determination of the two strength parameters of 

concrete, cohesion  and internal friction angle, , which are not often available. 

Another constitutive model described in this section is the modified Hoek Brown 

criterion, and its parameters may be obtained from the conventional laboratory strength 

tests.    

2.3.3.1 Linear Elastic-Perfectly Plastic Model  

As shown in Figure 2.14, the plasticity model with Mohr Coulomb yield criterion has the 

composite yield criteria, consisting of (a) the Mohr Coulomb failure criterion and (b) the 

tension failure criterion.  
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Figure 2.14 FLAC3D Mohr-Coulomb failure criterion (modified after Itasca 2012) 

If the stress state does not violate any yield criterion, i.e. stress state lies below the 

representation of the composite failure envelope in the plane [ ] then no plastic flow 

takes place. If the stress state violates the yield criterion, then either shear failure or tensile 

failure will take place. The shear yield can be detected if the stress state satisfies Equation 

(2.5). 

  (2.5) 

where 

 

= minor principal stress and = major principal stress; and 

 = friction angle and  = cohesion. 

Tensile yield is detected if . Tensile strength cannot exceed the value 

of . The maximum value input for the soil tensile strength,  is shown in Equation 
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(2.6). Soil tensile strength  defined as the resistance offered by the material to the forces 

tending to induce cracks is small compared to the compressive strength.  

  (2.6) 

If plastic flow occurs, i.e. stress gone beyond yield strength, strain increments can be 

decomposed into elastic part and plastic part. The direction of the plastic-strain increment 

vector is specified using a flow rule. Such vectors are normal to the some “potential 

surface” defined by “potential functions”. Shear plastic flow and tensile plastic flow are 

defined by two potential functions:    and , respectively, 

where . 

The shear-plastic flow in FLAC3D Mohr Coulomb model obeys a non-associated flow rule 

because the yield envelope function  is different to the potential function . On the 

other hand, the tensile plastic flow obeys an associated flow rule. 

 

Figure 2.15 Domains used in the definition of flow rule (after Itasca 2012) 

If the stress state falls within Domain 1, shear yield failure occurs (Figure 2.15). Stress 

point is placed on the curve  using the flow rule derived using the potential 

function . The same applied to stress state lies in Domain 2.  
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The response of the material is modelled via “shear dilatancy”, which means volume 

change occurring with shear distortion. This dilatancy is characterised by the dilation 

angle, ψ, which relates plastic volume change to plastic shear strain. Dilation angles are 

typically determined from triaxial or shear-box tests. The default value for dilation angle 

is zero for all the models in FLAC3D. 

In addition to the mass density ρ, shear modulus  and bulk modulus , parameters 

associated with FLAC3D Mohr Coulomb yield criteria include cohesion ( ), angle of 

shearing resistance ( ) and dilatancy angle ( ) to describe the plastic (failure) part of the 

model; and soil tensile strength, . Typical values for dilation angle varies from 0 for 

normally consolidated clay, 12 for concrete, to 15 for dense sand (Vermeer & De Borst 

1984). The model with Mohr Coulomb yield criteria can be used to describe the CMC 

grout in various stages. Typical elastic modulus and compressive strength of the CMC 

columns used in practice is summarised in Table 2.2. 

Table 2.2 Typical parameters for modelling CMC columns 

Reference  E (MPa) UCS (MPa)   (kPa)  (⁰) 

Wong & Muttuvel 
(2012b) 

200 

(cracked element) 

10 to 15 0.25 50 30 

Cirión et al. (2013) 5,000 to 10,000 10 to 15 - - - 

Plomteux, Porbaha & 
Spaulding (2004) 

11,000 >11 - - - 

Fok et al. (2012) 5,000 10 - - - 

Masse et al. (2011) - 6.9 and 20.7    

Note:  = elastic modulus,  = unconfined compressive strength at 28 days, = Possion’s ratio,  = soil 

cohesion, and  = friction angle.  
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2.3.3.2 Modified Hoek-Brown Material Model 

Originally developed for rock mass, the Hoek-Brown criteria (Hoek & Brown 1980) as 

shown in Equation (2.7) can also be used to model a brittle material such as concrete 

because it can be considered as one special type of rock, e.g. medium strong claystone, 

shale or siltstone (Hoek & Brown 1997). In fact, a number of authors adopted the Hoek-

Brown criterion to model concrete  (Karam & Tabbara 2009; Wu & Zhou 2010).  

  =  +  (2.7) 

where  and  = major and minor principal stresses at failure,  = uniaxial compressive 

strength of intact rock pieces, and  and  = Hoek-Brown material constants.  

In FLAC3D, the plasticity model incorporates nonlinear Hoek - Brown yield criterion 

(Hoek & Brown 1980) combined with a tensile yield criterion. FLAC3D defines the onset 

of tensile yielding where the minor principal stresses  (or the tensile stress) reaches the 

specified tensile strength. Besides  and dilation angle , the Hoek-Brown parameter s 

=1 were used, assuming that CMC is intact, and the parameter m = 12 may be selected as 

recommended by Karam & Tabbara (2009). In fact, the adopted  value can be readily 

justified based on Equation (2.8) and the literature on the uniaxial compressive strength 

 and tensile strength  of various types of concrete (Hoek & Brown 1980). 

  =  for m > 5 (2.8) 

The  ratio calculated for normal concrete ranges from 10 to 25 (ACI Committee 

318 2014) and from 9 to 13 for high fly ash concrete (Siddique 2004; Yoshitake et al. 

2014). For many practical cases, practicing engineers can derive the  values from the 

properties of concrete that are readily available.  
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2.3.4 Quality Control and Testing 

CMC column quality is subject to a real-time monitoring system where drill rate, pumping 

pressure, and volume of grout are recorded and controlled. Besides, static load testing is 

also a routine form of trial to confirm both the integrity and the performance of both 

calibration columns during initial stages of construction and production columns 

throughout the works (Nguyen et al. 2014). Load tests are carried out at 1 to 1.5 times the 

service load, which may be sufficient as for ground improvement purposes. The European 

building code requires testing these elements to 1.5 times the working load. If 

appropriately specified, results of static load tests can provide useful information to the 

practicing engineers about structural and geotechnical capacities. Typical static load test 

results for CMC columns are shown in Figure 2.16. 

 

Figure 2.16 Typical static load test results (Nguyen et al. 2014) 

According to Michalowski et al. (2018), integrity test is often carried out for CMC using 

the standard test method for low strain impact integrity testing of deep foundations D5882 

− 16 (ASTM 2016a). The durability of the grout columns may be improved with fly ash 
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as to resist chemic attack and weathering. In fact, grout incorporating high volume fly ash 

was found to create grout columns with very low permeability and a high resistance to 

the passage of chloride ions (Bilodeau et al. 1994).  

2.4 Existing Analytical Solutions 

Most researchers focused on CMC load-deformation analyses (Fok et al. 2012; Ghosh, 

Fatahi & Khabbaz 2016; Hamidi et al. 2016; Wong & Muttuvel 2012a) or estimating shaft 

resistance (Basu, Prezzi & Salgado 2013; Rivera et al. 2014). Only a few researchers have 

assessed the effects of installing CMC or screw displacement columns, and that includes 

a numerical simulation (Pucker & Grabe 2012), field investigations (Larisch, Kelly & 

Muttuvel 2015; Suleiman et al. 2016) and small-scale model tests (Hird, Ni & Guymer 

2011). There is a crucial need to understand the installation effects of CMCs.  

2.4.1 Cavity Expansion Methods 

The existing assessment methods used to assess installation effects for various piling and 

ground improvement techniques that are most relevant to CMC will be discussed herein. 

Available assessment methods for installation effects include cavity expansion theory 

(Carter, Randolph & Wroth 1979), strain path method (Baligh 1985) and somewhat more 

rigorous analyses using numerical modelling. Pile jacking or driving has often been 

simulated using cavity expansion theory, which is well described by Yu (2000). Unlike 

jacked and driven piles, the penetration of CMC auger into the ground includes soil 

loosening by auger flights in addition to the displacement effects. Therefore, CMC 

installation is not simply a cavity expansion process, but rather affected by the partial 

flight auger rotation, significantly reducing the normal stress on the column shaft that 

would be estimated by cavity expansion theory (Basu & Prezzi 2009). The cylindrical 

cavity expansion theory is more applicable for the middle section of CMC. Closer to the 
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column tip the installation resembles spherical cavity expansion. Near the ground surface, 

the confining stress is significantly lower and vertical strain is dominant with the 

occurrence of heaving effects. Furthermore, since the column is drilled incrementally, the 

cavity expansion theory cannot simulate the installation process precisely. Despite these 

limitations, cavity expansion method may be used for preliminary assessment due to its 

simplicity compared to other sophisticated numerical methods.  

2.4.2 Lateral Soil Displacement  

As shown in Figure 2.17, for an isotropic homogenous soil medium, a soil element located 

at a radius r from the centre of the cavity will be displaced a radial distance of  due to 

undrained cavity expansion from an initial cavity of zero radius to a cylindrical cavity 

having a radius of . A radius of represents the size of an actual column. 

 

Figure 2.17 Lateral displacement of a soil element at a radius r due to cavity expansion, 

(after Vesic 1972) 

The radial displacement  at the radial distance r from the centre of the cavity can be 

readily derived by assuming a constant volume of soil before and after undrained cavity 

expansion, as shown in Equation (2.9).  

 
 (2.9) 

where ρr is the displacement at a distance r from the centre of column and r0 is the radius 

of the column. From some well-known solutions of undrained cylindrical cavity 
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expansion presented by Yu (2000), Kelly, Muttuvel & Chan (2011) introduced Equation 

(2.10) to estimate radial soil displacement  at various depths due to undrained 

cylindrical cavity expansion from zero initial radius in infinite cohesive soil medium. The 

undrained finite cavity expansion solution in an infinite soil mass with critical state soils 

are presented in Yu (2000). 

     (2.10) 

where  is the displacement at a distance r from the centre of the column,  is the soil 

undrained shear strength and  is the radius of the column. This equation allows 

estimation of soil displacement at various depths with the rigidity index G/su obtained 

from field tests, e.g. Seismic Dilatometer Marchetti Test (SDMT). 

2.4.3 Excess Pore Water Pressure  

This section reviews the existing analytical solutions for assessing the generation of 

excess pore water pressure induced by the pile driving (Carter, Randolph & Wroth 1979; 

Chai et al. 2015; Hill 1950; Randolph, Carter & Wroth 1979; Vesic 1972). In a soil 

modelled as an elastic-perfectly plastic material, the excess pore water pressure ∆u 

generated around a driven pile, under plane strain conditions and on the assumption of 

deformation at constant volume, can be determined by the cylindrical cavity expansion 

solution in Equation (2.11) (Carter, Randolph & Wroth 1979; Hill 1950; Randolph, Carter 

& Wroth 1979).  

 
 (2.11) 

where  = radius of the pile;  = radial position of the elastic-plastic boundary; 

; and  = radial distance from the axis of the pile ( ). Equation (2.11) 
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provides a reasonable method to estimate  in the plastic region for normally 

consolidated or lightly overconsolidated soils (Randolph, Carter & Wroth 1979; Yu 

2000). Equation (2.12) gives an expression for the excess pore water pressure ( ) 

induced by spherical cavity expansion below the tip of the column (Chai et al. 2015; Vesic 

1972):   

  = ln  (2.12) 

where  = radius of the plastic zone around an expanding spherical cavity;  = 

spherical radial distance; and  =  .  

2.4.4 Shallow Strain Path Method 

Baligh (1985) proposed an approximate analytical technique to predict soil disturbances 

caused by the installation of various rigid objects in the ground, so-called the Strain Path 

Method (SPM). The penetrating objects adopted by Baligh (1985) included a simple wall, 

a simple pile, and a simple tube. For the simple pile, the method has been used to analyses 

the cone penetration in undrained clay (Teh 1987) and for pile driving (White & Bolton 

2004). In this method, the penetration process is treated as a strain controlled problem 

(Abu-Farsakh, Tumay & Voyiadjis 2003). This method is a more realistic solution for the 

installation problem, especially at the tip of the cone and deep penetration.  

However, similar to the cylindrical cavity expansion method, SPM only applies a deep 

homogenous clay soil and does not take into account of the presence of the stress-free 

ground surface (Hird, Ni & Guymer 2011). In other words, those methods apply only to 

points in the soil, where the cylindrical/spherical cavity expansion model is relevant. It 

does not provide a prediction of vertical soil movements (Poulos 1994) and more 

importantly, there are serious concerns about this method disregarding the equilibrium 
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conditions as pointed out by Randolph (2003) and Huang et al. (2004). Bond & Jardine 

(1991) pointed out that the simple pile analysis assumed a perfectly smooth boundary 

between the pile and the soil while there was evidence of large shear stress measured at 

the pile wall during installation.  

Sagaseta, Whittle & Santagata (1997) and Sagaseta & Whittle (2001) modified the strain 

path method (SPM) to take account of the influence of the stress free ground surface, so 

the resulting shallow strain path method (SSPM) can be used to predict soil movement 

when the pile tip is not far below the soil surface. The SSPM solution combines the merit 

of SPM for deep penetrations, and the method used to compute soil deformations due to 

near-surface ground loss (Sagaseta 1987). The solutions have been used to estimate the. 

The closed-form small-strain solutions for soil movement around an axisymmetric 

closed-ended pile with a rounded tip are shown in Equations (2.13) and (2.14). These 

equations can be used to reliably predict the ground movements due to column installation 

(Sagaseta & Whittle 2001). Figure 2.18 shows the geometry of the problem.  

  
(2.13) 

  =  
(2.14) 

 

where  is pile radius,  is the embedded length of the pile, Ω = cross-sectional area of 

the pile = , SS refers to ‘small strain’, and r, z are the two cylindrical coordinates (e.g. 

at the surface z = 0).  
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Figure 2.18 Axisymmetric ‘simple pile’ with geometry and notation used in SSPM 

analyses (Sagaseta, Whittle & Santagata 1997) 

Ni, Hird & Guymer (2009) compared the results of the physical modelling of pile 

penetration in transparent soils with the predictions using SSPM method. They found 

good agreements between the modelling and the theory although there are some 

disparities in terms of magnitudes of soil downward movements. As reported in the 

literature (Castro & Karstunen 2010; Poulos 1994), the shallow strain path method 

normally gives slightly higher soil heave near the axis of a pile and less movement away 

from the axis. The cavity expansion solution, using numerical analyses adopting a non-

zero initial cavity as well as the use of limited boundary conditions, may have led to this 

discrepancy (Castro & Karstunen 2010).   

2.4.5 Chai’s Method  

Chai, Miura & Koga (2005) proposed closed-form equations for estimating the lateral soil 

displacement caused by the installation of a row of soil–cement columns. The solution 

was derived based on the cylindrical cavity expansion theory. This solution together with 

the updated equations (Chai, Miura & Koga 2007; Chai et al. 2009) is currently the only 

analytical method available for estimating installation effects by installing multiple 
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columns (Chai & Carter 2012). Equations (2.15) to (2.19) allow the lateral soil 

displacement for point A in the x-direction,  caused by installing a row of infinitely 

long columns to be calculated. Figure 2.19 shows the location of point A, and the 

notations of the parameters used in these equations. It can be seen that in addition to the 

geometric conditions, the significant parameters controlling the lateral displacement are 

 and . In these equations, the point of interest A is on the perpendicular bisector of a 

row of columns. Chai & Carter (2012) noted that if the point of interest is not on the 

bisector of the row, then two calculations will be needed, that is using two different values 

of L and then combining the results. 

 

Figure 2.19 Plan view showing Point A, where lateral soil displacement in the x 

direction to be calculated by Chai et al.’s method (after Chai, Miura & Koga 2005)  
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For  <  and 
 

 

(2.17) 

For D <  and 
 

 (2.18) 

For   
(2.19) 

 

where  = offset distance from the centre of a row of columns to Point A of Figure 2.19; 

 = spacing between two adjacent columns in a row;  = the radius of plastic zone around 

a cylindrical cavity;  is the pile radius,  = the displacement at ; and  = the 

half length of a row.     

2.5 Existing Numerical Methods 

2.5.1 Remeshing Technique in Numerical Modelling  

The rigorous modelling of installation effects with realistic soil model requires the use of 

finite element method (FEM) or the finite difference method (FDM). For most of the deep 

penetration problems, it is important to consider the shape of the penetrator. During CMC 

installation, the soils are displaced vertically, laterally and heavily disturbed by the CMC 

auger rotation. For modelling CMC, a few problems can be pointed out:  

 Very large soil deformation and the heavily distorted mesh 

 Soils are strongly affected by the CMC auger rotation 

 The auger is asymmetric can only be modelled in a 3D system (Pucker & Grabe 2012) 

(not possible in a 2D axisymmetric model either) 
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 Complex contacts between soils and the penetrating tool 

Numerical modelling of the penetration of a column/pile or a drill tool into the ground 

can be done in various ways:  

 Arbitrary Lagrangian-Eulerian (ALE) adaptive meshing (ALE available in ANSYS 

Multi-Material LS/DYNA) 

 Coupled Eulerian-Lagrangian (CEL) analysis (available in Abaqus FEA) 

 Material Point Method (MPM) analysis 

ALE mesh is allowed to move independently of material deformation. In the first step, 

the distorted mesh caused by the explicit Lagrangian analysis requires a newly improved 

mesh for the next step. In the second step, the Eulerian analysis is performed, where 

variables in the previous analysis is transferred into the new mesh. ALE can deal with 

large deformation problem; however, since elements and connectivity (i.e. topology) do 

not change, high-quality mesh may not be maintained during extreme deformation. In 

contrast, CEL (only in Abaqus/Explicit) has spatially fixed mesh. Eulerian and 

Lagrangian bodies within the same model can interact via a contact definition e.g. a 

Lagrangian auger travelling into the Eulerian yielding soil.  

CEL is more computationally friendly since a fixed mesh means no mesh distortion and 

less solution convergence (Osthoff & Grabe 2018). Chosen portions of a CEL model can 

be modelled as Eulerian or Lagrangian. Since the Eulerian mesh is fixed in CEL, soil 

displacement has to be calculated by integrating node velocities of the Eulerian mesh 

recorded along a predefined path over time (Pucker & Grabe 2012). The installation of a 

screw displacement auger into the dry sand was numerically simulated using CEL as in 

Pucker & Grabe (2012). Abaqus FEA software package has been developed by Dassault 

Systèmes Corp, a suite of finite element programs used for many general engineering 
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simulation purposes. The Abaqus/Explicit includes the Coupled Eulerian-Lagrangian 

formulation, for modelling extremely large deformation (Dassault Systemes 2017). 

However, Abaqus is not specifically designed for geotechnical analyses, including the 

limitation in modelling fluid-soil interaction and constitutive material models for soils. 

Although ALE and CEL analyses are two of the most innovative solutions to the very 

large strain problems, the analyses seem to offer only single-phase possibility with either 

fully drained or total stress undrained condition analyses and frictionless contact between 

bodies (Elkadi, van Lottum & Luger 2014). 

According to Phuong et al. (2016), the MPM method is the finite element method (FEM) 

formulated in an Arbitrary Lagrangian Eulerian (ALE) description of motion. Space 

discretization consists of (i) the computational background mesh, and (ii) the collection 

of material points, which move through the fixed mesh. This method is suitable for 

modelling large deformation because the state variables are assigned to the material points 

and are carried independently of the computational mesh. The penetration of a jacked 

displacement pile into the sand was modelled using MPM method and the results were 

compared to the centrifuge tests (Phuong et al. 2016). The numerical analyses of the pile 

installation showed significant differences in the soil stresses and strains around the pile 

after installation compared with the initial in-situ stress state. The influences of the 

installation extended to about 8 times pile diameter in the lateral direction from the centre 

of the pile and 7 times pile diameter below the pile tip. Currently, all simulation of pile 

installation effects was carried out installing a single CMC column can be modelled using 

axisymmetric model.  
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2.5.2 Updated Lagrangian and Update Mesh in FLAC3D/PLAXIS   

The updated Lagrangian analyses are available in three well known commercially 

available software packages: FLAC3D, Plaxis 3D and Abaqus. The ALE and CEL 

included in Abaqus have been discussed in the previous section. In Plaxis 3D, the most 

widely used finite element package for solving geotechnical problems in practice, the 

“updated mesh” feature (e.g. large strain Lagrangian) is available for modelling large 

deformation; however, it is not possible to use “updated mesh” feature in a fully coupled 

flow-deformation analysis (Brinkgreve, Kumarswamy & Swolfs 2016).   

FLAC3D (Fast Lagrangian Analysis of Continua) is a three-dimensional explicit finite-

difference program for geotechnical analysis with soils and rocks (Itasca 2012). FLAC3D 

can model large displacements and strains and unstable systems. When the soil is soft and 

large deformation occurs, the influence of the geometry change of the mesh on the 

equilibrium conditions should be accounted for. The large-strain formulation is the 

numerical formulation involving large displacements, displacement gradients and 

rotations; and is termed the large strain mode in FLAC3D. The small-strain mode assumes 

small displacements, displacement gradients and rotations. For small strain, node 

coordinates are not updated, and stress rotation corrections are not taken into 

consideration. The material can yield and flow, and the grid can deform (in large-strain 

mode) and move with the material that is represented. The explicit, Lagrangian 

calculation scheme and the mixed-discretization zoning technique used in FLAC3D ensure 

that plastic collapse and flow are modelled very accurately. Because no matrices are 

formed, large three-dimensional calculations can be made without excessive memory 

requirements. The drawbacks of the explicit formulation (i.e., small time step limitation 
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and the question of required damping) are overcome by automatic inertia scaling and 

automatic damping that does not influence the mode of failure. 

2.5.3 Numerical Approach and Cavity Expansion Method 

Numerical modelling of the installation of a pile into the clay (i.e. created cavity problem) 

is difficult to implement owing to the initial singularity. According to Carter, Randolph 

& Wroth (1979), expanding a cavity with an initial radius  to a new cavity radius 

 =  (i.e. doubling cavity) can be used to give an adequate approximation to what 

happens in the soil when a cavity expansion from zero radius to the actual column radius 

(i.e. ) occurs (Figure 2.20). According to Carter, Randolph & Wroth (1979), if the 

deformation occurs at a constant volume i.e. Equation (2.20), then the required 

relationship between  and ao  is: 

  (2.20) 

Castro & Karstunen (2010) found that quadrupling the initial cavity gives almost identical 

results compared to doubling the cavity. In fact, an arbitrary value of  may be chosen as 

long as the constant volume expansion is satisfied, as shown in Equation (2.21).    

 
 (2.21) 
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Figure 2.20 Finite cavity expansion for modelling pile installation (after Carter, 

Randolph & Wroth 1979) 

2.5.4 The Two-Stage Approach  

As well as needing to simulate the column installation process, a comparison of the effects 

that installation sequences have on the responses of previously installed columns requires 

the numerical problem to be treated as a complete 3D model. In fact, this problem 

involves the soil-column interaction and the presence of multiple columns. An alternative 

approach to a 3D model called two-stage method has been adopted (Poulos 1994; Tho et 

al. 2014), and was used to analyse the responses of piles due to loadings induced from the 

mass movement of soil. In-situ soil movements were obtained from analytical solutions 

(e.g. the strain path method), and then fed into the pile response analysis. 

2.6 Important Features of Model Tests 
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2.6.1 Single Gravity Modelling and Scale Factor  

Under single gravity, the corresponding stress level was low compared to the field 

condition, hence the scaling laws have implications (Fang & Yin 2007; Kim, Burd & 

Milligan 1998). According to Bao et al. (2012), in some cases, some compromises have 

to be made as the model test was performed under a 1g condition, and it is not always 

possible to satisfy all the similarity ratios. Unlike granular materials, due to the expected 

small volume change in clay during pile installation, the difference in the simulation of 

column penetration at 1g and at higher g is relatively insignificant (Craig 1985). Kim, 

Burd & Milligan (1998) performed physical modelling of constructing multiple tunnels 

under single gravity and reported that in their case the additional complexities of using a 

centrifuge and the cost outweighed the possible advantages. Table 2.3 shows a summary 

of scale factors for single gravity modelling on the laboratory floor.   

  



50 
 

 

Table 2.3 Scale factors for 1g laboratory physical modelling (modified after Muir Wood 

2004) 

Quantity 
Ratio of model 
and prototype 

values 

Typical scale 
factor at 1g 
(laboratory) 

Comments 

Length   Linear length scale shows 
reduction in dimension to fit in 
small-scale model test 

Mass density  1 - 

Acceleration  1 - 

Stiffness   independent scaling factor,  
with  for clay based on 
experimental experience*  

Stress   Stresses build up  in the ground 
with depth (i.e.  

Force   - 

Force/unit 
length 

  - 

Strain   - 

Displacement    - 

Pore fluid 
viscosity 

 1 - 

Pore fluid 
density 

 1 - 

Permeability   1 - 

Time (creep) 1 1 - 
Velocity  1/2 1/  - 

Note: *  indicates soil stiffness G is identical in prototype and model;   

indicates that soil stiffness G dependent on stress; and   indicates that soil 

stiffness G scales directly with stress. 
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2.6.2 Penetration Rate 

According to Suleiman et al. (2016) and Masse, Brockbank & Pearlman (2004), CMC 

penetration rate is about 2 m/minute to 6 m/minute (i.e. 0.07 m/s) while the rate of 

withdrawal is up to 8 m/minute (or 0.13 m/s). The penetration rate for pile driving is 0.01 

m/minute to 0.07 m/minute (Roy et al. 1981) while for the jacked piles as reported by 

Bond & Jardine (1991) the penetration rate ranged from 0.4 to 0.6 m/minute for fast 

jacking and 0.05 m/min to 0.1 m/min for slow jacking. Hence, the CMC penetration rate 

is generally much fast than driving and jacking, and it is more likely that the clay behaves 

under undrained conditions during CMC penetration.   

In many laboratory model tests reported in the literature, a small model pile or auger is 

often used, comparable to the size of a standard penetration cone in CPT testing. The 

downward penetration rate for CPT was 20 mm/s (or 1.2 m/min). Based on the 

experimental data, Kim et al. (2008) concluded that the penetration rate between 0.1 mm/s 

(or 0.006 m/min) to 20 mm/s caused no obvious difference on the measured penetration 

tip resistance and the generated pore water pressure. On this basis, a penetration rate of 

0.025 m/minute was adopted by Chai et al. (2014). Such penetration speed was 

sufficiently fast to ensure that the soil surrounding the cone would behave in undrained 

condition during penetration.  

The proposed non-dimensional velocity, , defined by Equation (2.22), has been used by 

various authors to determine an appropriate velocity so that satisfy the undrained 

condition of clay during penetration (Finnie & Randolph 1994; Kim et al. 2008; Randolph 

& Hope 2004). They recommended that when  is greater than 30, clayey soils 

surrounding the penetrating pile will behave under undrained condition. 
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   (2.22) 

where  is the vertical penetration speed in mm/s,  is the model pile radius in mm, 

and  is the coefficient of consolidation of the soil in m2/year. For example, Li et al. 

(2017) adopted a penetration rate of 50 mm/min for jacking the model pile into the soil 

sample to ensure the undrained conditions during pile installation. For auger displacement 

piles, the penetration speed markedly affects the soil displacement. Hird, Ni & Guymer 

(2011).  

2.6.3 Strain Gauge Embedment in Concrete Pile  

Strain gauges give information on bending moments in the compressive and tensile zones 

along the pile. For linear elastic material behaviour, the bending moment can be 

related to the curvature using Equation (2.23) (Comodromos, Papadopoulou & 

Rentzeperis 2009; Ooi & Ramsey 2003).   

  (2.23) 

where  =  =  =  = the second moment of inertia about the neutral axis of the 

column.  is the column’s modulus of elasticity, and  is the average curvature of the 

column. The product  is the flexural rigidity of the column.  

If the pile is instrumented with strain gauges along the fibre extreme as shown in Figure 

2.21, the curvature  of the pile can be obtained using Equation (2.24) (Doherty et al. 

2015; Guo & Lehane 2016; Kovari & Amstad 1982; McVay et al. 2009; Mohamad et al. 

2011; Ooi & Ramsey 2003; Rollins et al. 2005; Rollins, Peterson & Weaver 1998; 

Smethurst & Powrie 2007).  
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  (2.24) 

where  is the horizontal distance between the two strain gauges positioned at the same 

depth and spaced at equal but opposite distances from the neutral axis,  is the tensile 

strain (+) and  is the compressive strain ( ).  

 

Figure 2.21 Measuring strains along either side of the pile (after Mohamad et al. 2011)  

 

According to Rollins, Peterson & Weaver (1998) and Kovari & Amstad (1982) the strains 

in Equation (2.24) should include signs + and – for positive and negative strains, 

respectively. According to Rollins, Peterson & Weaver (1998), this approach cancels out 

any contribution due to axial strain, and leaves only bending strains. According to Ooi 

and Ramsey (2003), if only one strain gauge is installed or working at each elevation, 

A A’
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Section AA’

= Compressive strain 
= Tensile strain 
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then the curvature is the elongational strain divided by the distance from the strain gauge 

to the neutral axis. 

2.6.4 Soil-Column Interaction 

2.6.4.1 Formulae for Elastic Piles and Columns 

For elastic pile, Table 2.4 summarise the formulas for the determination of various 

structural response quantities.   

Table 2.4 Integration and differentiation methods in elastic beam 

 Parameters included in the functions 

Item     

Pile deflection  =      

Pile rotation  =      

Pile curvature  =      

Pile bending moment  =     

Shear force  =     

Soil-pile pressure  =     

 

2.6.4.2 Soil Reaction Deduced from Bending Moment 

Shear force  and soil reaction force  (i.e. the force per unit length) can be 

deduced by differentiating and double differentiating the bending moment profile  

of the pile with respect to depth z using Equations (2.25) and (2.26) (Dyson & Randolph 

2001). To reduce the inaccuracy in determining the p(z) by double differentiating M(z), 

the piecewise polynomial curve fitting method can be used (Qi et al. 2016; Yang & Liang 

2006).  
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 (2.25) 

 
 (2.26) 

According to Taghavi et al. (2015), a group of successive moment data points can be 

fitted to an n-order polynomial using a least-square method. The polynomial can then be 

differentiated twice and the soil response p(z) is evaluated at the central data point. The 

soil response for the uppermost and lowermost three points may be obtained from n-order 

polynomials fitted to the highest and lowest data points, respectively.  

2.6.4.3 Pile Lateral Deflection Deduced from Bending Moment 

According to Weaver, Ashford & Rollins (2005) and Ilyas et al. (2004), double 

integrating the curvature  gives the lateral displacement  of the 

column. 

  (2.27) 

where  is the lateral pile displacement, and  is the depth below ground level or top 

of the pile. According to Dyson & Randolph (2001), the experimental bending-moment 

data can be fitted with a series of equations to evaluate the above equation algebraically. 

The two integration constants required to derived y(z) can be determined from:  

 measured displacement at the loading position and an assumed zero deflection 

condition at the point with zero lateral resistance (Qi et al. 2016)  

 matching the measured deflection and rotation at the pile head (Kim et al. 2004) 



56 
 

 assuming zero displacements at the pile tip, and also matching the measured 

deflection at the pile head. The measured pile head rotation provided some 

redundancy” (Dyson & Randolph 2001).  

 the measured column head displacement as one of the two boundary conditions, and 

the pile tip displacement relative to the container base of zero as the other condition 

(Brandenberg et al. 2005). The calculated column displacement profiles contained 

contributions from curvature along the column and rotation at the column tips. The 

measured pile head rotation provided an independent check on the reasonableness of 

the computed shape.   

 used measured pile head displacement and zero pile toe rotation as the two boundary 

conditions (Ong, Leung & Chow 2006).  

 lateral displacements measured where the lateral load was applied and the other 

“assumed to have a zero value where the net soil resistance switched direction – that 

is, at the inferred point of rotation” (Truong & Lehane 2017). 

According to McVay et al. (2009), by integrating the curvature profile, the rotation of the 

pile can be obtained. According to Sawwaf (2006), the pile rotation (slopes) can be 

calculated as the ratio of the difference of the two horizontal displacement sensor readings 

placed at two different levels to the vertical distance between the two measurement points. 

  (2.28) 
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2.7 Gap and Limitations in Current Literature  

The review of the installation effects of drilled displacement piling method or CMC can 

be summarised into eight points as follows:  

1. The use of full displacement installation methods for ground improvement reduces 

spoil disposal, prevents borehole collapses and results in cost saving. However, 

current knowledge and the method of assessing CMC installation effects are very 

limited.  

2. Most researchers focused on CMC load-deformation analyses or estimating shaft 

resistance. Only a few investigators have assessed the effects of installing CMC or 

screw displacement columns, and that includes a numerical simulation in the granular 

soil, a few field investigations and small-scale model tests. There is a crucial need for 

further advanced and comprehensive study.  

3. Field evidence indicated that the lateral soil displacement induced by CMC 

installation process can be excessive. The excess lateral soil movement is associated 

with two issues: (i) new installations affecting adjacent already-installed CMCs, when 

columns are closely spaced, and (ii) CMC installations may damage nearby existing 

structures.  

4. In the past, model tests only simulated the displacement of the soil during installation 

of the auger and the concreting stage was not or could not be simulated. Most studies 

focused on granular materials (i.e. sand), or they simulated one single column. 

5. Considering the displacement effects, CMC installation process is analogous to the 

cavity expansions, which can be simulated in the laboratory and by the numerical 

method. The jacked pile installation process fulfils the features of a cylindrical cavity 
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expansion in a way that the surrounding soils are displaced laterally by the penetrating 

tools. 

6. Modelling of pile installation process involves large mesh distortion. Assessing 

installation effects of multiple columns will requires complex three-dimensional soil-

structure interaction, realistic modelling, coupled consolidation mechanical analysis, 

and construction sequence.   

7. Limited investigations on the influence of new column installations on the nearby 

existing columns for ground improvement purposes, especially when columns have 

not achieved its 28-day compressive strength. 

8. The installation sequence has a considerable influence on the observed lateral 

displacement on the surrounding soil and adjacent structures. Justifications for 

adopting these construction practices are often based on simplified analyses and local 

experience. There exist conflicting ideas on the optimal sequence of installation. 

While considering the existing construction procedures in place, most of the 

assessment methods purely involve monitoring during construction. However, solid 

justification for the installation sequence may be required and how efficient they are 

in comparison to other possible installation patterns.  
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CHAPTER 3 Numerical Comparison of Installation Sequences 

of Plain Concrete Rigid Inclusions  

 

 

3.1 Synopsis 

Soil displacement induced when installing controlled modulus columns (CMC) as ground 

reinforcement could affect the columns installed close by. Realising numerical analyses 

may provide useful insights, Chapter 3 describes a numerical approach to investigate how 

groups of CMC installed in different sequences could affect columns installed previously. 

Coupled consolidation analyses in large strain mode and incorporating soil-CMC 

interaction were carried out using the three-dimensional finite difference software 

package FLAC3D. The CMCs were modelled using the advanced non-linear Hoek-Brown 

plasticity model with a tensile yield criterion while soils with a typical profile were 

characterised using the modified Cam-Clay and the elastic-perfectly plastic material with 

a Mohr-Coulomb yield criterion. Where possible, the predicted responses of ground 

surrounding the CMCs were compared to a number of existing analytical methods and 

full scale field study. Predictions revealed that lateral soil movement and soil heave near 

existing CMCs induced by installing new CMCs towards the existing CMCs were 

approximately 15% and 25% greater than corresponding predictions when a reverse 

installation sequence was adopted. The maximum excess pore water pressures, induced 

near existing columns due to installing new columns towards the existing ones, were 

almost twice more than those caused by the reverse sequence of installation. Moreover, 

the predicted bending moments generated in the existing columns induced by installing 
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new columns towards the existing CMCs were almost 22% greater than the corresponding 

values when the reverse installation sequence was adopted. This shows the importance of 

selecting an appropriate installation sequence in the CMC construction process as well as 

considering the initial stress field and bending moments in the surrounding soil and 

CMCs, respectively when designing embankments on improved soft soils. 
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3.2 Introduction  

Ground improvement using controlled modulus columns (CMC) is one of the most 

effective ways of reducing long term and short term deformations of weak soil under road 

embankments, warehouses, and seaports (Fok et al. 2012; Plomteux, Porbaha & 

Spaulding 2004; Suleiman et al. 2016). A CMC-soil system consists of (a) a grid of 

columns installed into the weak ground with embedment in a stiff stratum, and (b) a 

granular load transfer platform. CMCs are built in the ground with a piling rig equipped 

with a hollow displacement auger that laterally displaces the surrounding soils with 

minimal spoil return to the ground surface (Plomteux, Porbaha & Spaulding 2004). 

Variations of this technique in terms of auger shapes or construction process include 

Controlled Stiffness Columns (CSC), Drilled Displacement Columns (DDC) (Larisch, 

Kelly & Muttuvel 2015) and Concrete Injected Columns (CIC) (Hewitt, Summerell & 

Huang 2009; Hsi 2008). The soil deformation induced by CMC installation increases the 

stresses in the ground such that, in theory, they could enhance the load-bearing capacity 

of the rigid inclusions. However, loadings associated with the movement of soil due to 

installation can have an adverse effect on nearby columns installed beforehand (Larisch, 

Kelly & Muttuvel 2015; Plomteux, Porbaha & Spaulding 2004; Turatsinze & Garros 

2008), particularly when the columns are closely spaced. In fact, newly installed CMCs 

are susceptible to an imposed load, due to the slow strength gain of fly ash concrete at 

early ages (Mehta 2004), low strength intended for ground improvement purposes 

(McCarthy & Dhir 2005; Plomteux, Porbaha & Spaulding 2004; Turatsinze & Garros 

2008), and pre-existing micro-cracks that naturally develop in most concrete. Unless a 

proper installation sequence is considered, large cracks and cross-sectional shear failure 

may develop in the columns, leading to damage, loss of verticality, and reduced flexural 

stiffness (Larisch, Kelly & Muttuvel 2015). 
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Most researchers only focused on CMC load-deformation behaviour (Fok et al. 2012; 

Ghosh, Fatahi & Khabbaz 2016; Hamidi et al. 2016; Wong & Muttuvel 2012a) or 

estimating shaft resistance (Basu, Prezzi & Salgado 2013; Rivera et al. 2014). Only a few 

researchers have assessed the effects of installing CMC or screw displacement columns, 

and that includes a numerical simulation (Pucker & Grabe 2012), field investigations 

(Larisch, Kelly & Muttuvel 2015; Suleiman et al. 2016) and small-scale model tests (Hird, 

Ni & Guymer 2011). Suleiman et al. (2016) indicated that the influence zones of CMC 

installation extend 4  to 6  from CMC face (  is CMC radius). Larisch, Kelly & 

Muttuvel (2015) reported the uplifts and lateral movements of the previous columns due 

to subsequently installed columns and suggested that trials be carried out prior to 

construction to optimise installation sequence to account for site-specific geology and 

project requirements.  

Since CMCs are installed using a displacement piling method, it is reasonable to relate 

the effects due to driven piles, jacked piles, stone columns, cement soil mixing, and jet 

grouted columns. Since the 1950s, the cavity expansion method (Bishop, Hill & Mott 

1945; Hill 1950; Yu 2000) has been used to assess the installation effects of driven piles 

(Randolph, Carter & Wroth 1979; Vesic 1972), jacked piles (Bond & Jardine 1991; White 

& Bolton 2004), stone columns (Guetif, Bouassida & Debats 2007), jet grouting (Liu et 

al. 2017; Shen, Wang & Cheng 2017; Wong & Poh 2000), and deep soil mixing columns 

(Chai, Miura & Koga 2005; Shen, Miura & Koga 2003; Shen & Miura 1999). The 

response of soil due to column installation is analogous to the creation or expansion of 

cylindrical and spherical cavities, which can be examined in undrained or drained 

conditions. The time-dependent soil responses can be evaluated via consolidation analysis 

(Randolph & Wroth 1979; Zhou et al. 2017). Numerous analytical or semi-analytical 

solutions have been developed for various soil models, e.g., Tresca model (Hill 1950), 
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linearly elastic-perfectly plastic Mohr-Coulomb material (Carter, Booker & Yeung 1986; 

Vesic 1972; Yu & Houlsby 1991), modified Cam-clay (Cao, Teh & Chang 2001; Chen 

& Abousleiman 2012; Collins & Yu 1996) and bounding surface plasticity (Chen & 

Abousleiman 2016). The shortcoming of cylindrical cavity expansion is an assumption 

of plane strain conditions at the mid-depth of a long vertical pile; in other words, the effect 

of soil heave is ignored. Similarly, spherical cavity expansion simplifies the geometries 

of various penetrating objects as half-spheres, and hence ignores the complex strain paths 

near column tip. The strain path method (SPM) (Baligh 1985) was developed to assess 

the deep penetrating problem, while its modified version the “shallow strain path 

method” (SSPM) (Sagaseta, Whittle & Santagata 1997) was used to estimate the 

movement of soil near the surface. While CEM and SPM have their own merits and 

limitations, CEM remains the most widely used method for assessing installation effects. 

Note also that for problems involving complex soil constitutive models and stratigraphy, 

the analytical solutions of the cavity expansion method would become cumbersome. 

Since the 1970s, finite difference and finite element methods have emerged due to the 

significant improvement in modern computing power. A simplified simulation of pile 

penetration by expanding a cavity from a finite radius using complex material models has 

been implemented successfully for various practical cases (Carter, Randolph & Wroth 

1979; Guetif, Bouassida & Debats 2007), but modelling the penetration of piles into the 

ground is a much more complex problem due to heavily distorted mesh. To minimise 

mesh distortion causing premature numerical termination, several interesting proposals 

(Dijkstra, Broere & Heeres 2011; Engin, Brinkgreve & van Tol 2015) were reported. 

However, the most notable advancements so far are as follows: the arbitrary Lagrangian–

Eulerian (ALE) method, (Liyanapathirana 2009; Nazem, Carter & Airey 2009; Sabetamal 

et al. 2014), the coupled Eulerian–Lagrangian (CEL) method (Hamann, Qiu & Grabe 
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2015; Pucker & Grabe 2012), and the Material Point Method (MPM) (Phuong et al. 2016). 

However, finite element methods based on mesh free or re-meshing schemes are complex 

to implement. Furthermore, as well as needing to simulate the column installation 

process, a comparison of the effects that installation sequences have on the responses of 

previously installed columns requires the numerical problem to be treated as a complete 

3D model. An alternative approach to a 3D model called two-stage method has been 

adopted (Poulos 1994; Tho et al. 2014), and was used to analyse the responses of piles 

due to loadings induced from the mass movement of soil. In-situ soil movements were 

obtained from analytical solutions (e.g. the strain path method), and then fed into the pile 

response analysis.   

The literature review led to the conclusion that to achieve a realistic and innovative 

simulation of multiple CMC installations and to compare the effects of using differing 

installation sequences on existing columns, a number of important aspects should be 

accounted for. Firstly, the numerical analysis should model individual columns to allow 

the soil to move between and interact with the columns. Secondly, when installing CMC 

in clay soils, the dissipation of excess pore water pressure in the time lag between 

installing two successive CMCs must be addressed. Thirdly, the non-linear behaviours of 

soil and columns and realistic model boundary conditions should be included for practical 

purposes. Finally, a simulation of CMC installation could utilise the widely accepted 

cavity expansion method in the numerical model; this would provide a practical 

compromise for many design situations as well as overcoming the need for more 

sophisticated analyses such as ALE or CEL schemes. Obviously, field trials are the most 

accurate way to optimise installation sequences but they are not always cost-effective and 

it may be difficult to apply the results to other projects where the ground conditions are 

different.  
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This chapter presents a 3D large strain numerical model to analyse the response of already 

installed CMCs subjected to loadings associated with the lateral movement of soil 

induced by installing a number of nearby CMCs. This chapter focuses on investigating 

the effects of using two different installation sequences on nearby CMCs in short and 

long terms. An undrained cavity expansion analysis to simulate the installation process 

of each CMC was followed by a consolidation analysis to allow excess pore water 

pressure dissipation during the lag between any two successive columns being installed. 

A modified Hoek-Brown model with a tensile yield criterion represents the non-linear 

behaviour of CMCs while the modified Cam-Clay and the elastic-perfectly plastic 

material with a Mohr-Coulomb yield criterion were used to characterise the soils. The 

numerical analyses were initially carried out using the properties of CMC grout at an early 

age, but to investigate how the curing periods affected the behaviour of existing CMCs 

subjected to nearby installations, the analyses were repeated by assigning the existing 

CMC with the properties of grout after 28 days. The response of soil to the installation of 

nearby columns was examined along their length and where possible the predictions were 

then compared to existing analytical methods. The responses of the existing CMCs in the 

long and short terms were also reported. 

3.3 Numerical Simulation 

3.3.1 Finite Difference Mesh and Boundary Conditions 

In this chapter, the column installation process simulated with 3D numerical modelling 

using FLAC3D v5.01 (Itasca 2012) in large strain mode, is explained. A 3D grid as shown 

in Figure 3.1 was created to represent the soils and an arrangement of 9 columns 

consisting of three already installed (denoted as CMC E1 to E3, aligned along Row 1) 

and six proposed columns (denoted as CMCs 1 to 6 of Rows 2 and 3). This block of 
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columns is located in the centre of the 3D model. The installation of CMCs along Rows 

2 and 3 was simulated and their influence on the existing CMCs (Row 1) was studied. 

Each column had a diameter  = 450 mm and a length of 7.2 m, which includes 1 m deep 

socket into the stiff clay. The columns are arranged in a square pattern at 1.8 m centre to 

centre intervals to correspond to 4D column spacing, thus capturing closely spaced 

columns in practice. 

 

Figure 3.1 Model geometry in 3D view 

The soil and CMC regions were created from solid elements such as brick, wedge and 

pyramid zone types. The FISH program language embedded in FLAC3D enables 

geometric shapes that are not readily available to be created. For example, a hemispherical 

11 m
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mesh was formed to simulate spherical cavity expansion at the tip of the column while a 

circular grid was created to model the cross section of the columns. The model grid has 

127,611 zones and 137,667 grid points. Each FLAC3D analysis took almost 12 weeks to 

run using a 3.40 GHz core i7 CPU computer.  

Referring to Figure 3.1, the top boundary of the grid (z = 11 m) represents the stress-free 

ground surface and the assumed water table, while the remaining boundaries were 

assumed to be impervious. The lateral boundaries were extended to 30 times the radius 

of the column from the outmost column to minimise the boundary effects. The soil at the 

vertical side boundaries was fixed against the normal displacements at the boundary 

planes. As shown in Figure 3.1, the bottom boundary was extended by almost 18 times 

the radius of the column and was restrained against movement in all directions to simulate 

competent bedrock. 

3.3.2 Adopted Installation Sequences    

To assess the effects of installing new columns beside existing ones, two different 

installation sequences as shown in Figure 3.2 were used. Installation Sequence No. 1 in 

Figure 3.2 shows that the CMC rig starts close to the existing columns and then moves 

farther away as installation continues, whereas Sequence No. 2 is a reversal of Sequence 

No. 1 (i.e. installation begins further away and then comes closer to existing CMCs).  
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Figure 3.2 Plan view of (a) installation Sequence No. 1 and (b) installation Sequence 

No. 2, used in numerical models (all dimensions in millimetres) 

The analysis commenced with the CMCs along Row 1, which are already in the ground 

(i.e. “wish in place”). In each installation sequence, the construction of six CMCs was 

modelled. Each CMC is installed in three stages, (i) cavity expansion to simulate 

penetration by the CMC displacement auger, (ii) grouting phase to build CMC, and (iii) 

the consolidation phase to model the evolution of excess pore water pressure with time. 

A time lag of approximately 30 minutes was allowed between two CMCs installed in 

succession. When all the CMCs have been installed, consolidation analyses were 

performed to investigate the long-term response of existing CMCs and the surrounding 

ground. 
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3.3.3 Ground Profile and Properties 

Table 3.1 summarises the model parameters of the soil layers, as shown in Figure 3.1. 

The soil properties were derived from the site investigation and laboratory data, which 

were undertaken for a highway upgrade in New South Wales, Australia. The modified 

Cam-Clay (MCC) material model (Roscoe & Burland 1968) was used to represent the 

behaviour of the highly over-consolidated crust and the layer of soft clay, while the 

underlying stiff ground was characterised by the linearly elastic-perfectly plastic material 

with a Mohr-Coulomb (MC) yield criterion.  

During the initial stage of the modelling process, other soil model types were also 

considered, such as Hardening Soil or Soft Soil models (Brinkgreve & Vermeer 1999). It 

is noted that such soil models are the built-in constitutive models in the PLAXIS software 

package (Brinkgreve & Vermeer 1999). In the adopted numerical tool for this research 

project, i.e. FLAC3D by Itasca (2012), the best and most practical model option for soft 

soils was the MCC model. While it was possible to create users’ own constitutive model, 

the focus of the thesis was the installation effects of CMC column, where the modelling 

of concrete column was a primary concern, rather than soils alone. Furthermore, most of 

the cavity expansion analyses have been carried out using modified Cam Clay model or 

Mohr Coulomb material model rather than hardening soil model or other recent material 

models. 

Referring to the existing literature, the elastic-perfectly plastic MC model can be adopted 

for the simulation of stiff clays (Chaiyaput, Bergado & Artidteang 2014; Kelesoglu & 

Springman 2011; Lee 2013; Voottipruex et al. 2011), while the soft clay is often modelled 

using the MCC model. However, it should be noted that when the emphasis of the 

research is on the behaviour stiff clay (in this study CMCs are mainly in soft clay deposit), 
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more advanced and rigorous soil constitutive models such as the elasto-plastic cap model 

presented by Reul & Randolph (2003) can be used to simulate stiff clay deposit. 

The laboratory test results for estuarine deposits (i.e. soft and firm soils) sampled from 

the site (south of Sydney, Australia) indicate that soft to firm soils have an effective 

friction angle,  , varying between 27.5° and 36°. A value closer to the lower bound was 

adopted for the crust and the soft soil (i.e. 28°, as given in Table 3.1). It should be noted 

that in the real practice, most often, no laboratory testing results are provided for the 

mechanical properties of the crust layer.  

The strength of the stiff soil deposit at the base of the model, which is characterised by 

the elastic-perfectly plastic model with MC yield criterion (Brinkgreve, Swolfs & Engin 

2011), is controlled by both the effective friction angle  = 28° and the effective cohesion 

 = 10 kPa. On the other hand, for soft clay represented by MCC model, the effective 

friction angle  is the sole strength parameter and is directly related to the critical state 

frictional constant M. It should be noted that Phutthananon et al. (2018) also used the 

same effective friction angle for the crust, soft soil and stiff clay, but with varying soil 

effective cohesion. 
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Figure 3.3 Profiles of (a) initial pore water pressure and vertical effective stresses, (b) 

over-consolidation ratio (c) undrained shear strength, and (d) rigidity index of soil 

The initial ground conditions adopted are: (i) the initial hydrostatic pore water pressure, 

, (ii) the groundwater table to be at the ground surface, and (iii) the initial in-situ vertical 

effective stresses, , to be induced by the weight of the soil, while the horizontal 

effective stresses,  are directly proportional to the vertical stresses  using the  

values presented in Table 3.1. It is noted that the  values for the soft clay and stiff clay 

were estimated using Equation (3.1) as recommended by Mayne & Kulhawy (1982). 

Based on the authors’ past experience with the soils in the region and the design approach 

adopted in the literature (Indraratna, Balasubramaniam & Sivaneswaran 1997; Jenck, 

Dias & Kastner 2009; Tan, Tjahyono & Oo 2008), a uniform  was adopted for the firm 

crust soil and the soft soil. The  value for stiff clay calculated from Equation (3.1) 

compares well with the typical values for stiff clay from the literature (Bolton & Powrie 

1987; Chen & Abousleiman 2012; Chou & Bobet 2002).    

 OCR0.5 (3.1) 

The profiles of the initial stresses of the soil deposit, the isotropic overconsolidation ratio 

OCR = , the undrained shear strength  and the rigidity index  are shown in 
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Figure 3.3. The soil modulus G is correlated to the mean effective stress  of the soil 

(Cao, Teh & Chang 2001; Zytynski et al. 1978), and is an important parameter for 

estimating the excess pore water pressure and stresses induced during the cavity 

expansion process. 

 

Table 3.1 Selected soil model parameters adopted in the 3D finite difference analysis 

Parameters Firm crust  Soft clay Stiff clay 

Depth range (m) 0 - 1 1 - 6.15 6.15 – 10.9 

Adopted soil constitutive model Modified Cam-

Clay 

Modified 

Cam-Clay 

Linearly elastic-

perfectly plastic  

Saturated unit weight,  (kN/m3) 17.8 17.6 19.6 

Poisson’s ratio,  0.3 0.3 0.3 

Recompression index,  0.073 0.073 - 

Compression index,  0.29 0.29 - 

Critical state stress ratio,  1.1 1.1 - 

Reference pressure,  (kPa) 74 74 - 

Reference specific volume, † 2.55 2.55 - 

Initial in-situ coefficient of permeability,  

(m/s) 

   

In-situ undrained shear strength,  (kPa) 25 7 - 22 60 

Elastic modulus,  (MPa) - - 15 

Effective cohesion,  (kPa) - - 10 

Effective friction angle,  (°) 28 28 28 

OCR 15 - 350 2 – 3.6 8  

Coefficient of lateral earth pressure at rest,  0.75 0.75 1.2 

Initial in-situ void ratio, eo 1.1 1.5 1.0 

Note: †  = specific volume for a  normally consolidated sample at .    
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3.3.4 CMC Properties 

Concrete structures are often modelled using linear elastic properties, but an elastic-

plastic model should be used for low strength concrete, especially when the external load 

is likely to exceed the yield stress of the concrete. In this study, CMC was modelled using 

the Hoek-Brown material model, following recommendations from Karam & Tabbara 

(2009) and Wu & Zhou (2010). The linear elastic-perfectly plastic model with Mohr 

Coulomb yield criteria (MC model) was initially considered (Section 2.3.3.1). However, 

a review conducted in this study shows that the friction angle and cohesion of the concrete 

required for MC model are difficult to be determined from the conventional laboratory 

testing schemes. The adopted Hoek-Brown model is therefore an innovative and essential 

aspect in CMC modelling. A summary of the adopted CMC parameters are presented in 

Table 3.2 and the procedures used to obtain these parameters are described below:  

3.3.4.1 Compressive Strength of CMC 

The 28 day unconfined compressive strength  of CMC grout may vary between 7 MPa 

and 30 MPa  (Cirión et al. 2013; Fok et al. 2012; Masse et al. 2011; Plomteux, Porbaha 

& Spaulding 2004; Wong & Muttuvel 2012a) for different applications. In this study, a 

 = 20 MPa was used because it is common practice in Australia. As recommended by 

Eurocode 2 (2015), the compressive strength of concrete at an age of t days was estimated 

using Equation (3.2).  

 
  (in MPa)   (3.2) 

where 3 <  < 28 days and the coefficient  = 0.31 considering the low strength cement 

used in CMC grout production. The continuous line in Figure 3.4 shows the design 

uniaxial compressive strength of concrete changing with time. For the concrete age 
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between 3.5 days and 28 days, Equation (3.2) was used to obtain the time-dependent 

strength of concrete. For the concrete age between 1 day and 3.5 days, the best fit to the 

experimental data available in the literature (Bazzar, Bouatiaoui & Alaoui 2013; Huang 

et al. 2013; Lam, Wong & Poon 2000; McCarthy & Dhir 2005; Naik et al. 2003; Siddique 

2004; Smith 1991; Yoshitake et al. 2014) was used. The concrete in the referenced 

literature was applicable to the characteristics of CMC grout (e.g. they were made with a 

50% replacement of cement with fly ash and a water/binder ratio of approximately 0.5). 

The adopted values of  at various curing ages are given in Table 3.2.  

 

Figure 3.4 Development of the uniaxial compressive strength of fly ash concrete with 

time 

3.3.4.2 Tensile strength of CMC 

The most important characteristic of CMC grout for lateral column resistance  the CMC 

tensile strength was estimated based on Eurocode 2 recommendations for plain concrete. 
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The mean tensile strength   at an age of  days was estimated from Equation (3.3) 

as recommended by Eurocode 2 (BS EN 1992-1-1 2015).   

 
 (3.3) 

The tensile strength of plain concrete (e.g. CMC) can be estimated using Equation (3.4) 

from Eurocode 2 (BS EN 1992-1-1 2015).  

                                              (3.4) 

where  = characteristic tensile strength of concrete = 0.7 (t);  = is a 

reduction  factor that accounts for the long term effects on tensile strength (  = 0.8); 

 = factor applied for ultimate limit state design ( =1.5); and  = factor to obtain the 

design resistance of cast in place piles ( =1.1). The adopted values may not necessarily 

be conservative, as in practice CMCs are often designed assuming no tensile stress in the 

CMC material (Plomteux & Lacazedieu 2007; Wong & Muttuvel 2012a). 

3.3.4.3 Stiffness of CMC 

The modulus of elasticity  estimated from  based on Eurocode 2 should only be 

regarded as indicative, especially for geotechnical applications (BS EN 1992-1-1 2015). 

As recommended by the ASIRI project for rigid inclusions (ASIRI National Project 

2012), a long-term modulus of elasticity of approximately 10 GPa can be used for 

concrete inclusions fabricated in-situ with a displacement piling method, for a  varying 

from 12 MPa to 20 MPa. This value can be obtained using Equation (3.5) (Bétons de 

sable 1994).  

 1/3  in MPa (3.5) 
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The modulus of elasticity of concrete at age of t days, (t) was determined based on 

Equation (3.5) and by adopting the compressive strength  at age  in MPa, as shown 

in Table 3.2.  

3.3.4.4 Adopted Parameters for Modelling CMC 

Originally developed for rock mass, the Hoek-Brown criteria (Hoek & Brown 1980) as 

shown in Equation (3.6) can also be used to model a brittle material such as concrete 

because it can be considered as one special type of rock, e.g. medium strong claystone, 

shale or siltstone (Hoek & Brown 1997). In fact, a number of authors adopted the Hoek-

Brown criterion to model concrete  (Karam & Tabbara 2009; Wu & Zhou 2010).  

  =  +  (3.6) 

where  and  =  major and minor principal stresses at failure,  = uniaxial 

compressive strength of intact rock pieces, and  and  = Hoek-Brown material 

constants. In this study, CMC material was modelled using a plasticity model that 

incorporates nonlinear Hoek - Brown yield criterion (Hoek & Brown 1980) combined 

with a tensile yield criterion. The modified Hoek Brown criterion in FLAC3D defines the 

onset of tensile yielding where the minor principal stresses  (or the tensile stress) 

reaches the specified tensile strength. Besides  and dilation angle , the Hoek-Brown 

parameter s =1 were used, assuming that CMC is intact, and the parameter m = 12 was 

selected as recommended by Karam & Tabbara (2009). In fact, the adopted  value can 

be readily justified based on Equation (3.7) and the literature on the uniaxial compressive 

strength  and tensile strength  of various types of concrete (Hoek & Brown 1980). 

  =  for m > 5 (3.7) 
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The  ratio calculated for normal concrete ranges from 10 to 25 (ACI Committee 

318 2014) and from 9 to 13 for high fly ash concrete (Siddique 2004; Yoshitake et al. 

2014). For many practical cases, practicing engineers can derive the  values from the 

properties of concrete that are readily available. Table 3.2 shows a summary of all the 

input parameters for CMC grout adopted in this study. 

Table 3.2 Concrete parameters for numerical modelling of CMC 

Concrete age,  (days) 1 day 
3.5 

days 

7 

days 

14 

days 

28 

days 

Concrete density,  (kg/m3) 2400 

Modulus of elasticity at age  days,  (MPa) 5,100 7,400 8,600 9,400 10,040 

Mean tensile strength at age  days,  

(MPa) 
0.57 1.25 1.62 1.94 2.21 

Design tensile strength,  (MPa)* 0.193 0.426 0.55 0.66 0.75 

Poisson’s ratio,  0.2 

Cylinder compressive strength at  days,  

(MPa) 
2.6 7.9 12.5 16.6 20 

Dilation angle,  (°)** 12 

Hoek-Brown constant m 12 

Hoek-Brown constant s 1 

Note: * = tensile strength for plain concrete cast-in-situ piles, ** recommended by Vermeer & De Borst (1984) . 

 

3.3.5 Initial Conditions and CMC-Soil Interface  

Once the in-situ soil stresses described in Section 3.3.3 were established, the three CMCs 

along Row 1 were installed by changing the material properties in the existing CMC zones 

from soils to CMC (“wished-in-place”). CMCs were considered to be impermeable and 

they were modelled using solid elements. Existing columns E1, E2 and E3 were given the 

properties of grout that corresponded to either an age of 1 day or 28 days, whichever was 
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relevant to short and long curing periods, before new columns were installed close by. 

Although CMCs 1-6 were installed in a period of 3 hours, the properties of one-day old 

grout was adopted for simplicity. 

Interface elements were used to simulate the interaction between CMC and soil, including 

any possible gapping or sliding. In addition, the constraining effects of previously 

installed columns on the lateral displacement can be considered, which otherwise may 

not be possible with analytical methods (Chai, Miura & Koga 2005). For each CMC, the 

interface between the soil and column consists of an upper portion that represents the 

interaction between soft soil and CMC, and a lower portion that models the interface 

between stiff clay and CMC. The Mohr-Coulomb criterion was used to capture the shear 

strength at the soil and CMC interface. The strength of the tensile bond at the interface 

was assumed to be zero. The cohesion and friction angle of the clay and concrete interface 

were calculated based on the relationship given in the literature (Bowles 1997; Potyondy 

1961). The normal stiffness and shear stiffness for the interface  and  were estimated 

using Equation (3.8), as recommended by Itasca (2012). 

 
 (3.8) 

where,  and  = bulk and shear moduli of surrounding soil, and  = smallest width 

of zone adjoining interface in the normal direction. The adopted parameters are presented 

in Table 3.3.  
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Table 3.3 CMC-soil interface parameters adopted in this numerical modelling 

Parameters Values 

Types of interaction CMC - soft soil   CMC - stiff soil  

Interface shear and normal stiffness values,  =  (kPa/m) 3 105 2 106 

Cohesion of interface element,   (kPa)  1 6 

Friction angle of interface element,   (°)  18 18 

 

3.3.6 Cavity Expansion to Simulate Column Installation 

For a simplified simulation, the process of drilling holes for CMC ground improvement 

is assumed to consist of (a) cylindrical cavity expansion along the shaft, and (b) spherical 

cavity expansion near the tip (Figure 3.5a). Note that the analytical solutions using this 

combined cylindrical and spherical cavity expansion for cone penetration testing by Chai 

et al. (2015) agreed reasonably well with the laboratory measurements. The creation of a 

hole was followed by backfilling with CMC grout, and consolidation analyses.  

Numerical modelling of the installation of a pile into the clay (i.e. created cavity problem) 

is difficult to implement owing to the initial singularity. According to Carter, Randolph 

& Wroth (1979), expanding a cavity with an initial radius  to a new cavity radius  = 

 can be used to give an adequate approximation to what happens in the soil when a 

cavity expansion from zero radius to the actual column radius (i.e. ) occurs. If the 

deformation occurs at constant volume i.e. Equation (3.9), then the necessary relation 

between  and rCMC  is rCMC =   (Carter, Randolph & Wroth 1979). For example when 

rCMC = 225 mm, then the adopted initial radius of the cavity would be   = 130 mm. 

However, the required final radius of the cavity would be  = 260 mm which is notably 
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larger than the radius of the actual CMC (rCMC) and is not desirable. Parametric study 

conducted by Castro & Karstunen (2010) found that quadrupling the initial cavity gives 

almost identical results compared to doubling the cavity as presented by Carter, Randolph 

& Wroth (1979). Hence, a smaller initial cavity  = 65 mm was chosen for this study, 

which results in a more realistic case as the final radius  = 234 mm determined based 

on Equation (3.9) is much closer the actual CMC radius (only 4% difference). It should 

be noted that an initial cavity radius smaller than 65 mm would result in excessive mesh 

distortion and could not be adopted successfully in this study.    

 
 (3.9) 

The adopted initial and final radii were applied to the cylindrical and spherical cavity 

expansions, as shown in Figure 3.5a. Note that concrete over-break and the effect of 

concrete pumping pressure was not considered in this study.  
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                                  (a)                                                                         (b) 

Figure 3.5 (a) Simplified model for CMC installation, and (b) Deformed mesh after 

undrained cavity expansion at CMC 6 in Sequence No. 1 

The first step in creating a small initial cavity (  = ) is to turn the soil inside the initial 

cavity into “null” material, and then apply outward normal velocities to the cavity wall 

so that when mechanical stepping in large strain mode is used, the wall would be 

displaced in a normal direction until achieving the final cavity  = 234 mm. After creating 

the CMC cavity, concrete material (see Table 3.2) was assigned to the elements inside the 

cavity to simulate the placement of CMC grout. After installation of each CMC, a coupled 

hydraulic and mechanical simulation was conducted to allow the excess pore water 

pressure to dissipate within a 30-minute lag between two successive CMC installations. 

The starting conditions for consolidation analysis corresponded to those immediately 

after cavity expansion (Randolph, Carter & Wroth 1979). The next CMC in the sequential 
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order was installed in the same way as the first CMC. Figure 3.5b shows the deformed 

mesh of soil and columns, after creating the hole at CMC 6. The changes in model 

variables in the soil and CMCs were recorded with time. 

3.4 Results and Discussion    

3.4.1 Response of Soil to CMC Installation 

3.4.1.1 Lateral Soil Movement  

Figure 3.6a shows the contours of lateral soil displacement at the ground surface (in  

direction) induced by the complete penetration of the first CMC (i.e. CMC 1 of 

installation Sequence No. 1). Note that the existing CMCs are well within the radius of 

influence of the new column installation. Figure 3.6b shows the contours of the lateral 

soil surface displacement in  direction where as expected, the existing columns 

restrained movement, and the displaced soil moved past the clear space between the two 

existing columns.  
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Figure 3.6 Contours of lateral surface soil displacement (a) in x direction and (b) in y 

direction, induced by installing the first CMC 

The lateral displacement of soil due to installation plotted with depth in Figure 3.7 reveals 

that a single CMC installation may affect the next two adjacent columns in the row. 

Assuming that  represents the outer boundary of the zone of influence (or 

beyond where lateral displacement  is less than 5 mm), Figure 3.7 shows that the zone 

of influence had extended by approximately 24 times of the CMC radius. It can be noted 

that the lateral soil displacement in soft clay was greater than in the underlying stiff clay.  

Figure 3.8 shows a cross section through CMC 2 and CMC E2, and the accumulated 

lateral soil displacement induced by the installation of the first two CMCs (i.e. CMC1-2). 

The contours shown in Figures 3.7 and 3.8 indicate that the installation of CMC2 

increased the movement of accumulated soil; thus, the radius of the influence zone 
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( ) increased from 24  to 28  when the second CMC was installed. 

Figure 3.8 also shows that the existing CMC E2 modified the pattern of lateral soil 

movement with denser contours in front of the column and much wider contours around 

the back face. 

 

Figure 3.7 Magnitude of lateral soil displaced by the installation of CMC1 (a) plan 

view, and (b) cross section through CMC1 axis 
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Figure 3.8 Accumulated lateral soil displacement induced by two CMCs installed in 

succession: (a) plan view, and (b) cross section through the axis of CMC 2 and CMC 

E2 

Chai et al. (2009) proposed closed-form equations for estimating the lateral soil 

displacement caused by the installation of a row of soil–cement columns derived based 

on cylindrical cavity expansion theory. This solution is currently the only analytical 

method available for estimating installation effects induced by installing multiple 

columns (Chai & Carter 2012). Figure 3.9 shows the lateral soil displacement in y 

direction induced by installing CMC 1 to CMC 3 in a row at the mid-depth of the soft 

clay layer. The comparison shows that there is good agreement between the adopted 

numerical approach in this study and the Chai et al. (2009) analytical method.  
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Figure 3.9 Comparisons of Chai’s method (Chai et al. 2009) and this numerical study 

for lateral soil movement induced by installing columns of the first row 

The affected columns were traditionally assessed using the estimated lateral displacement 

of soil in an in-situ soil field (Poulos 1994), so it is also interesting to estimate the 

accumulated lateral displacement of displaced soil that moved past the clear space 

between two existing columns, induced by the installation of new CMCs (Figure 3.10a). 

At Point A in Figure 3.10a, located at an offset distance of 8  from CMC Row 2, 

the lateral soil movement induced by installing two new rows of columns was 

approximately 47 mm, which is almost twice of the lateral soil movement induced by a 

single CMC installation as shown in Figure 3.7. Although the difference in lateral soil 

movements within the upper 2 m of soil was insignificant between the two installation 

sequences, the differences between depths of 2 m and 6 m are notable because of different 

installation sequences. Figure 3.10a shows that the predicted lateral soil movement in the 

soft clay layer is 15% greater when Sequence No. 2 is used rather than Sequence No. 1. 

In the stiff clay, the lateral soil movement induced by both installation sequences was 
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between 5 mm and 10 mm, and is of the same order of magnitude compared to the 

corresponding values for a single CMC. Considering the overall profile of lateral soil 

movement with depth, it can be seen that the general pattern of lateral soil displacement 

was similar to the field measurement reported by Chai, Miura & Koga (2005) for the soil-

cement column installations at the Kubota site in Saga, Japan. 

 

Figure 3.10 Induced soil movement: (a) Lateral displacement of soil in y direction, and 

(b) Soil heave between two adjacent existing CMCs after installing new CMCs 

The predicted lateral soil displacement as shown in Figure 3.10a was compared to the 

measured values taken from a field case study in Melbourne, Australia (King et al. 2017). 

It is noted that the diameter and the quantities of the columns reported by King et al. 

(2017) and those adopted in this study were similar. In addition, at both sites the soils 

were over-consolidated clays; and the soil layerings and stiffnesses were also similar. Due 

to the difference in the thicknesses of the soil layers between the two studies, the depth 

was normalised by the depth to the hard stratum, at which the lateral soil movements 
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induced by CMC installations were almost zero. Figure 3.11 shows the comparison 

between the measured lateral soil movements and the numerically predicted values at 

depths in the soil induced by the adjacent soil-displacement column installation activities. 

The observed trends as shown in the figure indicate that the predicted lateral soil 

displacement matched well with the measured data.  

 

Figure 3.11 Comparison of measured and numerically predicted lateral soil movements 

in the soil induced by the adjacent column installation site 
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3.4.1.2 Vertical Soil Heave  

Sagaseta, Whittle & Santagata (1997) published the Shallow Strain Path Method (SSPM) 

solution to estimate the soil movement around an axisymmetric closed-ended pile with a 

rounded tip. This solution combines the merit of the strain path method (Baligh 1985) for 

deep penetrations, and the methods used to compute soil deformations due to near-surface 

ground loss (Sagaseta 1987). The closed-form small-strain solutions of SSPM method 

(Sagaseta, Whittle & Santagata 1997) for the pile penetration can be used to reliably 

predict the ground surface heave due to column installation (Ni, Hird & Guymer 2009; 

Sagaseta & Whittle 2001). Soil heave induced by the installation of CMC 1 was plotted 

against the normalised radial distance, as shown in Figure 3.12, in which the prediction 

by the finite difference analysis in this study shows reasonably good agreement with the 

predicted values using the SSPM method. The SSPM method, however, yielded greater 

soil heave within a radial distance of 4 times the CMC radius, but as reported in the 

literature (Poulos 1994), the SSPM method normally gives slightly higher soil heave near 

the axis of a pile and less movement away from the axis. Referring to Figure 3.12, around 

paths CE and CD, the existing CMCs E1 and E2 led to a localised reduction in soil heave 

due to friction between the soil and the columns. 

Figures 3.13a and 3.13b show the accumulated soil heaves at the ground surface and the 

vertical uplift of three existing CMCs (i.e. E1 to E3), due to the installation of nearby 

CMCs (i.e. CMCs 1 to 6). In particular, Figure 3.13a plotted the predictions 

corresponding to Sequence No. 1 and clearly indicates that soil heave between CMC E1 

and E2 increased rapidly as installation proceeded from CMC 1 to CMC 3, whereas the 

pattern for Sequence No. 2 was the reverse, as shown in Figure 3.13b. In fact, the soil 

heave induced by the installation of the first row accounted for approximately 85% of the 
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total soil heave near the existing CMCs induced by Sequence No. 1, compared to only 

20% for Sequence No. 2. However, at the completion of all installations, the maximum 

soil heave at the surface recorded between the two adjacent existing CMCs was 26.5 mm 

and 31 mm for installation Sequences No. 1 and No. 2, respectively (a difference of 17%). 

Hence, predicted progressive soil heave as the installation progresses clearly indicated 

that the first three installed columns along Row 2 of Sequence No. 1 acted as the stiff 

barrier preventing further soil heave built-up towards CMCs E1-E3. Due to the soil heave, 

the CMC E2 was uplifted by 9.1 mm and 9.7 mm after installation Sequences No. 1 and 

No. 2, respectively, representing a 6% difference. It should be noted that, referring to 

Figures 3.13a and 3.13b, the predicted soil heave for both installation sequences was 

approximately three times the column uplift. 

 

Figure 3.12 Comparisons of Sagaseta, Whittle & Santagata (1997) analytical method 

and this numerical study for soil heave induced by installation of CMC 1 
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Figure 3.13 Soil heave and CMC uplift due to new installations (a) Sequence No. 1 and 

(b) Sequence No. 2 

Soil Soil Soil Soil

CMC6
CMC5
CMC4
CMC3

CMC2

Section A-A' (see Figure 3.2b)

CMC1

(b) Installation 
Sequence No. 2

C
M

C
 

E
3

C
M

C
 

E
2

C
M

C
 

E
1

After installing:

31 mm

Original 
ground 
surface

-5

0

5

10

15

20

25

30

35

40

-4 -3 -2 -1 0 1 2 3 4

S
oi

l a
nd

 C
M

C
 h

ea
ve

 a
lo

ng
 s

ec
tio

n 
A

A
' (

m
m

)

Distance from the axis of the middle existing CMC E2 (m)

C
M

C
 E

3
he

ad

Soil Soil Soil Soil

CMC1

CMC2
CMC3
CMC4
CMC5

Section A-A' (see Figure 3.2a) (a) Installation 
Sequence No. 1 

CMC6

C
M

C
 

E
3

C
M

C
 

E
2

C
M

C
 

E
1

After installing: 
26.5 mm

Original 
ground 
surface

-5

0

5

10

15

20

25

30

35

40

-4 -3 -2 -1 0 1 2 3 4

S
oi

l a
nd

 C
M

C
 h

ea
ve

 a
lo

ng
 s

ec
tio

n 
A

A
' (

m
m

)

Distance from the axis of the middle existing CMC E2 (m) 

C
M

C
E

3 
he

ad



92 
 

When a site involves installation of a large number of CMCs such as those reported by 

Michalowski et al. (2018), estimating induced soil heave may be useful in planning 

subsequent earthworks to achieve the required finished platform level. The contour plots 

of predicted ground surface heaves are shown in Figures 3.14a and 3.14b for installation 

Sequences No. 1 and No. 2, respectively; the predicted ground surface heave ranged from 

20 mm (near the edge of the existing CMCs and outside the newly installed columns at a 

distance of 8D) to 100 mm (near the edge of CMCs 1-6). Figure 3.14b shows that the 

contour lines of soil heave at the front face of the existing CMCs were more concentrated 

due to the installation Sequence No. 2. Note that unlike installation Sequence No. 1, the 

contour line corresponding to 30 mm soil heave induced by installation Sequence No. 2 

extended beyond the front face of the existing CMCs.  

The use of different sequential orders for CMC installation also results in different 

amounts of soil heave with depths. Soil heave at location A between CMCs E1 and E2, 

is plotted with depth in Figure 3.10b. Most of the calculated soil heave occurred in the 

upper half of the soft soil where Sequence No. 2 induced 25% more heave than Sequence 

No. 1. As expected, there was a rapid decrease in heave at the interface of the soft soil 

and stiff soil near the tip of the CMC. 
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Figure 3.14 Contour plot of the vertical movement of soil at the surface after installing 

all the CMCs: (a) Sequence No. 1 and, (b) Sequence No. 2 
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After installing CMCs, the fluid flow and distribution of stress in the soil cause time-

dependent movement due to the consolidation process. Figures 3.15a and 3.15b show that 

the soil surface continued to heave after installing the CMCs and the existing column 

heads rose accordingly. Four weeks after installation, post-installation soil heave was 2.9 

mm and 3.4 mm for Sequences No. 1 and 2, respectively. The predicted post-installation 

soil heaves were approximately 10% of the predicted ground heave during CMCs 1-6 

installation, which were 26.5 mm and 31 mm for installation Sequences No. 1 and No. 2, 

respectively (see Figures 3.13a and 3.13b). The results presented in Figures 3.15a and 

3.15b are in good agreement with the past field observations reported by Randolph, Carter 

& Wroth (1979) and Hagerty & Peck (1971) for driven piles; indicating that the soil heave 

continues a long time after pile installation. Figure 3.16a shows the change in soil surface 

heave predictions at Point A between CMCs E1 and E2 from the installation time of 

CMCs1-6 to over one month after installation. The rate of soil heaving over time as shown 

in Figure 3.16b decreased substantially three weeks after completion of the installation. 
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Figure 3.15 Time-dependent uplift of CMCs and soil heave: (a) Sequence No. 1 and, (b) 
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Figure 3.16 Soil heave between two existing CMCs during and after installing CMC1-6 

with the time axis plotted: (a) on a logarithmic scale and (b) on a normal scale 

3.4.1.3 Excess Pore Water Pressure  
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pore water pressure ∆u generated around a driven pile, under plane strain conditions and 

on the assumption of deformation at constant volume, can be determined by the 

cylindrical cavity expansion solution in Equation (3.10) (Vesic 1972).  
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  = ln  (3.11) 

where  = radius of the plastic zone around an expanding spherical cavity;  = 

spherical radial distance; and  =  .  

 

Figure 3.17. Excess pore water pressure generated by installing CMC 1: (a) current 

numerical prediction, and (b) existing analytical solutions by Vesic (1972) 
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attributed to uncertainty in the adopted values of  for use in Equations (3.10) and 

(3.11), and to the isotropic soil stress conditions assumed in the analytical solutions. 

While the analytical solutions yield excess pore water pressures at discrete points based 

on a plane strain assumption, the numerical methods can describe the cavity expansion in 

layered soils and the complex strain paths that soil follows near the tip of the pile.   

The consolidation analysis included at the end of each CMC installation indicated that 

the excess pore water pressure had largely dissipated. Immediately adjacent to the front 

face of CMC E2 (i.e. Point C), the variation of accumulated excess pore water pressure 

( ) induced by installation Sequences No. 1 and 2 is shown in Figures 3.18 and 3.19. 

The  value at the end of installation Sequence No. 2 was approximately 42 kPa, almost 

twice the  induced by installation Sequence No. 1 (i.e. 24 kPa). In fact, after a peak  

value induced by the installation of CMC 2 in installation Sequence No. 1, the 

consolidation time available during the installation of subsequent columns (i.e. 0.5 hours 

per column) largely reduced the accumulated excess pore water pressure. Referring to 

Figure 3.19, an opposite trend was observed for installation Sequence No. 2 where the 

first four columns did not induce considerable excess pore water pressure, compared to 

the last two columns (i.e. CMC 2 and 1). Therefore, it can be concluded that the time lag 

between the installations of two successive CMCs is an important factor because it 

directly affects the amount of excess pore water pressure build-up as construction 

proceeds. 
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Figure 3.18 Accumulated excess pore water pressure along the front face of CMC E2, 

induced by installing nearby CMCs (Sequence No. 1)   
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Figure 3.19 Accumulated excess pore water pressure along the face of CMC E2, 

induced by installing nearby CMCs (Sequence No. 2) 
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this study predicted a maximum excess pore water pressure of approximately 60 kPa at a 

depth of approximately 6.2 m.    

The variation of excess pore water pressure ( ) was monitored at three locations near 

the front face of CMC E2 as shown in Figures 3.20a, 3.20b, and 3.20c. Cross section BB’ 

(see Figure 3.2) was included in Figure 3.20 to identify these monitoring points. Referring 

to Figure 3.20, the following observations can be made: 

 At point D in Figure 3.20a (i.e. near the mid-depth of soft soil), the maximum  

generated during CMC installations was approximately 20 kPa. As CMC installations 

were completed, the excess pore water pressure at this point fell rapidly to 6 kPa, and 

seven days after installation  rose to 9 kPa before dissipation.  

 At Point E in Figure 3.20b (i.e. 6 m depth), the maximum  generated due to CMC 

installation was 55 kPa, but two weeks after installation  at Point E dropped to 5.5 

kPa (i.e. 90% excess pore water pressure had dissipated).  

 At Point F in Figure 3.20c, during installation both construction sequences generated 

negative excess pore water pressure in the soil. The maximum negative  at Point F 

was -11 kPa and -16 kPa for Sequences No. 1 and No. 2, respectively, but one day 

after all the CMCs had been installed,  increased to approximately 9 kPa before 

dissipation.  
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Figure 3.20 Excess pore water pressure along CMC E2 front face: (a) Point D, (b) 

Point E, (c) Point F 
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3.4.1.4 Mean Effective Stress  

Figure 3.21a shows the evolution of the excess pore water pressure ( ) and mean 

effective stress  in the soil near the face of CMC 2 and CMC E2 at 2.0 m depth. The 

mean effective stress in the soil near the face of CMC 2 increased by 13 kPa, which is 

almost twice as large as the in-situ . Four weeks after installation, the rise in  mainly 

occurred in the soil within a radius of 3   from CMC 2. The effect of installing 

CMC 2 on the stress state of the soil adjacent to CMC E2 was evident due to the increase 

in the mean effective stress  at 2 m depth by 25% and 50% on the front and back face 

of CMC E2, respectively. During the soil consolidation process, although there was a 

slight increase in  on the back face, a marginal decrease in  of the soil occurred on the 

front face of CMC E2. A slight reduction in  of the soil on the front face of CMC E2 

can be attributed to small excess pore water pressure generated at this location by the 

time all installations were completed (Figure 3.21a), and is likely to be the result of the 

lateral deflection of CMC E2 away from CMCs 1-6 (Figure 3.24a). In fact, although the 

predicted net lateral soil resistance was rather small at 2 m depth (see Figure 3.25d, 

installation Sequence No. 1), careful inspection shows that the back face of CMC E2 

actually carried the soil resistance, rather than the front face. 
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Figure 3.21 Excess pore water pressure and mean effective stress of soil: (a) at 2m 

depth, and (b) below the base of CMC E2 and CMC2   
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there was a further increase in  of approximately 18 kPa due to soil consolidation below 

CMC 2. A reverse trend, however, is observed in terms of the soil state near the affected 

CMC E2. As shown in Figure 3.21b, a negative excess pore water pressure of 

approximately - 25 kPa ( =  0.36) was generated in the soil below column E2, 

which is most likely related to the uplift of the column E2 discussed later in Section 

3.4.2.2. It is also noted that, since column E2 tilted away from CMC 2 and rotated about 

its toe, negative pore water pressure was only generated within one half of the column 

base, closer to CMC 2. The mean effective stress in the soil fell to zero, and tension was 

generated in the soil near the tip of CMC E2. Two weeks after installation, the dissipation 

of negative pore water pressure led to an increase in  of up to 25 kPa. 

 

(a) Installation Sequence No. 1 (see Figure 3.2a)     (b) Installation Sequence No. 2 (see Figure 3.2b) 

 Figure 3.22 Schematic diagram of head movements of CMC E2: (a) installation 

Sequence No. 1 and (b) installation Sequence No. 2 
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3.4.2 Responses of Previously Installed CMC to New Nearby CMCs 

3.4.2.1 Movement of Existing CMC Head  

For both sequential orders of installation (i.e. Sequences No. 1 & No. 2), the induced 

displacements of the soil moved the head of CMC E2 away from the new CMCs in y 

direction, which are plotted schematically in Figure 3.22. Because different CMCs in the 

group were installed in different (x, y) coordinates, CMC E2 also moved sideways in x 

direction. The movements of the CMC head due to installation Sequences No. 1 and No. 

2 in y direction were approximately 55 mm and 46 mm, while the corresponding head 

movements in x direction were approximately 4.6 mm and 5.1 mm, respectively. 

Although the paths of the existing CMC head movement were different for the two 

adopted installation sequences, the column head returned to its original x coordinate at 

the completion of all CMC installations in both cases, due to the symmetric arrangement 

of CMCs. While CMCs are socketed in the stiff stratum, the displacement of the CMC 

head often leads to loss of verticality. The Australian Standard for Piling – Design and 

Installation (Standards Australia 2009) recommends that adequacy of the columns be 

assessed when the lateral movements of the previously installed piles is in excess of 

acceptable limits. According to the Australian practice for concrete inject columns (Roads 

and Maritime Services NSW 2017), the maximum permissible deviation of the column 

axis from its design plan position at its cut off level is 75 mm in any horizontal direction 

while the maximum permitted deviation of the finished column from the vertical axis at 

any level should not exceed 1:100 (H:V). 

3.4.2.2 CMC Uplift 

The soil heave shown in Figures 3.10–3.16 interacted with the existing CMCs and caused 

column uplift. Figure 3.23a shows the accumulated uplift of CMC E2 at its head (i.e. 
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Point I) and tip (i.e. Point J) due to different sequences of installing CMCs 1-6. The 

predicted uplifts of CMC E2 head at the end of both installation sequences are similar and 

were approximately 9.5 mm (i.e. 0.02D). Since the column was embedded in stiff clay 

rather than in a rock socket, the base was expected to rise during nearby installations. The 

uplift of the CMC tip (i.e. Point J) is approximately 0.01D. According to Figure 3.23a, 

the difference in predicted uplifts at the head and tip indicated that CMC E2 had stretched 

approximately 6.0 mm due to the installation of adjacent CMCs, or an average axial strain 

of 0.085% (Figure 3.23b). The maximum axial strain of 0.55% occurred at the depth of 

6.4 m, slightly below the interface of soft and stiff clay. Approximately 5.0 m deep, the 

maximum axial strain of CMC E2 in the soft soil was 0.2% and 0.25%, for installation 

Sequences No. 1 and No. 2, respectively (Figure 3.23b). 



108 
 

 

         

Figure 3.23 (a) Uplift of existing CMC E2 due to installing new CMCs, (b) Axial strain 

in CMC E2, and (c) Displacement of CMC E2 tip during and after CMC installations 
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after commencing the nearby installations was attributed to the dissipation of excess pore 

water pressures as presented in Figure 3.20. Referring to Figure 3.23c, one month after 

nearby installations, the tip of column E2 settled to the level immediately after nearby 

installations. The column heave that occurred during nearby installations may seriously 

impair its load carrying capacity and is likely to increase the long and short-term  

settlement  of the composite ground at a later stage. When the installation site is loaded, 

significant settlement will occur as the heave induced gap between the CMC tip and the 

bearing stratum is closed. In fact, short-term surcharge may need to be applied onto the 

CMC reinforced ground to compensate for uplifts induced by the nearby installations.  

3.4.2.3 Lateral Deformation of Existing CMCs 

Figure 3.24 shows the accumulated lateral deflection of CMC E2 with depth after each 

subsequent CMC installation. In the installation Sequence No. 1, the lateral deflection of 

CMC E2 increased quickly after installing CMCs 1 - 3. These new CMCs formed a barrier 

that partially restrained the movement of soil near CMCs E1-E3 due to the installation of 

CMCs 4-6. Obviously, this restraining effect relies mainly on how quickly the CMC grout 

sets.   
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Figure 3.24 Lateral deflection of existing CMC E2 induced by new installations nearby: 

(a) Installation Sequence No. 1, and (b) Installation Sequence No. 2  
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No. 1, indicating that the head of CMC E2 had less freedom to displace laterally. In fact, 

within the upper 3 m of the soil, Sequence No. 2 induced 25% more soil heave (Figure 

3.10b) and less lateral movement than Sequence No. 1 (Figure 3.10a). Figure 3.25a also 

indicates that the lateral deflection of column E2 at depths between 3 m and 6 m in 

Sequence No. 2 was much more than that induced by Sequence No. 1. The combination 

of head restraint due to soil heave near the surface, column deflection at lower depths, 

and the loosely socketing effect in stiff clay, resulted in slightly greater column bending 

associated with installation Sequence No. 2. 
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Figure 3.25 Profile of CMC E2 in terms of: (a) lateral deflection (b) bending moment 

(c) shear force and (d) net lateral soil resistance following installation Sequences No. 1 

and No. 2 
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The bending moment,  and shear force,  can be computed by successive derivations 

of column deflection  using Equations (3.12) and (3.13), respectively; the results are 

reported in Figures 3.25b and 3.25c. The piecewise polynomial curve-fitting method was 

used to calculate the derivatives.  

  =  (3.12) 

   =  (3.13) 

where  is the area moment of inertia of the column section and  is the depth of the 

column. In Figure 3.25b, a negative bending moment means that tensile stresses were 

induced along the CMC shaft facing away from the newly installed CMCs. The bending 

moment profile of CMC E2 reported in Figure 3.25b has a double curvature with negative 

and positive peaks near the interface between the layers of soft and stiff soil:  

 At approximately 4.9 m deep, local maximum bending moments induced by 

installation Sequences No. 1 and No. 2 were - 120 kN.m and - 146 kN.m, respectively 

(i.e. a difference of 22%).  

 At approximately 6.4 m deep, maximum positive bending moments were 298 kN.m 

and 318 kN.m for installation Sequence No. 1 and No. 2, respectively (a 7% 

difference).  

The difference in the maximum bending moments in CMC E2 induced by the two adopted 

installation sequences are due to the difference in lateral CMC deflections, as explained 

earlier (i.e. the larger curvature in CMC E2 induced by installation Sequence No. 2 was 

associated with larger soil heave near the surface and greater lateral soil movement at 

lower depths).    
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As expected, the largest shear stress induced in CMC E2 occurred between the soft and 

stiff layers, as shown in Figure 3.25c. The peak shear forces in CMC E2 are 880 kN and 

968 kN for installation Sequences No. 1 and No. 2 (i.e. a difference of 10%). These large 

shear forces are closely related to the rapid variation of soil and CMC pressure at depth 

(i.e. net lateral soil resistance), as shown in Figure 3.25d. The net lateral soil resistance at 

the soil and CMC interface induced by installation Sequence No. 2 was greater than 

installation Sequence No. 1 by approximately 35%. The net lateral soil resistance 

predictions, as shown in Figures 3.25d, 3.31d and 3.32d, were determined by summing 

the y components of the forces predicted at the nodes of the interface elements between 

the soil and column E2. This calculation was performed via a subroutine written in 

FLAC3D as part of this study. The net lateral soil resistance is an important parameter in 

the analysis of a passive pile (Pan et al. 2000) and for the estimation of the p – y curves 

for the analysis of laterally loaded piles. 

As Randolph & Wroth (1979) pointed out, as the soil consolidates it experiences 

unloading in shear. It was expected that after completing the nearby installations, CMC 

E2 would begin to relax as the soil particles moved towards the installation site; indeed 

the bending moment in the column E2 decreased by approximately 8% by utmost over 

time, as shown in Figure 3.26b. 
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Figure 3.26 Time-dependent responses of column CMC E2: (a) lateral deflection and 

(b) bending moment due to installation Sequence No. 1; and (c) lateral deflection and 

(d) bending moment due to installation Sequence No. 2 
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3.4.2.5 Installation-induced Tension Plasticity in Existing CMCs 

The tensile strength of CMC is the determinant factor for crack development in the 

column. Figure 3.27 shows the major and minor principal stresses (  and ) along the 

back of column E2 (i.e. Point K), as it was subject to nearby installations. The installation 

of the nearest column (i.e. CMC 2 of Sequence No. 1) caused the yielding of CMC E2 as 

the induced stress met the yield criteria (i.e. indicated by red dot points lying on the tensile 

yield surface in Figure 3.27). Referring to Figure 3.30, the minor principal stresses ( ) 

in CMC E2 indicated that the largest tensile stresses occurred between 3.5 m and 4.5 m 

deep in the layer of soft clay and between 6 m and 6.5 m deep in the stiff clay layer. 

  

Figure 3.27 Hoek-Brown yield surface and stress state in CMC E2 along point K  
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Figure 3.28 and Figure 3.29 show the development of tensile yielding in column E2 

during installation Sequences No. 1 and 2. As shown in Figure 3.28a and Figure 3.29a, 

when column E2 had only been cured for one day, tensile yielding occurred along almost 

its entire length. However, much less yielding occurred when CMC E2 had been cured 

for 28 days (Figure 3.28b and Figure 3.29b). The adopted tensile yield strength of CMC 

in this study is about 8% to 4% of the unconfined compressive strength at 1 and 28 day 

age, respectively. In the current practice, columns are rarely used to resist tensile stresses. 

Figure 3.30 shows the evolution of tensile stress in CMC E2, and are well illustrated using 

the results of the analysis for installation Sequence No. 2, where column E2 had been 

cured for 28 days prior to nearby installations. The installation of the final two columns 

caused tensile yielding in CMC E2 at depths between 2 m and 5 m and between 6.5 m 

and 7 m. The installation of the first four columns (CMC 6-3) increased the tensile stress 

in CMC E2 to some extent, but was not sufficient to cause tensile yielding. In fact, the 

installation of CMC 5, located at a distance of 8  from CMC E2, induced a substantial 

tensile stress at the mid length of the existing CMC, equal to approximately 85% of the 

tensile yield stress, calculated using Equation (3.4) and reported in Table 3.2. The 

relaxation of this tensile stress can be seen during the installation of the subsequently 

installed CMCs 4 and 3, which only caused greater tensile stresses within the lower 

portion of the existing CMCs. 
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Figure 3.28 Evolution of tension plasticity in CMC E2 at: (a) one day old and (b) 28 

day old, subject to CMC1-6 installations using Sequence No. 1 
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     Figure 3.29 Evolution of tension plasticity in CMC E2 at: (a) one day old, and (b) 28 

day old, subject to CMC6-1 installations using Sequence No. 2 
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Figure 3.30 Maximum tension stress generated in CMC E2 (after 28 days of curing), 

induced by installation Sequence No. 2 
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using two different curing periods on responses of CMC E2 to column installations 

nearby. At both curing periods, CMC E2 has a double curvature with positive and 

negative peaks of bending moment, but there are three notable differences:  

 Firstly, referring to Figures 3.31b and 3.32b, for existing CMC with a short curing 

time, maximum induced bending moment occurred at the interface between soft and 

stiff soils, but when existing CMC cured for longer periods the maximum induced 

bending moment shifted up towards the mid-depth of the soft soil (i.e. at ~4 m deep). 

Indeed Figure 3.31b shows that the absolute value of the maximum negative bending 

moment (- 95 kN.m) was 3 times greater than the maximum positive bending moment 

of CMC E2 (34 kN.m), when the CMC had been cured for 28 days. Column E2 at 28 

days was much stiffer than the stiff clay (i.e. /  = 670 versus /  = 340) 

so the layer of embedment soil had less restraint against the lateral movement of CMC 

E2, and an insignificant induced bending moment developed in the column at this 

depth. 

 The second notable difference is that CMC E2 at one day old experienced much more 

(~ 10 times) severe responses than CMC E2 at 28 days old (see Figure 3.31b, c). In 

the former case, the maximum induced bending moment of 300 kN.m and the 

maximum shear force of 800 kN occurred near the interface between soft and stiff 

soils, while the corresponding M and V in CMC E2 after 28 days were 34 kN.m and 

72 kN, respectively.   

 In Figure 3.31c and Figure 3.32c the net lateral soil resistance in the stiff clay 

surrounding the existing CMC after 28 days was almost three times larger than the 

corresponding values after one day. Within the soft soil, the effect that curing time 

had on the net lateral soil resistance was only marginal because the response of 
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laterally loaded pile was governed mainly by the relative stiffness of the column to 

the soil.  

The effect of using different sequences of installing CMCs 1-6 after the CMCs E1-E3 had 

cured for 28 days can be compared using Figure 3.31b and Figure 3.32b. The maximum 

negative bending moments developed in the CMC E2 for Sequences No. 1 and No. 2 

occurred at a depth of 4.2 m and were -95 kN.m and -142 kN.m, respectively; this is a 

difference of 49% in the predicted negative bending moments. As shown on the same 

figures, the effect of using different installation sequences on the one-day-old CMC E2 

is not noticeable, when compared with the case of the 28-day curing period, where the 

maximum induced bending moment due to Sequence No. 2 is just 21% greater than that 

due to Sequence No. 1. Therefore, for the economic and realistic design of CMC, it is 

crucial to consider the effect of installation sequence as well as the curing time of CMC 

on the bending behaviour of the columns. 
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Figure 3.31 Effect of curing periods on behaviour of CMC E2: (a) lateral deflection, (b) 

bending moment, (c) shear force, and (d) lateral soil resistance (Sequence No. 1) 
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Figure 3.32 Effect of curing periods on behaviour of CMC E2: (a) lateral deflection (b) 

bending moment, (c) shear force, and (d) lateral soil resistance (Sequence No. 2) 
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3.5 Summary  

Large strain numerical analyses were carried out using FLAC3D to examine the long and 

short-term effects of installing new CMCs close to previously installed CMCs using two 

different sequences. Installation Sequence No. 1 was denoted for when the CMC rig starts 

close to the existing columns and then moves farther away as installation continues, 

whereas Sequence No. 2 is a reversal of Sequence No. 1 (i.e. installation begins further 

away and then comes closer to existing CMCs). Installing each CMC was modelled with 

a combination of undrained cavity expansion and consolidation analysis to include a 30 

minute lag between successive CMCs while allowing for soil consolidation and strength 

gain. The results revealed the following aspects of column installation that are difficult to 

observe by regular field and laboratory means:  

 The lateral displacement of soil induced by installing a single CMC extends beyond 

the two CMCs previously installed in a row nearby. Thus if two adjacent columns are 

constructed in quick succession, the induced lateral displacement could accumulate 

and extend to the next three adjacent columns.  

 The profile of the predicted accumulative lateral soil displacement induced by 

adjacent CMC installations plotted with depth was similar to the measurement profile 

reported in a selected published field study.   

 The lateral movement of in-situ soil and soil heave near the existing CMCs due to 

installation Sequence No. 2 were greater than Sequence No. 1 by approximately 15% 

and 25%, respectively.   

 During the installation of adjacent CMCs, most of the soil heave near the existing 

CMCs occurred in the upper half of the soft soil layer, and continued for weeks after 
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installation. In fact, four weeks after installation, post-installation surface heave 

accounted for 10% of ground heave generated during installation. 

 The maximum induced excess pore water pressure generated in the front face of 

existing CMCs due to installation Sequence No. 2 was almost twice that caused by 

installation Sequence No. 1. The influence zone of excess pore water pressure induced 

by CMC installation was narrower than the lateral displacement and soil heave.  

 Consolidation analysis should be included when assessing the effect of installation 

and the build-up of excess pore water pressure as construction proceeds to account 

for the lag between the installations of two successive CMCs.  

 During installation, the soil surface heave was approximately three times more than 

the column head uplifts.  

 The ground movement induced by the installation of new CMCs can cause an uplift 

of existing CMCs by approximately 2% of their diameter (D) at the column head and 

approximately 0.01D at the tip. CMCs continued to heave for a couple of days after 

installation and then settled as the soil consolidated. The ensuing uplift may require a 

short-term surcharge to allow the column to settle back to the depth specified in the 

design.  

 The predicted bending moments generated in existing CMCs due to installation 

Sequence No. 2 were almost 22% more than the corresponding values from Sequence 

No. 1. The bending moment induced in existing CMC due to nearby installation 

decreased by almost 8% after three weeks of stress equilibrium and soil consolidation. 

 Subject to loadings from nearby installations, the maximum bending moment induced 

in a one-day old CMC occurred at the interface of soft and stiff clay, but when cured 

for 28 days the maximum bending moment of CMCs shifted up towards the soft clay 

layer.  
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 The 28-day old CMC E2 experienced approximately 50% more maximum bending 

moments due to Sequence No. 2 than the corresponding value predicted due to 

Sequence No. 1 when installing away from the existing CMCs. CMC E2 is presented 

in Figure 3.19. 

The bending moments in existing CMCs induced by the lateral movement of soil due to 

the installation of nearby CMCs similar to this study can exceed their bending capacity 

and thus the structural integrity of CMCs should be checked after installations. It is 

recommended that practicing engineers consider the effects of installation by applying 

the initial stress field, bending moments, and shear force to soft soil and CMCs when 

designing embankments on improved soft soil. Moreover, for closely spaced CMCs the 

installation sequence must be optimised because specific site geology and project 

requirements can lead to various installation induced impacts. The hope is that the general 

conclusions drawn from comparing two different installation sequences on the same soils 

that are presented here may be applied to similar soil conditions.  
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CHAPTER 4 Laboratory Model Test on the Responses of 

Early Age Concrete Inclusions in Soft Ground Subject to Nearby 

Installations    

 

 

4.1 Synopsis  

Soil movement induced by installing grouted columns using soil-displacement piling 

method for ground improvement may have an adverse impact on the previously installed 

columns. This chapter describes a laboratory model test to study the response of a newly 

formed concrete column subjected to ground movement induced by installing subsequent 

surrounding new columns. Seven concrete columns were cast in-situ in soft soil from low 

strength concrete for ground improvement using a displacement piling method. Strain 

gauges were cast inside the concrete inclusion to measure column bending moment. An 

innovative electrical circuit was coined to reduce the number of strain gauge lead wires 

employed inside the reduced-scale concrete column. Accumulated soil heave measured 

by 3D scanning, stress change and excess pore water pressure in the soil, together with 

the uplift and bending moment of the affected column are reported. The results indicate 

that the one-day-old concrete column uplifted during the subsequent installation of the 

adjacent columns, and the total uplift halved the heave of the surrounding soft soil. For 

the newly formed plastic concrete column (i.e. cured for less than 2 hours), the column 

uplift induced by the subsequently installed columns was similar to the heave of the 

surrounding soft soil. It was also found that lateral loadings generated by the installation 
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of the surrounding columns could affect the integrity of the existing column, in particular 

at their early age. 

4.2 Introduction 

Piled embankments were traditionally constructed from driven or bored piles (Hewlett & 

Randolph 1988). However, the installation of such rigid inclusions is costly, time-

consuming, and often generates excessive noise, spoils, and vibration. In the past 60 

years, alternative solutions have been developed to install concrete columns for ground 

improvement, where soils are displaced laterally leaving a cavity for concrete placement. 

Examples of such application include the drilled displacement columns (DDC) and 

concrete injected columns (CIC) as discussed in Section 2.1.1. For ground improvement 

purposes, low strength concrete with a characteristic strength ranging from 5 MPa to 35 

MPa is often used to cast the rigid inclusions (Masse et al. 2017). The typical diameter of 

such concrete columns and the nominal centre to centre spacings were discussed in 2.1.3.  

During column installation process by a soil-displacement piling method, the ground 

generally experiences an increase in horizontal soil stresses and lateral soil movement 

(Suleiman et al. 2016). Hence, the method enhances production rate, increases bearing 

capacity of the columns and minimises the chance of borehole collapses (Michalowski et 

al. 2018; Plomteux, Porbaha & Spaulding 2004). However, loading arising from soil 

movements induced by the installation process, if becoming excessive, could adversely 

affect the performance of the nearby existing columns. In fact, at early concrete age, the 

plain concrete, which forms the rigid inclusions, can yield when subjected to excessive 

lateral loadings (Michalowski et al. 2018; Turatsinze & Garros 2008; Zhang & Choi 

2015). There is a need to investigate the behaviour of columns during its early strength 
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development under influence of subsequently installed columns. This aspect has not been 

considered in the existing design methods. 

The review of the current literature has indicated that investigations on installation effects 

of concrete rigid inclusions using displacement-piling techniques for ground 

improvements are currently limited. As discussed in Section 2.4, most researchers only 

focused on load-deformation analyses or estimating shaft resistance; and only a few 

researchers have assessed the effects of installing drilled displacement columns. Such 

investigations indicated that the horizontal stresses gradually increased until the piling 

tools reached the elevation of the pressure-measuring device, which was followed by a 

horizontal stress decrease. The soil zone influenced by the column installation extended 

to 2D to 3D (D = column diameter) from the outer surface of the column. 

The review of the current literature also indicated that previous model tests for soil- 

displacement piles did not provide a detailed means to construct the concrete columns 

(Hird, Ni & Guymer 2011). Currently, no in-depth investigation was carried out to study 

the influence of new column installations on the nearby existing columns for ground 

improvement purposes, especially when the existing grouted columns are developing 

their concrete strength. In such problems, the difference in stiffness between concrete 

columns and the surrounding soils play an important role. For example, according to 

Chow & Teh (1990), assessing the uplift of the previously installed columns induced by 

surrounding soil heaves becomes more difficult when columns are installed in soft soil.  

This chapter presents the results of a laboratory model test in which a group of concrete 

rigid inclusions was cast in-situ in an overconsolidated clay using a soil-displacement 

installation method for ground improvement. The objective of this study is to provide an 

initial insight into soil responses to the column installation process as well as the 
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behaviour of an existing concrete column subject to soil movement induced by 

surrounding subsequent installations. In this study, an instrumented soil tank, a 

penetration system, and a repeatable column installation method was developed. 

Established from multiple preliminary trials, the method for installing columns was able 

to generate a similar stress and displacement field in the soil. Soil heave occurring during 

column installations were captured by a 3D laser scanner. Horizontal and vertical stress 

changes due to soil displacement were recorded by pressure sensors installed in the soil 

tank. The bending moment developed in the grouted column by multi-directional lateral 

loadings, induced by soil movements due to installing various adjacent columns, was 

measured by multi-level embedded strain gauges. The arrangement of embedded strain 

gauges in the column and the design of a circuit connection to minimise the occupation 

of strain gauge lead wires inside a reduced scale concrete column are described in the 

chapter. 

4.3 Model Test Set-up and Material Properties 

4.3.1 Equipment 

The lateral soil displacement induced by drilled displacement columns and jacked pile 

installations are both analogous to the cylindrical cavity expansion. However, unlike 

jacked piles, drilled displacement columns were formed by cast in-situ grouting. Hird, Ni 

& Guymer (2011) conducted a small-scale experiment to study the movement of 

transparent synthetic clay during the penetration of a miniature displacement auger. They 

demonstrated that the movement of the soils around the displacement auger was found to 

be similar to those observed around a cylindrical straight-sided pushed pile. Hence, in this 

study, to simulate the installation process of a drilled displacement column in the 
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laboratory, the idea of jacked pile installation as a soil-displacement piling technique was 

combined with the cast in-situ grouting using a specially designed piling probe.  

The description of equipment and instrumentation used in the experiment is given below. 

The penetration system as shown in Figure 4.1 consisted of a reaction frame, a motorised 

linear actuator and a piling assembly, which allow installing multiple columns into the 

soil bed prepared inside a large cylindrical strong box.  

As shown in Figure 4.1, the Servomech electric linear actuator with a 3-phase 0.25 kW 

motor was used to push and pull the piling assembly into and out of the ground in a linear 

fashion. The maximum push and pull capacity of the actuator was 5 kN and the maximum 

piston travel distance was 500 mm. The linear speed of the actuator was controlled by a 

Bosch variable speed drive. The actuator was equipped with electric switches, which limit 

the actuator movement and guarantee motor switch-off. A laser displacement sensor was 

used to log the vertical movement of the actuator push rod. The actuator and the motor 

were mounted on the reaction frame, which was approximately 1.8 m in width and 2 m 

in height. The soil penetration resistance was recorded using a 5 kN tension-compression 

MeasureX load cell, which was attached in line with the actuator push rod (Figure 4.1). 
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Figure 4.1 Schematic set-up for column installation simulation (all dimensions in mm) 
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Referring to Figure 4.1, the piling assembly was positioned below the motorised actuator 

and the load cell. The assembly was designed to form cast in-situ soil-displacement 

columns. The design of the apparatus is shown in details in Figure 4.2, which aimed for 

repeatable displacement effects due to each column installation. This piling tool has a 

similar concept to the installation poker adopted for installing stone columns in the past  

(Black et al. 2007; Noor Muneerah PG Haji Jeludin et al. 2015), but was tailored to form 

concrete rigid inclusions. To minimise the suction pressure induced by retraction of the 

inner tube during column installations, the cone tip can be loosely detached from the 

upper inner tube.  

 

Figure 4.2 Piling assembly for soil displacement and grouting (all dimensions in mm) 
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wrapping a thin plastic sleeve around the inner tube. The lower end of the inner tube was 

attached to a cone of 60 apex angle, which is typical for the cone penetration test.  

Another important component of the model test was the stainless steel cylindrical soil 

tank (Figure 4.3), which was used to prepare the soil bed. The cell has an internal diameter 

of 500 mm and an interior wall height of 600 mm. The cell was originally fabricated and 

supplied by GDS Instruments; however, for this study, the modification was made to the 

tank to include six pressure sensors (PS1 to PS6 in Figure 4.3). The soil tank assembly 

consisted of a top lid, a 15 mm thick wall and a rigid base, which can be held together by 

twelve stainless steel tie rods (Figure 4.3a). A watertight seal was provided at the 

connections of the cell parts by a nitrile O-ring sitting in a specially machined groove, 

which encircles either ends of the cell wall. Five strong steel casters as shown in Figure 

4.1 allowed the soil tank to be manually manoeuvred during the installations of various 

columns. 



136 
 

 

Figure 4.3 Schematic diagram of the consolidation cell: (a) cross-sectional view, and 

(b) plan view (all dimensions are in mm) 
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As shown in Figure 4.3, the soil tank had nine pore water pressure transducers installed 

along its boundaries (denoted as P1 to P9). Transducers P1 to P5 were mounted flush with 

the interior surface of the cell wall, at a spacing of 100 mm in the vertical direction, and 

at the same spacing in the horizontal direction (Figure 4.3a). At the bottom of the cell, 

transducers P6 to P9 were located at various radial distances from the base centre (Figure 

4.3b). In addition, two miniature transducers P10 and P11 were embedded at a depth of 

176 mm to measure the excess pore water pressure in the soil. The schematic diagrams 

of these miniature transducers and their specifications are shown in Figure 4.4a and Table 

4.1.  

Table 4.1 Technical specifications for pressure sensors & pore water pressure 

transducers 

Instrument ID 
Adopted for 
This Study 

PS1  PS4 PS5 PS6 P10 and P11 

Model – 
Capacity 

Pressure Sensor 
KDF 

200 kPa 

Pressure 
Sensor KDF 

500 kPa 

Pressure 
Sensor KDE 

1 MPa 

Pore Water Pressure 
Transducer KPE-PB 

200 kPa 

Rated output 
(RO) 

~ 0.3mV/V 
(600×10-6 strain) ~  0.5mV/V (1000×10-6 strain) +1026 μV/V (+2052×10-6 

strain) 

Non-linearity 2% RO 0.3% RO 

Input/output 
resistance 350 Ω ~353.5 Ω 

Temperature 
range -20 ~ +60°C - 

Weight 160 g - 

Cable core 4-core shielded chloroprene cable 0.035 mm2 

Note: Data obtained from Tokyo Sokki Kenkyujo Co., Ltd. 

Boundary pressure sensors were installed at six locations in the cell, denoted as PS1 to 

PS6 in Figure 4.3. Two models of the sensors with different cable connection layouts are 

shown in Figures 4.4b and 4.4c while their technical specifications are shown in Table 
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4.1. Pressure sensors model KDF-PA (Figure 4.4b) were installed in the tank wall (PS1 

to PS4) and at location PS5 while model KDE-PA (Figure 4.4c) was installed at location 

PS6. Each sensor was built waterproof with an environmental protection IP rating 68. 

During installation of the sensors, circular holes and slots were precisely machined in the 

cell wall and base to host the pressure sensor and to allow an exiting path for wiring. The 

sensing surface of the sensor was installed flush with the cell interior while the body of 

the sensor was held securely in place. A rubber O-ring positioned in a radial groove 

between the pressure sensor and the machined hole provided a watertight seal at the 

installation location of the sensor.  

               

(a) KPE-PB                                         (b)   KDF-PA                              (c) KDE-PA 

Figure 4.4 Miniature instrumentation: (a) in-soil pore water pressure transducers, (b) 

pressure transducers with cable exiting at the back of sensor (c) pressure transducers 

with cable exiting at the side of the sensor (courtesy of Tokyo Sokki Kenkyujo Co., Ltd) 

 

Soil stress and pore water pressure data were collected by an automatic GDS data-logging 

system, which consisted of three nine-channel portable data loggers. Signal data from 
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(LVDT) and strain gauges were logged using three programmable data loggers. 

Calibration via fluid pressure was carried out for all the pore water pressure transducers 

and pressure sensors prior to testing. Using an external pressure controller, calibration 

was made by matching the applied pressures and those registered by the monitoring 

instrumentation. 

4.3.2 Soil Bed Preparation 

The soil mixture, previously formulated by Le, Fatahi & Khabbaz (2015), was used to 

form the clay bed for the laboratory simulation of column installations. The dry portion 

of the mixture consisted of 70% of dry Q38 kaolinite, 15% of Active Bond 23 bentonite, 

15% of fine to medium sand, by the total dry mass. The particle size distribution of the 

sand was characterised by 99%, 40%, 0.85% and 0.16% finer than 0.6 mm, 0.3 mm, 0.15 

mm, and 0.075 mm, respectively. The sand was added to increase the permeability, while 

the bentonite increased the liquid limit of the mix. The dry components were mixed with 

water to form a slurry of an initial water content of 125%.  

The interior surface of the cell wall was coated with silicone grease to reduce side friction 

before slurry placement. The slurry was then filled layer by layer to a total thickness of 

520 mm. Free drainage condition at the top of the soil bed was provided by 8 mm thick 

porous brass disc. A layer of separation geotextile was laid between the soil and the brass 

disc to minimise drainage blockage. The surcharge was then applied incrementally using 

a 250 kN GDS axial loading system as shown in Figure 4.5.  
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Figure 4.5 The 250 kN axial loading system for consolidating slurry in the soil tank 

 

The surface of the soil bed was sprayed with water until the completion of the model test 

to prevent desiccation of the surface soil. The evolution of the excess pore water pressure 

of the soil, the change in soil stress and the consolidation settlement of the soil with time 

was monitored. At the end of pre-consolidation period, the surcharge pressure and the lid 

of the cell were removed, leaving a soil thickness of approximately 436 mm.  

The average pre-consolidation pressure  and the degree of consolidation of the soil 

sample at the end of the soil preparation period were estimated using the Asaoka and 

hyperbolic methods (Asaoka 1978; Tan, Inoue & Lee 1991). The details and the steps to 

construct the plots are shown in Appendix A. The predicted final settlement  was 

approximately 150 mm based on the Asaoka method while a higher  value of 195 mm 

was based on the hyperbolic method. Hence, the averaged degree of consolidation was 

approximately 60%. The average calculated value of the soil sample using two 

methods was approximately 70 kPa. 
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The undrained shear strength profile of the soil was estimated using the measured soil 

penetration resistance during column installations (see Section 4.5.1.1) and was 

confirmed at the end of the main test by the laboratory miniature shear vane testing 

(ASTM 2016b).  

Table 4.2 provides a summary of the soil properties. In particular, the Atterberg limits 

were obtained from a previous investigation by Le, Fatahi & Khabbaz (2015). According 

to Australian Standard AS 1726 (2017), the soil can be classified as high plasticity clay 

(CH).  The bulk unit weight of the soil was measured using specimens extracted by U50 

sampler after the model test. A Rowe cell consolidation test on sample 75 mm in diameter 

was carried out to determine the compression index Cc, the recompression index Cr, the 

coefficient of consolidation cv and the coefficient of permeability  of the soil. The 

variation of void ratio e with the vertical effective stress  obtained from the Rowe cell 

test is shown in Figure 4.6. This gave a compression index,  in the range of 0.98–1.3 

and a  = 0.22.  

In addition to the 75 mm diameter Rowe cell consolidation test, a large soil specimen 250 

mm in diameter and 200 mm in height was consolidated under a vertical effective stress 

of  = 15.8 kPa until primary consolidation was completed to estimate the cv (Figure 

4.7). The cv of the soil computed using the settlement time data obtained from this 

exercise was also included in Table 4.2. Figure 4.8 shows the variation of the permeability 

k with the void ratio e derived from the results of the Rowe cell consolidation test. The 

permeability change index  shown in Figure 4.8 was derived from Equation (4.1) 

(Taylor 1948). 
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  (4.1) 

where  is the initial void ratio,  is the permeability at the initial void ratio , and  

and  are the void ratio and permeability at the condition considered, respectively. 

 

Figure 4.6 Void ratio versus vertical effective stress 
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stress plane, which was obtained from the undrained triaxial compression tests with pore 

pressure measurement (Figure 4.9). 

 

Figure 4.7 Consolidation settlement versus time during consolidating a soil sample 250 

mm in diameter and 200 mm high 
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Figure 4.8 Permeability and void ratio relationship of soft soil used in the model test 

 

Figure 4.9 Results of consolidated undrained triaxial compression tests 
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Table 4.2 Properties of soft soil used in model test 

Soil Properties Values 

Plastic limit, § (%) 22 

Liquid limit, § (%) 80 

Specific gravity,  2.65 

Saturated unit weight,  (kN/m3) 14.7 

Permeability change index,  1.5 

Effective Poisson’s ratio,    0.3 

Internal friction angle at the critical state, (°) 21 

Slope of critical state line,  0.812 

Average initial in-situ void ratio,  2.2 

Vertical coefficient of consolidation at various stress 

levels,  (m2/year) 

0.12 when  = 16 kPa; from 0.1 to 0.07 when 

 between 50 kPa and 100 kPa 

Compression index,  1.3 to 0.98 ( = 50 kPa to 400 kPa) 

Recompression index,  0.22 

Average initial coefficient of permeability,  (m/s) 
4  (at stress level between 50 kPa and 

400 kPa); 9  at = 50 kPa 

Initial undrained shear strength,  (kPa) 8  12 

Average pre-consolidation pressure,  (kPa) 70 

Note: §Atterberg limits obtained from Le, Fatahi & Khabbaz (2015). 

 

4.3.3 Concrete Column Properties 

According to Fok et al. (2012), grout mixes for ground improvement purposes typically 

vary depending on the location of the project and the local availability of the materials, 

but typically comprise a blend of cement and fly ash, a homogeneous mixture of sands 

and gravels between 2 mm and 7 mm and addictive for workability and fluidity. In this 

study, the grout mix as described by Fok et al. (2012) was used to cast the columns, 

however, the aggregate was sensibly sized to account for scale effect. Grout specimens 

after curing periods of 1, 7, 28 and 56 days were tested to determine the cylinder 

compressive strength in accordance with AS 1012.9 (Standards Australia 2014a) and 
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indirect splitting tensile strength in accordance with AS 1012.10 (Standards Australia 

2014b). The stiffness of the concrete was determined via strain gauges during the 

compressive strength tests in accordance with AS 1012.17 (Standards Australia 2014c). 

The average mass density of concrete column  was approximately 2300 kg/m3. The 

strength test results are summarised in Table 4.3, which indicates an increase in the 

mechanical characteristics of the grout over time. The one-day age grout specimen had 

an unconfined compressive strength of 3.7 MPa, which was 14% of the 28-day 

unconfined compressive strength. The measured indirect split tensile strength, , was 

approximately 20% to 24% of the corresponding measured unconfined compressive 

strength,  for the range of curing ages considered in this study. The ratio of the one-

day stiffness of the grouted specimen,  to that of the soft soil,  is approximately 

4700, considering  . 

Table 4.3 Strengths and stiffness of grouted columns 

Age of grout 

(days) 

Unconfined Compressive 

Strength,  (MPa) 

Elastic Modulus, 

 (GPa) 

Indirect Tensile Strength, 

 (MPa) 

1 3.7 9.4 0.9 

7 11.9 25.3 2.4 

28 26.9 - 5.3 

56 28.3 - 6.4 

 

4.4 Method of Installing Columns 

4.4.1 Column Layout and Sequence of Installation 

The layout of the concrete columns and their positions relative to the monitoring 

instrumentation attached to the soil tank are shown in Figure 4.10. The central column 

was denoted as C1, while the six perimeter columns were denoted as C2 to C7. The plan 
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dimensions of the model were smaller than the authors would have liked but were limited 

by the available cell. Therefore, some boundary effects had to be tolerated. In this 

configuration, the installation of any perimeter column inside the soil tank implied a 

concurrent installation of the mirror image column outside the tank wall, considering the 

soil tank wall as the symmetrical boundary. Each concrete column in the model test was 

50 mm in diameter (D) and the centre to centre spacing, s, of the columns was 180 mm 

(  3.6D).  

   
Figure 4.10 Plan view and the layout of columns 

The arrangement of the columns in a triangular pattern corresponded to an area 

replacement ratio of 7%. It can be noted that the area replacement ratio in the Dutch 

practice for piled embankments is between 4.5% and 12% (Van Eekelen, Bezuijen & van 

Tol 2013). All columns were extended to the full depth of the soil. In particular, the length 

of the as-built central column was 440 mm, while the remaining columns were longer by 

approximately 20 mm due to the generated soil heave. The model dimensions were 

selected based on the scaling ratio given in Table 4.4. It is noted that some compromises 

were made as the model test was performed under a 1g condition, and it was not possible 

to satisfy all the similarity ratios. Unlike granular materials, due to the expected small 
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volume change in clay during pile installation, the difference in the simulation of column 

penetration at 1g and at higher g is relatively insignificant (Craig 1985). 

Table 4.4 Column properties in the model test and scaled dimension for prototype  

Item Size (prototype) Size (model test) Similarity Ratio 

Column diameter, D (m) 0.45 0.05 9 

Column length, L (m) 3.96 0.44 9 

Column spacing, s (m) 1.62 0.18 9 

Second moment of area, I (m4) 2.01 10-3 3.07 10-7 - 

Bending stiffness of column, EI 

(N.m2) 
1.81 107 2.76 103 6.56 103 

Elastic modulus of column Ec (kPa)§ - 9 106 - 

Density of column, ρc (kg/m3) - 2300 - 

Note: § Concrete strength at 1 day old.  

The column IDs as shown in Figure 4.10 were numbered in accordance with the 

sequential order of installations (i.e. C1, C2, C3, C4, and then C5, C6 and C7). Column 

C1 was installed first, during which strain gauges were embedded in the grout. The 

installation of the perimeter columns (C2 to C7) commenced one day after the installation 

of column C1. The one-day lag allowed column C1 to harden, which resulted in a 

developed bonding of embedded strain gauges to the grout host. 

4.4.2 Installing the Central Column 

The penetrating system, as shown in Figure 4.1, was used to install the columns. For the 

central column, the installation process involved three steps: (i) creating a lined borehole 

by a displacement method; (ii) inserting strain gauges inside the borehole; and (iii) 

grouting to form the concrete columns. The steps for installation of column C1 are shown 

schematically in Figure 4.11. 
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Figure 4.11 Graphical representation of the test procedures: (a) jacking until full 

penetration (b) outer tube advancing downward, inner core retract, and spoil removal; 

(c) insertion of strain gauges and pouring first lift of grout (d) pouring second grout lift 

and retracting outer tube 

4.4.2.1 Creating a Lined Borehole  

Referring to Figure 4.11a, the piling apparatus was jacked into the soil in a monotonic 

mode at a downward penetration rate,  of 3.4 mm/s (compared to 20 mm/s for CPT) 

until full penetration was achieved. Such penetration speed was sufficiently fast to ensure 

that the soil surrounding the pile would behave in undrained condition during penetration. 

In fact, the calculated normalised penetration velocity, , defined by Finnie & Randolph 

(1994) using Equation (4.2), is much greater than the recommended value of 30, as a 

minimum velocity to satisfy the undrained behaviour of clay during penetration (Kim et 

al. 2008; Randolph & Hope 2004).  

   (4.2) 

where  is the vertical penetration speed in mm/s,  is the model pile radius in mm, 

and  is the coefficient of consolidation of the soil in m2/year. 

As the conical tip of the piling probe reached the cell base, the outer tube was advanced 

further to the cell base, which remained in place as the temporary casing until the 
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completion of the subsequent grouting process (Figure 4.11b). Next, while restraining the 

outer tube against uplift, the inner tube and the conical tip was then retracted slowly 

upwards to provide an unobstructed passage for concrete injection. A small amount of 

spoils left inside the outer tube were removed, leaving a clean borehole ready for insertion 

of strain gauges and subsequent grouting.  

4.4.2.2 Embedding Strain Gauges 

In the next step (i.e. Figure 4.11c), a cage with the attached strain gauges, as shown in 

Figure 4.12a, was inserted into the created borehole. The embedment of the strain gauges 

inside column C1 was to measure the bending moments induced in the column due to soil 

movements generated by the installation of the perimeter columns. This section describes 

the arrangement of strain gauges in the column and the design of the circuit connections 

to minimise the volume of strain gauge lead wires inside the reduced-scale concrete 

column. 
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  (a)                            (b) 

 

(c) 

Figure 4.12 Strain gauge holding cage: (a) cage hosting strain gauges, (b) cage placed 

inside the created borehole, and (c) side view 

Due to expected multi-directional lateral loadings induced by soil movements resulting 

from the installation of different columns in the (x,y) coordinates (see Figure 4.13a), two 

pairs of strain measuring locations at each level were arranged in the cross-sectional area 

of the concrete column (Figure 4.13a). Each pair were embedded onto the opposite sides 

of the column. This configuration allowed strain measurements to be taken, from which 

bending moments about two axes x and y were estimated. The orientation of the strain 

gauges inside the borehole relative to the (x,y) coordinates are shown in Figure 4.13a. 

As shown in Figure 4.13c, forty-eight foil strain gauges (model FLA-5-23 fabricated by 

TML, Japan) were embedded at six levels along the length of the column C1. The 

longitudinal strain near the fibre extreme (i.e. near the surface of the column), or bending 

strain, was ensured by attaching strain gauges onto four (4) 0.6 mm thin holding strips 

(440 mm long  5 mm wide) fabricated from aluminium. Horizontal stirrups were used 
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to hold these four vertical strips in place, at three levels (Figure 4.13c). Bonding between 

the aluminium strips and the column body was enhanced by adding a tread pattern to the 

strips (Figure 4.13d).  

 

Figure 4.13 (a) Columnar sectional area, (b) amplification and bridge completion, (c) 

embedded strain gauges in column C1, (d) locations of strain gauges when column C1 

is unfolded, and (e) half bridge strain gauge layout and connection; all dimensions are 

in mm 

The two strain gauges formed a location on the aluminium material of the holding strips. 

Each strain gauge has a gauge length of 5 mm and a width of 1.5 mm, while the gauge 

backing is 3 mm wide by 10 mm long, with the nominal resistance of 120 Ω. While it was 
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desirable to position each strain measurement point as close as possible to the outer 

surface of the column, it was also necessary to leave sufficient concrete cover over the 

gauges and aluminium holding strips (Figure 4.13a). To maintain a small concrete cover, 

the cage was centred in the hole by spacers.  

At each strain measuring location, a half bridge circuit configuration consisted of an 

active gauge and a dummy gauge. The dummy gauge was thermally coupled to the active 

gauge, which provided compensation for resistance changes due to temperature. The 

placement of the dummy gauge in a strain neutral position caused the circuit to behave in 

a similar manner as a quarter-bridge configuration (Figure 4.13e). However, the routing 

of the bridge excitation supply to each half-bridge pair would result in an excessive 

volume of lead wires inside the concrete column. Therefore, a common power supply 

consisting of two lead wires (P+ and P-) was used to power all of the strain measuring 

locations, this almost halving the number of wires needed. A single signal lead wire was 

then used to convey the gauge signal from each strain measuring location to the outside. 

All strain gauges were waterproofed and protected with a coating material. During 

grouting and the early stage of the hydration period, strain gauge wires were disconnected 

from the amplifiers and power sources to avoid damage by electrolysis induced by 

excessive fluid in the soil and the grout.  

4.4.2.3 Grouting Process 

The grouting process was carried out lift by lift for each column as shown in Figures 

4.11c and 4.11d. The process was carried out in quick succession so that the grout would 

not harden quickly and hence block the piping that took the grout to the required location. 

Each lift involved filling 60 ml grout prepared by a Hobart mixer, and hence the grouting 

process was completed after nine lifts. After each filling lift, the tubular liner was slowly 
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retracted upward while restraining the embedded strain gauges against uplift. The grouted 

material was compacted to reduce air void and a downhole camera was used to check the 

column consistency. Multiple trials carried out prior to the main test indicated that grouted 

columns had a consistent geometrical profile with unnoticeable void and defects. A 

typical grouted column is shown in Figure 4.14.  

 

(a) 

 

(b) 

Figure 4.14 (a) Typical cast in-situ concrete column at one-day age, recovered from 

soft soil; and (b) exposed soil and columns after excavation 

After an initial setting period of 24 hours, signals from the strain gauges embedded in 

column C1 were amplified and collected through the PC-based data loggers. The vertical 

movement of column C1 head was monitored by an LVDT (Figure 4.15). The rotation of 
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the column head C1 in the y direction was monitored by a pair of non-contact laser 

displacement transducers T1 and B1, while the rotation in the x direction was measured 

by transducers T2 and B2. Transducers T1 and T2 were positioned 95 mm above the 

column head and the other two transducers were positioned 55 mm above the column 

head. 

4.4.3 Installing Perimeter Columns  

The installation of columns C2 to C7 commenced after column C1 had been cured for 24 

hours, using a similar procedure to those adopted for installing column C1. Test results 

of concrete specimens sampled during column installations indicated consistent concrete 

strength and stiffness despite using separate concrete batches for different columns. The 

grouted columns and soil surface after each column installation are shown in Figure 4.16. 

As shown in Figures 4.16g and 4.16h, the non contact laser displacement transducers 

were relocated to allow rooms for installations of columns C6 and C7.  
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Figure 4.15 Arrangement of monitoring instrumentation for column C1 
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

 

 

(j) (k)  

   

Figure 4.16 Plan view of installations: (a) initial conditions; (b) installing C2; (c) 

completing C2; (d) jacking to full depth at column C3; (e) C1 to C3 installed; (f) full 

penetration at column C4; (g) grouting completed at C4; (h) grouting completed at C5; 

(i) complete installation at C6; (j) all columns installed; and (k) orientation of all 

columns 
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4.5 Results and Discussion 

4.5.1 Responses of Soil to Column Installations 

4.5.1.1 Soil Resistance to Jacking  

As shown in Figure 4.17, the measured penetration resistance during jacking the model 

pile into the soft soil at columns C1 to C7 was approximately 130 N. The penetration 

resistance remained almost constant with depth. Since the conical pile used in this study 

has a similar diameter to a 1500-mm2 piezocone or 43.7 mm in diameter (ASTM 2012), 

the measured penetration resistance was used to correlate with the undrained shear 

strength of the soil. The estimated  of the soft soil ranged from 7 kPa to 12 kPa, 

assuming a typical friction ratio (i.e. skin friction over tip resistance) for soft clay between 

1% and 3% (Kelly et al. 2017; Nash, Powell & Lloyd 1992; Pestana, Hunt & Bray 2002). 

Slight variation in the measured soil resistance may be attributed to the complex 

unloading and reloading conditions, induced by installations of various columns. The 

results of the miniature shear vane tests conducted at the completion of the main test 

indicated that the averaged undrained shear strength was approximately 5.5 kPa.  
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Figure 4.17 Measured penetration resistance during jacking for installing columns C1 

to C7 

4.5.1.2 Heave of Surface Soil  

Throughout the model test, the deformation of the soil surface was captured by a handheld 

3D laser-scanning device (Metris ModelMaker MMDX100, Figure 4.18). This scan 

model was able to measure the surface level of the soft soil accurately since the laser 

scanning technology is non-contact (Figure 4.18b). The 3D cloud data was then processed 

using the 3D surface mapping software Surfer 15.1 (Golden Software 2017). Figure 4.19 

portrays the 3D contour of the soil surfaces during the installation of seven columns. The 

results show that the soil heave accumulated after each column installation. 
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(a) 

 

(b) 

Figure 4.18 3D scanning: (a) the set-up of the handheld 3D laser scanning device (b) 

scanning operation during column installations  
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Figure 4.19 3D scans of surface soil and column heads: (a) initial condition, (b) C1 

installation, (c) a day after C1 installation, (d) after C2 installation, (e) after C3 

installation, (f) after C4 installation (g) after C5 installation, (h) after C6 installation, 

and (i) after C7 installation 

Referring to Figures 4.19g to 4.19i, a concentration of soil heave illustrated by the yellow 

fill contour occurred between columns C1, C2, C5 and C3. During the undrained cavity 

expansion (or column installation by full displacement piling), the combined volume of 

soil displaced radially and vertically would be equal to the volume of concrete inserted to 

build the column, which was approximately 0.856 litre per column. Figure 4.20 shows 

the volume of soil surface heave induced by each subsequently installed column, 

calculated using the Surfer software. The averaged incremental increase in the soil heave 

volume was similar to the volume of a grouted column.  

C2C3
C1



162 
 

 

Figure 4.20 Volume of soil surface heave induced by each subsequent column 

installation 

Figure 4.21 shows the contour of the soil surface heave at the end of all column 

installations. Midway between the columns the soil heave varied from 22 mm (occurring 

near C1, C6, C4 and C7) to 27 mm (occurring near columns C1, C2, C5 and C3). 

Immediately around the edge of the columns, the maximum soil heave ranged from 32 

mm to 37 mm. Figure 4.22 shows the evolution of the topography of the surface soil and 

column along Section AA  of Figure 4.21, as the installations progressed. The figures 

indicated that column C2 uplifted as the result of the remaining installations. According 

to Figure 4.22e, it is interesting to note that column C2 uplifted the similar amount as the 

surrounding soft soil heaved. This observation agreed very well with the theoretical 

assumption made by Chow & Teh (1990). They believed that for a given pile and soil 

conditions, the heave at the pile head increases as the pile stiffness decreases; and if it is 

assumed that the pile stiffness was equal to soil stiffness then the pile heave would be 

equal to the soil surface heave.  
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Referring to Figure 4.22 the 3D scanning device was not intended to record the lateral 

movement and uplift of column C1. The precise monitoring of column C1 movement was 

provided by an LVDT and four non-contact laser displacement sensors, which will be 

described in later sections.  

 

Figure 4.21 Contour of soil surface heave after all installations were completed 
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Figure 4.22 Soil surface heave along Section AA  of Figure 4.21: (a) the initial ground 

surface level and surface level after C1 installation (b) after C2 installation (c) after C3 

installation (d) after C4 installation and (e) after all 7 columns were installed 

4.5.1.3 Stress Change Induced by Column Installations  

The stress changes imposed in the soil during the installation process of any given 

displacement column may have a considerable effect on the capacity of nearby columns. 

Figures 4.23, 4.24, and 4.25 illustrate the variation of measured soil horizontal stresses at 

the soil tank boundary during the installations of columns C1 to C7. The figures clearly 

Column 
C6

Initial soil 
surface 
level

Column 
C2

Surface level 
after C1 
installation

Surface level after 
C2 installation

Surface level after 
C3 installation

Surface level after 
C4 installation

Surface level after 
all installations

Column 
C1

S
oi

l h
ea

ve
 

(m
m

)

20

40

60

S
oi

l h
ea

ve
 

(m
m

)

20

40

60

S
oi

l h
ea

ve
 

(m
m

)

20

40

60

S
oi

l h
ea

ve
 

(m
m

)

20

40

60

S
oi

l h
ea

ve
 

(m
m

)

20

40

60

(a)

(b)

(c)

(d)

(e)



165 
 

show that the changes of the horizontal stress in the soil continued to occur throughout 

the installation process. The variation of the soil stresses measured by the sensors 

indicates that the effects induced by the installation procedure for every single column 

were consistent.  

    

Figure 4.23 Changes in total horizontal stresses in the soil at depths of 236 mm (PS2) 

and 336 mm (PS1) 
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Figure 4.24 Changes in total horizontal stresses in the soil at depths of 36 mm (PS4) 

and 136 mm (PS3) 

 

Figure 4.25 Changes in total vertical stress at the base of the soil tank at pressure 

sensor PS6 (beneath column C1) and PS5 (between columns C5 and C3) 

 

in
st

al
lin

g 
C

7

54.2

in
st

al
lin

g 
C

5

51.4

in
st

al
lin

g 
C

6

53.0

in
st

al
lin

g 
C

1

0

in
st

al
lin

g 
C

2

45.7
in

st
al

lin
g 

C
3

47.7

in
st

al
lin

g 
C

4

49.7

28 days

-5

0

5

10

15

20

H
or

iz
on

ta
l s

tre
ss

 c
ha

ng
es

 (
kP

a)

Time after commencing installations (hours) 

PS3 PS4

C3

C2

C6

C5

C4

C7
y

x

C1

PS4
PS3

in
st

al
lin

g 
C

7

54.2

in
st

al
lin

g 
C

1

0

in
st

al
lin

g 
C

2

45.7

in
st

al
lin

g 
C

3

47.7

in
st

al
lin

g 
C

4

49.7

in
st

al
lin

g 
C

5

51.4

in
st

al
lin

g 
C

6

53.0

28 days

-40

-30

-20

-10

0

10

20

30

Ve
rti

ca
l s

tre
ss

 c
ha

ng
es

 (
kP

a)

Time after commencing installations (hours) 

PS5
PS6 C3

C2

C6

C5

C4

C7
y

x

PS6 PS5
C1



167 
 

The stresses in the soil were generally affected by the soil heave at depths. Referring to 

Figure 4.24, at the location of PS4, which was 36 mm below the soil surface, the negative 

change in the measured horizontal stress indicates that the induced soil stress was less 

than the in-situ horizontal value. This reduction in stress can be attributed to the soil 

surface heave occurring at a shallow depth. On the other hand, at the location of PS3, 136 

mm deep below the soil surface, the measured change in the horizontal soil stress was 

positive, indicating that the installation-induced stress was greater than the in-situ value. 

The positive changes in the soil stress at PS3 was also observed at PS2 and PS1, which 

were located 236 mm and 336 mm deep below the soil surface, respectively (Figure 4.23). 

Pressure sensors PS1 to PS3 were much less influenced by the soil heave than PS4. 

The installation of the perimeter columns induced stress changes near the tip of column 

C1, where pressure sensor PS6 was located (see Figure 4.10). Prior to column 

installations, the measured vertical total pressure recorded at PS6 was approximately 7 

kPa. After column C1 installation was completed, the vertical stress at this location 

increased by 9.5 kPa (Figure 4.25), which approximates the applied vertical stress 

induced by the self-weight of the newly formed concrete column C1. During penetration 

process for installations of adjacent columns, especially column C2, the measured total 

vertical stress at sensor PS6 dropped below the initial stress value and became negative 

(- 32 kPa). This large stress reduction below the in-situ value can be attributed to the uplift 

of the tip of column C1, a subject of discussion in Section 4.5.2.1. Since no drainage path 

was allowed at the bottom of the soil tank, the uplift of column C1 was likely to result in 

a large amount of suction at the tip of C1 column. However, shortly after penetration at 

column C2, the negative suction at the tip of C1 increased towards zero, which indicated 

that column C1 had settled and hence closed the gap created previously below the tip of 

column C1.  Due to the partial closure of the uplift-induced gap, the reduction in the 
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magnitude of the suction was recorded at PS6 during the installations of the remaining 

columns. On the other hand, the vertical stresses recorded at PS5 located midway between 

columns C3 and C5 was greater than the in-situ vertical stresses throughout the test 

(Figure 4.25). 

Referring to Figure 4.23, after all column installations were completed, PS2 and PS1 

recorded a steady reduction in the horizontal stress, in response to the stress equilibration 

and soil consolidation process. On the other hand, referring to Figure 4.24, the horizontal 

soil stresses measured at the two shallower sensors PS3 and PS4 were found to fluctuate 

heavily, which may be attributed to the movement of the preceding upheaved soils and 

the variation in the moisture of the surface soil.   

4.5.1.4 Evolution of Excess Pore Water Pressure 

Figure 4.26 shows the evolution of the excess pore water pressure in the soil at the 

locations of P10 and P11 throughout the installations of columns C1 to C7. The excess 

pore water pressure was estimated by deducting the measured total pore water pressure 

from the initial (i.e. in-situ) pore water pressure in the soil. The maximum excess pore 

water pressure at location P10 due to pile jacking for installation of column C1 was 5 

kPa, which was three times greater than that observed at the location P11. Predicted 

excess pore water pressure using the cavity expansion theory by Vesic (1972) matches 

reasonably well with the measurement at P10, considering the soil rigidity index  of 

15 and the soil undrained shear strength  of 8 kPa. After jacking, the maximum excess 

pore pressure at both measuring locations decreased significantly. During the grouting 

period after the jacking stage, the excess pore water pressure at both locations become 

negative, which was likely to be associated with soil unloading. It is noted that during the 
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grouting period, the progressive withdrawal of the lined casing may have resulted in some 

soil stress relief in the surrounding soil.   

 

Figure 4.26 Evolution of excess pore water pressure between columns C1 and C2, and 

176 mm below the soil surface (P10 and P11) 

 

 

Figure 4.27 Displacement of transducer P11 and P10 due to the installation of C1 
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Prior to commencement of jacking for column C2 installation, transducer P11 may have 

been displaced laterally by a distance of at least 2.6 mm in the positive y direction as a 

result of installing column C1 (Figure 4.26). This lateral soil displacement was estimated 

based on the recommendation by Kelly, Muttuvel & Chan (2011). In fact, excavation of 

the soil after the test revealed that transducer P11 moved laterally by up to 14 mm away 

from its original location towards column C2 due to the installations of the remaining 

columns (see Figure 4.27).  

During jacking at column C2, 24 hours after formation of column C1, the excess pore 

water pressure at location P11 rose by 8 kPa. Compared to the measured excess pore 

water pressure at P10 due to the installation of column C1, this measured value at P11 

was found reasonable since the transducer had been moved closer to C2 column, and 

hence endured greater impact. At location P10, it is worthwhile to mention that a negative 

excess pore water pressure of -10 kPa was recorded. This could be attributed to the 

movement of column C1 during the installation at C2 position. In fact, as shown later in 

this chapter, column C1 head initially moved away from C2 location, which induced 

possible open cracks in the soil and associated suction pressure at P10. However, as soon 

as the installation was completed at column C2, the pore water pressure at P10 rose again 

because column C1 head moved backward toward C2.     

In addition to the excess pore water pressure measurements made at P10 and P11, the 

evolution of the excess pore water pressure throughout the installations of columns C1 to 

C7 was also reported in the soil near the wall of the soil tank (P1 to P4) and at the base 

(P6 to P9) (Figures 4.28, 4.29 and 4.30). Referring to Figure 4.28, although the measured 

excess pore water pressure near the wall at locations P3 and P4 (276 mm and 176 mm 

deep) appeared to increase gradually as the column installations progressed, the trivial 
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excess pore water pressure as measured was more likely affected by the open cracks in 

the soil, becoming unsaturated during the installation process. On the contrary, as shown 

in Figure 4.29, transducers P1 and P2 (376 mm to 276 mm deep) responded well to the 

column installations, evidenced by the gradual dissipation of the excess pore water 

pressure after all installations were completed.  

 

Figure 4.28 Excess pore water pressure at the boundary at locations of P3 & P4 
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Figure 4.29 Excess pore water pressure at the boundary at locations of P1 & P2 

 

Figure 4.30 Excess pore water pressure at the base of the soil tank at locations of P6 to 

P9  
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4.5.2 Response of Column C1 to Nearby Installations 

4.5.2.1 Uplift of Column C1 

Installation of grouted columns C2 to C7 caused heave of the ground surface, which was 

accompanied by the uplift of the existing column C1. Figure 4.31 shows that column C1 

head uplifted during the jacking of subsequently installed columns. The rise of column 

C1 induced by each subsequent installation was about 2 to 3 mm and the average uplift 

was 2.3 mm or 5% of the column diameter. Following the jacking phase of each 

subsequent column installation, due to soil consolidation and stress equilibrium, column 

C1 head settled slightly by approximately 0.7 mm on average, which was about 30% the 

preceding column uplift (Figure 4.31).  

As shown in Figure 4.31, the total uplift of column C1 head at the end of all installations 

was 14 mm, which was about a half of the maximum measured soil heave midway 

between the columns as illustrated in Figure 4.21. Once all seven installations were 

completed, column C1 settled slightly due to the soil consolidation. As shown in Figure 

4.31, the 28-day post-installation settlement of column C1 was approximately 8% of the 

total column uplift during column installation or 2% of the column diameter. As shown 

in Figure 4.31b, the uplift of column C1 head was normalised to become non-dimensional 

by the column area, Ω, and the column length, , as suggested by Sagaseta & Whittle 

(2001). The results shown in Figure 4.31b indicated that the measured uplift of column 

C1 in this study in the recommended non-dimensional format, πL/Ω, was consistent 

with the range of pile uplifts due to adjacent pile driving as reported by Sagaseta & 

Whittle (2001). 
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Figure 4.31 Accumulated and incremental uplift of column C1 head due to installation 

of subsequent columns and (a) column uplift in mm, and (b) normalised column uplift 

with column length and cross-sectional area  
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Figure 4.32 (a) accumulated uplift of each individual column as installations 

progressed, and (b) normalised accumulated uplift with a non-dimensional format 

(δzπL/Ω) 
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As illustrated in Figure 4.32, the uplift of column C1 increased almost linearly as more 

perimeter columns were added. It is interesting to note that the uplift of column C1 was 

less than the uplift of column C2. One possible explanation of this observation is that in 

comparison to the one-day old column C1, column C2 was still in a plastic state during 

the installation of the subsequent columns, and hence was more likely to be uplifted 

(Chow & Teh 1990). 

4.5.2.2 Column Head Rotation and Induced Bending Moment of Central Column 

First, the rotation of column C1 head during the installation of column C2 was examined 

based on the results of the non-contact laser displacement sensors T1 and B1. As 

illustrated in Figure 4.33, during the initial stage of jacking at column C2, the head of 

column C1 moved away from column C2 (i.e. in the negative y direction). Once the 

jacking at C2 approached full penetration, column C1 head moved closer to C2 (i.e. in 

the positive y direction) and the rotation of column C1 was = 0.36° (see Figure 4.33). 

If the calculated bending moment in column C1 induced by installation of column C2 had 

a single curvature, it would be sensible to conclude that the tension side of the column 

was facing C6 and the compression side was facing C2.  
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Figure 4.33 Rotation of column C1 head during the installation of column C2 

 

Figure 4.34 Measuring strains  and  along either side of the pile (after Mohamad et 

al 2011) 
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The bending moment of column C1 due to lateral loadings induced by the 

surrounding installations was estimated using Equation (4.3) (Doherty et al. 2015; Ooi & 

Ramsey 2003). The tensile strain and compressive strain  as measured by the strain 

gauges were used to calculate the curvature  shown in Equation (4.3).   

  (4.3) 

where  is the horizontal distance between the two strain gauges positioned at the same 

depth and spaced at equal but opposite distances from the neutral axis,  is the tensile 

strain (+) and  is the compressive strain ( ) (Figure 2.21). The calculation approach for 

M(z) using Equation (4.3) cancels out any contribution due to axial strain, and leaves only 

bending strains (Rollins, Peterson & Weaver 1998). It is noted that + and – signs should 

be included for the positive and negative strains used in Equation (4.3), respectively 

(Kovari & Amstad 1982; Rollins, Peterson & Weaver 1998).  

During the column installations, strain gauges at two strain-measuring locations (out of 

48 locations) malfunctioned. One was located in the x-axis and the other was in the y-

axis. With only one strain gauge in working condition, the curvature  at that location 

was calculated as the single available elongational strain (either  or ) divided by the 

distance from the strain gauge to the neutral axis as recommended by Ooi & Ramsey 

(2003). The calculated bending moments induced in column C1 about the x and y axes as 

the surrounding installations progressed are shown in Figures 4.35a and 4.35b. It is noted 

that the induced bending moment in these figures was calculated after full jacking of 

piling assembly at each column position was completed. The sign conventions for the 

calculated bending moment is also shown in Figures 4.35a and 4.35b. In this convention, 

the bending moment in the column was treated as positive when the tension side of the 
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column was facing towards column C6 as in Figure 4.35a. Figure 4.35a shows that the 

maximum bending moment induced in column C1 about the x-axis was 16.9 N.m. The 

corresponding value about the y-axis was 9.4 N.m (Figure 4.35b). Using the similarity 

ratio provided in Table 4.4, for use in a prototype model, the bending moments induced 

in column C1 about x and y axes could be roughly projected to 111 kN.m and 61 kN.m, 

respectively.    

 

Figure 4.35 Bending moments induced in column C1 due to installing C2-C7: (a) about 

x axis, and (b) about y axis 

 

The induced bending moment in column C1 can be compared to the theoretical cracking 

moment of the column,  determined using Equation (4.4), which corresponds to the 

maximum tensile stress that the concrete can accommodate.  
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  (4.4) 

where I is the second moment of area of the concrete column section (Table 4.3),  is 

the distance from the centroid to the edge of the section = ½ , and  =  is the 

modulus of rupture as recommended by ACI Committee 318 (2014). The measured 

unconfined compressive strength at one-day  of 3.7 MPa corresponds to a calculated 

modulus of rupture  of 1.2 MPa, which is reasonably consistent with the measured 

splitting tensile strength of 0.9 MPa obtained from the laboratory test results shown in 

Table 4.4. The cracking moment of the column  calculated from Equation (4.4) is 

10.5 kN.m. The calculated cracking bending moment is much less than the bending 

moments induced in column C1 as shown in Figures 4.35a and 4.35b. This result implies 

possible yielding in the central concrete column during the field installation of the 

surrounding columns.  

4.6 Summary     

This chapter describes a model test to study the effects of installing concrete columns by 

a soil-displacement method for ground improvement on the behaviour of the soft soil and 

existing columns. The behaviour of the central column subject to the surrounding 

columns was meticulously investigated.  Based on the results of the laboratory model test, 

the following conclusions can be drawn:  

 The uplift of the existing concrete column after 1-day curing induced by the 

surrounding installations halved the amount of soil heave induced midway between 

the columns. However, the amount of uplifting of the existing concrete column at its 

very early concrete age (i.e. plastic state/ initial setting time) induced by the 

surrounding installations was similar to the surrounding soil surface heave.  
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 The magnitude of the measured uplift experienced by the central column induced by 

each subsequent column installation was similar.  

 The uplift of a column base was associated with a large amount of suction at the base 

of the column. However, as the installation progressed, the suction reduced. 

 Excess pore water pressure increased as more columns were installed, but reduced 

during the time lag between two columns.  

 Lateral loadings generated by the installation of the surrounding columns could affect 

the integrity of the existing column, especially at their early age. 

 Complex interactions were observed between the soil and the columns, which are 

otherwise often difficult to observe in the field. 

The results of the model test can be used as suitable data for future computer modelling. 

Although the model test was performed at 1  and at corresponding low stress level, it is 

believed that the observation of mechanisms of the response of the rigid inclusions and 

soils, which was the prime emphasis of this study, will still be relevant. 
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CHAPTER 5 Effects of Pile Penetration in Comparison with 

Combined Cylindrical and Spherical Cavity Expansions: 

Experimental and Numerical Studies 

 

 

5.1 Synopsis 

Installations of piles by jacking, driving or drilled displacement piling techniques are 

effective geotechnical solutions to improve the load-bearing capacity of piles in the weak 

ground. However, numerical simulation of the soil behaviour affected by the pile 

installation remains challenging and is of special interest among the geotechnical 

community. This chapter presents a laboratory model test to study the responses of the 

soft soil subject to the installation of a jacked-in closed-ended displacement pile and the 

soil consolidation after pile installation. A theoretical study for the test was also 

conducted. The model test shows that the arrival of the peak pore water pressures 

experienced a noticeable hysteresis. The large strain numerical analyses were carried out 

using the finite difference code FLAC3D to simulate the model test, taking into account 

the boundary effects and tip end effects of the model pile. The pile penetration was 

simplified as the combined use of the cylindrical and spherical cavity expansions. The 

lightly overconsolidated soft soil was modelled by the modified Cam-clay model and the 

evolution of the soil permeability during consolidation was taken into account. The results 

of the coupled consolidation analyses were compared with the results of the model test in 

terms of the soil surface movement and the evolution of the excess pore water pressure. 
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A reasonably good overall agreement was observed between the numerical and 

experimental results, demonstrating the suitability of using the cavity expansion theory 

for solving such problems. However, the pitfalls using this solution scheme are also 

pointed out. 

5.2 Introduction  

The construction of deep foundations using displacement piling techniques such as driven 

piles, jacked piles, auger displacement piles and jet grouted columns have been 

investigated intensively in the past (Almeida, Danziger & Lunne 1996; Cooke, Price & 

Tarr 1979; He, Wang & Hong 2016; Lehane & Jardine 1993; Randolph, Carter & Wroth 

1979; Steenfelt, Randolph & Wroth 1981; Suleiman et al. 2016). However, installation 

effects of such deep penetrations are still some of the most complicated and challenging 

topics in the field of geotechnical engineering (Baligh 1985; Engin, Brinkgreve & van 

Tol 2015; Zhou, Liu & Yuan 2018). The pile installation induces soil movement, 

generates excess pore water pressures and increases stress in the surrounding soils. At 

shallow depths, the soils are displaced downwards and sideways, and likely to heave 

upwards. At lower depths, less soil heave is generated while the lateral soil movement is 

dominant, especially for full displacement piles.  

Since the 1950s, cavity expansion method (CEM) has been developed to model the 

pressuremeter tests and deep foundations (Chadwick 1959; Hill 1950; Ladanyi 1964; 

Palmer 1972; Vesic 1972). The response of soils due to the installation process is 

analogous to the creation or expansion of cylindrical and spherical cavities. On that basis, 

CEM has been used to assess the installation effects of driven piles (Randolph, Carter & 

Wroth 1979; Vesic 1972), jacked piles (Bond & Jardine 1991; White & Bolton 2004), 

stone columns (Castro & Karstunen 2010), jet grouting (Shen, Wang & Cheng 2017), the 
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cone penetration (Chai et al. 2015; Pournaghiazar, Khalili & Russell 2012), and deep soil 

mixing columns (Chai, Miura & Koga 2005; Shen, Miura & Koga 2003). Undrained 

cavity expansion for saturated clays has been studied  (Cao, Teh & Chang 2001; Chen & 

Abousleiman 2012) together with the long-term consolidation analyses assuming radial 

consolidation (Randolph & Wroth 1979). Analytical or semi-analytical cavity expansion 

solutions have been developed for various soil constitutive models e.g. Tresca model (Hill 

1950), Mohr-Coulomb (Carter, Booker & Yeung 1986; Vesic 1972; Yu & Houlsby 1991), 

modified Cam Clay (Cao, Teh & Chang 2001; Chen & Abousleiman 2012; Collins & Yu 

1996). The anisotropic stress state in the soil recently is included in some of the cavity 

expansion solutions (Chen & Liu 2018; Han et al. 2011; Jaeger, DeJong & Boulanger 

2011; Li, Li & Sun 2016; Zhou et al. 2014). The shortcoming of the cylindrical cavity 

expansion applied in the deep penetration is that the plane strain condition is assumed at 

the mid-depth of a long vertical cylindrical pile and hence the effect of soil heave is 

ignored (Baligh 1985; Chai et al. 2009). On the other hand, the spherical cavity expansion 

simplifies the geometries of various penetrating objects as half spheres in an approximate 

way.    

Modelling the penetration of piles into the ground is an extremely complex problem due 

to heavily distorted mesh. A number of interesting proposals were reported for solving 

such problem (Dijkstra, Broere & Heeres 2011; Engin, Brinkgreve & van Tol 2015). 

Notable advancements in the simulation of pile installation include Arbitrary Lagrangian–

Eulerian (ALE) method (Liyanapathirana 2009; Nazem et al. 2008; Tolooiyan & Gavin 

2011), Coupled Eulerian–Lagrangian (CEL) method (Hamann, Qiu & Grabe 2015; Ko, 

Jeong & Lee 2016; Sabetamal et al. 2014), and the Material Point Method (MPM) 

(Ceccato, Beuth & Simonini 2016; Phuong et al. 2016; Tehrani et al. 2016). While the 

finite element re-meshing schemes have significantly advanced the field of geotechnical 
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engineering, the code implementation is sophisticated in any daily engineering practice. 

In addition, the effective stress analyses and the consolidation analyses are not yet 

established for these methods.  

For ground improvement purposes, cavity expansion theory remains the popular method 

due to its simplicity and its long development history. Due to the initial singularity 

problem, cavity creation from a zero radius is not possible in the continuum mechanics. 

A simplified simulation of pile penetration by expanding a cavity from a finite radius 

using complex material models has been implemented successfully for various practice 

cases (Carter, Randolph & Wroth 1979; Chen et al. 2009; Guetif, Bouassida & Debats 

2007). However, in developing these solutions, the development of a truly rational 

approach to pile installation simulation has been hampered by a lack of reliable data 

regarding the physical processes that govern soft soil behaviour. Specifically, there has 

been only a limited amount of the laboratory test data available for verification especially 

when jacked piles intersect soft soil layers. According to Chow & Teh (1990) and others, 

when the surrounding soil is very soft to soft, the interaction behaviour between soils and 

jacked piles is often very complex. 

This chapter presents the results of a laboratory model test to simulate the jacked pile 

penetration and the subsequent soil consolidation. In addition, a theoretical model for the 

model test was provided by a large strain numerical approach to study the soil responses 

due to jacked pile installation, based on the idea of combined use of the cylindrical and 

spherical cavity expansions. In the laboratory model test, the closed-ended cylindrical 

pile was jacked into the lightly overconsolidated soft soil. The soft soil was subjected to 

a surcharge pressure during the pile penetration. After penetration, the consolidation 

settlement of the soils and the dissipation of excess pore water pressures were monitored. 
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Although this model test was performed at a single gravity, the investigation of the 

undrained and drained mechanism of a soft soil around a displacement pile has been the 

prime purpose of the present investigation.  

The results of the 3D numerical model, on the other hand, provide insights into the 

laboratory model test. The jacking of a model pile was simulated by expanding cavities 

in the medium of a lightly overconsolidated soft clay based on the combined use of the 

cylindrical and spherical cavity expansion methods (Cao, Teh & Chang 2001; Carter, 

Randolph & Wroth 1979; Ladanyi 1964; Yu 2000). The simulation was implemented in 

a 3D finite difference code FLAC3D v5.01. The soft soil was numerically modelled by the 

modified Cam-clay material model. The variation of soil permeability with the void ratio 

during soil consolidation was taken into account. Undrained cavity expansion analysis 

was first conducted to simulate the installation process of the pile, which was then 

followed by a coupled hydraulic-mechanical analysis (i.e. soil consolidation) to allow 

excess pore water pressure to dissipate. The code incorporated large strain mode via the 

updated Lagrangian formulation. The numerical approach was compared with the results 

of the laboratory model test in terms of the soil surface movement and the dissipation of 

excess pore water pressures in the soil surrounding the penetrating pile. This type of pile 

installation simulation utilises the widely accepted cavity expansion methods; this would 

provide a practical compromised approximation for many design situations as well as 

overcoming the need for more sophisticated analyses such as ALE or CEL schemes in 

many practical cases.  
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5.3 Laboratory Model Test 

5.3.1 Soil Tank 

The laboratory model test was performed in a soil tank, which was originally designed as 

a large Rowe consolidation cell. This soil tank has an internal diameter of 250 mm, and a 

wall height of 204 mm (Figure 5.1). For the purpose of this experiment, only the wall and 

the base of the cell were used. They were fastened together with steel bolts, and sealed 

by a rubber O-ring for water-tightness at the joint. As shown in Figure 5.1, pore water 

pressure measurement can be recorded at three locations along the interior wall surface 

(denoted as PWPB2, PWP-B3 and PWP-B4) and at other three locations at the base level 

of the soil tank (denoted as PWP-A2, PWP-A4 and PWP-A5). At each measuring 

location, a porous disc was embedded flush with the interior surface of soil tank, and the 

pore water pressure can be measured by an externally fitted pore-water pressure 

transducer. Each transducer was calibrated using a volume pressure controller prior to 

testing. All readings from the transducers were recorded on a GDS computer controlled 

data logger. 

5.3.2 Soil Bed Preparation  

The soft soil bed was prepared in the soil tank by a slurry-based soil deposit. The dry 

portion of the slurry consisted of 70% of dry Q38 kaolinite, 15% of Active Bond 23 

bentonite, 15% of fine to medium sand, by the total dry mass. The dry materials were 

mixed with de-aired water to have a moisture content of 127%. Details of this soil mixture 

were obtained from Le, Fatahi & Khabbaz (2015). 
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Figure 5.1 Diagrams of the soil tank and the arrangement of pore water pressure 

transducers: (a) side view, and (b) plan view 
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(a) 

 

 (c) 

 

(b) 

Figure 5.2 Soil bed preparation: (a) Slurry prepared in the soil tank (b) placement of 

the first surcharge weight plate and (c) full surcharge pressure applied 

After the interior wall surface had been smeared with silicone grease, the slurry was then 

filled slowly into the soil tank in layers until a slurry thickness of 200 mm was achieved 

(Figure 5.2a). According to the literature (Cao, Teh & Chang 2001; Chen & Abousleiman 

2012), the over-consolidation ratio (OCR) of the soil is an important parameter in 

assessing the changes in soil stresses and pore water pressure around an expanded cavity. 

In this model test, the soil was pre-consolidated one-dimensionally under a vertical 

surcharge pressure of 15.8 kPa. This pressure was achieved by stacking a number of steel 

plates, fully covering the surface of the slurry. The surcharge was added in small 

increments to avoid soil shear failure (Figure 5.2c). One-way upward drainage towards 
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the soil surface was allowed via a layer of separation geotextile between the surcharge 

and the soil surface. In addition, the bottommost steel plate of the surcharge was 

perforated to allow dissipation of the generated excess pore water pressure, as shown in 

Figure 5.2b. A thin water layer above the upper surface of the sample was maintained 

throughout the test to keep the soil saturated. The excess pore water pressure dissipated 

completely after approximately two months. The final thickness of the soil specimen after 

the preconsolidation was approximately 150 mm. 

5.3.3 Soil Properties 

Table 5.1 provides a summary of the soil properties. In particular, the Atterberg limits 

were obtained from a previous investigation by Le, Fatahi & Khabbaz (2015). The bulk 

unit weight of the soil was measured using soil specimens recovered at the completion of 

the main test. The Rowe cell consolidation tests on soil samples 75 mm in diameter were 

carried out to determine the compression index Cc, the recompression index Cr, the 

coefficient of consolidation cv and the coefficient of permeability  of the soil. The 

variation of void ratio e with the vertical effective stress  obtained from the Rowe cell 

consolidation test is shown in Figure 4.6 as part of Chapter 4. In addition to the Rowe cell 

consolidation test, a large soil specimen 250 mm in diameter and 200 mm in height was 

consolidated under a vertical effective stress of  = 15.8 kPa until primary consolidation 

was completed (Figure 4.7). The cv value of the soil computed using the settlement time 

data obtained from this exercise was also included in Table 5.1. It is noted that the  

value is usually about 2 to 3 fold higher for soil specimens in an overconsolidated state 

(Lo et al. 2008). The soil is classified as high plasticity clay (Standards Australia 2017).  

The variation of the permeability  with the void ratio  was derived from the results of 

the Rowe cell consolidation test (Figure 4.8). The evolution of the permeability with 
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consolidation process is represented by the permeability change index  which was 

derived from Equation (4.1) (Taylor 1948) in Chapter 4.   

The slope M =  of the critical-state line (CSL) presented in Table 5.1 was calculated 

using the plot of the deviatoric stress against the mean effective stress  on the :  

stress plane, which was obtained from the undrained triaxial compression tests with pore 

pressure measurement (Figure 4.9). The coefficient of lateral earth pressure at rest  for 

lightly overconsolidated clay was estimated from Equation (5.1) (Alpan 1967).  

 OCRN  (5.1) 

where  = 0.5 as suggested by Mayne & Kulhawy (1982) for clay soils,  is the effective 

friction angle correlated with the M value (see Table 5.1) and an OCR = 1.9. The 

miniature shear vane tests conducted for the soil indicated an undrained shear strength  

value of 3.5 kPa.  
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Table 5.1 Physical and index properties of soft soil used in the model test 

Soil properties Interpreted Value 
Back Calculated 

Value in FLAC3D 

Plastic limit*,  (%) 22  

Liquid limit*,  (%) 80  

Plasticity index,  58  

Specific gravity,  2.65  

Saturated unit weight,  (kN/m3) 14.7  

Permeability change index,  1.5  

Effective Poisson’s ratio,    0.3  

Effective friction angle, (°) 21  

Slope of CSL,  0.812 0.85 

Initial in-situ void ratio,   2.32 when  is 1 kPa  2.2 

Compression index, Cc 
1.3 to 0.98 when = 50 kPa to 

400 kPa  
 

Slope of NCL,  
0.348 assumed   0.6  ; 0.39 

assumed =  
0.5 

Recompression index, Cr 0.22  

Slope of URL,  0.096 assumed =   0.11 

Vertical coefficient of consolidation  

at various stress levels,  (m2/year) 

0.12 when  = 16 kPa; from 0.1 to 

0.07 when  is between 50 kPa and 

100 kPa 

 

Reference pressure,  (kPa) 46  

Specific volume at reference pressure, 

 
2.88  

Coefficient of permeability at various  

stress levels,  (m/s) 

9 -11 when normal consolidated 

at  = 50 kPa; 0.7 10-9 when 

normal consolidated at  = 15.8 

kPa. 

0.7 10-9 to 0.7 10-9 

and  = 1.5 

Coefficient of earth pressure at rest,  0.88  

Preconsolidation pressure,  (kPa) 15.8  

Note: * obtained from Le, Fatahi & Khabbaz (2015); URL = unloading and reloading line; NCL = normal 

consolidation line; CSL = critical state line. 
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5.3.4 Jacked Pile Penetration  

At the end of the initial surcharging period, the surcharge and the separation geotextile 

were removed from the soil. The clay sample was then subjected to a new surcharge 

pressure of 8.4 kPa, which halved the initial surcharge during soil bed preparation. 

Therefore, the soil became lightly overconsolidated and the OCR of the soil at this state 

was approximately 1.9. This surcharge was applied throughout the model test. It is noted 

that free drainage condition was maintained at the interface of the soil and the upper 

surcharge via a separation geotextile layer and a perforated steel plate. Each surcharge 

dead weight and the separation geotextile layer had a circular vertical opening of 

approximately 63.5mm in diameter, which formed a passage of the model pile through 

the surcharge into the soft soil (Figures 5.3a and 5.3b).  

 

Figure 5.3 Soil specimen with surcharge placement prior to the jacked in pile 

installation 

Figure 5.4 shows a schematic diagram of the experimental set-up for the jacked pile 

penetration. The miniature closed-ended model pile had a diameter ( ) of 63.5 mm 
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and was fabricated from an aluminium alloy. The conical tip of the mode pile had a 95° 

apex angle. The lower end of the model pile was initially positioned above the soil 

surface, along the centre line of the soil tank. The upper end of the model pile was 

connected to a linear displacement motorised actuator, which was mounted on a steel 

reaction frame (Figure 5.4). This actuator has a push-and-pull capacity of 5 kN. The speed 

of the actuator was controlled by a Bosch speed control unit. During pile penetration, the 

soil penetration resistance and the movement of the pile were recorded using a 5 kN 

tension-compression load cell placed atop the model pile, and a linear variable differential 

transformer (LVDT). During the pile penetration and thereafter, the other three LVDTs 

were set-up above the steel weights to measure the vertical movement of the soil, as 

shown in Figure 5.5. The laboratory set-up and the data acquisition system are shown in 

Figure 5.6.  
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Figure 5.4 Schematic diagram of the experimental set-up for jacked pile penetration 
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The model pile was jacked into the soft soil in a monotonic mode at a downward 

penetration rate  of 3.8 mm/s. The adopted penetration speed was sufficiently fast to 

ensure that the soil surrounding the pile would behave in undrained condition during 

penetration. To relate the penetration speed to the drainage conditions in the soil 

surrounding the penetrating pile, Finnie & Randolph (1994) normalised the penetration 

speed with the pile radius  and the coefficient of consolidation of the soil , using 

Equation (5.2).  

   (5.2) 

The normalised penetration velocity  calculated from Equation (5.2) for this model 

test was much greater than 30, a minimum normalised velocity to ensure undrained 

behaviour of the soft soil surrounding the pile (Kim et al. 2008; Randolph & Hope 2004).  

At the end of pile jacking, the model pile was held in place and the soil underwent 

consolidation under a constant surface stress. Once the generated excess pore water 

pressure dissipated, the set-up was dismantled. Vane shear tests, moisture content 

determination and unconfined compression tests were carried out on specimens extracted 

from the soil bed. The next section presents the results of the numerical analyses to 

simulate the laboratory model test. 
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Figure 5.5 Experimental arrangement above the soil tank 
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Figure 5.6 Data acquisition system in the laboratory 

 

5.4 Finite Difference Analysis  

5.4.1 Geometry and Boundary Conditions 

Numerical analyses of the laboratory model test were performed using FLAC3D v5.01  in 

large strain mode to provide a theoretical approach to the problem. The undrained 

analyses were conducted for the pile penetration stage, followed by the coupled hydraulic 

and mechanical analysis performed to simulate the subsequent soil consolidation after the 

completion of the pile penetration. Although the problem was essentially axisymmetric, 

the quarter-symmetry 3D model was utilised because the expected computation cost 

relative to the modern computers is minimal. A 3D grid shown in Figure 5.7 represented 



199 
 

the soft soil and the surcharge in the laboratory model test. The soil and column regions 

were created from solid elements such as brick, wedge and pyramid zone types. The mesh 

was generated using FISH programming language to facilitate the simulation of the quasi-

static penetration of the jacked pile. For example, a hemispherical mesh was formed to 

simulate spherical cavity expansion at the tip of the column. The 3D grid as shown in 

Figure 5.7 consisted of 3528 zones and 4574 grid points. The runtime was approximately 

48 hours for a FLAC3D analysis on a 3.40 GHz core i7 CPU computer. 

 

Figure 5.7 The FLAC3D finite difference mesh 

 

The boundary conditions for the model are illustrated in Figure 5.8. A free draining 

boundary was modelled at the interface of the soil and the surcharge while the side and 

bottom boundaries were considered impermeable. The dead weight overlying soft soil 

was numerically modelled by applying a uniform vertical pressure of 8.4 kPa on a thin 
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layer of rigid FLAC3D zones. These zones were fixed against horizontal movements and 

their bottom face interacted with the underlying soft soil by an interface element. While 

the interface stiffness has to be stiff to prevent soft soils from penetrating into the zones 

of FLAC3D, a high interface stiffness would increase the computation time significantly. 

The interface normal stiffness and shear stiffness,  and  were estimated using 

Equation (3.8) as recommended by Itasca (2012).  

 

Figure 5.8 Boundary conditions and modelling of surcharge 

The rigid base of the soil tank was also modelled as a thin layer of rigid FLAC3D zones, 

which were fixed against displacement in all directions and their top face interacted with 

the upper soft soil via an interface element. The wall of the soil tank was not explicitly 

modelled and roller boundaries were used instead, considering that the soil-wall friction 

in the model test was insignificant.  
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5.4.2 Material Model for Soft Soil 

The modified Cam-Clay (MCC) material model was adopted to represent the elastic-

plastic behaviour of the soft clay (Muir Wood 1990; Roscoe & Burland 1968). The 

FLAC3D zones representing the surcharge and the base were characterised by the linear 

elastic material model. The modified Cam-clay model parameters adopted for soft clay is 

shown in Table 5.1, which were derived from laboratory test results presented in Section 

0. The slopes of the normal compression line (NCL), λ and the unloading and reloading 

line (URL), κ in the semi-logarithmic compression plane  - ln  were derived from Cc 

and Cr. The NCL line was defined by a specific volume  at the reference pressure . 

The effective friction angle  was derived from the frictional constant  estimated from 

the undrained triaxial shear test results.  

The excess pore water pressure and stresses induced during the cavity expansion process 

is highly dependent on the rigidity index  of the soil. The soil modulus G is correlated 

to the mean effective stress  of the soil (Cao, Teh & Chang 2001; Zytynski et al. 1978). 

A function of volumetric strain via a FISH function was written to update the permeability 

during the calculation cycle for the soil consolidation analysis. 

5.4.3 Numerical Simulation of Cavity Expansion 

The initial conditions included the initial hydrostatic pore water pressure , assuming 

the groundwater table to be at the ground surface and the initial vertical effective stresses 

due to the unit weight of the soil and the applied surcharge. The horizontal effective 

stresses  were derived from the vertical effective stresses and the value of  reported 

in Table 5.1.  
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(a)                                                                     (b) 

Figure 5.9 Simplified simulation of jacked piling: (a) cavity expansion modelling, and 

(b) displacement velocity applied to the initial cavity (1/4 of model pile); all dimensions 

are in mm 

 

The numerical simulation of the jacked pile penetration process was simplified as creating 

a borehole in the soil with a final radius equivalent to the model pile. As illustrated in 

Figure 5.9, the volume of the model pile was approximated as a cylinder atop a half 

sphere; hence, the process of jacked pile penetration may be approximated as expansions 

of cylindrical and spherical cavities. It is noted that the analytical solutions using this 
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combined cylindrical and spherical cavity expansion for cone penetration testing by Chai 

et al. (2015) agreed reasonably well with the laboratory measurements. As shown in 

Figure 5.10a, the mesh prepared for this simulation comprised soil grid surrounding a 

cylindrical cavity (i.e. for cylindrical cavity expansion) fitted with a hemisphere (i.e. for 

spherical cavity expansion). The use of the hemisphere was to produce the correct stress 

and pore water pressure conditions at the tip of the pile. The creation of the cavity (i.e. 

the volume of the pile replaced the space of the soil) was followed by the consolidation 

analysis.  

 

Figure 5.10 Deformed mesh before and after cavity expansion: (a) initial cavity, and (b) 

after cavity expansion 

Numerical simulation of the penetration of a pile into the soil (i.e. creating a cavity) is 

challenging owing to the initial singularity problem. As recommended by Carter, 

Randolph & Wroth (1979), expanding a cavity with an initial radius  to a new radius  

=  can approximate what happens in the soil when a cavity expansion from zero radius 

to the actual pile radius (i.e. ) take places. The required relation between  and   
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for a constant volume deformation in Equation (5.3) is  =   (Carter, Randolph & 

Wroth 1979). For example when the pile radius  is 31.75 mm, the initial radius of the 

cavity would be   = 18.33 mm. However, the required final radius of the cavity after 

doubling the size would be  = 36.67 mm, which is notably larger than the radius of the 

actual pile ( ) and is not desirable. Parametric study performed by Castro & Karstunen 

(2010) indicated that quadrupling an initial cavity gives nearly identical results compared 

to doubling the cavity as presented by Carter, Randolph & Wroth (1979). On that basis, 

a smaller initial cavity  = 8 mm was chosen for this study, which results in a more 

realistic case as the final radius  = 32.74 mm determined based on Equation (5.3) is 

much closer to the actual radius of the model pile (only 3% difference). Excessive mesh 

distortion was encountered using an initial cavity radius smaller than 8 mm.    

 
 (5.3) 

The adopted initial and final radii were applied to the cylindrical and spherical cavity 

expansions. First, the material inside the initial cavity  was turned to “null”. Then 

outward normal velocities were applied to the cavity wall so that when mechanical 

stepping in large strain mode was used, the wall would be displaced in a normal direction 

until achieving a final cavity of  = 32.74 mm. The deformed mesh after the cylindrical 

and spherical cavity creations is shown in Figure 5.10b. At the end of the cavity 

expansion, the applied velocities at the cavity wall were reduced to zero and the model 

was stepped to equilibrium. A coupled hydraulic and mechanical simulation was 

conducted to allow excess pore water pressure to dissipate. The starting conditions for 

consolidation analysis corresponded to those immediately after cavity expansion 

(Randolph, Carter & Wroth 1979). The changes in model variables such as vertical and 



205 
 

horizontal effective stresses, excess pore water pressure and displacements in the soil 

were recorded with time. The next section describes the experimental test results and the 

comparison with the finite difference analyses. 

5.5 Comparison between Results of Model Test and Numerical 

Simulation    

5.5.1 Soil Penetration Resistance during Pile Penetration 

The measured soil penetration resistance during the movement of the penetrating pile was 

plotted against the soil depth in Figure 5.11a, while the penetration rate is shown in Figure 

5.11b. The measured soil penetration resistance was approximately 120 N. Further 

increase in the soil penetration resistance as the pile approached the base of the soil tank 

as shown in Figure 5.11a can be attributed to the effect of base boundary. The undrained 

shear strength  of the soft soil estimated from the empirical correlation with the 

measured cone penetration resistance using the cone factor  between 11 and 19 

(ASTM 2012; Lunne, Powell & Robertson 1997) varied from 1.8 kPa to 3 kPa. The 

undrained shear strength  of the soft soil measured by the shear vane and those inferred 

from the unconfined compressive strength tests for soil specimens sampled after the 

model test varied from 2.2 kPa to 3.5 kPa.  
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p 

Figure 5.11 a) Soil penetration resistance with depth and (b) the pile penetration rate 

5.5.2 Predicted versus Measured Excess Pore Water Pressures 

Figure 5.12 shows the short-term evolution in the excess pore water pressures during and 

after the pile penetration. The excess pore water pressure increased due to pile jacking; 

however, the arrival of the maximum excess pore water pressures for each observation 

point had noticeable delayed effects. Since the pores in the saturated soft soil were filled 

with water, the excess pore water pressure induced by the jacked in pile penetration may 

have continuously transmitted through the soil medium.  

The observed steady decrease in magnitudes of the excess pore water pressures with the 

elapsed time as shown in Figure 5.12 was different to the total radial stress responses due 

to jacked pile installation reported in the literature, where a sharp fall was observed. 
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Approximately five hours after the penetration of the jacked-in pile was completed, the 

peak excess pore water pressures reached 6.6 kPa to 9.2 kPa. The measured maximum 

pore water pressures were approximately 3  to 4 , which was in general agreement 

with the typical predicted excess pore water pressure immediately after installation using 

the theoretical parametric with the computer code CAMFE (Carter 1978). Considering 

the limited thickness of the soil, it was not surprising that no obvious difference was 

observed between the peak values of the excess pore water pressures measured by the 

transducers of different depths. 

 

Figure 5.12 Evolution of the excess pore water pressure due to jacked in pile 

penetration 
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Figure 5.13 Evolution of excess pore water pressures along the wall of the soil tank at 

three locations: PWP-B2, PWP-B3, and PWP-B4 

 

After reaching the peak, the excess pore water pressure gradually decreased because of 

the pore pressure dissipation. Figure 5.13 shows that more than 95% excess pore water 

pressure dissipated after two weeks after pile penetration, where the pore pressures 

returned to just above hydrostatic values. In Figure 5.13, the evolution of the measured 

excess pore water pressures induced by the jacked in pile penetration was compared with 

the results of the finite difference analysis at three locations PWP-B2, PWP-B3, and 

PWP-B4. It can be seen that while the numerical analyses are able to provide a clear 

difference in predicted excess pore water pressures between the predicting locations, the 

instrumentation for measuring pore water pressures was not sufficiently accurate to pick 

up such small difference.     

Figure 5.14 shows the evolution of the excess pore water pressures for the observation 

points at the base level of the soil tank. The excess pore water pressures induced by the 
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pile penetration at the locations of PWP-A2, PWP-A4 and PWP-A5 were reported. The 

decay of excess pore water pressures at the observation points near the base was similar 

to the dissipation of the excess pore water pressures near the wall of the soil tank. 

However, there were some key differences. Firstly, it was evident that the excess pore 

water pressures at observation locations closer to the pile tip (PWPT-A4 and PWPT-A5) 

were greater than the excess pore water pressure measured further away from the centre 

of the tank (i.e. PWPT-A2). Secondly, both the numerical model and the model test results 

indicated that shortly after reaching the peaked values, the excess pore water pressures at 

these locations converged towards a similar value at equalisation and decayed together 

towards the hydrostatic pressures. 

 

Figure 5.14 Evolution of the excess pore water pressures along the base of the soil tank 

 

5.5.3 Predicted versus Measured Surface Soil Movement 

During the downward penetration of the model pile, the soil was displaced away from the 

model pile. The disturbed soil was forced to move upwards, causing soil heave and 
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associated uplift of the overlying dead weights. The measured soil heave captured by the 

three LVDTs placed on the top of the surcharge weights was approximately 11.5 mm. 

The measured heave agrees well with the predicted soil heave assuming constant volume 

under undrained conditions (i.e. the volume of the soil heave would be equal to the 

volume of the penetrating pile). Some discrepancy would be attributed to a small squeeze 

of soft soil through the gap between the soil, the pile, and the surcharge.  

The measured soil consolidation settlement after the pile penetration was compared with 

the predicted settlement using FLAC3D as shown in Figure 5.15. Within 24 hours after 

pile penetration, the finite difference approach predicted a slow rate of settlement; 

however, the predicted consolidation process accelerated with a higher rate of 

consolidation at a later stage. Despite some mismatch in the rate of consolidation, the 

total final settlement was well predicted by the finite difference approach.  It is noted that 

the written code for the FLAC3D analysis offered the option to update the permeability as 

the void ratio decreases by, for example, using a relation expressed by Equation (4.1), 

which is based on Taylor’s permeability index . The code lines are attached in the 

Appendix B. With this feature, realistic predictions of the rate of excess pore pressure 

dissipation can be achieved because the permeability of the very soft soil will decrease 

upon compression. The decreases in void ratio occurred not only in the undisturbed soil, 

but also in the plastic zone, leading to further delay in the dissipation of excess pore 

pressure and a lower rate of the soil consolidation. 
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Figure 5.15 Measured and predicted soil consolidation settlement during and after pile 

penetration 

 

5.6 Summary 

This chapter presents the results of a laboratory model test and a back-analysis study on 

the soil responses to the jacked-in pile penetration in terms of excess pore water pressures 

and consolidation settlement. In the laboratory model test, a closed-ended circular pile 

was jacked into a very soft soil and the soil heave and subsequent consolidation settlement 

were monitored together with the evolution of the excess pore water pressure. The model 

test results were compared with the 3D large strain numerical approach based on the 

combined use of the cylindrical and spherical cavity expansions. The numerical 

simulations conducted using the finite difference code FLAC3D included the undrained 
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analyses simulating the jacked pile penetration and the soil consolidation process. The 

results of the model test and the back analysis indicate the following:  

 A noticeable delay in the arrival of the peak pore water pressures was observed at 

the monitoring points.  

 The measured soil displacement and the evolution of the excess pore water 

pressure were represented well by the proposed numerical model.  

 The results obtained provide valuable insights into the installation of jacked-in 

piles in soft clay, and are a valuable source of validation materials for more 

complex numerical simulations. 
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CHAPTER 6 Practical and Construction Aspects of CMC 

Installation Effects 

 

6.1 Introduction  

The first part of this chapter (Section 6.2) presents the results of a numerical investigation 

on the CMC installation effect on an existing bridge pile using the three-dimensional 

finite difference software package FLAC3D. The results of this study indicate that when 

the CMC is long and the existing bridge pile is slender, the pile bending moment and pile 

lateral movement, induced by the CMC installation effect, can be significant.  

The second part of this chapter (Section 6.3) presents the key sustainability aspects of 

using CMC technology and highlights some potential aspects for further development. 

Future research directions are discussed to enhance sustainable design practice. These 

include general discussions on the issues of economic design with trial field tests, the use 

of recycled industrial by-products for grout mix, improved design, maximising the 

resiliency of structures and the energy consumption. The CMC installation effects on the 

surrounding soils and environment are also discussed sensibly in this study. 

6.2 Bridge Pile Response to Lateral Soil Movement Induced by 

Installation of Controlled Modulus Columns 

6.2.1 Objectives  

The controlled modulus column (CMC) ground improvement technique aims to create an 

improved composite ground, consisting of a grid of rigid inclusions installed in soft soil 



214 
 

overlaid with a granular load transfer layer (Plomteux, Porbaha & Spaulding 2004). The 

column installation process involves penetrating an auger into the ground under a torque 

and thrust provided by a drilling rig, followed by grout injection through the hollow stem 

while raising the tool. The auger is purposely designed to enable lateral soil compaction 

during augering and prevent the soils from moving upward when raising the auger. When 

construction sites involving CMC are located in close proximity of existing sensitive 

structures such as an existing bridge foundation, if proper installation sequence is not 

considered, the risk of damaging adjacent structures due to lateral soil movement can be 

high (Brown 2005; Hewitt, Summerell & Huang 2009; Plomteux, Porbaha & Spaulding 

2004). Hence, it is often necessary to prepare a risk assessment and construction planning 

before construction starts. Although these tasks have become a routine for piling 

contractors, assessing installation effects, especially the lateral soil movement due to 

installation, remains a serious challenge. Available assessment methods for installation 

effects include the cavity expansion theory (Carter, Randolph & Wroth 1979), strain path 

method (Baligh 1985) and more rigorous analyses using numerical modelling. The cavity 

expansion theory, which is the most common method, studies the changes in pore water 

pressure and stresses due to the creation or the expansion of a cavity. Current 

contributions to CMC application found in the literature include a numerical study by 

Rivera et al. (2014) based on the cavity expansion theory using PLAXIS-2D and a field 

investigation of installation effects on the surrounding soils by  Suleiman et al. (2016). 

However, assessment of the CMC installation effects on the adjacent existing structures 

has not been reported in the literature notably due to a number of reasons. Firstly, the 

modelling of pile installation process involves large mesh distortion and can be time-

consuming. Secondly, the existing analytical methods are unable to capture the complex 

three-dimensional soil-structure interaction and construction sequence. Section 6.2 
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presents a 3D numerical model to investigate the response of an existing bridge pile 

subjected to loading due to the lateral soil movement induced by the installation of nearby 

CMCs. 

6.2.2 Numerical modelling 

To simulate the CMC installation process, three-dimensional numerical modelling using 

FLAC3D v.5.01 was carried out in large strain mode. 3D grids were created to represent a 

soil profile consisting of a soft clay layer, overlying bedrock (Figure 6.1a). An existing 

bridge pile and six proposed CMC positions are located in the centre of the 3D model. 

The radial cylindrical mesh represents CMCs and piles, while the cubical meshes form 

the outer soil regions. The lateral boundaries were extended 20 times the CMC diameter, 

from the outmost CMC or pile to minimize the boundary effects.  

 

(a) 

 

(b) 

Figure 6.1 (a) FLAC3D finite difference grid and (b) the layout of CMCs and the existing 

bridge pile 

The existing bridge pile is 0.75 m in diameter ( ) and is located at 1.8 m centre-to-centre 

(c/c) from the nearest CMC. The pile is assumed socketed into the bedrock. The 

construction of two rows of CMCs next to the existing bridge pile was simulated in this 
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study (Figure 6.2b). Each row has three columns oriented in the x-direction. CMCs have 

a diameter  = 225 mm and spaced at 1.6 m c/c in a square pattern. All CMCs are 

installed to the top of bedrock or very stiff ground. The model grid is generated using 

FISH programming language to facilitate the parametric studies. The 3D grid shown in 

Figure 6.1a developed for a model height  = 9.6 m comprises 179,200 zones and 165,616 

grid points. 

6.2.3 Material Modelling 

Soil properties were derived from site investigation data from a highway upgrade project 

in Australia. The modified Cam-Clay (MCC) material model was adopted to represent 

the behaviour of soft clay. The adopted parameters include the slope of normal 

consolidation line (NCL)  = 0.29, and the slope of elastic swelling line  = 0.073. The 

NCL line is defined by a reference pressure   = 74 kPa and a specific volume  = 

2.55. Based on the oedometer results, an overconsolidation ratio OCR of 1.6 was adopted 

for the entire depth. Therefore, the pre-consolidation pressure varies linearly with depth. 

The adopted effective friction angle  is 28° and the frictional constant of the critical 

state line is  = 1.11. The lateral stress coefficient  for lightly overconsolidated clay 

can be related to that of the normally consolidated clay via OCR and was estimated to be 

0.75 (i.e. simulating anisotropic stress conditions). Other typical properties for soft clay 

including a dry density of 1300 kg/m3, a porosity of 0.5 and an effective Poisson’s ratio 

 = 0.3 were also adopted. It is noted that for a structured clayey soil, due to increase in 

the mean effective stress as well as deviatoric stress, cementation degradation may occur 

influencing the deformation of the ground immediately after the installation (Nguyen, 

Fatahi & Khabbaz 2014). 
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Pile and CMCs were considered impermeable and were modelled using solid elements. 

The pile is characterized by an isotropic linear elastic model, described by a Young’s 

modulus of 20 GPa, a Poisson’s ratio of 0.2 and a density of 2400 kg/m3. The Mohr-

Coulomb (MC) material model was used to represent CMC behaviour. In this study, it 

was assumed that the CMC grout set quickly after injection. Hence, a grout density of 

2400 kg/m3, bulk modulus  = 3.23 GPa, shear modulus  = 2.42 GPa, the cohesion  = 

300 kPa, the friction angle = 5°, and a tensile strength   = 520 kPa were adopted for 

CMC simulation. The stiffness and the tensile strength of CMCs were estimated 

according to Eurocode 2 (BSI 2004) using a characteristic compressive strength of sand 

concrete   = 10 MPa. 

6.2.4 Interfaces, Boundary and Initial Conditions 

To allow gapping or sliding between the soft clay and CMC/pile, interface elements with 

insignificant tensile strength were employed. The interface behaviour is determined by 

the friction angle and cohesion, which were set equal to those of the soft clay. The 

interface normal stiffness and shear stiffness  are estimated using Equation (3.8) as 

recommended by Itasca (2012). 

The soil at the side boundaries in Figure 6.1a was fixed against the displacement normal 

to the boundary planes. The top boundary is free and was considered permeable (free 

draining). The bottom boundary is restrained vertically, for the purpose of the radial 

cavity expansion. The initial conditions include the initial hydrostatic pore water pressure 

assuming groundwater table at the ground surface; and initial effective stresses due to soil 

self-weight, assuming a gravitational acceleration of 9.81 m/s2. However, near-surface 

soils in reality may be partially saturated and a more realistic coupled flow-deformation 

behaviour of unsaturated soils should be considered (Ho, Fatahi & Khabbaz 2014; Khalili 
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& Khabbaz 1998; Khoshghalb & Khalili 2013). Once the in-situ stresses are established, 

the bridge pile was installed by simply changing material properties in the pile zones, 

from those of soil to concrete and the system was stepped to equilibrium. 

6.2.5 Modelling CMC Installation 

The simulation of the CMC installation process is executed in two stages: (i) creating a 

cylindrical borehole and (ii) backfilling the borehole with CMC grout.    

Cavity creation is most easily modelled numerically by expanding a pre-existing cavity 

of initial radius  to a new cavity of radius , as recommended by Carter, Randolph & 

Wroth (1979). Assuming undrained expansion, the condition of constant volume can be 

considered and hence, the radius  at end of the expansion can readily be estimated using 

a simple relationship:  where rCMC = 225 mm. An optimal initial 

radius  was determined, being sufficiently small to maintain reasonable numerical 

accuracy. At the same time, this radius should not be too small, to avoid excessive mesh 

distortion. Parametric studies indicate that  = 65 mm (i.e. approximately  of ) is 

adequate for the adopted geometry and mesh. The first step of creating a cavity was to 

turn the soil within the initial cavity of  = 65 mm into “null” material (i.e. material 

removed). In the next step, outward normal velocities were applied to the cavity wall so 

that, upon mechanical stepping in a large strain mode, the wall displaced in the radial 

direction until achieving the final cavity radius of 234 mm. It is noted that, during 

expansion, the tangential velocity at the wall was fixed to zero. The deformed mesh as a 

result of cavity creation at the first CMC is shown in Figure 6.2.  

Before filling the borehole with the CMC grout, the applied velocities at the cavity wall 

were removed and the model is stepped to equilibrium. Following grouting, the base of 
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the newly formed CMC was restrained vertically. The soil/CMC interface elements were 

inserted and the system was then stepped to equilibrium to complete the CMC installation. 

The subsequent CMC installations were simulated in a similar manner, according to a 

sequence shown in Figure 6.3, i.e. starting with the rear row (CMCs 1 to 3) and then 

progressing to the front row (CMCs 4 to 6).  

 

Figure 6.2 Deformed mesh after 

undrained cavity creation at the first 

CMC 

 

Figure 6.3 The order of CMC installation 

 

6.2.6 Results and Discussion 

Soil movement due to CMC installation is verified against a number of assessment 

methods published in the literature, firstly, under plane strain condition: (i) analytical 

closed-form undrained cavity creation solution (i.e. expansion from ri = 0), suggested by 

Carter, Randolph & Wroth (1980) for pile driving (ii) recommended numerical procedure 

by Carter, Randolph & Wroth (1979) and (iii) FLAC3D with varying initial cavity radii 

(Figure 6.4). It is found that numerical analyses with the currently adopted ri  = 65 mm 

or so yield soil movement somewhere between the closed-form solution (ri = 0) and the 

numerical results suggested by Carter, Randolph & Wroth (1979) (ri = 130 mm). Hence, 
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the soil movement is much dependent on the chosen ri. In addition, the soil movement at 

various depths of the 3D model is compared with the plane strain solution (Figure 6.5). 

At the ground surface, with much heave occurring, the estimated radial soil movement is 

the least. The radial soil movement at larger depths is greater, but less than the soil 

movement numerically analysed under plane strain condition. 

Figures 6.6 to 6.9 present the results of the numerical simulation of CMC installations in 

a soft clay layer extending to a depth of 9.6 m below the ground surface, with pile length 

 = 9.6 m. In particular, Figure 6.6 shows that during installation the pile head moves 

away from the CMCs as expected. However, the pile head also moves slightly sideways, 

i.e. in the negative x direction. It is noted that the direction of pile head movement can be 

different if the installation sequence differs from that described in Figure 6.3. The side-

way movement of pile head in the x direction is the consequence of the change in the 

direction of the lateral soil movement induced by the installation of different CMCs. 
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Figure 6.4 Radial soil movement due cavity expansion versus horizontal distance 

from CMC axis 

 

Figure 6.5 Radial soil displacement versus horizontal distance from CMC axis by 

depths 

Figure 6.7 presents a cross section through the pile centre together with the contour of the 

excess pore water pressure at the completion of all CMC installations. It is clearly 

observed that the pore water pressures increase significantly in front of the pile along line 

A-B, while the pore water pressures behind the pile are less than the initial hydrostatic 
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pore pressures, due to the decompression of the soil. Figure 6.8a illustrates the excess 

pore water pressure in front of the pile (i.e. along line A-B shown in Figure 6.7), due to 

the undrained cavity expansion. The excess pore water pressure due to the installation of 

the rear row is relatively small; however, a substantial increase in excess pore water 

pressure occurs when the front row CMCs are installed. The installation of CMC 5, which 

is the closest CMC to the bridge pile, causes the most significant increase in the generated 

excess pore water pressure. The excess pore pressure is expected to decay inducing elastic 

viscoplastic deformation (Le, Fatahi & Khabbaz 2015). The normal stresses acting on the 

pile shaft presented in Figure 6.8b indicate a similar pattern to the pore water pressure 

reported in Figure 6.8a.  

The response of the existing bridge pile foundation to the lateral soil movement induced 

by the CMC installation process was recorded in terms of lateral deflection in the y 

direction (Figure 6.9a) and the induced bending moment (Figure 6.9b). As expected, the 

lateral deflection increases as more CMCs are installed, with much greater effect due to 

the front row than the rear row. A maximum pile lateral deflection of approximately 49 

mm occurs at the top of the bridge pile. According to Stewart, Jewell & Randolph (1994), 

the horizontal displacement of less than 25 mm is often considered to be acceptable and 

movements greater than 50 mm are generally unacceptable. When the pile is longer and 

hence more slender, the pile movement may be more significant. The calculated 

maximum bending moment in the pile is approximately 1,140 kN.m, which occurs at the 

bottom of the bridge pile. In this study, the soil is homogenous with the soil undrained 

shear strength increasing linearly with depth, resulting in a straightforward prediction of 

the maximum bending moment location. It should be noted that for a stratified soil profile, 

the location of the maximum bending moment may be positioned elsewhere. In addition, 

it is noted that the head restraint is not provided to the existing pile. According to Poulos 
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(1994), the existence of restraint at the pile head may lead to bending moments that are 

two or more times the value for an unrestrained pile head.  

 

Figure 6.6 Pile head movement during CMC installation process (Lpile = 9.6m) 

 

 

  Figure 6.7 Pore water pressure upon complete installation of the final CMC 
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(a) (b) 

Figure 6.8 (a) Pore pressure near pile face (b) Normal stress acting on pile face after 

CMC installation 

 

A parametric study was carried out to quantify the effect of varying the soft soil thickness, 

hence the lengths of the CMCs and bridge pile, on the CMC installation effect on the 

behaviour of the bridge pile. Therefore, two more sets of analyses were carried out, with 

the adopted soil thicknesses of 4.8 m and 7.2 m, in addition to the previous set of analysis 

corresponding to the soil thickness of 9.6 m. A single bridge pile diameter was adopted 

for all analyses; hence, the pile slenderness increases with the increase in the pile length 

(or the soil thicknesses). The results, shown in Figures 6.10a and 6.10b, indicate that for 

pile lengths of 4.8 m, 7.2 m and 9.6 m, the pile head lateral movements are 4 mm, 23 mm 

and 49 mm; and the corresponding pile bending moments are 275 kNm, 740 kNm and 

1,140 kNm, respectively.  
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The results indicate that the soft soil thicknesses and the CMCs’ length have significant 

effects on the bridge pile response to the lateral soil movement induced by the CMC 

installation. Thus, any realistic assessment of CMC installation effects on the existing 

surrounding structures, particularly piles, should include detailed considerations of 

CMCs, piles and soft soil properties. 

 

  

(a) (b) 

Figure 6.9 Bridge pile response: (a) lateral deflection and (b) bending moment 
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(a) lateral deflection (b) bending moment 

Figure 6.10 Bridge pile response upon complete installation of the final CMC for 

three model depths 

 

6.2.7 Summary 

The installation process of controlled modulus columns (CMC) in soft soil has been 

simulated using FLAC3D to investigate the short-term effect on an existing bridge pile. 

The results indicate the feasibility of simulating the installation process numerically. The 

numerical results show that undrained excess pore water pressure in front of the bridge 

pile and the normal stress applied on the bridge pile increase as more CMCs are installed. 

As the CMCs are longer and the bridge pile is more slender, the lateral pile deflection 

increases. The results indicated that the lateral pile deflection due to the horizontal soil 

movement induced by the CMC installation can be significant; hence, it highlights the 



227 
 

importance of accurate assessment of CMC installation effect on the surrounding 

structures prior to construction, in addition to traditional observation methods commonly 

adopted during construction. 

6.3 Sustainability Considerations for Ground Improvement Technique 

Using Controlled Modulus Columns 

6.3.1 Objectives  

The sustainability concept has been increasingly accepted to be a key aspect of modern 

engineering design and construction, most noticeably in government-supported projects. 

Since geotechnical engineering is one of the key parts of construction, geotechnical 

engineers have opportunities with the power to deliver project outcomes that are not only 

economical, safe but also sustainable. Ground improvement techniques aim to increase 

ground-bearing capacity, improve stability, and reduce short and long-term ground 

settlements. These techniques have an impact on the environment, local ecological 

systems and ground conditions. Appropriate techniques are increasingly demanded due 

to decreasing available and favourable land for construction and redevelopment of urban 

areas. Today a large number of ground improvement methods exist in the industry, with 

each serving a limited number of purposes. Selection of one or a combination of two or 

more methods requires a deep understanding of various ground treatment methods. 

Decision making should rely on trials, design requirement, project budget and time 

restraint, ground and site conditions. Alongside with control of quality, durability, cost 

and safety, authorities also require design and construction of infrastructure to consider 

environmental outcomes, forming important aspects of sustainable development.   
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Although sustainability in geotechnical engineering has been addressed by a number of 

authors (Abreu et al. 2008; Holt et al. 2010; Jefferson et al. 2007), little attention on 

sustainable development has been placed during the process of geotechnical design and 

implementation. The geotechnical community should set out specific sustainability 

outcomes with tangible results to be achieved within a set time frame. At this stage, it will 

be very likely that any sustainability policies/requirements attached to the contract works 

may receive mixed responses from businesses.  

To target sustainability outcomes in geotechnical engineering and ground improvement 

works, three major “triple bottom line” Economic, Environment and Social impact 

proposed by Elkington (1997) should be followed in combination with “financial, social, 

human, natural and produced” factors. Economic benefits and social reactions should not 

be considered as barriers to the sustainable development. In fact, adoption of sustainable 

solutions should be considered to enhance the competitiveness in bidding and winning 

projects. Today sustainability in geotechnical engineering targets (i) reduction in energy 

consumption, (ii) lower carbon emission during implementation and (iii) decrease in 

material usage. This should be accompanied with the increased use of reused, recycled or 

green materials and locally available materials instead of importing (Mitchell & Kelly 

2013). Geotechnical engineers should be aware of and equipped with methods of 

sustainability assessment (e.g., how the carbon footprint is estimated). 

One way to achieve those outcomes would be through technological innovations. One of 

the relatively new innovative ground improvement methods is the controlled modulus 

column (CMC) ground improvement technique. This technology was first developed in 

France. Today CMC has become a method of choice for many projects having tight 

construction schedule or with concerns related to soft soils and contaminated ground. 
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CMC possesses several features that are distinct from those of more traditional methods 

such as prefabricated vertical drains, stone columns, deep soil mixing or piled 

embankment foundation. CMC has been used considerably in Europe with increasing 

popularity in the US. The technique has recently been used in a number of projects in 

Australia, mainly involving the construction of bridge approach embankments, port 

development and warehouse foundation with the aim to reduce both total and differential 

settlements and to accelerate construction sequence (Fok et al. 2012; Wong & Muttuvel 

2012b).  The Gerringong Upgrade project is one of the recent projects where CMC have 

been successfully utilised for bridge and road construction (Fulton Hogan 2013).   

Section 6.3 summarises the key sustainability aspects of using CMC technology and 

highlights some aspects that are potential for development. Future research directions are 

discussed to enhance sustainable design practices. These include fuel consumption during 

operations, economic design with trial field tests, the use of recycled industrial by-

products for grout mix, improved design, maximising the resiliency of structures and the 

energy consumption.  

6.3.2 Sustainability Aspect of CMCs 

The key contribution of CMC technology to the sustainable development is the 

production of very limited soil cuttings to the ground surface, thanks to the auger that is 

specially designed to displace soils laterally. This feature is particularly useful for 

construction projects involving contaminated or landfill sites, making CMC a cost-

effective ground improvement technique associated with the reduction of cost for spoil 

disposal and handling compared to the contiguous flight auger (CFA) piling or bored piles 

(Masse et al. 2011; Walker, Masse & Swift 2011). Besides performing well in soft or 

loose soils, CMC is also suitable for soils with significant organic content or acid sulphate 
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soils. Integrity pile testing by Kirstein & Wittorf (2013) indicated that CMC can also be 

performed well in very soft soils although additional vertical drains had to be installed in 

the soft soil surrounding the columns. Environmental benefits can also be achieved 

through a vibration free and quasi-static installation process, as opposed to dynamic 

vibratory methods e.g. stone columns or driven piles. This allows CMC to be installed 

near sensitive structures.  

The second advantage of CMC over other traditional methods is associated with a high 

production rate, which means overhead cost saving and suitable for projects with tight 

construction schedules. Hole drilling and concrete injection are carried out in one go 

without risk of hole collapses. Experience shows that many bored piling projects suffered 

extended delay due to the unforeseen ground conditions. CMC column strength develops 

quickly, does not rely on the surrounding soil strength, and is effective in settlement 

control. Hence, CMC is often selected to support bridge approach embankment, to fast 

track the bridge construction (Plomteux & Lacazedieu 2007; Plomteux, Porbaha & 

Spaulding 2004).  

Thirdly, with CMC, saving can be achieved by various ways. Using displacement auger, 

the risk of necking is minimised leading to saving in the volume of injected grout. The 

load transfer layer functions in place for a more costly structural pile caps and concrete 

slabs. Fok et al. (2012) indicated that a 10 to 15% cost saving was achieved by using 

CMC compared to the deep soil mixing technique. Sometimes up to 30% in saving could 

be achieved (Angelo 2007). When making a judgement in terms of time, cost and long 

term performance (Higgins 2014), it is considered that CMC may be positioned between 

deep soil mixing and piling with quick results and lower post-construction settlement.  
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When scoring sustainability for a ground improvement method, the estimated carbon 

footprint can often be an important indicator. Carbon footprint is the sum of all emissions 

of CO2 in a year, induced by ground improvement activities and by the production of 

materials used in construction. The estimated carbon footprint from CMC operation and 

associated materials was 25% lower than those calculated for traditional piling methods 

(Masse et al. 2011; Spaulding, Masse & LaBrozzi 2008; Walker, Masse & Swift 2011). 

Those emissions were calculated assuming no steel is used for CMC and that production 

of steel generally emits more carbon dioxide than cement related products.  

Today, access to new tools to assess several environmental indicators for various 

competing solutions allows for the rapid comparison of ground improvement techniques 

and assists both contractors and clients in retaining the “best for project” schemes. Figure 

6.11 illustrates such a comparison being performed on a range of solutions in accordance 

with the European Norm 15804.  
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Figure 6.11 NF EN 15804 Indicators – Comparison of various CMC schemes (Prism 

solution – courtesy of Menard Bachy) 

Sustainable development also means design for durability and robustness to maximise the 

future resilience of a structure. The quality of CMC columns is subject to a real-time 

monitoring system where installation parameters are recorded, allowing the operator to 

adjust the drill rate and installation depths, in combination with prior column design and 

drawings. This is particularly important for a site having a varying ground profile with 

depth and/or with heterogeneous soils. The durability of the grout columns within a 

specific design life also relates to the properties of the mix i.e. the ability of the columns 

to resist chemic attack and weathering. Although the grout column will somewhat 

deteriorate with time, the addition of fly ash can improve column durability. In fact, grout 

incorporating high volume fly ash was found to create grout columns with very low 

permeability and a high resistance to the passage of chloride ions (Bilodeau et al. 1994).  

Every ground improvement method serves just a limited number of purposes. Decision 

making in the selection of ground improvement methods will have to rely on the project 

requirement, local sustainability policies, ground, site conditions and others. Specifically, 
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within its functions, there are still areas for future development of CMC, which will be 

discussed in the next section. 

6.3.3 Potential Development in Terms of Sustainability for CMC 

Many potential development approaches can be underlined when dealing with 

sustainability for controlled modulus columns (CMC). They are summarised in this 

section. 

6.3.3.1 Economic Design 

Economic design, an important aspect of sustainable development, can be achieved by 

various ways. In a CMC system, the load transfer layer provides arching effects, allowing 

structural or embankment loads to be transferred to the columns and to the founding 

stratum. Wong & Muttuvel (2012b) carried out a limited study, indicating that it may be 

possible to reduce the thickness of the load transfer layer and the use of geotextiles for 

embankments that are sufficiently high. Similarly, for warehouse building constructions, 

due to the presence of the concrete floor slabs,  geogrid reinforcement was rarely placed 

within the load transfer layer (Masse et al. 2011). Such economic designs are currently 

carried out on a case-by-case basis and no standardised method has been proposed. In 

fact, if the load transfer layer is not provided, the soil arching developed in the 

embankment fill alone may break due to traffic dynamic loads, seismic effects and 

flooding. Further rigorous numerical and experimental investigations are required. 

In medium to large projects, the economic design proposal can be confirmed by 

construction of CMC test pads. The purposes of the test pads are not only to optimise the 

final design but also for the design optimisation in future projects. According to Farouz 
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(2014), with every $1 spent for the rigid inclusion test pads, $4 of savings could be 

achieved in the long run.  

6.3.3.2 Grout Mix Design  

Grout mix design may be modified with further considerations of using industrial by-

products such as ground blast-furnace slag, coal ash and fly ash with various contents, 

depending on the design strength requirements. The most appropriate grout mix for good 

pumpability is a specially designed lean sand-mix mortar or pea-gravel concrete, often 

with fly ash to increase workability. Concrete has been considered less costly than grout 

and has been increasingly used in the US and Europe for CFA and displacement columns 

(Brown, Thompson & Lazarte 2007). Whether concrete or grout, the mix producers 

should make more use of local materials rather than importing in order to reduce the 

transport cost and fuel consumption. To increase tensile strength for columns, some 

recycled fibres such as polypropylene and recycled carpet may be added to the grout mix. 

The addition of fibres was found to reduce the cement content for stabilising poor clayey 

soils, particularly for applications associated deformations under seismic loading (Fatahi 

et al. 2013). Sustainability relates to savings in design and building resilient structures; 

however, such designs should have sufficient testing and verification to meet strength and 

durability requirements.  

6.3.3.3 Installation Effects 

The installation effects are rarely considered to estimate columns’ skin friction capacity. 

Designers seem to have little confidence in the use of increased soil parameters in the 

actual design and no systematic approach has been established. In fact, most CMC or 

rigid inclusions in general, are installed through soft or loose soils and founded on stiffer 

founding stratum. The installation of displacement columns, despite causing compaction 
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effects, usually creates a thin smeared or disturbed zone around the columns, depending 

on the type of auger and soil types. For column installation in loose sands, soils are 

densified everywhere immediately after installation. For clayey soils, strength gain and 

column set-up can be achieved at later stages depending on the amount of generated 

excess pore water pressure (Carter, Randolph & Wroth 1980). A recent numerical study 

was carried out by Rivera et al. (2014) to study the increase in the radial effective stress 

 and the earth pressure coefficients  in clayey soils due to CMC installation. Figure 

6.12 shows some increase in K value at the end of construction within a zone of up to 10 

times column radius . Although the results of this study are very useful, field test and 

performance verification have not been carried out. Further studies should be 

accompanied by thorough site investigation before CMC design and employing recent 

technology advancement e.g. the French ASIRI National Project (2012). 

 

Figure 6.12 Distribution of radial effective stress in terms of K at the end of 

construction with varying CMC radius r0, varying undrained strength ratio (USR = 

su/σ'v) and a constant soil rigidity index G/su of 50 (Rivera et al. 2014)  

6.3.3.4 CMC for Expansion Soils 

The performance of CMC installed in expansive soils is unknown. Although deep 

columns can be designed to bypass such soil horizons, CMC should also be able to resist 
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potential tension and uplift effects. While CMC is non-reinforced and relatively weak in 

tension, the shaft may fail under excessive tension and the column may move upwards 

when the clay expands (Manjriker 2006). In such cases, one of the possible solutions 

would be to add fibre reinforcement to the grout mix to provide additional tensile strength 

for the columns. In fact, it was found that the tensile strength of the cement-treated clay 

increased with the addition of carpet fibres (Fatahi, Khabbaz & Fatahi 2012; Nguyen, 

Fatahi & Khabbaz 2014). Figure 6.13 presents a sample of cement-treated clay with added 

geofibres.  

 

Figure 6.13 A typical fibre reinforced cement-treated clay sample (photo courtesy of Dr 

Lam Nguyen)  

6.3.3.5 CMC subject to Slope Instability and Seismic Loadings 

Sustainable development also means design to maximise the future resilience of a 

structure against slope instability and seismic loadings. CMC is typically non-reinforced 

and often designed to mainly support uniform vertical loading. If CMC columns are 
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located at the batter of the embankment, or subject to seismic events, the column capacity 

to resist negative bending moment may be of particular concern. Under such non-vertical 

or dissymmetric loading, the excessive shear forces and bending moments may be 

induced.  

To support reinforced soil wall (RSW) blocks at a site near Newcastle, one of the 

seismically active zones in Australia, the outer rows of CMC were reinforced with steel 

bars (Wong & Muttuvel 2011). High strength grout may be required if additional strength 

is required to resist cracks developed in negative bending resisting elements. In addition 

to the capacity of CMC columns, quality and thickness of the Load Transfer Platform 

strongly affect the intensity of shear forces and bending moments in the columns, and 

therefore the behaviour of the foundation, under seismic effects (Simon 2012). Similar to 

design approach using micropiles presented in the French national project on micropiles 

(Juran & Weinstein 2008), some CMC columns may be installed symmetrically inclined 

in small angles to make use of the axial capacity. If implemented, this solution may 

potentially replace other costly solutions such as using larger and/or reinforced columns. 

The use of CMC or other rigid inclusions in seismic related projects is still a general 

concern to the designers, demanding a set of general design guidelines. 

6.3.3.6 Carbon Footprint 

The amount of carbon footprint from a CMC system is generally less than other traditional 

piling methods. CMC columns normally have smaller diameters compared to typical 

bored piles. In addition, CMC columns are not normally designed to socket into hard 

stratum. Considering only the diesel consumption of the machinery during installation, 

however, displacement methods may require larger torque and vertical force than using 

continuous flight auger methods for an equivalent column diameter. Research by 
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NeSmith & Fox (2009) indicated that the installation effort required to drill a new hole 

adjacent to the previously drilled hole was higher due to densified soils caused by the 

installation effects. While CMC auger has been optimised to significantly reduce the soil 

resistance, future research on auger geometry would further reduce soil resistance and 

hence the energy consumption. 

The environmental impacts of a pile foundation and the CMC soil treatment solution were 

compared by Masse, Parinella & Wyman (2011), which shows that a 25% reduction in 

the carbon footprint of the foundations can be achieved by adopting CMCs instead of 

deep pile foundations. The comparison in the carbon footprint as shown in Figure 6.14 

was based on the difference in quantity and carbon footprint values for the concrete, 

timber, steel, and grout for use in constructing the piles and the CMCs only. CMC ground 

treatment solution resulted in a substantial reduction in equivalent carbon emission as 

compared to the original pile foundations. The authors noted that this carbon footprint 

assessment does not include any benefits of the accelerated schedule associated with 

adoption of CMC, nor with the additional carbon footprint required to dispose and 

decontaminate of potentially contaminated soils associated with the deep foundation 

scheme. In general, the authors suggested that an approximate total reduction in carbon 

footprint ranging from 35% to 50% may be achieved with the CMC alternate design. 
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Figure 6.14 Equivalent carbon comparison between CMCs and Piles (after Masse et al. 

(2011)) 

Spaulding, Masse & LaBrozzi (2008) analysed the carbon footprint for a luxury 

townhouse project (68 units) in Weehawken, New Jersey USA. The site was underlain by 

a stiff upper layer of urban fill underlain by up to 23 m of highly compressible organic 

silts and clays. The deep driven piles to be founded at 33 m depth was originally required. 

The alternative solution using CMC would mean that the column can be socketed at much 

shallow depths (23 m in this project). Carbon emissions of using driven H-piles with a 

structural slab in comparison with that of the solution consisting of CMCs supporting a 

slab-on-grade were estimated. CMC solution produced a total emission of 1857 t eq. C, 

half of that of the driven pile foundations. Interestingly, this reduction in emission could 

offset the environmental impact of the residents who would live in the newly built town 

houses for two and a half years.  
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According to Inclusol (2010), a substantial reduction of carbon consumption of up to 30% 

by can be achieved by adopting rigid inclusions (a general foundation term for CMCs) 

instead of traditional pile foundations. This assessment was made for a water sport centre 

close to River Loire in the West of France. The distributed load on slab varied between 5 

and 20 kPa. Originally, the piles were required due to the thickness of very compressible 

colluviums and thick low to medium dense sands and clayey sands. The original solution 

required 1784 linear metre of piles, beams, formwork, and suspended floors while the 

new rigid inclusion solution (i.e. rigid inclusions) involved 4466 linear metre of 

inclusions, load transfer mattress, slabs on grade and strip/base footings. The total iron 

used for rigid inclusion solution only accounted for about 10% of the total iron used for 

pile solutions. The calculated total impact on global warming expressed in terms of 

Carbon Dioxide (CO2) Equivalent was 196 for piles and 137 for rigid inclusions (t eq. 

C02), which corresponded to a 30% reduction for using rigid inclusions. 

6.3.3.7 Large Soil Displacement due to CMC Installation 

Although CMC is a vibration free method, large displacement caused by the installation 

process could cause damage to the surrounding built environment (Brown 2005) if proper 

installation sequence is not considered during implementation. If the soil deformation is 

excessive, the shape of the adjacent CMC may not be maintained, leading the reduction 

in the bending stiffness. This concern, relevant to sustainable development, will be 

presented in the following section. Recommendations for the required improvement in 

predicting lateral displacement and simulation of the CMC installation are provided. 

6.3.4 Summary 

The evaluation of controlled modulus column (CMC) technology with respect to the 

sustainability has been taken into consideration. Evidently, CMC provides a sustainable 
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solution to the ground engineering including eliminating cost for spoil disposal, a high 

production rate, project saving with displacement methods and load transfer layers, 

controlled quality and durability, and lower carbon emission in comparison to piling. 

Research directions to improve CMC for sustainable development have also been 

discussed including economic design with trial field tests, the use of recycled industrial 

by-products for grout mix, rigorous design, maximising the resiliency of structures and 

the energy consumption during operations. 
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CHAPTER 7 Conclusions and Recommendations for Future 

Research 

 

 

This final chapter consisted of three parts. Section 7.1 provides a summary of the contents 

of this thesis, Section 7.2 summarises the main conclusions of this research work, and 

Section 7.3 proposes a number of potential studies for future research. 

7.1 Summary 

The review of literature indicated that the installation of soil-displacement columns, such 

as controlled modulus columns (CMC) as a ground improvement technique, displaced the 

soils surrounding the columns and affected the previously installed columns. The review 

suggested that installation sequences be optimised to curtail the impact of ground 

improvement on the performance of previously installed columns. Therefore, the first part 

of this research study was carried out to investigate how groups of CMCs installed in 

different sequences could affect previously installed columns. Two different column 

installation sequences were adopted. Appropriate material models were adopted for CMC 

and soft soil. Coupled consolidation analyses in large strain mode, incorporating soil-

CMC interaction were carried out using finite difference code FLAC3D. The creation of 

CMCs was based on the idea of combined cylindrical and spherical cavity expansions. 

The numerical approach adopted was validated using the results of the laboratory model 

test and a number of existing analytical methods. The effects of using different column 

installation sequences on the lateral soil movement, soil heave and maximum excess pore 
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water pressures near existing CMCs and on the predicted bending moments generated in 

the existing columns induced by installing new columns were investigated. In addition, 

the study highlights the effects of curing periods on the performance of already installed 

concrete columns under the impact of installing new nearby columns.   

The second major component of this research focused on the experimental aspects of soil-

displacement columns, with particular interest on the installation effect on the early age 

concrete inclusions. A large-scale laboratory model test was carried out to study the soil 

behaviour and the response of a newly formed concrete column subjected to ground 

movement induced by installing surrounding columns. A pile penetration system and a 

soil tank instrumented with state-of-the-art soil instrumentation have been designed and 

constructed for installing seven reduced scale concrete column, which were cast in-situ 

in soft soil from low strength concrete using a displacement piling method. A network of 

strain gauges were embedded inside the concrete inclusion to measure the column 

bending moment, which was made possible by coining an innovative electrical circuit to 

reduce the volume of lead wires of the strain gauges. Accumulated soil heave measured 

by 3D scanning, the stress change and the excess pore water pressure in the soil, together 

with the uplift and the bending moment of the affected column were reported.  
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7.2 Conclusions  

7.2.1 Effects of Installation Sequences on Previously Installed Concrete Columns 

The outcome of the study presented in Chapter 3 revealed several aspects of column 

installation effects and sequences of installation that are difficult to observe by regular 

field and laboratory means:  

 The lateral displacement of soil induced by installing a single CMC extends beyond 

the two CMCs previously installed in a row nearby. Thus, if two adjacent columns 

are constructed in quick succession, the induced lateral displacement could 

accumulate and extend to the next three adjacent columns.  

 For the installation Sequence No. 1 and No. 2 depicted in Figure 3.2, the lateral 

movement of in-situ soil and soil heave near the existing CMCs due to installation 

Sequence No. 2 were greater than Sequence No. 1 by approximately 15% and 25%, 

respectively.  

 During the installation of adjacent CMCs, most of the soil heave near the existing 

CMCs occurred in the upper half of the soft soil layer, and continued for weeks after 

installation. In fact, four weeks after installation, post-installation surface heave 

accounted for 10% of ground heave generated during installation. 

 The maximum induced excess pore water pressure generated in the front face of 

existing CMCs due to installation Sequence No. 2 was almost twice as much that 

caused by installation Sequence No. 1. The influence zone of excess pore water 

pressure induced by CMC installation was narrower than the lateral displacement and 

soil heave.  
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 Consolidation analysis should be included when assessing the effect of installation 

and the build-up of excess pore water pressure as construction proceeds to account 

for the lag between the installations of two successive CMCs.  

 During installation, the soil surface heave was approximately three times more than 

the column head uplifts. The ground movement induced by the installation of new 

CMCs can cause an uplift of existing CMCs by approximately 2% of their diameter 

(D) at the column head and approximately 0.01D at the tip. CMCs continued to heave 

for a couple of days after installation and then settled as the soil consolidated. The 

ensuing uplift may require a short-term surcharge to allow the column to settle back 

to depth specified in the design.  

 The predicted bending moments generated in existing CMCs due to installation 

Sequence No. 2 were almost 22% more than the corresponding values from Sequence 

No. 1. The bending moment induced in existing CMC due to nearby installation 

decreased by almost 8% after three weeks of stress equilibrium and soil consolidation. 

 Subject to loadings from nearby installations, the maximum bending moment induced 

in a one day old CMC occurred at the interface of soft and stiff clay; however when 

cured for 28 days the maximum bending moment of CMCs shifted up towards the 

soft clay layer.  

 The existing CMC E2 at its 28-day strength experienced approximately 50% more 

maximum bending moments due to Sequence No. 2 than the corresponding value 

predicted due to Sequence No. 1 (i.e. when installing away from the existing CMCs). 
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7.2.2 Responses of Early Age Concrete Inclusions Subject to Nearby Installations 

Based on the results of the laboratory model test presented in this Chapter 4, the following 

conclusions can be drawn: 

 The uplift of the existing concrete column after one-day curing induced by the 

surrounding installations halved the amount of soil heave induced midway between 

the columns. However, the magnitude of uplift experienced by the existing concrete 

column at its very early age (i.e. less than 3 hour curing period) induced by the 

surrounding installations was similar to the surface heave of the surrounding soil.  

 The amount of uplift experienced by the central column induced by each subsequent 

installation was similar.  

 The uplift of a column base was associated with a large amount of suction at the base 

of the column. However, as the installation progressed, the suction reduced. 

 Excess pore water pressure increased as more columns were installed, but reduced 

during the time lag between two columns.  

 Lateral loadings generated by the installation of the surrounding columns could affect 

the integrity of the existing column, especially at early age.  

 The results of the model test can be used as suitable data for future computer 

modelling in the authors’ follow up paper.  

Although the model test was performed at 1  and at corresponding low stress level, it is 

believed that the observation of mechanisms of the response of the rigid inclusions and 

soils, which was the prime emphasis of this study, will still be relevant. 
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7.2.3 Effects of Pile Penetration in Comparison with Cavity Expansion Numerical 

Modelling 

In Chapter 5, the validation of the numerical approach adopted in Chapter 3 was 

conducted using a laboratory model test. The soil responses due to the penetration of a 

closed-ended circular pile in terms of the soil heave and subsequent consolidation 

settlement were compared with the 3D large strain numerical approach based on the 

combined use of the cylindrical and spherical cavity expansions. The numerical 

simulations conducted using the finite difference code FLAC3D included the undrained 

analyses simulating the jacked pile penetration and the soil consolidation process. The 

test results indicates that a noticeable delay in the arrival of the maximum pore water 

pressures was observed at the monitoring points. The measured soil displacement and the 

evolution of the excess pore water pressure were represented well by the proposed 

numerical model. The results provide valuable insights into the installation of jacked-in 

piles in soft clays, and are valuable source of validation materials for more complex 

numerical simulations. 

7.2.4 Practical and Construction Aspects of CMC Installation Effects 

The results of a numerical study was presented to investigate the responses of the existing 

bridge pile subject to the installation of nearby CMCs for ground improvement, 

considering two options of installation sequences. The numerical results shows that 

undrained excess pore water pressures in front of the bridge pile and the normal stress 

applied on the bridge pile increase as more CMCs are installed. As the CMCs are longer 

and the bridge pile is more slender, the lateral pile deflection increases. The results 

indicated that the lateral pile deflection due to the horizontal soil movement induced by 

the CMC installation could be significant. Hence, the study highlights the importance of 
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accurate assessment of CMC installation effect on the surrounding structures prior to 

construction, in addition to traditional observation methods commonly adopted during 

construction. 

The evaluation of controlled modulus column (CMC) technology with respect to the 

sustainability has also been made in Chapter 6. Evidently, CMC provides a sustainable 

solution to the ground engineering including eliminating cost for spoil disposal and 

treatment, a high production rate, project saving (with displacement piling methods and 

load transfer layers), good quality control, and lower carbon emission in comparison to 

conventional piling. Research directions to improve CMC for sustainable development 

have also been discussed including economic design with trial field tests, the use of 

recycled industrial by-products for grout mix, the resiliency of structures and the energy 

consumption during operations. 

7.3 Recommendations for Future Research 

This area of research can be further expanded by conducting the following studies: 

 This research focused on the soil displacement effects due to idealised cavity 

expansion (e.g. jacking closed-end circular piles). Future research may employ the 

reduced-scale hollow stem displacement augers, while concrete pumping can be 

simulated with an appropriate pressure-controlled pumping system. Aggregate for the 

grout materials should be sized relative to the inner diameter of the hollow stem auger 

for pump-ability.  

 While it was necessary to balance the numerical accuracy and computational time, 

fine mesh may lead to heavily distorted mesh. A finite element program incorporating 

nonlinear analysis and adaptive meshing techniques including Arbitrary Lagrangian 
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and Eulerian (ALE) or Coupled Eulerian-Lagrangian (CEL) can be used in future 

research to simulate the pile installation process. In saturated clay, such programs 

should be able to perform coupled hydraulic mechanical and stress analyses. The 

alternative solution would be using a three-dimensional discrete element code such as 

PFC3D with Computational Fluid Dynamics (CFD) solvers, because installation 

process may be simulated realistically with piles penetrating gradually into the ground 

surface without any mesh distortion that is often encountered in continuum analyses. 

It is worth mentioning that the number of particles in PFC3D can be reduced by using 

smaller particles nearer the auger tips than those further away.  

 In the present study, concrete for CMC was modelled by Hoek-Brown plasticity 

model with tension yield criterion. This model did not include the stiffness 

degradation and cracking. Future research should attempt to model the columns by 

concrete damage plasticity model.  

 The present numerical simulations for the soil displacement due to installation and 

subsequent consolidation settlements considered a post-installation period of only 28 

days; however, in practice, the surcharge period may be longer. For natural soft soils, 

creep effects may account for a major component of the long-term settlements, which 

should be incorporated in future research. The soil modified by column installation 

process is expected to change the column load capacity with time, which will be 

largely affected by the long-term creep. 

 Time-dependent behaviour of concrete material used in the ground improvement 

works should be further investigated. Currently such strength development may be 

modelled using Plaxis 2D and Plaxis 3D version 2018 using the Concrete Model.  

 It is recommended that future CMC projects should invest an adequate amount of 

field instrumentation works before and during column installations and retain a proper 
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record of column installations as a basis to improve the assessment methods. Future 

research may test the proposed numerical model against data from real field problems, 

such as trial embankments, to confirm the validity of the results.  

 A number of known assessment methods are currently available to predict soil 

movements caused by installing soil-displacement columns (CMCs or DDCs). 

However, universities and engineering consultants should continue to advance the 

prediction methods, develop practical guidelines for practicing engineers to assess 

risks during construction stage and incorporate the installation effects on the long term 

structural and geotechnical designs. It is highly recommend that column installation 

effects to be included in future design methods of CMC soil treatment. 
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Appendix A 

A1. Asaoka’s method 

The Asaoka (1978) observational method is the most commonly adopted method in the 

geotechnical engineering field for predicting final settlement of soil foundations or a soil 

sample under loading, e.g. Bergado (1990), Cao et al. (2001), Cortellazzo & Simonini 

(2001), and Mesri & Choi (1985). In this study, the final settlement of the soil sample 

was estimated using this method based on the monitoring data from the laboratory test 

results. Settlement data from the field or in the laboratory is often in form of a series of 

settlements ρ measured at some time intervals.  

Step 1: If  is the settlement measured at time  + , and  is the settlement measured 

 days earlier (i.e. at time t), then the following equation can be used to predict the final  

settlement (Asaoka 1978).  

           

where  and   are the intercept and slope, respectively. It is noted that the above 

equation was derived from the consolidation theory by Mikasa (1963), which was 

originally the relationship of the coefficient of consolidation  and soil strain . It is also 

noted that for convenience, settlement measurements are often interpolated from the raw 

field data so that the settlement values are achieved at equal time interval . Note that 

some literature indicates that the accuracy of the graphical method depends mainly on a 

time interval . 

Step 2: Once the coefficients  and   are determined, the final consolidation settlement 

 can be calculated based on the following equation:  
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Step 3: The degree of consolidation at time  can then be calculated as a ratio of  over 

.  

Accurate prediction of settlement requires data beyond 60% consolidation (Tan & Chew 

1996). They concluded that using early settlement data in the Asaoka plot from 0% to 

30% would give very low estimate of . The use of 30% to 60% consolidation 

underestimates  by 10%. 

The Asaoka plot constructed using the settlement monitoring results obtained during the 

sample preparation (i.e. preconsolidation) is shown below:  

 

Figure A1.1 Asaoka method for predicting final settlement of the clay sample based on 

the current settlement data  
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A2. The Hyperbolic method 

The Hyperbolic method for settlement prediction was proposed by Tan, Inoue & Lee 

(1991). The theoretical basis of this method is as follows: When the settlement  is 

plotted as  versus , the plot consists of an initial concave segment up to  and 

a linear segment between  and . The linear portion of the plot has the following 

form:  

           

where  and  are the slope and intercept of the hyperbolic plot. Note that the two dotted 

lines drawn from the origin have slopes of 1/0.6 and 1/0.9 while the slope of the linear 

segment of the hyperbolic plot is a unique number =.821, which is applicable only to 

Terzaghi theory. 

 

Figure A2.1 Hyperbolic plot of Terzaghi theory (after Tan and Chew, 1996) 

If settlement data (i.e. settlement δ versus time ) are plotted in the form of t/δ vs t, as 

shown Figure A2.2, the same features as the theoretical plot shown in Figure A2.1 are 

obtained. The slopes of dotted lines are as followed:  



277 
 

 

and  

 

where  is the slope of the linear segment of the t/δ versus t plot. The ultimate primary 

settlement can be estimated as /0.6 or /0.9. 

 

Figure A2.2 The hyperbolic method for final settlement prediction (after Tan and Chew, 

1996) 

Figure A2.3 shows the resulted hyperbolic plot for predicting final settlement prediction 

based on the laboratory data obtained during the soil preparation and preloading.  
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Figure A2.3 The hyperbolic plot for the prediction of final settlement based on the 

laboratory monitoring data obtained in this study  

 

Appendix B 

The following FLAC3D code contains functions written in FISH language to allow 

permeability variation with void ratio during the consolidation process. Firstly, a FISH 

function called “storeini_perm” was written to store the initial permeability.  

def storeini_perm 

local p_z = zone_head 

loop while p_z # null 
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z_extra(p_z,1) = z_prop(p_z,'permeability') 

p_z = z_next(p_z) 

endloop 

end 

@storeini_perm 

 

The second FISH function called “set_perm” was written to update permeability in 
accordance with the current void ratio. This function comes with a  of 1.5. 

; -------------------------------------------------------------------------------------------------------- 

def set_perm 

local p_z = zone_head 

local c_k = 1.5  

loop while p_z # null 

local vsinc = (1)* z_prop(p_z,'cam_ev') ; <= accumulated total 
;volumetric strain. 

local czv = (1)* z_prop(p_z,'cv') 

local new_perm = z_extra(p_z,1) * 10^(vsinc * czv / c_k)   

z_prop(p_z,'permeability') = new_perm 

p_z = z_next(p_z) 

endloop 

end 

@set_perm 

set fishcall 13 set_perm          

; -------------------------------------------------------------------------------------------------------- 

;--------------------------------------------------------------------------------------------------------- 
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