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Abstract 

In construction projects on soft soils, various methods for structural enhancement and 

ground improvement, such as micro-piles, concrete cylinders with filling materials, 

larger footings, and Controlled Modulus Columns (CMCs), are employed. However, 

there remains a limited understanding of the effectiveness of using concrete cylinders 

with filling materials. Despite increasing adoption in Europe, the performance of 

CMCS in building applications continues to be less studied.  

This research investigated the structural and geotechnical performance of concrete 

cylinders with quarry dust filling and the CMC technique through three-dimensional 

(3D) finite element (FE) modelling using the MIDAS GTS-NX software. Soil layers 

are simulated, incorporating both Modified Cam Clay (MCC) and Mohr-Coulomb 

constitutive soil models, while all the structural elements were modelled using the 

elastic material model to examine both immediate and consolidation settlements. 

Validation of the models was carried out through a theoretical comparison, using field 

test data of Texas A&M University and Green Cove Springs, and through lab model 

tests conducted at the University of Moratuwa.  

A comprehensive parametric analysis was carried out to assess the impacts of 

embedment depth of the footing, diameter, height, spacing, and the LTP thickness of 

the CMC on foundation settlement behaviour. Additionally, the impacts of concrete 

cylinders with the quarry dust fill were studied for various heights and diameters of the 

cylinders. The results showed that both methods significantly reduce both immediate 

and consolidation settlements, with some optimal design parameters.   

This study provides a comprehensive understanding of the performance of these two 

techniques as an economic improvement for domestic construction on soft soils. 

Furthermore, the numerical models used in this research could serve as a foundation for 

further studies on various ground improvement techniques and will provide insights 

into the feasibility of these methods, supporting an economically and structurally sound 

foundation on soft soils.    

Keywords: Footing, Consolidation Settlements, Bearing Capacity, Controlled Modulus 

Columns (CMCs), Concrete Cylinders, Finite Element Analysis, Soft Clay, Modified 

Cam Clay, Ground Improvement, Midas GTS NX 

 

 



 

 

Acknowledgement  

I am immensely grateful to my research supervisors, Dr. H.G.H. Damruwan, Prof L.I.N. 

De Silva, and Dr. A.U. Weerasuriya, for their invaluable support and guidance 

throughout my research. Their profound knowledge and insightful feedback have 

played a pivotal role in the successful completion of my research. I am truly privileged 

to have had the opportunity to work under their supervision. Furthermore, I extend my 

heartfelt appreciation to both academic and non-academic staff of the Department of 

Civil Engineering at the University of Moratuwa. Their contributions in terms of 

suggestions, guidance, and advice have been instrumental in shaping the quality and 

direction of my work. 

 

Furthermore, I am deeply thankful to my loving family and all those who have provided 

unwavering encouragement and support throughout my research journey. Their belief 

in my abilities and their constant presence have been a source of strength and 

inspiration. I am truly grateful for their unwavering support and encouragement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Declaration 

  

I declare that this is my own work and this thesis/dissertation does not incorporate 

without acknowledgement any material previously submitted for a degree or diploma 

in any other University or Institute of higher learning, and to the best of my knowledge 

and belief, it does not contain any material previously published or written by another 

person except where the acknowledgement is made in the text. I retain the right to use 

this content in whole or in part in future works (such as articles or books). 

 

 

 

Signature:         Date: 10/11/2025 

 

 

 

 

The above candidate has carried out research for the Masters thesis under my 

supervision. I confirm that the declaration made above by the student is true and correct. 

 

 

Name of Supervisors:  Dr. H.G.H. Damruwan  

                       Prof. L.I.N. De Silva  

                          Dr. A.U. Weerasuriya   

 

 

 

Signature of the Supervisors:        Date:  

  

 

 

 

Dr. H.G.H. Damruwan         12/11/2025 

 

 

 

Prof. L.I.N. De Silva         16/11/2025 

 

 

 

Dr. A.U. Weerasuriya        16/11/2025 

 

 

 

 

 

 



 

 

Table of Contents 

Abstract .......................................................................................................................... 1 

Acknowledgement ......................................................................................................... 2 

Declaration ..................................................................................................................... 3 

Table of Contents ........................................................................................................... 4 

List of Figures ................................................................................................................ 6 

List of Tables ................................................................................................................. 8 

CHAPTER 1: INTRODUCTION .................................................................................. 10 

1.1. Background ................................................................................................ 10 

1.2. Problem statement ..................................................................................... 12 

1.3. Aim and objectives ..................................................................................... 12 

1.4. Significance of the research ....................................................................... 12 

1.5. Outline of the thesis ................................................................................... 13 

CHAPTER 2: LITERATURE REVIEW ...................................................................... 14 

2.1. Introduction ................................................................................................ 14 

2.2. Recommended foundation types based on soil type ............................... 14 

2.3. Micro piles .................................................................................................. 15 

2.4. Stone (granular) columns .......................................................................... 19 

2.5. Controlled modulus columns (CMC) ....................................................... 20 

2.6. Partial soil replacement ............................................................................. 21 

2.7. Quarry dust-filled cylinders or columns .................................................. 25 

2.8. Effect of a bounding wall on the bearing capacity of a footing ............. 26 

2.9. Summary ..................................................................................................... 27 

CHAPTER 3: METHODOLOGY................................................................................. 29 

3.1. Introduction ................................................................................................ 29 

3.2. Three-dimensional modelling and stress analysis ................................... 29 

3.3. Material properties used in 3d stress analysis ......................................... 30 

3.4. Comparison between full-scale model and quarter-sized model – stress 

analysis .................................................................................................................... 30 

3.5. Mesh sensitivity analysis............................................................................ 32 

3.6. Three-dimensional model validation using stress analysis .................... 34 

3.6.1. Model validation through theoretical settlement analysis ........................... 34 

3.6.2. Model validation through Texas A&M university site experiment data ..... 34 

3.6.3. Model validation through green cove springs, Florida experiment data ..... 35 

3.7. Three-dimensional model validation using consolidation analysis ....... 36 



 

 

3.8. Impact of embedment depth of the footing - stress analysis .................. 39 

3.9. Impact of embedment depth of the footing - consolidation analysis ..... 40 

3.10. Impact of controlled modulus columns (CMC) – stress analysis .......... 41 

3.11. Impact of controlled modulus columns (CMC) – consolidation analysis

 43 

3.12. Parametric study on CMC technique – consolidation analysis ............. 44 

3.12.1. The effect of CMC height on settlements ........................................................ 45 

3.12.2. The impact of CMC diameter on settlements .................................................. 46 

3.12.3. The impact of CMC spacing on settlements .................................................... 47 

3.12.4. The effect of LTP thickness on settlements ..................................................... 48 

3.13. Impact of using concrete cylinders – stress analysis ............................... 48 

3.14. Impact of using quarry dust as a soil substitute inside concrete cylinders 

– stress analysis ....................................................................................................... 49 

3.15. Parametric study on use of concrete cylinders with quarry dust fill – 

consolidation analysis ............................................................................................. 50 

3.15.1. The impact of cylinder height on settlements .................................................. 51 

3.15.2. The impact of cylinder diameter on settlements .............................................. 52 

3.16. Assumptions and limitations ..................................................................... 53 

CHAPTER 4: RESULTS ............................................................................................... 55 

4.1. Introduction ................................................................................................ 55 

4.2. Comparison between full-scale model and quarter-sized model ........... 55 

4.3. Mesh sensitivity analysis............................................................................ 56 

4.4. Three-dimensional model validation using stress analysis .................... 57 

4.5. Three-dimensional model validation using consolidation analysis ....... 59 

4.6. Impact of embedment depth of the footing - stress analysis .................. 60 

4.7. Impact of embedment depth of the footing - consolidation analysis ..... 63 

4.8. Impact of controlled modulus columns (CMC) – stress analysis .......... 67 

4.9. Impact of controlled modulus columns (CMC) – consolidation analysis

 68 

4.10. Parametric study on CMC technique – consolidation analysis ............. 69 

4.11. Impact of using concrete cylinders – stress analysis ............................... 72 

4.12. Impact of using quarry dust as a soil substitute inside concrete cylinders 

– stress analysis ....................................................................................................... 74 

4.13. Parametric study on the use of concrete cylinders with quarry dust fill – 

consolidation analysis ............................................................................................. 75 

4.14. Stress distribution and concentration ...................................................... 77 



 

 

4.15. Explanation of results through soil mechanics ........................................ 81 

4.15.1. Soil mechanics interpretation of embedment effects ....................................... 81 

4.15.2. Consolidation behaviour .................................................................................. 81 

4.15.3 Elastic vs. Consolidation settlement ratio ......................................................... 83 

CHAPTER 5: CONCLUSION....................................................................................... 84 

5.1. Summary ..................................................................................................... 84 

5.2. Key findings and conclusions .................................................................... 85 

5.2.1. Key findings ................................................................................................. 85 

5.2.2. Conclusions .................................................................................................. 86 

5.3. Recommendations ...................................................................................... 87 

REFERENCES ............................................................................................................ 88 

 

 

List of Figures 

Figure 1-1: Individual Pad Footing .............................................................................. 10 
Figure 1-2: Combined Footings ................................................................................... 10 
Figure 1-3: Load-sharing mechanism of CMC ............................................................ 11 
Figure 1-4: Cylinders filled with quarry dust .............................................................. 11 
Figure 2-1: Foundation support ................................................................................... 15 
Figure 2-2: Micro pile group........................................................................................ 15 
Figure 2-3: FE model ................................................................................................... 16 
Figure 2-4: Load versus Settlement Curve .................................................................. 17 
Figure 2-5: 100 kg/cm2 ................................................................................................ 18 
Figure 2-6: 200 kg/cm2 ................................................................................................ 18 
Figure 2-7: 375 kg/cm2 ................................................................................................ 18 
Figure 2-8: Impact on bearing capacity ....................................................................... 18 
Figure 2-9: Settlement with the distance from the footing centre ............................... 20 
Figure 2-10: CMC with LTP........................................................................................ 20 
Figure 2-11 : Bearing capacity improvement ratio. ..................................................... 24 
Figure 3-1: Influence Zone .......................................................................................... 29 
Figure 3-2 : Geometry of the full 3D model ................................................................ 31 
Figure 3-3: Quarter-sized model .................................................................................. 31 
Figure 3-4: Symmetric boundary conditions used in the ZX plane. ............................ 31 
Figure 3-5: Quarter-sized model with Cylinder ........................................................... 32 
Figure 3-6: Full-sized model with Cylinder................................................................. 32 
Figure 3-7: Different mesh sizes used in the FE model ............................................... 33 
Figure 3-8: FE Model of Footing 1 .............................................................................. 35 
Figure 3-9: Model of equivalent square footing .......................................................... 36 
Figure 3-10: Lab Model Test ....................................................................................... 37 
Figure 3-11: FE model of Lab model test .................................................................... 38 
Figure 3-12: Model with 2m clay layer ....................................................................... 39 



 

 

Figure 3-13: Model with 4m clay layer ....................................................................... 39 
Figure 3-14: Quarter-sized model ................................................................................ 40 
Figure 3-15: Cross-section of the model with CMC .................................................... 42 
Figure 3-16: CMC system ............................................................................................ 42 
Figure 3-17: CMC spacing........................................................................................... 42 
Figure 3-18: CMC interface ......................................................................................... 42 
Figure 3-19: Model with LTP and CMCs .................................................................... 43 
Figure 3-20: Cross-section of the model with CMC heights of 2.5 m ......................... 45 
Figure 3-21: Cross-section of the model with CMC heights of 3 m ............................ 45 
Figure 3-22: Cross-section of the model with CMC diameters of 0.1 m ..................... 46 
Figure 3-23: Cross-section of the model with CMC diameters of 0.4 m ..................... 46 
Figure 3-24: Cross-section of the model with CMC spacing of 0.6 m ........................ 47 
Figure 3-25: Cross-section of the model with CMC spacing of 1.2 m ........................ 47 
Figure 3-26: Cross-section of the model with LTP thicknesses of 0.3 m .................... 48 
Figure 3-27: Cross-section of the model with LTP thicknesses of 0.9 m .................... 48 
Figure 3-28: 2m deep Cylinder .................................................................................... 49 
Figure 3-29: 1.4m deep Cylinder ................................................................................. 49 
Figure 3-30 : Model with a 1.4 m deep Cylinder with quarry dust fill ........................ 49 
Figure 3-31: Model with Quarry dust-filled Cylinder ................................................. 50 
Figure 3-32: Model with the cylinder and quarry dust fill height of 0.8 m ................. 51 
Figure 3-33: Model with the cylinder and quarry dust fill height of 2 m .................... 51 
Figure 3-34: Model with the cylinder diameter of 1.8 m ............................................. 52 
Figure 3-35: Model with the cylinder diameter of 2.4 m ............................................. 52 
Figure 4-1 : Load vs settlement curves for both full and quarter models without concrete 

cylinders ....................................................................................................................... 55 
Figure 4-2 : Vertical settlement versus load curves for both full and quarter models with 

the implementation of concrete cylinders .................................................................... 56 
Figure 4-3 : Load vs Settlement curves for different mesh sizes ................................. 57 
Figure 4-4: The applied load versus vertical settlement curves, derived from theoretical 

calculations and predicted settlement by the FE model ............................................... 58 
Figure 4-5: FE model and field test data of Footing 1 ................................................. 58 
Figure 4-6: Applied load and vertical settlement ......................................................... 59 
Figure 4-7: Time vs vertical settlement for Lab model test ......................................... 60 
Figure 4-8 : Settlement vs Embedment depth for 150kN load (2m Clay) ................... 61 
Figure 4-9 : Settlement vs Embedment depth for 300kN load (2m Clay) ................... 61 
Figure 4-10 : Settlement vs Embedment depth for 150kN load (4m Clay) ................. 61 
Figure 4-11 : Settlement vs Embedment depth for 300kN load (4m Clay) ................. 61 
Figure 4-12: Embedment depth versus settlement curves ........................................... 62 
Figure 4-13: Load versus settlement curves for various embedment depths ............... 62 
Figure 4-14: Time vs Settlement (Pc – 250 kPa) ......................................................... 63 
Figure 4-15: Time vs Settlement (Pc – 100 kPa) ......................................................... 64 
Figure 4-16: Embedment depth versus settlement at the end of the loading stage ...... 65 
Figure 4-17: Embedment depth versus settlement at the end of Day 750 ................... 65 
Figure 4-18: The water level versus settlement ........................................................... 66 
Figure 4-19: Time versus settlement curves for different water levels ....................... 66 
Figure 4-20: Load versus settlement curves, with and without CMCs ........................ 67 



 

 

Figure 4-21: Distribution of vertical stress in the model without CMC ...................... 67 
Figure 4-22: Distribution of vertical stress in the model with CMC ........................... 68 
Figure 4-23: Time versus settlement curves, with and without CMCs from 

consolidation analysis .................................................................................................. 68 
Figure 4-24: Distribution of vertical stress in the model without CMC (Consolidation 

Analysis) ...................................................................................................................... 69 
Figure 4-25: Distribution of vertical stress in the model with CMC (Consolidation 

Analysis) ...................................................................................................................... 69 
Figure 4-26: The relationship between CMC height and settlement ........................... 70 
Figure 4-27: The relationship between CMC diameter and settlement ....................... 70 
Figure 4-28: The relationship between CMC spacing and settlement ......................... 71 
Figure 4-29: The relationship between LTP thickness and settlement ........................ 72 
Figure 4-30 : Load vs settlement for with and without cylinder.................................. 72 
Figure 4-31 : Variation of settlement with cylinder depth for a load of 300kN .......... 73 
Figure 4-32: Stress distribution without cylinder ........................................................ 73 
Figure 4-33: Stress distribution with cylinder ............................................................. 74 
Figure 4-34 : Load vs Settlement with and without quarry dust replacement 1.2m .... 74 
Figure 4-35 : Settlement vs Cylinder height ................................................................ 75 
Figure 4-36: Time versus settlement curves (Pc -100 kPa) ......................................... 75 
Figure 4-37: Time versus settlement curves (Pc-250 kPa) .......................................... 76 
Figure 4-38: Cylinder height versus settlement ........................................................... 76 
Figure 4-39: Cylinder diameter versus settlement ....................................................... 77 
Figure 4-40: Configuration of the CMCs and the vertical stress distribution .............. 78 
Figure 4-41: Stress redistribution resulting from the use of CMCs ............................. 78 
Figure 4-42: Stress redistribution resulting from the use of cylinders......................... 79 
Figure 4-43: Vertical stress on concrete cylinders ....................................................... 79 
Figure 4-44: Maximum shear stress on concrete cylinders ......................................... 80 
Figure 4-45: Horizontal stress on concrete cylinders .................................................. 80 
 

List of Tables 

Table 2-1: Foundation design and soil type ................................................................. 14 
Table 2-2: Material properties used ............................................................................. 16 
Table 2-3: Soil Properties ............................................................................................ 17 
Table 2-4 : Improved Soil Properties ........................................................................... 17 
Table 2-5 : Summary of the observed bearing capacities ............................................ 27 
Table 3-1: Soil parameters used in the stress analysis ................................................. 30 
Table 3-2: Mesh Sizes .................................................................................................. 32 
Table 3-3: Construction Stages .................................................................................... 33 
Table 3-4: Soil Properties ............................................................................................ 35 
Table 3-5: Soil Properties ............................................................................................ 36 
Table 3-6: Soil properties from the consolidation tests ............................................... 37 
Table 3-7: Material Properties ..................................................................................... 38 
Table 3-8 : MCC Model Parameters with Sources ...................................................... 39 
Table 3-9: Construction Stage Setup ........................................................................... 40 
Table 3-10: Material Properties ................................................................................... 41 



 

 

Table 3-11: Material Properties ................................................................................... 43 
Table 3-12  : properties of Bangkok clays ................................................................... 44 
Table 3-13 : Consistency with Other Parameters ........................................................ 44 
Table 3-14: Material Properties ................................................................................... 50 
Table 4-1 : Mesh Sizes ................................................................................................. 56 
Table 4-2: Stresses of CMCs ....................................................................................... 77 
  




