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ABSTRACT 

Global warming and sea level rise have become major concerns of the modern world 

with the Intergovernmental Panel on Climate Change (IPCC) reporting that sea 

levels may rise by 52-98 cm in the 21st century. At the upper end of predicted sea 

level rise, 50% of the world’s population will be affected, with 33% of coastal land 

lost. As the majority of buildings and transport infrastructure are concentrated in 

these coastal areas, it is very important to understand of the longevity of these 

structures in the face of sea level rise.  

Soil-cement columns are a geotechnical solution used for ground improvement in 

coastal areas. However, after long periods of exposure, the strength of these 

columns may decrease to below their designed safe bearing capacity ultimately 

resulting in failure. In this study, needle penetration resistance tests, uniaxial 

compression tests, thermogravimetric analysis, chemical and image analyses were 

applied to determine the extent of deterioration in scaled soil-cement columns 

exposed to synthetic seawater. The effects of high sulphate concentrations (100%, 

200%, 500% and 1000% that of seawater) on the durability of soil-cement samples 

were also studied.  The experimental results show that the effects of seawater 

(sulphate) are significant on the outer surface strength development. For samples 

exposed to seawater, inhibition of the portlandite and formation of gypsum and 

ettringite are the main reasons leading to the destruction of soil-cement samples. 

Moreover, the deterioration is strong at the surface and develops inward with time.  

An analytical model has been developed and calibrated using the experimental data 

to predict the deterioration depths and total strength change of the soil-cement 

columns as a function of time and sulphate concentration. Results show that for 

the 0.5 m diameter column exposed to 200% SW, the strength will fall below the 

minimum design strength after 75 years. For higher sulphate environments (500% 

and 1000% that of seawater), the same column would never reach the minimum 

design strength requirement. Consequently, this has significant implications to 
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stabilising soils in high sulphate environments such as those containing pyrite 

which makes up approximate 95,000 km2 of the Australian coastline. 

  



-v- 

TABLE OF CONTENTS 

DECLARATION………………………………………………………...……....i 

ACKNOWLEDGEMENTS………………………………………....…....…….ii 

ABSTRACT………….………………………….………………….……..........iii 

TABLE OF CONTENTS……………………………….…………………….....v 

LIST OF TABLES…………………………….………………….…….….......xii 

LIST OF FIGURES…………………………….……………………………...xv 

NOTIATION..……………………………….………………….…….…….....xxi 

PUBLICATIONS AND AWARD……………………………….…………..xxiv 

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

1.1 Deep mixing method ................................................................................. 1 

1.2 Soil-cement columns ................................................................................. 2 

1.3 Current research problems ........................................................................ 4 

1.4 Research objective and scope .................................................................... 5 

1.5 Structure of thesis ...................................................................................... 6 

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

2.1 Soft soil in coastal areas ............................................................................ 8 

2.1.1 General characteristics of soft soil ..................................................... 8 

2.1.2 Soft soil in coastal areas ..................................................................... 8 



-vi- 

2.1.3 Soft soil improvement methods .......................................................... 9 

2.1.3.1 Compaction techniques ................................................................ 9 

2.1.3.2 Reinforcement techniques ......................................................... 10 

2.1.3.3 Fixation techniques .................................................................... 10 

2.2 Binders .................................................................................................... 10 

2.2.1 Cement binder .................................................................................. 10 

2.2.2 Binders .............................................................................................. 12 

2.3 Soil-cement columns ............................................................................... 13 

2.4 Factors affecting characteristics of soil-cement columns ....................... 14 

2.4.1 Soil characteristics ............................................................................ 14 

2.4.2 Mixing and curing conditions ........................................................... 17 

2.5 Effects of seawater on soil-cement columns ........................................... 17 

2.5.1 Seawater ........................................................................................... 17 

2.5.2 Mechanism of chemical reactions .................................................... 18 

2.6 Reducing the effects of sulphate attack ................................................... 20 

2.6.1 Cement content and clay-water/cement ratio ................................... 20 

2.6.2 Alternative pozzolans ....................................................................... 21 

2.6.3 Using sulphate resistance cement ..................................................... 22 

2.7 Historical review on strength gain of cementitious materials ................. 22 



-vii- 

2.7.1 Concrete strength gain theory ........................................................... 22 

2.7.2 Strength gain of soil-cement columns .............................................. 23 

2.8 Long-term strength of soil-cement columns in marine areas .................. 25 

2.8.1 Prediction of deterioration depths .................................................... 26 

2.8.2 Long-term effects of sulphate concentrations .................................. 28 

CHAPTER 3. EXPERIMENTAL PROCEDURE AND 

METHODOLOGY ............................................................................................. 30 

3.1 Soil sample .............................................................................................. 30 

3.1.1 Water content.................................................................................... 31 

3.1.2 Plastic limit ....................................................................................... 31 

3.1.3 Liquid limit ....................................................................................... 31 

3.1.4 Plastic index...................................................................................... 31 

3.1.5 Grain size distribution ...................................................................... 32 

3.1.6 Bulk density of soil ........................................................................... 32 

3.1.7 Chemical analysis ............................................................................. 32 

3.2 Soil-cement mixing sample ..................................................................... 32 

3.3 Uniaxial compression test ....................................................................... 36 

3.4 Needle penetration resistance test ........................................................... 38 

3.5 Thermogravimetric analysis .................................................................... 40 



-viii- 

3.6 Image analysis ......................................................................................... 44 

CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION ............ 48 

4.1 Properties of soft soil .............................................................................. 48 

4.1.1 Water content.................................................................................... 48 

4.1.2 Liquid limit ....................................................................................... 49 

4.1.3 Plastic limit ....................................................................................... 50 

4.1.4 Plastic index...................................................................................... 50 

4.1.5 Grain distribution.............................................................................. 51 

4.1.6 Density of soil................................................................................... 53 

4.1.7 Chemical analysis results ................................................................. 53 

4.2 Soil-cement columns core strength gain ................................................. 54 

4.2.1 Unconfined compressive strength .................................................... 54 

4.2.2 Prediction of soil-cement columns core strength gain ..................... 55 

4.3 Long-term strength of soil-cement columns ........................................... 56 

4.3.1 Needle resistance calibration ............................................................ 56 

4.3.2 Deterioration at T1 (58 days) ........................................................... 58 

4.3.2.1 Needle penetration resistance test at T1 (58 days) .................... 58 

4.3.2.2 TGA analysis at T1 (58 days) .................................................... 60 

4.3.2.3 Chemical analysis at T1 (58 days) ............................................. 63 



-ix- 

4.3.3 Deterioration at T3 (118 days) ......................................................... 64 

4.3.3.1 Needle penetration resistance test at T3 (118 days) .................. 64 

4.3.3.2 TGA analysis at T3 (118 days) .................................................. 66 

4.3.4 Deterioration at T6 (208 days) ......................................................... 68 

4.3.4.1 Needle penetration resistance test at T6 (208 days) .................. 68 

4.3.4.2 TGA analysis at T6 (208 days) .................................................. 69 

4.3.4.3 Chemical analysis at T6 (208 days) ........................................... 70 

4.3.5 Deterioration at T12 (388 days) ....................................................... 72 

4.3.5.1 Needle penetration resistance test at T12 (388 days) ................ 72 

4.3.5.2 TGA analysis at T12 (388 days) ................................................ 73 

4.3.5.3 Image analysis at T12 (388 days) .............................................. 74 

4.3.6 Result analysis .................................................................................. 76 

4.3.6.1 Control samples ......................................................................... 76 

4.3.6.2 100% seawater ........................................................................... 78 

4.3.6.3 200% seawater ........................................................................... 80 

4.4 Prediction of deterioration depth of the soil-cement columns ................ 82 

4.4.1 Depth of deterioration ...................................................................... 82 

4.4.1.1 Needle penetration resistance results ......................................... 82 

4.4.1.2 TGA results ................................................................................ 85 



-x- 

4.4.1.3 Prediction of deterioration depth ............................................... 87 

4.4.2 Prediction of the long-term strength of the soil-cement columns .... 88 

4.5 Conclusions ........................................................................................... 100 

CHAPTER 5. DETERIORATION IN HIGH SULPHATE 

ENVIRONMENTS ........................................................................................... 101 

5.1 Experimental procedure ........................................................................ 101 

5.2 Experimental results and evaluation ..................................................... 102 

5.2.1 Deterioration at T0.5 (42 days) ...................................................... 102 

5.2.2 Deterioration at T1 (58 days) ......................................................... 103 

5.2.3 Deterioration at T3 (118 days) ....................................................... 104 

5.2.4 Deterioration at T6 (208 days) ....................................................... 105 

5.3 Discussion ............................................................................................. 106 

5.4 Equivalent deterioration depth prediction model .................................. 112 

CHAPTER 6. CONCLUSIONS .................................................................... 118 

6.1 Conclusions ........................................................................................... 118 

6.2 Limitations and possible development trends ....................................... 120 

REFERENCES  ................................................................................................. 122 

APPENDICES  ................................................................................................. 133 

APPENDIX I: Uniaxial compression tests and needle penetration resistance 

tests (Part 1)  ................................................................................................. 134 



-xi- 

APPENDIX II: Uniaxial compression tests and needle penetration resistance 

tests (Part 2)  ................................................................................................. 140 

APPENDIX III: TGA curves ........................................................................... 144 

APPENDIX IV: TGA results ........................................................................... 147 

APPENDIX V: Chemical analysis results ...................................................... 149 

APPENDIX VI: Strength prediction model application ............................... 151 



-xii- 

LIST OF TABLES 

Table 2.1. Major mineral constituents of ordinary Portland cement .................... 11 

Table 2.2. The ion concentration of seawater ....................................................... 18 

Table 3.1. Groups of specimens ........................................................................... 36 

Table 4.1. Soil characteristic ................................................................................ 48 

Table 4.2. Water content ....................................................................................... 49 

Table 4.3. Liquid limit .......................................................................................... 49 

Table 4.4. Plastic limit .......................................................................................... 50 

Table 4.5. Sieve analysis....................................................................................... 51 

Table 4.6. Hydrometer analysis ............................................................................ 51 

Table 4.7. Density of soil ...................................................................................... 53 

Table 4.8. Chemical analysis of the original soil.................................................. 53 

Table 4.9. UCS results .......................................................................................... 55 

Table 4.10. Needle resistance calibration tests ..................................................... 57 

Table 4.11. Needle penetration resistance tests at T1 (58 days) ........................... 59 

Table 4.12. TGA results at T1 (58 days) .............................................................. 61 

Table 4.13. Extent of calcium consumption at T1 (58 days) ................................ 62 

Table 4.14. Calcium and magnesium concentrations at T1 (58 days) .................. 63 

Table 4.15. Needle penetration resistance tests at T3 (118 days) ......................... 64 



-xiii- 

Table 4.16. TGA results at T3 (118 days) ............................................................ 66 

Table 4.17. Extent of calcium consumption at T3 (118 days) .............................. 67 

Table 4.18. Needle penetration resistance tests at T6 (208 days) ......................... 68 

Table 4.19. TGA results at T6 (208 days) ............................................................ 69 

Table 4.20. Extent of calcium consumption at T6 (208 days) .............................. 70 

Table 4.21. Calcium and magnesium concentrations at T6 (208 days) ................ 71 

Table 4.22. Needle penetration resistance tests at T12 (388 days) ....................... 72 

Table 4.23. TGA results at T12 (388 days) .......................................................... 73 

Table 4.24. Extent of calcium consumption at T12 (388 days) ............................ 74 

Table 4.25. Image analysis results at T12 (388 days) .......................................... 75 

Table 4.26. Strength change by time in the control samples ................................ 77 

Table 4.27. Strength change by depth in the control samples .............................. 77 

Table 4.28. Strength change by time in the case of 100% SW ............................. 79 

Table 4.29. Strength change by depth in the case of 100% SW ........................... 79 

Table 4.30. Strength change by time in the case of 200% SW ............................. 81 

Table 4.31. Strength change by depth in the case of 200% SW ........................... 82 

Table 4.32. Depths of deterioration ...................................................................... 87 

Table 4.33. Strength change trend ........................................................................ 92 



-xiv- 

Table 4.34.  The comparison between prediction model and experimental results

............................................................................................................................... 93 

Table 4.35.  Model application ............................................................................. 94 

Table 4.36.  Strength loss rate .............................................................................. 95 

Table 4.37.  Durability of soil-cement columns ................................................... 98 

Table 5.1. Specimens and testing time matrix .................................................... 101 

Table 5.2. Needle penetration resistance test at T0.5 (42 days) ......................... 102 

Table 5.3. Needle penetration resistance test at T1 (58 days) ............................ 103 

Table 5.4. Needle penetration resistance test at T3 (118 days) .......................... 104 

Table 5.5. Needle penetration resistance test at T6 (208 days) .......................... 105 

Table 5.6. Total compression force .................................................................... 110 

Table 5.7. Equivalent diameter of the deteriorated samples ............................... 110 

Table 5.8. Equivalent deterioration depth of the samples .................................. 111 

Table 5.9. Total bearing capacity of soil-cement column (D = 0.5 m) in high 

sulphate environments ........................................................................................ 114 

  



-xv- 

LIST OF FIGURES 

Fig. 1.1. Deep mixing method ................................................................................ 1 

Fig. 1.2. Applications of deep mixing methods ...................................................... 3 

Fig. 2.1. Influences of binder type and amount of binder .................................... 13 

Fig. 2.2. Soil-cement columns .............................................................................. 13 

Fig. 2.3. Applications of wet and dry mixing methods ........................................ 14 

Fig. 2.4. Effect of soil types on the strength of stabilised soil .............................. 15 

Fig. 2.5. Effect of pH on the unconfined compressive strength ........................... 16 

Fig. 2.6. Effect of water/cement ratio ................................................................... 16 

Fig. 2.7. Effect of curing time ............................................................................... 17 

Fig. 2.8. Class C fly ash, Metakaolin, Silica Fume, Class F fly ash, Slag, and 

Calcined Shale. ..................................................................................................... 21 

Fig. 2.9. Strength gain of concrete ........................................................................ 23 

Fig. 2.10. Strength gain of stabilised soil ............................................................. 24 

Fig. 2.11. Strength gain over time ........................................................................ 25 

Fig. 2.12. Strength development of the soil-cement columns .............................. 26 

Fig. 2.13. Depth of deterioration .......................................................................... 27 

Fig. 2.14. Effects of sulphate concentration on the deterioration ......................... 29 

Fig. 3.1. Soil sample ............................................................................................. 30 



-xvi- 

Fig. 3.2. Moulds .................................................................................................... 33 

Fig. 3.3. Mixer machine ........................................................................................ 33 

Fig. 3.4. Soil-cement samples stored in the fog room .......................................... 35 

Fig. 3.5. Curing conditions ................................................................................... 35 

Fig. 3.6. Testing time ............................................................................................ 35 

Fig. 3.7. Uniaxial compression test ...................................................................... 37 

Fig. 3.8. Uniaxial compression test result ............................................................. 38 

Fig. 3.9. Concrete needle penetrometer and its parts ............................................ 39 

Fig. 3.10. Needle penetration resistance test system ............................................ 40 

Fig. 3.11. Samples preparation for TGA analysis ................................................ 41 

Fig. 3.12. TGA 1 – Thermogravimetric Analyser (METTLER TOLEDO) ......... 42 

Fig. 3.13. TGA curve ............................................................................................ 44 

Fig. 3.14. Rhodamine B dye ................................................................................. 45 

Fig. 3.15. Microscope ........................................................................................... 45 

Fig. 3.16. Relationship between coefficient of permeability and unconfined 

compressive strength of stabilised soil ................................................................. 46 

Fig. 3.17. Sample preparation ............................................................................... 46 

Fig. 3.18. Image analysis ...................................................................................... 47 

Fig. 4.1. Water content.......................................................................................... 50 



-xvii- 

Fig. 4.2. Grain size distribution ............................................................................ 52 

Fig. 4.3. Strength gain of the control samples ...................................................... 55 

Fig. 4.4. Strength gain of soil-cement column (C = 120 kg/m3) .......................... 56 

Fig. 4.5. Relationship between the UCS and the NPR ......................................... 58 

Fig. 4.6. Needle penetration resistance results at T1 (58 days) ............................ 59 

Fig. 4.7. Strength distribution at T1 (58 days) ...................................................... 60 

Fig. 4.8. TGA results at T1 (58 days) ................................................................... 62 

Fig. 4.9. Extent of calcium consumption at T1 (58 days) .................................... 63 

Fig. 4.10. Calcium and magnesium concentrations at T1 (58 days) .................... 64 

Fig. 4.11. Needle penetration resistance results at T3 (118 days) ........................ 65 

Fig. 4.12. Strength distribution at T3 (118 days) .................................................. 65 

Fig. 4.13. TGA results at T3 (118 days) ............................................................... 67 

Fig. 4.14. Extent of calcium consumption at T3 (118 days) ................................ 67 

Fig. 4.15. Needle penetration resistance results at T6 (208 days) ........................ 68 

Fig. 4.16. Strength distribution at T6 (208 days) .................................................. 69 

Fig. 4.17. TGA results at T6 (208 days) ............................................................... 70 

Fig. 4.18. Extent of calcium consumption at T6 (208 days) ................................ 71 

Fig. 4.19. Calcium and magnesium concentration at T6 (208 days) .................... 71 

Fig. 4.20. Needle penetration resistance results at T12 (388 days) ...................... 72 



-xviii- 

Fig. 4.21. Strength distribution at T12 (388 days) ................................................ 73 

Fig. 4.22. TGA results at T12 (388 days) ............................................................. 74 

Fig. 4.23. Extent of calcium consumption at T12 (388 days) .............................. 75 

Fig. 4.24. Image analysis at T12 (388 days) ......................................................... 75 

Fig. 4.25. Red dye distribution in the samples at T12 (388 days) ........................ 76 

Fig. 4.26. Strength change by time of the control samples .................................. 77 

Fig. 4.27. Strength change by depth of the control samples ................................. 78 

Fig. 4.28. Soil-cement samples exposed to 100% SW ......................................... 78 

Fig. 4.29. Strength change by time in the case of 100% SW ............................... 79 

Fig. 4.30. Strength change by depth in the case of 100% SW .............................. 80 

Fig. 4.31. Soil-cement samples exposed to 200% SW ......................................... 80 

Fig. 4.32. Cross-section of the soil-cement samples exposed to 200% SW ......... 81 

Fig. 4.33. Strength change by time in the case of 200% SW ............................... 81 

Fig. 4.34. Strength change by depth in the case of 200% SW .............................. 82 

Fig. 4.35. Deterioration depth at T1 (58 days) ..................................................... 83 

Fig. 4.36. Deterioration depth at T3 (118 days) ................................................... 84 

Fig. 4.37. Deterioration depth at T6 (208 days) ................................................... 84 

Fig. 4.38. Deterioration depth at T12 (388 days) ................................................. 85 

Fig. 4.39. TGA results at T1 (58 days) ................................................................. 86 



-xix- 

Fig. 4.40. TGA results at T3 (118 days) ............................................................... 86 

Fig. 4.41. TGA results at T6 (208 days) ............................................................... 86 

Fig. 4.42. TGA results at T12 (388 days) ............................................................. 87 

Fig. 4.43. Deterioration depth by time in the case of 100% SW .......................... 88 

Fig. 4.44. Strength distribution in the soil-cement column .................................. 88 

Fig. 4.45. Strength change at the near surface of the soil-cement column ........... 90 

Fig. 4.46. Strength change at the deteriorated portion .......................................... 92 

Fig. 4.47.  Strength distribution when t ≥ 228318 days ........................................ 92 

Fig. 4.48. Total bearing capacity of the soil-cement columns (D = 54mm) ......... 93 

Fig. 4.49. Predicting bearing capacity of soil-cement columns exposed to 100% 

SW ........................................................................................................................ 96 

Fig. 4.50. Strength loss of soil-cement columns exposed to 100% SW ............... 97 

Fig. 4.51. Durability of soil-cement columns ....................................................... 99 

Fig. 5.1. Strength distribution at T0.5 (42 days) ................................................. 103 

Fig. 5.2. Strength distribution at T1 (58 days) .................................................... 104 

Fig. 5.3. Strength distribution at T3 (118 days) .................................................. 105 

Fig. 5.4. Strength distribution at T6 (208 days) .................................................. 106 

Fig. 5.5. Soil-cement samples exposed to 500% SW ......................................... 106 

Fig. 5.6. Soil-cement samples exposed to 1000% SW ....................................... 107 



-xx- 

Fig. 5.7. Needle penetration resistance results at T1 (58 days) .......................... 107 

Fig. 5.8. Needle penetration resistance results at T3 (118 days) ........................ 108 

Fig. 5.9. Needle penetration resistance results at T6 (208 days) ........................ 108 

Fig. 5.10. Equivalent diameter method ............................................................... 109 

Fig. 5.11. Equivalent deterioration depths .......................................................... 112 

Fig. 5.12.  Relationship between factor f(M) and sulphate environment (M)..... 113 

Fig. 5.13. Total bearing capacity of soil-cement columns in high sulphate 

environments (D = 0.5 m) .................................................................................. 115 

Fig. 5.14. Strength loss rate (D = 0.5 m) ............................................................ 116 

Fig. 5.15. Durability of the soil-cement columns in high sulphate environments

............................................................................................................................. 117 

 

  



-xxi- 

NOTIATION 

The following symbols are used in this thesis: 

A  cross area of the sample 

aw  cement ratio; 

C  cement content; 

C-A-H calcium aluminate hydrate; 

C-H   porlandite – Ca(OH)2; 

C-S-H  calcium silicate hydrate; 

CV  coefficient of variation; 

D  diameter; 

DMM  deep mixing method; 

F  resistance force; 

Fs  safety factor; 

Leq.  equivalent deterioration depth; 

ML   mass loss; 

MM   molar mass; 

M-S-H magnesium silicate hydrate; 

NPR   needle penetration resistance; 

P  total bearing capacity; 



-xxii- 

[P]   required bearing capacity; 

Pa  allowable bearing capacity; 

Pnd  bearing capacity of non-deteriorated soil-cement column; 

Pd  bearing capacity of deteriorated soil-cement column; 

R2  correlation coefficient; 

RP   loss ratio; 

SW   seawater; 

TGA  thermogravimetric analysis; 

UCS   unconfined compressive strength; 

W  water content; 

W/C  ratio of water and cement; 

α  coefficient of effective width; 

β  reliability coefficient of overlapping; 

γ  correction factor for strength variability; 

d  diameter of non-deteriorated portion; 

h  height; 

qu  unconfined compressive strength; 

[qu]   required unconfined compressive strength; 

28[ ]uq   required unconfined compressive strength at 28 days; 



-xxiii- 

  density of soil; 

s  sample standard deviation; 

x   sample mean;  

w  deterioration depth;  



-xxiv- 

PUBLICATIONS AND AWARD 

1. Journal paper 

Pham, V.N, Turner, B., Huang, J.& Kelly, R. (2016). “Long-term strength of soil-

cement columns in coastal areas”. Soils and Foundations, manuscript number 

SANDF-D-16-00156 (under review). 

2. Conference paper 

Pham, V.N, Turner, B., Huang, J. & Kelly, R. (2016). “Experimental study on the 

durability of soil-cement columns in coastal areas”. Proc., the 19th Southeast 

Asian Geotechnical Conference & 2nd AGSSEA Conference, Subang Jaya, 

Malaysia, 31 May-3 June, 475-479. 

3. Award 

3-Minute Thesis Winner of the Australian Research Council Centre of Excellence 

for Geotechnical Science and Engineering (CGSE), Annual Workshop, Perth, 

September 2015. 

 



-1- 

CHAPTER 1. INTRODUCTION 

1.1 Deep mixing method 

Deep mixing method (DMM) is an in-situ soil treatment in which native soils or 

fills are blended with cementitious or other stabilising agents (binder) (Donald, 

2000). Some materials, such as cement, lime, slag and fly ash are commonly used 

as stabilising agents (Donald, 2000). This method was developed in 1967 to 

increase the stability of foundations (in Japan), reduce settlement and increase the 

stability of embankments (in Sweden) (Donald, 2000; Indraratna et al., 2015; 

Kitazume & Terashi, 2013; Moseley & Kirsch, 2004). Since the 1980s, the DMM 

has been applied widely in Japan, Europe, China, Singapore, Hong Kong and 

America with more than 100 million m3 of soil stabilised in over one thousand 

projects (Donald, 2000; Holm, 2004; Kitazume & Terashi, 2013). In Australia and 

New Zealand, the DMM (Fig. 1.1) has been used recently in ground improvement 

and foundations.  

 

Fig. 1.1. Deep mixing method 

(Retrieved from: http://menardbachy.com.au; http://www.haywardbaker.com) 
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The DMM is classified into wet and dry mixing methods. The wet mixing method 

can be applied to most types of soil with water content up to 60% 

(Dehghanbanadaki et al., 2013), while the dry mixing method is used to stabilised 

soil with water content over 60% (Dehghanbanadaki et al., 2013). 

The advantages of the DMM include economics, flexibility, savings of material 

and energy by exploiting the properties of the soil at the site, small vibrations, low 

construction noise and low costs with rapid installation (Chen et al., 2013; Donald, 

2000; Holm, 2004; Indraratna et al., 2015). However, it is limited in column length 

and final bearing capacity (Dehghanbanadaki et al., 2013). 

The DMM can be applied as the foundation of various structures such as tanks, 

towers, bridge abutments, embankments, underground facilities, retaining 

structures, excavation support walls, reinforcement piles, breakwaters and high-

rise buildings (Donald, 2000; Porbaha, 1998; Terashi, 2005). Fig. 1.2 illustrates 

the applications of the DMM in some areas. 

1.2 Soil-cement columns 

The soil-cement column is a ground improvement method formed by the deep 

mixing method. In this technique, the original soil is mixed in-situ with a small 

amount of cement and water to create a high stiffness soil-cement column (Alfaro et 

al., 1994; Broms & Boman, 1979). The soil-cement columns are usually designed 

with a diameter from 0.6 to 2.0 m and depth up to 40 m (Donald, 2000; Kitazume & 

Terashi, 2013).  

Many factors affect the properties of the soil-cement columns such as binder type 

in-situ, soil characteristics, mixing and curing conditions (Kitazume & Terashi, 

2013). In seawater environments, for example, about 3.5% dissolved salts can react 

with the columns to create other minerals or ions. Therefore, soil-cement columns 

can deteriorate due to the attack of sulphate in seawater (Rajasekaran, 2005). 
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Fig. 1.2. Applications of deep mixing methods 

[Adapted from (Terashi, 2005)] 

In Australia, soil-cement columns have been used in many ground improvement 

projects such as the Sydney Airport runway repairs, Sydney Cricket Ground, 

Metro-Rail city project in Perth, the Prima Pearl Tower development in 

Melbourne, Wiggins Island coal export terminal, Ballina bypass motorway 

upgrade and Princes Highway Victoria. In Newcastle, New South Wales, 

Australia, a rail flyover modification project - MSM Bays at the Hunter Wetlands 

National Park applied the dry mixing method to stabilise the ground with a cement 

content of 120 kg/m3 to achieve the required unconfined compressive strength of 

250 kPa at 28 days (NCIG, 2012).  
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1.3 Current research problems 

Global warming and sea level rise have become major concerns of the modern 

world.  During the 20th century, sea level rose around 15-20 cm (Meehl et al., 

2012). The Intergovernmental Panel on Climate Change (IPCC) reported that sea 

levels might rise around 52-98 cm in the 21st century (Horton et al., 2014; 

Rahmstorf, 2007). At the upper end of predicted sea level rise, 50% of the world’s 

population will be affected, with 33% of coastal land loss (Meehl et al., 2012). 

The situation is even more of a threat because these coastal areas are where more 

than 50% of the total world’s population reside (Woodroffe, 2002). Consequently, 

the majority of buildings and transport infrastructure are concentrated in these 

areas. For example, 85% of Australians live in coastal areas with around 92% of 

all Australia’s major infrastructure on the coastal fringe (Howd, 1998). Hence, it 

is necessary to develop techniques that can increase the durability of coastal 

infrastructure against the effects of seawater rise.  

In coastal areas, soil-cement columns can deteriorate due to the effect of sulphate 

in seawater (Rajasekaran, 2005). When cement is mixed with soil exposed to 

sulphate environment, the reactions among sulphate ions and cement minerals take 

place reducing the amount of calcium (Ca2+) and calcium silicate hydrate (C-S-H) 

which play a major role in maintaining the strength of the stabilised soil (Mather, 

1964; Rajasekaran & Rao, 2005). Moreover, these reactions create ettringite as a 

result of the reaction of calcium aluminate with calcium sulphate, causing the 

cementitious structure to swell and potentially crack (Mather, 1964; Rajasekaran, 

2005). Besides this, the formations of magnesium hydroxide (Mg(OH)2) and 

magnesium silicate hydrate (4(MgO).SiO2.8.5H2O) do not contribute to the 

columns’ strength (Mather, 1964; Rajasekaran, 2005). As a result, the soil-cement 

columns can crack reducing the strength and increasing the permeability of the 

columns. After long periods of exposure, the bearing capacity of these columns 

will decrease and ultimately fail in the worst case scenario. 

https://en.wikipedia.org/wiki/Calcium_aluminates
https://en.wikipedia.org/wiki/Calcium_sulfate
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In fact, this challenge has been studied by increasing the cement content, reducing 

the water/cement ratio (Babasaki et al., 1996; Horpibulsuk et al., 2005; Tokunaga, 

2005), using pozzolans (Nontananandh et al., 2004) and using sulphate resistant 

cement (Al-Dulaijan, 2007; Guirguis, 1998). However, these methods are 

expensive and complicated to use (Guirguis, 1998). Therefore, constructions using 

soil-cement mixing need to carefully consider the long-term durability of these 

columns in coastal environments. 

There have only been a small number of investigations into the durability of soil-

cement columns despite this being an important aspect. Since the 1980s, 

researchers in Japan have found that the strength at the core portion of stabilised 

soil-cement columns increases almost linearly with the logarithm of elapsed time 

(Hayashi et al., 2002; Ikegami et al., 2005; Kitazume et al., 2002; Terashi et al., 

1980). In contrast, the strength at the outer boundary of the soil-cement columns 

reduces due to the impact of seawater (Kitazume et al., 2002). Depending on the 

exposure conditions, the rate of this progress is different (Hayashi et al., 2002; 

Ikegami et al., 2005; Kitazume et al., 2002). Nevertheless, there are very few 

published studies investigating the deterioration as a function of radial depth or the 

effect of sulphate concentrations. 

1.4 Research objective and scope 

This research aims to study the durability of soil-cement columns constructed in 

seawater as a function of time and sulphate concentration. To achieve that 

objective, laboratory experiments were conducted to investigate the deterioration 

of stabilised soil exposed to seawater conditions. Furthermore, the effects of 

sulphate concentrations (up to ten times that of normal seawater) were also 

examined. Results were used to develop an analytical model for predicting the total 

strength change of the soil-cement columns over time.  

In detail, needle penetration tests, uniaxial compression tests, thermogravimetric 

analysis, chemical and image analyses were applied to determine strength gain at 
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the core portion and strength degradation at the outer surface of the soil-cement 

samples during a 12-month period. In addition, deterioration depths of the soil-

cement samples in high sulphate environments were measured to evaluate the effect 

of increasing sulphate concentrations. All experimental data was used to predict the 

long-term strength of the soil-cement columns in seawater (100%) and high sulphate 

environments. This model can be used to evaluate the durability of the soil-cement 

columns which contact directly to seawater.  

1.5 Structure of thesis 

The document is divided into six chapters, included: 

Chapter 1. Introduction. The general background of the DMM and soil-cement 

column are expressed in this section. The objective and scope of the research are 

also explained. 

Chapter 2. Literature review. This chapter briefly presents some related 

knowledge and studies on soil-cement columns. In detail, the properties of soft 

soil, cement and soil-cement column have been reviewed. In this chapter, the 

strength gain theories of concrete and soil-cement column, the effects of seawater 

and high sulphate concentrations on long-term strength of the soil-cement columns 

in coastal areas are analysed.  

Chapter 3. Experimental procedure and methodology. The experimental 

processes of original soil and soil-cement samples are described in this section. In 

addition, experiment methods applied in the research like uniaxial compression 

tests, needle penetration resistance tests, thermogravimetric analysis, chemical and 

image analyses are also expressed. 

Chapter 4. Experimental results and discussion. This chapter presents the 

properties of soil samples and strength gain of control soil-cement samples. The 

experimental results of needle penetration resistance tests, thermogravimetric 

analyses, chemical analyses and image analyses of the soil-cement samples exposed 
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to 100% and 200% seawater are also discussed. The evaluations of experimental 

results, the prediction model of the deterioration depths and long-term strength of 

soil-cement columns exposed to 100% seawater are presented. 

Chapter 5. Deterioration in high sulphate environments. The effects of high 

sulphate environments on soil-cement columns are observed. In detail, the depths 

of deterioration of soil-cement samples exposed to 100%, 200%, 500% and 1000% 

seawater are determined by needle penetration resistance tests. The prediction of 

the deterioration depths of the soil cement columns in high sulphate environments 

is also developed. 

Chapter 6. Conclusions. The final chapter summarises all significant conclusions 

and considers some limitations as well as possible future research.   
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CHAPTER 2. LITERATURE REVIEW 

2.1 Soft soil in coastal areas 

2.1.1 General characteristics of soft soil 

In general, soft soil has high compressibility, low coefficient of permeability 

typically less than 10-7 cm/sec, and (undrained) shear strength in the range of 5 kPa 

to 20 kPa. It also has the following typical characteristics: 

 Predominately fined grained, 

 High natural water content (W) potentially higher than the liquid limit, 

 Low shear strength (Su) which usually varies with depth, 

 Low modulus of elasticity (E < 500 kPa), 

 High organic content which increases the overall soil compressibility, 

 Time dependent strength development. 

The definition of soft soil may change depending on the soil structure, soil profile, 

construction’s load, reconsolidation pressure and water content (Reul & 

Gebreselassie, 2006). Soft soil can be found in the lowland at river deltas, lakes 

and coastal areas (Razzah, 2013). 

Construction on these soils faces many challenges such as insufficient bearing 

capacity, large deformation and instability. Thus, it is necessary to apply technical 

solutions to improve the ground (Kitazume & Terashi, 2013). 

2.1.2 Soft soil in coastal areas 

As discussed in chapter 1, coastal areas are where more than 50% of the total world’s 

population reside (Woodroffe, 2002) and contain the majority of buildings and 

transport infrastructure. Unfortunately, soft soil usually concentrates in coastal 

areas (Reul & Gebreselassie, 2006), and depending on the amount of organic, 

sulphate and water, these soils are classified into marine clay and organic soil. 
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Marine clay is a soft soil found in the coastal regions and has a high content of 

sulphate (
-2

4SO ) (Rajasekaran, 2005; Rajasekaran & Rao, 2005). Marine clay 

contains about 0.1-18 mg sulphur/kg dry soil (Westerberg et al., 2005). 

Organic clay is a soil that contains about 20-80% (by weight) organic material. 

Normally, it has a high water content and low bulk density. A number of sulphates 

in organic clay vary from approximately 3 g/l to 6 g/l (Butcher, 2005). 

Besides the general characteristics of the soft soil, sulphate and organic contents 

in these soils create extra reactions with other materials which can change the 

properties of the installed foundations structure (Moseley & Kirsch, 2004). For 

instance, reactions between sulphate and organic material with cement decrease 

the amount of calcium ions available for pozzolanic reactions (Arman & Munfakh, 

1970). Therefore, it is necessary to use more cement or other additives to treat soils 

with high sulphate and organic contents (Ahnberg & Holm, 1999).  

2.1.3 Soft soil improvement methods 

To construct on soft soil ground, it is important to treat either the ground or the 

foundation (Hussin, 2006).  The purpose of most treatment methods is to reduce 

the water content and settlement, as well as increase the bearing capacity and 

stability of the soil (Moseley & Kirsch, 2004; Reul & Gebreselassie, 2006). 

Generally, soft soil improvement techniques can be divided into three groups. 

2.1.3.1 Compaction techniques 

These methods reduce the ground void volume by repeatedly dropping a heavy 

weight on the ground (Hussin, 2006). It is most effective in permeable and granular 

soils. Other techniques used included dynamic compaction, Vibro compaction, 

compaction, and grout surcharging with prefabricated vertical drains (Hussin, 

2006; Kitazume & Terashi, 2013; Moseley & Kirsch, 2004; Raj, 1999).  
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2.1.3.2 Reinforcement techniques 

Reinforcing elements like stone, concrete and piles are inserted into the ground to 

improve the overall bearing capacity of the soil. Stone columns, Vibro concrete 

columns, soil nailing, micro piles, and fracture grouting can be used to reinforce 

the ground (Hussin, 2006; Moseley & Kirsch, 2004; Raj, 1999). 

2.1.3.3 Fixation techniques 

These techniques improve the properties of soft soil by binding the soil particles 

together using binders such as cement, lime and fly ash (Moseley & Kirsch, 2004). 

Binder addition increases the soil’s strength and decreases its compressibility and 

permeability. These methods include permeation grouting, jet grouting and soil 

mixing (Hussin, 2006; Moseley & Kirsch, 2004; Raj, 1999). This study focus on 

the soil-cement mixing method. 

2.2 Binders 

2.2.1 Cement binder  

Cement is a fine powder that is an ingredient of concrete. It reacts with water to create 

the rigid structure known as concrete (Bye, 2011; Wansbrough, 1989). Ordinary 

Portland cement is manufactured by adding gypsum (CaSO4) to cement clinker and 

grinding it to a powder. CaSO4 is added as its serves to control the rate of hardening 

after mixing with water. Products of the hydration reactions like calcium hydroxide 

Ca(OH)2, ettringite (3CaO.Al2O3.3CaSO4.32H2O) and calcium silicate hydrate 

(3CaO.2SiO2.3H2O) are the main constituents that create the strength in concrete 

(Mounanga et al., 2004; Neville, 1995; Wansbrough, 1989). The major minerals of 

Portland cement are listed in Table 2.1 (Bye, 2011). 

As water contacts with cement particles, hydration reactions immediately start at 

the surface of the particles. At early ages, tricalcium silicate (C3S) and dicalcium 

silicate (C2S) react with water to form 3CaO.2SiO2.3H2O (C-S-H) and Ca(OH)2 

(C-H), which further react to form other hydration productions like ettringite and 
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monosulfoaluminate. After that, C3A and C4AF react with water to form 

3CaO.Al2O3.6H2O as Eqs. (2.1) - (2.6) (Mounanga et al., 2004; Neville, 1995). 

Table 2.1. Major mineral constituents of ordinary Portland cement 

Compound 
Abbrevi-

ation 

Chemical 

formula 

Typical 

concentration 
Features 

Tricalcium 

silicate 
C3S 3CaO.SiO2 60-70% 

very reactive 

compound, high 

heat of hydration, 

high early strength 

 

 Dicalcium 

silicate 
C2S 2CaO.SiO2 10-20% 

low heat of 

hydration, slow 

reaction 

Tricalcium 

aluminate 
C3A 3CaO.Al2O3 5-10% 

problems with 

sulphate attack, 

high heat of 

hydration 
Tetracalcium 

alumino-

ferrate 

C4AF 4CaO.Al2O3.Fe2O3 3-8% 

 hydrates rapidly but 

contributes very 

little to strength 

 *Notations: C: CaO, S: SiO2, A: Al2O3, F: Fe2O3 

2(3CaO.SiO2) + 6H2O ⇄ 3CaO.2SiO2.3H2O + 3Ca(OH)2   (2.1) 

2(2CaO.SiO2) + 4H2O ⇄ 3CaO.2SiO2.3H2O + Ca(OH)2   (2.2) 

3CaO.Al2O3 + 6H2O ⇄ 3CaO.Al2O3.6H2O     (2.3) 

3CaO.Al2O3 + 3(CaSO4.2H2O) + 26H2O ⇄ 3CaO.Al2O3.3CaSO4.32H2O (2.4) 

4CaO.Al2O3.Fe2O3 + mH2O ⇄ 3CaO.Al2O3.6H2O + CaO.Fe2O3.nH2O         (2.5) 

2(3CaO.Al2O3) + 3CaO.Al2O3.3CaSO4.32H2O + 22H2O ⇄   (2.6) 

(3CaO.Al2O3.CaSO4.18H2O) 

where 

Ca(OH)2: calcium hydroxide (C-H) 



-12- 

3CaO.2SiO2.3H2O: calcium silicate hydrate (C-S-H) 

3CaO.Al2O3.3CaSO4.32H2O: ettringite 

3CaO.Al2O3.CaSO4.18H2O: monosulfoaluminate 

3CaO.Al2O3.6H2O:  hydrogarnet 

In soil-cement mixing, pozzolanic reactions occur as Ca2+ reacts with water, soil 

silica and alumina to form calcium silicate hydrates and calcium aluminate 

hydrates (Terrel et al., 1979). Silica and alumina can be found in clay minerals, 

quartz, feldspars, micas, crystalline and amorphous in soil (Mallela et al., 2004). 

The pozzolanic reactions are summarised as: 

Ca(OH)2 ⇄ Ca
2+ 

+ 2(OH)
–        (2.7) 

Ca
2+ 

+ OH
– 
+ SiO2 ⇄ (C-S-H)        (2.8) 

Ca
2+ 

+ OH
– 
+ Al2O3 ⇄ (C-A-H)       (2.9)  

where C-A-H: calcium aluminate hydrate 

2.2.2 Binders 

Binders are a substance that, not surprisingly, binds other materials together. 

Binders like ordinary Portland cement, blast furnace slag cement type B slag, 

sulphate resistant cement or ordinary Portland cement mixed alumina, slag or fly 

ash are commonly used to increase the strength and stability of the soil-cement 

columns. The amount of binder added plays an important role in the development 

of the final strength characteristic of the columns (Kitazume & Terashi, 2013). For 

example, Fig. 2.1 shows that when the amount of cement is increased, the 

unconfined compressive strength (UCS) of stabilised soil is increased, and the 

hydraulic conductivity decreases (Kitazume & Terashi, 2013; Tokunaga, 2005). As 

a general guide, the ratio of cement to 1m3 dry original soil aw = 10-20% (C = 100-



-13- 

250 kg/m3) should be added. That ratio should be increased if the soil contains high 

organic content (Kitazume & Terashi, 2013).  

  

Fig. 2.1. Influences of binder type and amount of binder 

[Adapted from (Kitazume & Terashi, 2013)] 

2.3 Soil-cement columns 

The soil-cement column (Fig. 2.2) formed by the DMM of soil with cement and 

water is one of the geotechnical ground improvement methods (Moseley & Kirsch, 

2004). To make the column, dry binder or binder-water slurry is injected into the 

ground by a mixing machine with high-pressure injection. Depending on the 

construction, the diameter of soil mixing columns may vary from 0.4 to 2.4 m. 

Cement is mixed with the soil particles to form a mixture which then becomes 

stiffer and stronger than the original soil (Chai & Carter, 2011; Moseley & Kirsch, 

2004). This technique is often used in soft and wet soil (Chai & Carter, 2011). 

 

Fig. 2.2. Soil-cement columns 

(Retrieved from: http://www.lctechnology.us) 

Portland 
Cement 

Blast furnace 

slag cement 
type B 
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In the dry mixing method, the dry binder is blown into the ground by a mixing 

machine (Dehghanbanadaki et al., 2013) to create a column diameter of around 0.6 

to 2.0 m. The advantages of dry deep mixing are economics, flexibility, savings of 

material and energy, exploiting the properties of the soil at the site, small vibrations 

and low noise produced by the equipment (Holm, 2004). Fig. 2.3 shows the 

applications of wet and dry mixing methods in a wide range of soils. 

 

Fig. 2.3. Applications of wet and dry mixing methods 

(Retrieved from: http://www.lctechnology.us) 

2.4 Factors affecting characteristics of soil-cement columns 

Many factors could affect the properties of the soil-cement columns such as binder 

type (as discussed in section 2.2), soil characteristics, mixing and curing conditions 

(Kitazume & Terashi, 2013).  

2.4.1 Soil characteristics 

Soil characteristics such as soil type, grain size distribution, pH, organic content 

and natural water content all affect the properties of the final soil mixing column 

(Kitazume & Terashi, 2013). 
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Different soil types such as marine clay, organic clay, silt and sand contain various 

minerals. As a result, their reactions with the injected binder can affect the strength 

and permeability of the columns (Saitoh, 1988). For example, stabilised sand has 

higher strength than clay and peat as shown in Fig. 2.4 (Kitazume & Terashi, 

2013). 

 
Fig. 2.4. Effect of soil types on the strength of stabilised soil 

(Retrieved from: http://www.lctechnology.us) 

Babasaki et al. (1996) found that a low soil pH decreases the strength of the 

stabilised soil. Soil pH < 5 results in a much less strength gain than a soil with pH > 

5 (Fig. 2.5). This is attributed to the acid attack of the lime component in the cement 

(Babasaki et al., 1996).  

In approximately neutral pH environments, the characteristics of the stabilised soil do 

not show any significant change in the short term. While in high pH (alkaline) 

environments, cement treated soil columns are affected with the columns showing 

visible signs of erosion. As a result, the internal structure of the column becomes 

weakened, and in some cases, the strength of the soil-cement columns was found to 

have reduced by about 30% of the 28-day strength (Yang et al., 2013). 

For soft soils, the natural water content is also an important factor. If the water content 

is higher than the liquid limit, the strength of the stabilised soil will decrease 

(Kitazume & Terashi, 2013). In contrast, Fig. 2.6 shows that if the water content (W) 

is low and the binder content (C) is high, the strength will be high (Babasaki et al., 
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1996; Kitazume & Terashi, 2013). The unconfined compressive strength (qu) of the 

stabilised soil remains constant if the water/cement ratio (W/C) is the same. However, 

the soil-cement columns show higher strength with a lower value of W/C as shown in 

Fig. 2.6. (Horpibulsuk et al., 2005). 

 

Fig. 2.5. Effect of pH on the unconfined compressive strength 

(Babasaki et al., 1996) 

 

Fig. 2.6. Effect of water/cement ratio 

(Bruce et al., 2013) 

(W/C) 
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2.4.2 Mixing and curing conditions 

The characteristics of the soil mixing columns are also affected by mixing and curing 

conditions. The unconfined compressive strength (UCS) decreases if the mixing 

time is reduced (Kitazume & Terashi, 2013). The strength of the stabilised soil can 

also be increased by raising the curing temperature. This method is impractical in 

large scale soil stabilisation operations (Babasaki et al., 1996; Kitazume & Terashi, 

2013). Fig. 2.7 illustrates the effects of curing time and cement factor aw. 

 

Fig. 2.7. Effect of curing time 

(Kitazume & Terashi, 2013) 

2.5 Effects of seawater on soil-cement columns 

2.5.1 Seawater 

Table 2.2 lists the chemical analysis of major ions found in seawater from St. 

Vincent Gulf, South Australia (Mather, 1964). In seawater, about 3.5% dissolved 

salts can react with concrete to create other minerals or ions (Neville, 1995). In 

particular, for concrete construction in coastal areas, sulphate and chloride in 

(W/C) 
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seawater can react with the cement to create decreasing strength of the concrete. 

For stabilised soil, sulphate is the most severe factor because chloride usually only 

attacks steel in the concrete structure (Neville, 1995).  

Table 2.2. The ion concentration of seawater 

Analysis of seawater from St. Vincent Gulf, South Australia.  

Specific Gravity of seawater (25 oC) = 1.03 

Ion 
Concentration 

(g/100ml) 
Ion 

Concentration 

(g/100ml) 

Na+ 1.22 

 

Cl- 2.19 

Mg2+ 

 

 

0.145 

 

 

SO4
2- 

 

0.32 

Ca2+ 

 

 

 

0.056 

 

 

HCO3
- 

 

0.014 

K+ 0.044 Br- 0.008 

         *Note: pH of seawater is around 7.5 to 8.4 (Neville, 1995). 

2.5.2 Mechanism of chemical reactions 

The reactions among sulphate ions with C3A and C-S-H (calcium silicate hydrate) 

take place when the soil-cement columns are exposed to seawater. Sulphate can 

exist (precipitate) as sodium sulphate (Na2SO4), calcium sulphate (CaSO4), 

potassium sulphate (K2SO4) and magnesium sulphate (MgSO4). As the solubility 

of MgSO4 is very high (35.1 g/100mL at 20 oC), the attack by magnesium sulphate 

on the cementitious material is more severe than by other sulphates (Neville, 

1995). For example, MgSO4 reacts with C3A and Ca(OH)2 to create ettringite and 

Mg(OH)2. It also reacts with C-S-H to form M-S-H (magnesium silicate hydrate) 

via isomorphic substitution of calcium in C-S-H (Mather, 1964; Neville, 1995; 

Tiwari et al., 2014). The formation of ettringite leads to increased volume of the 

solid phase by as much as 227 percent (Neville, 1995). In addition, a further 

reaction between Mg(OH)2 and silica gel may cause deterioration because 

Mg(OH)2 and M-S-H have no binding properties (Tiwari et al., 2014).  
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Due to the swelling, cracking and leaching of calcium, the strength of concrete and 

the stabilised soil are decreased. If clay has a sulphate content of 0.03-0.05%, the 

product can induce swelling (Rajasekaran & Rao, 2005). Sulphate attack occurs 

via Eqs. (2.10) - (2.14) (Mather, 1964; Neville, 1995; Tiwari et al., 2014): 

Ca(OH)2 + MgSO4 + 2H2O  ⇄ CaSO4.2H2O + Mg(OH)2            (2.10)  

CaO.2SiO2.aq + MgSO4.7H2O ⇄                (2.11)  

CaSO4.2H2O + Mg(OH)2 + 2SiO2.aq.+ xH2O 

2(3CaO.Al2O3 .12 H2O) + 3(MgSO4.7H2O) ⇄              (2.12) 

3CaO.Al2O3.3CaSO4.32H2O+ 2Al(OH)3 + 3Mg(OH)2 + 8H2O 

3CaO.Al2O3.12 H2O + 3(CaSO4.2H2O) + 14H2O ⇄                       (2.13) 

3CaO.Al2O3.3CaSO4.32H2O 

4Mg(OH)2+ SiO2.H2O ⇄ 4(MgO).SiO2.8.5H2O + H2O                        (2.14) 

where 

Ca(OH)2: calcium hydroxide (portlandite); 

MgSO4: magnesium sulphate; 

CaSO4.2H2O: calcium dehydrate (gypsum); 

Mg(OH)2: magnesium hydroxide (brucite); 

SiO2.H2O: hydro silicate (silica gel); 

3(CaO).2(SiO2).8H2O: calcium silicate hydrate (C-S-H); 

4(MgO).SiO2.8.5H2O: magnesium silicate hydrate (M-S-H); 

3CaO.Al2O3.3CaSO4.32H2O: ettringite. 
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Based on the above chemical reactions, sulphate attack reduces the amount of Ca2+ 

and C-S-H, which play a major role in maintaining the strength of the stabilised 

soil. As a result, it reduces the strength of the structures. 

Sulphate attack creates more ettringite causing the structures to swell. 

Consequently, the soil-cement columns can crack, lose strength and increase the 

permeability (Neville, 1995). In addition, the formations Mg(OH)2 and M-S-H 

which do not contribute to concrete strength also have high volume and contribute 

to swelling and eventual cracking (Neville, 1995). 

In conclusion, exposure of soil-cement columns to seawater can cause the outer 

boundary layer of the column to deteriorate and crack. After long periods of 

exposure, the strength of the columns will decrease lowering the designed strength 

and ultimately failing in the worst case scenario. 

2.6 Reducing the effects of sulphate attack 

There are some methods used to increase the resistance of a cementitious material 

to the effects of sulphate attack. The three main methods are discussed below. 

2.6.1 Cement content and clay-water/cement ratio 

Researchers suggested that the unconfined compressive strength (UCS) gains 

significantly with the increasing cement content (Fig. 2.4). By raising the amount 

of the stabilisation agent, not only the UCS of the stabilised soils increases but 

also the permeability decreases (Kitazume & Terashi, 2013; Tokunaga, 2005; 

Westerberg et al., 2005). 

For cement treated soil, if the value of clay–water/cement ratio (W/C) is reduced, 

the UCS, permeability and the deformation of the stabilised soil are improved 

(Horpibulsuk et al., 2005; Tokunaga, 2005). It is uneconomical to use high cement 

content; however, to increase the UCS in a cost effective manner, the addition of 

alternative pozzolans can be used. 
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2.6.2 Alternative pozzolans 

Fly ash, blast furnace slag and silica fume (Fig. 2.8) are the most common cost 

effective pozzolans. Fly ash is a fine grey powder that can increase the resistance 

of concrete to the attack of sulphate. Blast furnace slag is a nonmetallic product 

that consists primarily of silicates, aluminosilicates and calcium alumina silicates. 

These pozzolans can increase the strength and reduce the permeability of treated 

soil in marine environments (Kosmatka et al., 2002; Rodrıguez Camacho & Uribe 

Afif, 2002).  

 

Fig. 2.8. Class C fly ash, Metakaolin, Silica Fume, Class F fly ash, Slag, and 

Calcined Shale. 

(the Portland Cement Association) 

Pozzolanic materials combine with calcium hydroxide (C-H) and water in the mix 

to increase the final UCS. They also reduce the porosity through the formation of 

calcium silicate hydrate (C-S-H) (Kosmatka et al., 2002). Using pozzolanic 

materials leads to lower initial compressive strength in the product and decreases the 

resistance to erosion and weathering action (Koohpeyma et al., 2013). Moreover, 

these methods also require complicated techniques to use. 
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2.6.3 Using sulphate resistance cement 

In Australia, sulphate resistant cement is known as Type SR cement. This 

specification limits the C3A content to less than 5 percent. The low C3A content 

means that it has high silicate content and this gives the final concrete product a 

high strength. Sulphate resistant cement is an expensive product (Neville, 1995) 

and produces a concrete having a lower rate (20%) of strength development 

(Guirguis, 1998). 

2.7 Historical review on strength gain of cementitious materials 

2.7.1 Concrete strength gain theory 

Unconfined compressive strength of concrete is defined as the measured maximum 

resistance of concrete or mortar specimen to an axial load, usually expressed in 

MPa or kN/m2 at an age of 28 days (Mehta & Monteiro, 2006; Neville, 1995). 

Strength gain in concrete depends on factors such as the characteristics of the 

cement, water, aggregates (coarse/fine), water/cement ratio, aggregate/cement 

ratio, age of concrete, compaction of concrete, temperature, relative humidity and 

curing conditions (Mehta & Monteiro, 2006; Neville, 1995). In general, the 

strength gain over time of concrete can be expressed as Fig. 2.9. 

In terms of the time dependent strength gain of concrete, many studies showed that 

the strength of concrete at any age “t” could be predicted by Eq. (2.15) based on 

its strength at 28 days as shown in Fig. 2.9 (Hasan & Kabir, 2011; Janković et al., 

2011; Wood, 1992).  

28

u u

t
q q

a bt



                  (2.15) 

where 

qu: UCS strength (kN/m2); 
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a and b: constants;  

28

uq : 28-day strength; and  

t: age of concrete (day) 

 

Fig. 2.9. Strength gain of concrete 

[Adapted from (Neville, 1995)] 

2.7.2 Strength gain of soil-cement columns 

Unconfined compressive strength of the stabilised soil depends on the type and 

amount of cement, the type and characteristic of the soil, mixing and curing 

conditions (Kitazume & Terashi, 2013). Saitoh (1988) and Kitazume et al. (2002) 

conducted experiments on the strength of stabilised soil, and they found that the 

rate of strength gain depends on the type of soil and binder. Fig. 2.10 shows the 

strength gain of soil-cement column with ordinal Portland cement content of 150 

kg/m3 (Kitazume & Terashi, 2013). 

The long-term strength of the soil-cement columns exposed to seawater has also 

been studied by Japanese researchers (Hayashi et al., 2002; Ikegami et al., 2005; 

Kitazume et al., 2002). Fig. 2.11 shows the strength increase of different soils when 

combined with various binders. 
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Fig. 2.10. Strength gain of stabilised soil 

[Adapted from (Kitazume & Terashi, 2013)] 

Overall, the strength of stabilised soil can be expressed as:  

qul = function (soil type, binder, W/C, Oc, Fc, Tc, etc.)              (2.16) 

quf = function (qul, Tc, tc, mixedness, environment, machine, procedure)       (2.17) 

where 

quf: the unconfined compressive strength of in-situ stabilised soil (kN/m2); 

qul: the unconfined compressive strength of stabilised soil manufactured in 

the laboratory (kN/m2); 

W/C: ratio of water and cement in weight; 

Fc: fine grain content; 

Oc: organic matter content; 

tc: curing period (day); 

Tc: curing temperature (oC). 
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Fig. 2.11. Strength gain over time 

(Kitazume & Terashi, 2013) 

According to Saitoh (1988), the long-term compressive strength gain of non-

deteriorated soil-cement columns has a linear relationship with the logarithm of 

time, expressed as: 

lnuq A B t                               (2.18) 

where  

uq : the strength of soil-cement column (kN/m2); 

A and B: constants; and 

t: the age of the soil-cement column (day). 

2.8 Long-term strength of soil-cement columns in marine areas 

There have only been a small number of investigations into the durability of soil-

cement columns despite this being an important aspect. Researchers in Japan found 

that the strength at the core portion of stabilised soil columns increases almost 

linearly with the logarithm of elapsed time (Hayashi et al., 2002; Ikegami et al., 



-26- 

2005; Kitazume et al., 2002; Saitoh, 1988; Terashi et al., 1980). In contrast, the 

strength at the outer boundary of the soil-cement columns (Fig. 2.12) reduces due to 

the impact of seawater (Kitazume et al., 2002). Depending on exposure conditions, 

the rate of this progress is different (Hayashi et al., 2002; Ikegami et al., 2005; 

Kitazume et al., 2002). Nevertheless, there are very few published studies 

investigating the deterioration as a function of radial depth or the effect of high 

sulphate concentrations. 

Deterioration depth

SOIL-CEMENT COLUMN

Time

Strength

Strength gain

Strength reduction
0

Total strength

core portion

w

 

Fig. 2.12. Strength development of the soil-cement columns 

[Adapted from (Kitazume & Terashi, 2013)] 

2.8.1 Prediction of deterioration depths 

As discussed above, calcium leaching is one of the main reasons of soil-cement 

column destruction in marine environments. Therefore, it is possible to predict the 

deterioration of these columns based on the calcium leaching. By analysing the 

diffusion trend of calcium by determining the amount of calcium in the sample and 

the solution, a numerical model can be developed to predict the calcium leaching 

from the samples. Alternatively, the depths (radial) of deterioration of the soil-

cement columns can be predicted based on early strength test data by an analytical 

model. The observations of strength change at each position by time and the total 

strength of soil-cement columns can be used to establish a trend of deterioration as 

a function of time. 
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Nishida et al. (2002) observed a strength change of cement treated soil in 

Hokkaido, Japan after 17 years and developed a calcium leaching model to predict 

the strength of these columns. They determined that the deterioration process was 

proportional to square root of time (Nishida et al., 2002). However, in that study, 

they did not calibrate the model’s results with any practical data. 

According to Ikegami et al. (2005), the deterioration depth has a relationship with 

the square root of time as shown in Fig. 2.13. So, the deterioration depth of the soil-

cement columns is determined as 

0

0

log - log 1

log - log 2

w w

t t
                   (2.19) 

where  

w: the deterioration depth at t (day);  

w0: the deterioration depth at t0; and  

t: the time (day) from t0. 

 

Fig. 2.13. Depth of deterioration 

[Adapted from (Ikegami et al., 2005)] 
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Analytically, Cui et al. (2014) provided a prediction of the deterioration process of 

cement treated soil in a saltwater estuarine region. In their research, the soil was 

treated with high amounts of cement (aw = 17.58%) and exposed to low sulphate 

concentration (1.1 g/l, compared with 3.2 g/l in seawater). They reported an only 

small change in the strength of the soil-cement columns. In addition, the correlation 

coefficient (R2) of the applied curve fitting were low (R2 = 0.81 and 0.26) indicating 

that their model may provide highly variable results. 

In this research, an analytical model was applied based on the change of total 

strength of soil-cement samples (UCS test), the change of strength at different 

depths over time (needle penetration resistance test), the change of calcium 

consumption at some positions (TGA), chemical analysis and image analysis. By 

combining these methods, the model becomes more accurate and reliable allowing 

a greater confidence when predicting the depth of deterioration. 

2.8.2 Long-term effects of sulphate concentrations 

According to Mather (1964), sulphate attack processes depend on many factors 

such as the type of cement, concentration of sulphate and exposure period. 

However, there have been few studies on the effect of sulphate concentrations on 

the durability of cement treated soil.  

In the coastal areas, soil can contain high amounts of sulphate which may be formed 

naturally or via anthropogenic activities such as pyrite oxidation. Ground water and 

other environment conditions can transform pyrite, gypsum, iron, aluminium and 

other metals (Rajasekaran, 1994). In addition, sulphates in soil could come from 

industrial wastes containing sulphates (Rajasekaran, 1994). In Australia, acid sulphate 

soils (pyrites) can be found in approximately 95,000 km2 East Coast Australia (EPA, 

2007; Ohtsubo, 1995), and therefore presents a potential threat to coastal 

infrastructures. 
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In terms of the durability of mortar and cement, Türker et al. (1997) conducted 

experiments with sulphate solutions at 0.6%, 4% and 16%, and they found that 

high sulphate concentrations damaged mortar in different stages. In addition, Amin 

et al. (2008) reported that the strength loss of mortar increases when the 

concentrations of sulphate solutions increase from 1% to 5%. The same 

conclusions were also found in the studies of Umoh and Olusola (2012), Yang et 

al. (2012) and Amin et al. (2008). 

Al-Dulaijan (2007) measured the strength reduction of some types of cement 

mortars in different magnesium sulphate concentrations (1%, 2% and 4%) as 

shown in Fig. 2.14. It can be seen from the figure that the deterioration of cement 

mortar increases with increasing sulphate concentration. 

 

Fig. 2.14. Effects of sulphate concentration on the deterioration 

[Adapted from (Al-Dulaijan, 2007)] 
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CHAPTER 3. EXPERIMENTAL PROCEDURE AND 

METHODOLOGY 

3.1 Soil sample 

The soil (unstabilised) used in the experiment (> 200 kg) was collected from 

between 0-5 m depth from the rail flyover modification project - MSM Bays at the 

Hunter Wetlands National Park, Newcastle, New South Wales, Australia. The rail 

project applied the dry mixing method to stabilise the ground with a cement content 

of 120 kg/m3 to achieve the required unconfined compressive strength of [qu] = 

2.5[qu
28] with [qu

28] = 250 kPa (NCIG, 2012). The soil was transferred into eight 

containers (Fig. 3.1) for storage prior to sample testing. 

 

Fig. 3.1. Soil sample 

To determine properties of the soil, it is necessary to conduct tests such as water 

content (W), plastic limit (WP), liquid limit (WL), plastic index (PI), grain 

distribution (pi), density () and chemical analysis. The soil in the centre of each 

container was collected to do these experiments. 
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3.1.1 Water content  

This test was conducted according to standard AS 1289.2.1.1-2005-oven drying 

method. During the test, five samples (of 100 g) were prepared and dried in the 

oven at 105 oC for 24 hours. The average result was calculated from these data 

(AS1289.2.1.1, 2005). 

3.1.2 Plastic limit  

Australian Standard AS 1289.3.2.1-2009 was applied for this test. In detail, 8g of 

soil was rolled out into a thread until slight cracks appeared on its surface and the 

thread of soil breaks apart at 3 mm diameter. The average moisture content of 

duplicate tests was taken as the plastic limit (AS1289.3.2.1, 2009). 

3.1.3 Liquid limit  

According to standard AS 1289.3.1.1-2009-Four points Casagrande method, 250 

g soil passing the 425 µm sieve was used to conduct four experiments with 20 to 

40 blows. The moisture content was measured after plotting these results on a 

semi-logarithmic chart. The liquid limit of the soil was determined as the value 

that meets the point of 25 blows (AS1289.3.1.1, 2009). 

3.1.4 Plastic index  

The plastic index was calculated from the plastic limit and liquid limit by: 

PI = WP - WL            (3.1) 

where 

PI: Plastic index;  

WP: Plastic limit; and  

WL: Liquid limit. 
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3.1.5 Grain size distribution 

There are different tests for sand or clay. For sand, standard AS 1289.3.5.1-2006 

was used to analyse the size distribution of particles according to the sieve method 

(AS1289.3.5.1, 2006). For clay particles, the hydrometer method (AS1289.3.6.3, 

2003) was used to analyse the sample. Both methods were applied here to 

determine grain size distribution. 

3.1.6 Bulk density of soil 

The bulk density of soil is the total weight of a unit volume of soil. The test was 

conducted as per standard ASTM-D7263 (2009). A cylindrical shape of the 

specimen with a diameter of 45 mm and height of 18.8 mm was used in the test.  

3.1.7 Chemical analysis 

The original soil was analysed for the cation exchange capacity method. The 

analyses include extractable sodium, potassium, calcium, magnesium, pH, 

aluminium, exchangeable sodium percentage and cation exchange capacity.  

3.2 Soil-cement mixing sample 

To conduct the test, equipment including moulds, an electric mixer, metal bowls 

and curing containers were prepared in the laboratory. The mould was made from 

PVC tube with a diameter d = 53.2 mm and height h = 2d = 106.4 mm (Fig. 3.2). 

In total, fifty moulds were made to use for the experiment. The mixer is shown in 

Fig. 3.3. 

The soil-cement mixing specimens were made by the dry mixing method. About 3 

kg of original soil was added to a bowl and mixed for about 2 minutes. Cement 

was then added to the bowl at the cement content of 120 kg/m3. The mixture was 

mixed for 10 minutes. During the mixing time, it was necessary to stop the machine 

to clean the stabilised soil which sticks to the stirring blades (JGS, 2005). Plastic 
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cling wrap was used to cover the bottom of the cylinder. In addition, a thin layer 

of oil was also put on the inside of the mould so that the soil sample was easy to 

remove. When the soil-cement specimens were removed from the moulds, the oil 

was cleaned by tissue paper. 

 

Fig. 3.2. Moulds 

 

Fig. 3.3. Mixer machine 
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The mixture was put into the mould in 3 layers. For each layer, the mould was 

tapped on the floor (10 times) to reduce entrained air bubbles in the mixture (JGS, 

2005). Finally, the specimens were covered with plastic wrap and labelled before 

storing in containers in a fog room (Fig. 3.4) with humidity at 95% and temperature 

at 20 oC (JGS, 2005). 

To prepare for the experiments, a hundred of specimens were created and cured in 

the fog room. When the soil-cement samples reached the standard strength (28-day 

strength), the specimens were taken out of the cylinder moulds. The diameter, height 

and weight of them were measured to determine the density of soil-cement samples. 

About sixty-five soil-cement samples with a density in the range of 1.90 to 1.91 

g/cm3 were chosen from the preparing specimens and divided into four groups, 

namely G0, G1, G2 and G3 as shown in Table 3.1. At that time, uniaxial 

compression tests were conducted to measure the initial strength (28-day strength) 

of the samples in the group G0. The specimens in the group G1 were used as control 

samples which were sealed in a container and cured under standard conditions (20 

oC and 95% relative humidity). The groups G2 and G3 were immersed in 100% and 

200% seawater (SW) respectively (see Fig. 3.5). The purpose of using 200% 

seawater is to observe the effects of the high sulphate concentration and the relation 

between high concentrations with the normal (100%) seawater condition.  

The UCS and the needle penetration resistance tests were conducted at 28 days (T0), 

58 days (T1), 118 days (T3), 208 days (T6) and 388 days (T12) as shown in Fig. 3.6. 

For each test, five samples were tested as shown in Table 3.1. A mean value of 

these repeated tests was used for further analyses. In addition, a coefficient of 

variation (CV) was applied to observe the error among these tests. The coefficient 

of variation was calculated by: 

100%
s

CV
x

           (3.2) 

where  
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s: the sample standard deviation; and 

x : sample mean. 

 

Fig. 3.4. Soil-cement samples stored in the fog room 

 

Fig. 3.5. Curing conditions 

 

Fig. 3.6. Testing time 
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Table 3.1. Groups of specimens 

Time Control 100% SW 200% SW 

T0 (28 days) G0:1-5 - - 

T1 (58 days) G1:1-5 G2:1-5 G3:1-5 

T3 (118 days) G1:6-10 G2:6-10 G3:6-10 

T6 (208 days) G1:11-15 G2:11-15 G3:11-15 

T12 (388 days) G1:16-20 G2:16-20 G3:16-20 

where 

T0: the test conducted at 28 days; 

T1: the test conducted at 58 days; 

T3: the test conducted at 118 days; 

T6: the test conducted at 208 days; 

T12: the test conducted at 388 days. 

The needle penetration resistance force of stabilised soil was recorded continuously 

by a needle penetration testing system. The strengths at 2, 5 and 10 mm depth were 

used to observe the strength change as a function of time, depth and sulphate 

concentration. After measuring the UCS, the specimens were cut into small pieces to 

analyse the calcium consumption (TGA), chemical concentration (chemical analysis) 

and penetration depth observation (image analysis).  

3.3 Uniaxial compression test 

The uniaxial compression test was conducted to measure the unconfined 

compressive strength of all stabilised soil samples. It was conducted by standard 

D2166-06. The compressive rate of 1 mm/min was applied for these tests giving 

the axial strain rate on the specimen of 0.625 %/min (in the range of 0.5 - 2 %/min 

as a recommendation of the standard).  
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Before testing, all samples were measured for their height and diameter by a 

Vernier. The displacement sensor and load cell were calibrated as a requirement 

of the standard (the calibration information of them supplied by the manufacturer). 

The axial compressive force (F) and the displacement () were recorded 

automatically by a computer during the test (Fig. 3.7). Fig. 3.8 shows a test result 

of a UCS test and the compression force is the highest point in the displacement 

versus load plot.  

The unconfined compressive strength of the sample is calculated as: 

u

F
q

A
           (3.3) 

where  

 uq : unconfined compression strength; 

F: axial compressive force; and 

 A: cross area of the sample 

  

Fig. 3.7. Uniaxial compression test 

(from left to right: compression machine, soil-cement samples before testing, 

soil-cement samples after testing) 



-38- 

 

Fig. 3.8. Uniaxial compression test result 

3.4 Needle penetration resistance test 

Needle penetration resistance test is used to measure the resistance of material to 

a needle being pushed into its surface. The test has been widely used in concrete, 

petroleum, bitumen and soft rock testing (Ngan-Tillard et al., 2011; Ulusay & 

Erguler, 2012). In concrete science, the structure of the needle penetrometer is 

shown in Fig. 3.9. Japanese researchers developed a needle penetration system to 

determine the strength distribution (UCS) in stabilised soil indirectly (Hayashi et al., 

2002; Kitazume et al., 2002; Takashi et al., 1999). They also developed a 

relationship between the UCS and the needle penetration resistance (NPR) from 

experimental data to transfer the measured NPR to the UCS of the material.  

This test was applied successfully in cement treated soil testing in the research of 

Kitazume et al. (2002). In their study, a needle with a diameter of 0.56 mm and a 

compression machine were used to measure the needle penetration resistance. 

During the test, a penetration speed of 3 mm/min was maintained, and the resistance 

forces were recorded continuously (Kitazume et al., 2002; Ulusay & Erguler, 2012). 

Even though the needle test has been used popularly in the concrete science and rock 
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mechanics, it is not a standardised test for soil-cement mixed materials (Klimesch 

& Ray, 1997; Ulusay & Erguler, 2012).  

 

Fig. 3.9. Concrete needle penetrometer and its parts 

1. presser, 2. chuck, 3. penetration scale, 4. load scale, 5. load indicating ring, 

6. penetration needle. 

(Ulusay & Erguler, 2012) 

In this research, a needle penetration test system was designed and constructed in-

house based on the work of Kitazume et al. (2002). A needle with a diameter of 0.75 

mm and 15 mm length was used to penetrate the sample. To measure the needle 

penetration resistance force, a load cell (0.5 kN) was used in conjunction with the 

compression machine as shown in Fig. 3.10. During the test, a penetration speed of 1 

mm/min was applied to increase the accuracy in the results and the resistance force 

was recorded continuously.  

To examine point test heterogeneity, testing was done at three different locations 

on the surface such as at 2 cm from the bottom of the samples, in the middle of the 

samples and on the top surface (ends) of the samples. The results of these tests 

showed very similar values indicating a uniform mix in the final samples. 

Consequently, the resistance at the middle of the samples was chosen to measure 

all needle penetration resistance tests. 
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Fig. 3.10. Needle penetration resistance test system 

To conduct the test, a testing point was marked with a pen. The sample was placed 

horizontally on a plastic tray on top of a height adjustable platform. The tray was 

used to hold and fix the samples so that it could not move during the experiment 

time (see Fig. 3.10). The platform was adjusted so that the needle contacts the 

surface of the sample. Finally, the load cell and displacement sensor were 

calibrated before starting the test. 

During the experiment time, the needle may become corroded or blunt and provide 

a wrong resistance force. Therefore, some tests were conducted to compare the 

results of new and used needles. Consequently, the results of these tests were similar.  

3.5 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a technique used to measure the mass 

change of material in an increasing temperature from 25 to 1000 oC. This method 
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has been used in cement science to determine the amount of water and the 

composition of minerals in concrete.  

To conduct the test, some soil-cement samples were cut in cross sections and dried in 

a microwave to release moisture contained in the samples. This method is used to stop 

the pozzolanic process when samples are to be stored for TGA test at a later date 

(Jacobson et al., 2003). To prepare for the TGA test, these cross sections were cut, 

and the soil-cement at the positions of 2, 5 and 10 mm depth were collected. The soil-

cement grain was ground by mortar and pestle to homogenise the sample as shown 

in Fig. 3.11.  

 
(1)                               (2) 

 
   (3)                                                         (4) 

Fig. 3.11. Samples preparation for TGA analysis 

(1): cross section of soil-cement samples; (2): grounding samples; (3): labelling;  

(4) storing samples in a desiccator 
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Some limitations could lead to substantial errors in a soil-cement sample, mainly 

sensitivity to drying conditions (Dilnesa, 2012). However, this is overcome by 

drying the soil-cement for 24 hours at 105 oC then cooling in a desiccator to room 

temperature period to analysis so that the initial temperature of the tests is below that 

of the TGA start temperature. 

The TGA machine (Fig. 3.12) was tared (zeroed) using an aluminium oxide crucible. 

Then, around 20-30 mg soil-cement was put carefully into the crucible. The tests were 

conducted by heating the samples to 1000 oC with the rate of 10 oC/min (Mertens et 

al., 2009). To prevent sample oxidation, nitrogen gas was injected into the system at 

60 ml/min (Mertens et al., 2009). The test was conducted over 150 minutes for each 

sample according to the method of Lawrence et al. (2006). The portlandite 

consumption in the soil-cement samples was measured by the TGA analysis.  

 

Fig. 3.12. TGA 1 – Thermogravimetric Analyser (METTLER TOLEDO) 

In terms of soil-cement columns, TGA can be used to determine the change in 

calcium consumption due to hydration and pozzolanic reactions (Horpibulsuk et al., 

2013; Matschei, 2007). Free portlandite (Ca(OH)2) content in the samples is 
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determined from the mass losses in the range of 400-500 oC (dehydration) and 600-

800 oC (decarbonation), respectively (Damidot et al., 2011; Lawrence et al., 2006; 

Silva et al., 2014). These values can be measured in the TGA curve as shown in Fig. 

3.13. According to Silva et al. (2014), the calcium consumption is measured as: 

 o
2free CH H OCH(400-500 C)

CH = (ML × MM ) / MM       (3.4) 

 o
3 22

carbonation CaCO COCO (600-800 C)
CH = (ML × MM ) / MM      (3.5) 

0cal consumption free carbonationcal
CH = CH - (CH + CH )      (3.6)  

where 

freeCH : the free portlandite (Ca(OH)2) content;  

oCH(400-500 C)
ML : the mass loss between 400oC and 500oC corresponding to 

portlandite dehydration;  

2H OMM : the molar mass of H2O, (18 g/mol);  

CHMM : the molar mass of the portlandite, (74.09 g/mol); 

carbonationCH : the lime consumed in the carbonation reaction;  

 o
2CO (600-800 C)

ML : the mass loss between 600 oC and 800 oC corresponding to 

carbonate decomposition;  

3CaCOMM : the molar mass of CaCO3, (100.08 g/mol);  

2COMM : the molar mass of CO2, (48 g/mol); 
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0cal
CH : the initial calcium content in cement, 

0cal
CH = 65% (as per 

manufactures specifications of GP cement);  

cal consumptionCH : the calcium consumption in the hydration and pozzolanic 

reactions. 

 

Fig. 3.13. TGA curve 

3.6 Image analysis 

A dye-impregnation technique was applied to observe the penetration depth of 

stabilised soil by image analysis. In concrete science, this technique has been used 

to investigate the microstructure and the air-void characteristics of a sample. As a 

counter-diffusion process, the dye can replace the pore water in the sample when 

the soil-cement sample is immersed in the dye solution. The sample preparation 

follows the instructions of Hornain et al. (1996). 

In detail, the soil-cement sample was immersed in dye solution in seven days. A 

Rhodamine B dye (Fig. 3.14) was used at 15 g/l water (Roth, 2013). These samples 

were then cut by a saw and cleaned carefully to remove debris. A stereomicroscope 

at 10X magnification was used to observe and record scanned images of the dye 

impregnated samples (Fig. 3.15). 
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Fig. 3.14. Rhodamine B dye 

The immersed time was calculated by the permeability of the soil-cement mix and 

the observed UCS (k = 5×10-8 cm/s) as shown in Fig. 3.16 (Kitazume & Terashi, 

2013). Therefore, for the penetration of dye to 10 mm depth, it is necessary to 

immerse the samples in the dye solution for seven days. 

 

Fig. 3.15. Microscope 
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Fig. 3.16. Relationship between coefficient of permeability and unconfined 

compressive strength of stabilised soil 

( Kitazume & Terashi, 2013) 

The images at the depths 2, 5 and 10 mm were used to analysis the percentage of 

red dye (Fig. 3.17). The right position was determined by a ruler attached in the 

samples. To take the best picture, the light and scale were adjusted so that the picture 

could be observed clearly (Fig. 3.18).  

 

Fig. 3.17. Sample preparation 
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Fig. 3.18. Image analysis 

ImageJ freeware software was used to analyse the images. At each depth, the 

picture was cropped in the area of 60×60 pixel. Then they were adjusted for 

brightness and contrast before adjusting threshold colour. The area of red colour 

was measured by ImageJ software. The percentage of the red area reflects the 

destruction level of the sample at that position. If the red area is high, the 

destruction level in the samples is high. 
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CHAPTER 4. EXPERIMENTAL RESULTS AND 

DISCUSSION 

4.1 Properties of soft soil 

The summary of the soil properties is shown in Table 4.1. 

Table 4.1. Soil characteristic 

Properties Value 

Calcium (mg/kg) 4351.02 

Magnesium (mg/kg) 2531.91 

Potassium (mg/kg) 1561.31 

Sodium (mg/kg) 1521.66 

Sulphate (mg/kg) 785.61 

Silicon (mg/kg) 367.0 

Water content (%) 37.7 

Liquid limit (%) 25 

Plastic limit (%) 19 

Density (g/cm3) 1.68 

4.1.1 Water content  

Water content in the soil was measured as: 

100%b c

c a

m m
W

m m


 


                  (4.1) 

where  

ma: the weight of the sample (g); 

mb: the weight of initial soil and sample (g); and 

mc: the weight of dried soil and sample (g); 
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Table 4.2 shows that the initial water content of the soil is around 37.7% (W = 

37.7%). 

Table 4.2. Water content 

Sample 1 2 3 4 5 

ma (g) 169.60 220.07 1.21 1.30 1.24 

mb (g) 1187.90 615.17 61.10 121.10 89.80 

mc (g) 903.05 508.95 45.13 89.00 64.55 

mb - mc 284.85 106.22 15.97 32.10 25.25 

mc - ma 733.45 288.88 43.92 87.70 63.31 

Wi (%) 38.84 36.77 36.36 36.60 39.88 

W (%) 37.69 

4.1.2 Liquid limit  

The moisture contents of the liquid limit test are shown in Table 4.3. 

Table 4.3. Liquid limit 

Sample 1 2 3 4 

Blows 15 30 22 38 

ma (g) 1.24 1.18 1.17 1.18 

mb (g) 16.13 15.66 14.44 17.26 

mc (g) 13.13 12.86 11.79 14.18 

mb - mc 3.00 2.80 2.65 3.08 

mc - ma 11.89 11.68 10.62 13.00 

Wi (%) 25.23 23.97 24.95 23.69 

The number of blows and the moisture content is plotted in Fig. 4.1. As 25 blows, 

the liquid limit is determined to be 24.55%. So, WL = 25. 
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Fig. 4.1. Water content 

4.1.3 Plastic limit  

The moisture contents of the plastic limit test are shown in Table 4.4. 

Table 4.4. Plastic limit 

Sample 1 2 

ma (g) 1.17 1.19 

mb (g) 6.21 9.42 

mc (g) 5.40 8.11 

mb - mc 0.81 1.31 

mc - ma 4.23 6.92 

Wi (%) 19.15 18.93 

W (%) 19.04 

Table 4.4 indicates that the plastic limit is around 19% (WP = 19). 

4.1.4 Plastic index  

The plastic index was calculated based on the liquid limit and plastic limit results. 

PI = WL - WP = 25 - 19 = 6 

As PI < 7, the soil is sand-clay soil (ASTM, 2011). 
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4.1.5 Grain distribution 

The size distribution of the particle larger than 75 µm is shown in Table 4.5, and 

Table 4.6 shows the result of hydrometer analysis. 

Table 4.5. Sieve analysis 

Sieve size 

(mm) 

Weight 

retained 

Weight 

passing 

pi (%) 

passing 

pi (%) 

retained 

4.750 0.00 282.50 100.00 0.00 

2.360 5.83 276.67 97.94 2.06 

1.180 10.39 266.28 94.26 5.74 

0.600 14.06 252.22 89.28 10.72 

0.425 28.99 223.23 79.02 20.98 

0.300 30.35 192.88 68.28 31.72 

0.150 55.01 137.87 48.80 51.20 

0.075 60.68 77.19 27.32 72.68 

 

Table 4.6. Hydrometer analysis 

Elapsed     

Time 

(min.) 

Hyd. 

Reading              

R'h 

Tem. 

°C 
F1 F2 F3 

D 

(µm) 

L 

(%) 
K (%) 

pi (%) 

passing 

0.0  21.00        

0.5 1.0175 21.00 3.6 1.328 14.14 67.60 23.03 76.97 22.76 

1.0 1.0165 21.00 3.6 1.328 10 47.81 27.35 72.65 19.59 

2.0 1.0148 21.00 3.6 1.328 7.07 33.80 34.70 65.30 17.61 

4.0 1.0135 21.00 3.6 1.328 5 23.90 40.32 59.68 16.09 

8.0 1.0121 21.00 3.6 1.328 3.54 16.92 46.38 53.62 14.46 

15.0 1.0105 21.00 3.6 1.328 2.58 12.33 53.30 46.70 12.60 

30.0 1.0087 20.00 3.6 1.328 1.83 8.75 61.95 38.05 10.26 

60.0 1.0077 20.00 3.6 1.344 1.29 6.24 66.27 33.73 9.10 

120.0 1.0066 19.50 3.6 1.352 0.91 4.43 71.46 28.54 7.70 

240.0 1.0056 19.50 3.6 1.352 0.65 3.16 75.78 24.22 6.53 

1560.0 1.0044 19.50 3.6 1.352 0.25 1.22 80.97 19.03 5.13 
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where 

R'h: hydrometer reading at the upper rim of the meniscus; 

F1: the factor from the calibration graph of F1 and R'h;  

F2: the factor depended on the appropriate sediment temperature and particle 

density; 

F3: the factor calculated by 
3 10F t ; 

D: the equivalent particle diameter, D = F1×F2×F3; 

L: the percentage by mass of particles larger than D; 

K: the percentage by mass of particles finer than D; 

pi: the percentage by mass of particles passing D size. 

The grain size distribution of the soil sample is plotted in Fig. 4.2. 

 

Fig. 4.2. Grain size distribution 

So, the soil used in the research is a sand-clay soil. 
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4.1.6 Density of soil 

The density of soil was calculated as: 

m

V
                       (4.2) 

where  

: the density of soil sample (g/cm3); 

m: the weight of soil (g); and 

V: the volume of soil (cm3); 

The test results are shown in Table 4.7. 

Table 4.7. Density of soil 

Sample 1 2 3 

V (cm3) 29.9 29.9 29.9 

m (g) 50.21 50.30 50.26 

i (g/cm3) 1.679 1.682 1.681 

 (g/cm3) 1.68 

So, the density of soil is 1.68 g/cm3. 

4.1.7 Chemical analysis results 

Chemical analysis of the original soil is shown in Table 4.8. 

Table 4.8. Chemical analysis of the original soil 

Metals Value 

Silver (mg/kg) 0.04 

Arsenic (mg/kg) 5.25 

Lead (mg/kg) 4.34 
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Cadmium (mg/kg) 0.03 

Chromium (mg/kg) 18.4 

Copper (mg/kg) 8.42 

Manganese (mg/kg) 107 

Nickel (mg/kg) 14.5 

Selenium (mg/kg) 0.46 

Zinc (mg/kg) 31.1 

Mercury (mg/kg) 0.015 

Iron (%) 1.71 

Aluminum (%) 1.00 

Boron (mg/kg) 8.48 

Silicon (acid soluble) (mg/kg) 367 

Vanadium (mg/kg) 24.9 

Cobalt (mg/kg) 10.7 

Molybdenum (mg/kg) 0.57 

Barium (mg/kg) 10.9 

Calcium (mg/kg) 4,351 

Magnesium (mg/kg) 2,532 

Potassium (mg/kg) 1,561 

Sodium (mg/kg) 1,522 

Phosphorus (mg/kg) 184 

Sulphate (mg/kg) 785.61 

 

4.2 Soil-cement columns core strength gain 

4.2.1 Unconfined compressive strength 

Based on the data (UCS tests) obtained from the samples that were cured at 20 

oC and 95% moisture (control samples), the mean values of strength and the 

coefficient of variation (CV) are shown in Table 4.9. These data are plotted in 

Fig. 4.3. It can be seen from the figure that the strength gain versus time of the 

stabilised soils is similar with cement theory. 
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Table 4.9. UCS results 

Number of 

curing days 

The strength 

(kN/m2) 
CV (%) 

1 468.75 13.3 

3 791.03 7.9 

6 1032.71 3.0 

13 1201.17 4.9 

28 1702.70 3.6 

58 2103.96 3.2 

118 2417.09 4.6 

208 2695.22 1.8 

388 2951.76 1.9 

 

 

 

Fig. 4.3. Strength gain of the control samples 

4.2.2 Prediction of soil-cement columns core strength gain 

Fig. 4.3 was represented in Fig. 4.4. It is clear that the strength of the soil-cement 

samples is linear with the logarithm of time as supported by Hayashi et al., (2002). 

This relationship can be used to predict the long-term strength of the soil-cement 

columns. 
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Fig. 4.4. Strength gain of soil-cement column (C = 120 kg/m3) 

305.11 436.36ln( )uq t         (R2 = 0.99)       (4.3) 

where  

qu: the strength of the soil-cement samples (kN/m2);  

R2: correlation coefficient; and  

t: the age of the soil-cement samples (day). 

4.3 Long-term strength of soil-cement columns 

4.3.1 Needle resistance calibration 

The relationship between the unconfined compressive strength (UCS) and the 

needle penetration resistance (NPR) allows the radial strength change of the 

stabilised soil (deterioration level) to be assessed. 

The test was conducted by the following steps. Firstly, the resistance of the needle 

was measured continuously from the surface of the sample to a depth of 10 mm. 

Then, the UCS of these samples was measured by the compression machine. The 
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UCS and the NPR forces were plotted in a logarithm chart to build the relationship 

between them. 

The NPR of some specimens were tested with various cement contents and curing 

times. In detail, the specimens were made with three cement ratios, namely 120 kg/m3, 

160 kg/m3 and 270 kg/m3. After 3 and 7 days, the penetration resistance force (F) and 

the unconfined compressive strength (qu) were measured. In total, 12 specimens were 

prepared for the test as shown in Table 4.10. The results are then plotted in Fig. 4.5. 

Table 4.10. Needle resistance calibration tests 

Amount of cement 

(kg/m3) 

Curing time (day) 

3 7 

120 2 2 

160 2 2 

270 2 2 

It is clear that the NPR has a linear relationship with the UCS. Eqs. (4.4) - (4.6) 

are a fitted relationship between the NPR to the UCS.  

2 2138.55u mm mmq F           (4.4) 

5 550.183u mm mmq F           (4.5) 

10 1032.658u mm mmq F           (4.6) 

where  

qu-2mm, qu-5mm, qu-10mm : the strengths (kN/m2) at the penetration depths of 2, 

5 and 10 mm;  

F2mm, F5mm, F10mm: the needle penetration resistance forces (N) at the 

penetration depths of 2, 5 and 10 mm, respectively. 
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Fig. 4.5. Relationship between the UCS and the NPR 

4.3.2 Deterioration at T1 (58 days) 

4.3.2.1 Needle penetration resistance test at T1 (58 days) 

For all needle penetration tests, resistance forces were converted to the UCS 

strength at that position (using the relationship between needle penetration 

resistance (N) and strength (kN/m2) as shown in Fig. 4.5). For each test, five 

samples were tested as shown in Table 3.1. The following tables and figures, 

therefore, show the mean values and the coefficient of variation calculated by Eq. 

(3.2) of the needle penetration resistance results as the unconfined compressive 

strength of the soil-cement at that position. 

Table 4.11 and Fig. 4.6 show the average strengths and CV at 2, 5 and 10 mm depth 

of the control, 100% SW and 200% SW samples. In which, G1 is the group of 

samples cured in the moisture room; G2 and G3 are the groups of samples exposed 

to 100% and 200% SW. It can be seen from Table 4.11 that the variations are lower 

than 5%, so these experimental values can be used for further analyses. 
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So that the strength change in the samples can be observed easily, the strengths 

were represented by the strength ratio as shown in Fig. 4.7. The strength ratio is 

defined as the ratio of the strength at each position to the strength of the control 

samples. By using the strength ratio chart, it is easier to observe the strength change 

of the samples exposed to 100% and 200% SW due to the attack of sulphate. 

Table 4.11. Needle penetration resistance tests at T1 (58 days) 

Exposure 

condition 

2 mm 5 mm 10 mm 

qu (kN/m2) CV(%) qu (kN/m2) CV(%) qu (kN/m2) CV(%) 

G1-control 2087.61 5.0 2127.55 1.0 2144.81 1.1 

G2-100% SW 1891.75 3.7 2137.75 2.1 2155.76 0.6 

G3-200% SW 1167.46 3.1 1464.83 3.9 1857.43 4.3 

At T1 (58 days), the differences in strength are obvious among the control, 100% 

and 200% SW samples. Fig. 4.6 shows that after the first month immersed in 

seawater, the deterioration at 2 mm depth is very clear, with the strength reducing 

significantly from around 2100 kN/m2 (control sample) to approximately 1900 and 

1170 kN/m2 in 100% and 200% SW respectively. It indicates that the effects of 

seawater (sulphate) are significant at early times on the near-surface strength 

development.  

 

Fig. 4.6. Needle penetration resistance results at T1 (58 days) 

500

1000

1500

2000

2500

1 10

U
n

co
n

fi
n

ed
 c

o
m

p
re

ss
iv

e 

st
re

n
g
th

 (
k

N
/m

2
)

Depth of specimen (mm)

G1-control

G2-100% SW

G3-200% SW



-60- 

At 5 and 10 mm depth, the deterioration seems not to occur in the samples exposed 

to 100% SW; however, these strengths are reduced remarkably in the samples 

exposed to 200% SW. In addition, it can be seen from Fig. 4.7 that the strength 

ratio in the case of 200% SW is much lower than 100% SW indicating that with 

higher seawater concentration, the deterioration occurs faster and deeper. Fig. 4.7 

also shows that the average strength of control samples at T1 (58 days) is consistent 

at each depth indicating no deterioration. 

 

Fig. 4.7. Strength distribution at T1 (58 days) 

4.3.2.2 TGA analysis at T1 (58 days) 

The TGA results of samples at the positions 2, 5 and 10 mm depth are shown in 

Table 4.12. The values of mass losses due to dehydration and decarbonation 

processes were measured from the TGA curve (see Appendix III). The percentage 

of calcium participating in hydration and pozzolanic reactions were calculated as 

Eqs. (3.4) – (3.6). As mentioned in chapter 3, each TGA analysis lasted around 

150 minutes, therefore, it can not repeat as many tests as the needle penetration 

resistance tests. As a result, selected tests at T1 were repeated, and small error was 

shown in the TGA analysis (see Appendix IV). 
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Table 4.12. TGA results at T1 (58 days) 

Exposure 

condition 

Depth 

(mm) 

ML 

(CH)   

(%) 

CH 

(free)   

(%) 

ML 

(CO2)   

(% )   

CH 

(carbo-

nation)  

(%) 

CH 

(cal0)   

(%) 

CH  

(cal. 

consum-

ption) (%) 

control 

2 1.00 4.12 1.57 3.28 65 57.60 

5 1.01 4.14 1.67 3.49 65 57.37 

10 1.04 4.29 1.83 3.82 65 56.88 

100% SW 

2 1.28 5.25 1.83 3.82 65 55.93 

5 0.97 4.00 1.35 2.82 65 58.19 

10 1.01 4.15 1.18 2.47 65 58.38 

200% SW 

2 1.53 6.3 2.18 4.54 65 54.15 

5 1.24 5.10 2.07 4.32 65 55.58 

10 1.12 4.62 1.27 2.65 65 57.73 

In general, the distribution of calcium consumption in the samples at Fig. 4.8 is similar 

to the strength distribution as shown in Fig. 4.6. Fig. 4.8 indicates that the amount of 

calcium consumption in the case of 100% SW is higher than in 200% SW. 

The extent of calcium consumption was used to evaluate the deterioration of the 

samples exposed to seawater. The extent of calcium consumption at position x is 

the difference in the amount of calcium participating in the hydration and 

pozzolanic reactions at position x and the core position of the control samples.  

cal consumption

cal consumption

CH (at x) 
Extent of calicum consumption = 

CH (control)
              (4.7) 

where 

x: the position from the surface of the sample (mm); 

CHcal consumption (control sample): the amount of calcium participating in the 

hydration and pozzolanic reactions at the core portion of the control sample; 
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CHcal. consumption (at x): the amount of calcium participating in the hydration 

and pozzolanic reactions in at the position x. 

 

Fig. 4.8. TGA results at T1 (58 days) 

The extent of calcium consumption at T1 is shown in Table 4.13 and Fig. 4.9. For 

the samples exposed to 100% SW, Fig. 4.9 indicates that the extent of calcium 

consumption at 2 mm depth is less than 1.0. In addition, the deterioration process 

is much deeper in the case of 200% SW with a lower value of the extent of calcium 

consumption. 

Table 4.13. Extent of calcium consumption at T1 (58 days) 

Exposure 

condition 

Depth   

(mm) 

CH 

cal. consumption (%) 

Extent of calcium 

consumption 

100% SW 

2 55.93 0.98 

5 58.19 1.02 

10 58.38 1.03 

200% SW 

2 54.36 0.96 

5 55.58 0.98 

10 57.73 1.01 
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Fig. 4.9. Extent of calcium consumption at T1 (58 days) 

4.3.2.3 Chemical analysis at T1 (58 days) 

To evaluate the concentration of some minerals in the samples, the chemical 

analysis was applied to determine the calcium and magnesium concentrations at 

the depths of 2 and 5 mm of the samples. The results of the chemical analysis are 

shown in Table 4.14 and Fig. 4.10. 
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(58 days). It means that the deterioration depth in the case of 100% SW is less than 

5 mm at that time. Moreover, it is clear that the chemical reaction process in the 

sample is similar with theory reported in the literature review: calcium 

concentration decreases and magnesium concentration increases due to the effects 

of sulphate (Kitazume et al., 2002; Terashi et al., 1980). 

 

Fig. 4.10. Calcium and magnesium concentrations at T1 (58 days) 

4.3.3 Deterioration at T3 (118 days) 

4.3.3.1 Needle penetration resistance test at T3 (118 days) 

Table 4.15 shows the average needle penetration resistance results and the 
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(4.6)). Fig. 4.11 and Fig. 4.12 show the strength distribution in the samples 

obtained from the needle penetration resistance tests. 
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It can be seen from Fig. 4.11 and Fig. 4.12 that the strength distribution trend in the 

sample is similar with the results obtained at T1 (58 days). However, the gap between 

the strengths at 2 mm depth in the case of 100% SW and the control condition at T3 

is much higher than at T1 due to the longer exposure time. In addition, for the samples 

exposed to 100% SW, the strength at 5 mm is equal to the control samples. Therefore, 

the depth of deterioration of in the case of 100% SW seems is lower than 5 mm. The 

strength of the samples exposed to 200% SW is also smaller than others with strength 

reduction occurring as deep as 10 mm. 

 

Fig. 4.11. Needle penetration resistance results at T3 (118 days) 

 

Fig. 4.12. Strength distribution at T3 (118 days) 
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4.3.3.2 TGA analysis at T3 (118 days) 

The TGA results of the samples at T3 are shown in Table 4.16 and Fig. 4.13. The 

values of ML(CH) and ML(CO2) were measured from the TGA curves. The 

percentage of calcium consumed in hydration and pozzolanic reactions was 

calculated from Eqs. (3.4) - (3.6). 

Table 4.16. TGA results at T3 (118 days) 

Exposure 

condition 

Depth 

(mm) 

ML 

(CH)   

(%) 

CH 

(free)   

(%) 

ML 

(CO2)   

(% )   

CH 

(carbo-

nation)  

(%) 

CH 

(cal0)   

(%) 

CH 

(cal 

consumpt-

ion)  (%) 

control  

2 1.12 4.60 1.50 3.13 65.00 57.27 

5 1.02 4.20 1.61 3.36 65.00 57.44 

10 1.10 4.53 1.57 3.28 65.00 57.19 

100% SW 

2 1.41 5.82 1.76 3.67 65.00 55.51 

5 0.95 3.90 1.67 3.48 65.00 57.63 

10 1.07 4.42 1.39 2.89 65.00 57.69 

200% SW 

2 1.53 6.29 2.09 4.36 65.00 54.35 

5 1.25 5.15 2.07 4.32 65.00 55.53 

10 1.13 4.66 1.14 2.39 65.00 57.96 

The TGA results (calcium consumption) shown in Fig. 4.13 illustrate a similar 

trend to the needle penetration resistance results shown in Fig. 4.11. The amount 

of calcium consumed in hydration and pozzolanic reactions at 2 mm depth at T3 

is lower than T1. To evaluate the deterioration process, Table 4.17 and Fig. 4.14 

show the extent of calcium consumption at T3. 

Fig. 4.14 indicates that a remarkable amount of calcium consumption in hydration 

and pozzolanic reactions at 2 mm depth decreases in the case of 100% SW. 

However, the extent of calcium consumption shows high values (>1.0) at 5 and 10 

mm depth. So, the deterioration depth at T3 (118 days) is less than 5 mm in the 

case of 100% SW. That is supported by the results obtained from the needle 

penetration tests. 
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Fig. 4.13. TGA results at T3 (118 days) 

Table 4.17. Extent of calcium consumption at T3 (118 days) 

Exposure 

condition 

Depth   

(mm) 

CH  

cal. consumption (%) 

Extent of calcium 

consumption 

100% 

SW 

2 55.51 0.97 

5 57.63 1.01 

10 57.69 1.01 

200% 

SW 

2 54.35 0.95 

5 55.53 0.97 

10 57.96 1.01 

 

  

Fig. 4.14. Extent of calcium consumption at T3 (118 days) 
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4.3.4 Deterioration at T6 (208 days) 

4.3.4.1 Needle penetration resistance test at T6 (208 days) 

Table 4.18 shows the strengths (converted from the needle penetration resistance 

forces) in 3 exposure conditions at 2, 5 and 10 mm depth. Fig. 4.15 and Fig. 4.16 

show the strength distribution in the samples obtained from needle penetration test. 

Table 4.18. Needle penetration resistance tests at T6 (208 days) 

Exposure 

condition 

2 mm 5 mm 10 mm 

qu (kN/m2) CV(%) qu (kN/m2) CV(%) qu (kN/m2) CV(%) 

G1-control 2610.43 5.9 2665.60 3.5 2706.85 1.8 

G2-100% SW 1974.70 3.5 2557.65 1.5 2689.22 2.0 

G3-200% SW 1076.06 5.5 1552.10 4.6 2156.29 1.4 

At T6 (208 days), it is clear that strength at 5 mm depth in the sample exposed to 

100% SW is lower than the control samples (as shown in Fig. 4.15). In other words, 

the effect of seawater at T6 (208 days) has exceeded 5 mm depth. In addition, the 

strength at 2 mm in 100% SW condition is much lower than the control samples 

as shown in Fig. 4.15. Fig. 4.16 indicates that the strength ratio of the samples 

exposed to 200% SW at T6 is also lower than at T3 (118 days) and T1 (58 days), 

indicating that the effects of seawater increase with time, with 20% reduction in 

strength observed at 10 mm depth due to 200% SW exposure. 

 

Fig. 4.15. Needle penetration resistance results at T6 (208 days) 
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Fig. 4.16. Strength distribution at T6 (208 days) 

4.3.4.2 TGA analysis at T6 (208 days) 

Table 4.19 shows the results obtained from the TGA analyses of the samples 

exposed to control, 100% and 200% SW at T6 (208 days). 

Table 4.19. TGA results at T6 (208 days) 

Exposure 

condition 

Depth 

(mm) 

ML 

(CH)   

(%) 

CH 

(free)   

(%) 

ML 

(CO2)   

(% )   

CH 

(carbon

-ation)  

(%) 

CH 

(cal0)   

(%) 

CH 

cal. 

consump-

tion  (%) 

control 

2 1.01 4.16 1.76 3.66 65 57.18 

5 1.03 4.24 1.58 3.30 65 57.46 

10 1.04 4.28 1.55 3.23 65 57.49 

100% SW 

2 1.41 5.79 2.22 4.63 65 54.59 

5 1.12 4.63 1.61 3.36 65 57.02 

10 1.11 4.56 1.15 2.39 65 58.05 

200% SW 

2 1.44 5.93 2.95 6.16 65 52.91 

5 1.22 5.01 2.72 5.68 65 54.32 

10 1.07 4.41 0.59 1.24 65 59.35 

TGA result at T6 in Fig. 4.17 shows the same trend with strength distribution shown 

in Fig. 4.15. Moreover, in the case of 100% SW the deterioration curve meets the 

control curve at around 6.51 mm, indicating that the deterioration depth in the samples 

exposed to 100% SW has progressed to around 6.51 mm. 

0.0

0.5

1.0

1.5

1 10

S
tr

en
g
th

 r
a
ti

o

Depth of specimen (mm)

G1-control

G2-100% SW

G3-200% SW



-70- 

 

Fig. 4.17. TGA results at T6 (208 days) 

Table 4.20. Extent of calcium consumption at T6 (208 days) 

Exposure 

condition 

Depth   

(mm) 

CH 

cal. consumption  (%) 

Extent of calcium 

consumption 

100% 

SW 

2 54.59 0.95 

5 57.02 0.99 

10 58.05 1.01 

200% 

SW 

2 52.91 0.92 

5 54.32 0.94 

10 59.35 1.03 

Fig. 4.18 shows the extent of calcium consumption in the samples at T6 (208 days). 

It can be seen that a small percentage of extending of calcium consumption at 2 

mm depth is shown in the sample exposed to 100% SW. In the case of 200% SW, 

that process is stronger with a smaller extent of calcium consumption. 

4.3.4.3 Chemical analysis at T6 (208 days) 

The concentrations of calcium and magnesium were determined by the chemical 

analysis as shown in Table 4.21 and Fig. 4.19. 
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Fig. 4.18. Extent of calcium consumption at T6 (208 days) 

Table 4.21. Calcium and magnesium concentrations at T6 (208 days) 

Mineral Depth G1 G2 G3 

Calcium 
2 mm 46768.77 40958.57 36333.62 

5 mm 44461.38 43288.02 40777.38 

Magnesium 
2 mm 2924.90 5354.40 6403.72 

5 mm 2667.18 3759.12 4767.69 

 

 

Fig. 4.19. Calcium and magnesium concentration at T6 (208 days) 
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and 5 mm depth) reduces remarkably in 100% and 200% SW, whereas the 

concentration of magnesium ion increases respectively. That process is similar with 

the explanation of Neville (1995) as discussed in chapter 2. At 5 mm depth, calcium 

concentration shows a decreasing trend. It means that the effect of seawater can be 

found at 5 mm and deeper. This result is similar with the NPR and TGA analysis. 

4.3.5 Deterioration at T12 (388 days) 

4.3.5.1 Needle penetration resistance test at T12 (388 days) 

The strengths at 2, 5 and 10 mm depth from the 3 exposure conditions obtained 

from the needle penetration resistance tests are shown in Table 4.22. Fig. 4.20 and 

Fig. 4.21 present the strength distribution in the samples at T12. 

Table 4.22. Needle penetration resistance tests at T12 (388 days) 

Exposure 

condition 

2 mm 5 mm 10 mm 

qu (kN/m2) CV(%) qu (kN/m2) CV(%) qu (kN/m2) CV(%) 

G1-control 2926.33 3.3 2952.90 1.1 2978.76 1.2 

G2-100% SW 1771.93 3.9 2566.15 3.6 2898.55 5.4 

G3-200% SW 845.64 2.5 1504.50 6.2 2173.38 1.7 

 

Fig. 4.20. Needle penetration resistance results at T12 (388 days) 
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significantly at T12 due to the attack of seawater as shown in Fig. 4.20. Moreover, 

the change in strength ratio of the samples exposed to 100% SW and the control 

samples at 5 mm at T12 (Fig. 4.21) is much higher than observed at T6 (Fig. 4.16).   

 

Fig. 4.21. Strength distribution at T12 (388 days) 

4.3.5.2 TGA analysis at T12 (388 days) 

The TGA results at T12 are shown in Table 4.23. It can be seen from Fig. 4.22 that 

the TGA curve of the sample exposed to 100% SW meets the control curve at the 

point of 8.34 mm. This is the deterioration depth of 100% SW samples at 388 days.  

Table 4.23. TGA results at T12 (388 days) 

Exposure 

condition 

Depth 

(mm) 

ML 

(CH)   

(%) 

CH 

(free)   

(%) 

ML 

(CO2)   

(% )   

CH 

(carbon

-ation)  

(%) 

CH 

(cal0)   

(%) 

CH 

cal. 

consump-

tion  (%) 

control 

2 1.09 4.49 1.58 3.30 65 57.21 

5 1.12 4.61 1.32 2.76 65 57.63 

10 1.02 4.18 1.36 2.83 65 57.99 

100% SW 

2 1.25 5.15 2.70 5.62 65 54.23 

5 1.14 4.68 1.70 3.54 65 56.78 

10 1.12 4.63 0.99 2.06 65 58.31 

200% SW 

2 1.20 4.93 3.50 7.31 65 52.76 

5 1.27 5.24 2.68 5.59 65 54.17 

10 1.12 4.60 0.92 1.92 65 58.48 
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Fig. 4.22. TGA results at T12 (388 days) 

Table 4.24 and Fig. 4.23 indicate that the extent of calcium consumption in the 

case of 100% and 200% SW shows the small values at 2 and 5 mm depth. 

Table 4.24. Extent of calcium consumption at T12 (388 days) 

Exposure 

condition 

Depth   

(mm) 

CH 

cal. consumption (%)  

Extent of calcium 

consumption 

100% 

SW 

2 54.23 0.94 

5 56.78 0.98 

10 58.31 1.01 

200% 

SW 

2 52.76 0.91 

5 54.17 0.93 

10 58.48 1.01 

4.3.5.3 Image analysis at T12 (388 days) 

After 7 days immersed in Rhodamine B red dye, the images of the samples at T12 

were scanned by a stereomicroscope as shown in Fig. 4.24. These images were 

analysed to measure the percentage of red dye area at 2, 5 and 10 mm depth. Table 

4.25 and Fig. 4.25 show the results of the image analysis. 
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Fig. 4.23. Extent of calcium consumption at T12 (388 days) 

 

 

Fig. 4.24. Image analysis at T12 (388 days) 

(from left to right: control, 100% SW, 200% SW) 

Table 4.25. Image analysis results at T12 (388 days) 

Exposure 

condition 

Depth (mm) 

2 5 10 

G1 (control) 87.19 0.00 0.00 

G2 (100% SW) 98.87 79.25 0.00 

G3 (200% SW) 100.00 96.66 0.36 

For the control samples, Fig. 4.25 shows that about 88% of the red dye was found 

at 2 mm depth. This is supported by the needle penetration resistance results which 

indicate that the strength at 2 mm does not significantly differ from the other depths 

(non-deterioration). Therefore, the concentration of red dye at 2 mm in the control 

samples is not due to the destruction of soil-cement material by sulphate in 
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seawater but via simple diffusion of the dye into the natural pores and micro-cracks 

at the surface of the sample. 

For the samples exposed to 100% SW (G2), nearly 100% and more than 80% red 

dye were found at 2 and 5 mm depth, respectively. This indicates that the 

destruction (in voids) in the samples due to the effects of 100% SW is deeper than 

5 mm at 388 days. In the case of 200% SW, red dye was found at 10 mm depth, so 

the attack of seawater in that situation seems to be deeper than 10 mm indicating 

significant damage to the column structure. Results of the dye impregnation tests 

give a comparable deterioration trend as obtained from the NPR (Fig. 4.20) and 

TGA methods (Fig. 4.22).  

 

Fig. 4.25. Red dye distribution in the samples at T12 (388 days) 

4.3.6 Result analysis 

4.3.6.1 Control samples 

The control samples were cured in the sealed condition at 20 oC and 95% humidity. 

Table 4.26 and Fig. 4.26 summarise the strength ratio at 2, 5 and 10 mm depth 

during over the 388 days. The strength ratio is defined as the ratio of strength at 
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that position and the strength at the core portion of the sample. Fig. 4.26 shows 

that the strength ratios at the outer surface of the control samples are approximately 

1.0 during the testing period. 

Table 4.26. Strength change by time in the control samples 

Depth 

(mm) 

Time (day) 

58 (T1) 118 (T3) 208 (T6) 388 (T12) 

2 0.99 1.00 0.97 0.99 

5 1.01 1.00 0.99 1.00 

10 1.02 1.02 1.00 1.01 

 

Fig. 4.26. Strength change by time of the control samples 

Table 4.27 and Fig. 4.27 show the change of strength by depth. The strengths at 

58, 118, 208 and 388 days show the same trend as strength ratio is around 1.0. It 

means that there is no significant change in the control samples. 

Table 4.27. Strength change by depth in the control samples 

Time 

(day) 

Depth (mm) 

2 5 10 

58 (T1) 0.99 1.01 1.02 

118 (T3) 1.00 1.00 1.02 

208 (T6) 0.97 0.99 1.00 

388 (T12) 0.99 1.00 1.01 
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Fig. 4.27. Strength change by depth of the control samples 

4.3.6.2 100% seawater 

Fig. 4.28 shows the physical appearance of the samples exposed to 100% SW. It 

can be seen that there is no visible change in these samples over the 388-day 

experiment time. 

 

Fig. 4.28. Soil-cement samples exposed to 100% SW 

(from left to right: 58, 118, 208 and 388 days) 
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0.6 at 118, 208 and 388 days, respectively. The same trend can be seen at the 

position of 5 mm depth from 118 days toward. At 10 mm depth, the effect of 

seawater is not evident, even after 388 days.  

Table 4.28. Strength change by time in the case of 100% SW 

Depth 

(mm) 

Time (day) 

58 (T1) 118 (T3) 208 (T6) 388 (T12) 

2 0.90 0.81 0.73 0.60 

5 1.02 0.99 0.95 0.87 

10 1.02 1.02 1.00 0.98 

 

Fig. 4.29. Strength change by time in the case of 100% SW 

The strength change as a function of depth is shown in Table 4.29 and Fig. 4.30. It 

is clear that the deterioration is strong at the outer surface (2 mm) and develops 

inward over time with a 30% reduction in strength ratio from 58 to 388 days. 

Table 4.29. Strength change by depth in the case of 100% SW 

Time 

(day) 

Depth (mm) 

2 5 10 

58 (T1) 0.90 1.02 1.02 

118 (T3) 0.81 0.99 1.02 

208 (T6) 0.73 0.95 1.00 

388 (T12) 0.60 0.87 0.98 
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Fig. 4.30. Strength change by depth in the case of 100% SW 

4.3.6.3 200% seawater 

The effect of 200% SW exposure can be observed clearly from the physical 

appearance of the samples as shown in Figs. 4.31 and 4.32. At T1 (58 days), the 

samples appear unaffected. However, at T3 and T6, cracks have appeared on the 

surface of the samples. At T12 (388 days), the extent of cracking has become 

significant. The change in strength as a function of time and depth in the soil-

cement samples exposed to 200% SW are shown in Tables 4.30 and 4.31, Figs. 

4.33 and 4.34. 

 

Fig. 4.31. Soil-cement samples exposed to 200% SW 

(from left to right: 58, 118, 208 and 338 days) 
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Fig. 4.32. Cross-section of the soil-cement samples exposed to 200% SW 

(from left to right: 58, 118, 208 and 338 days) 

 

Table 4.30. Strength change by time in the case of 200% SW 

Depth 

(mm) 

Time (day) 

58 (T1) 118 (T3) 208 (T6) 388 (T12) 

2 0.55 0.50 0.40 0.29 

5 0.70 0.63 0.58 0.51 

10 0.88 0.86 0.80 0.74 

 

 

 

Fig. 4.33. Strength change by time in the case of 200% SW 

The samples exposed to 200% SW exhibit a rapid decrease in strength with the 

strength ratio at the outer surface (2 mm) reducing to 0.4 and 0.3 at 208 and 388 

days, respectively. Therefore, around 60-70% strength is lost due to the attack of 

sulphate in seawater at that position. In addition, Fig. 4.34 shows that the depth of 

deterioration in the case of 200% SW develops inward over time.  
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Table 4.31. Strength change by depth in the case of 200% SW 

Time 

(day) 

Depth (mm) 

2 5 10 

58 (T1) 0.55 0.70 0.88 

118 (T3) 0.50 0.63 0.86 

208 (T6) 0.40 0.58 0.80 

388 (T12) 0.29 0.51 0.74 

 

 

 

Fig. 4.34. Strength change by depth in the case of 200% SW 

4.4 Prediction of deterioration depth of the soil-cement columns 

4.4.1 Depth of deterioration  

In the research, the deterioration depth of the soil-cement samples exposed to 

100% SW was determined by the needle penetration tests and TGA analyses. In 

general, the results obtained from these methods showed the same trend of 

deterioration.  

4.4.1.1 Needle penetration resistance results 

The needle resistance forces of the control, 100% SW and 200% SW samples at 

four different times are plotted in Figs. 4.35 - 4.38 with the logarithm of depth. 

Due to the effects of sulphate attack, the needle penetration resistance forces at 

the surface portion of the deteriorated samples decreases to below that of the 
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control samples. Therefore, the depth of deterioration (w) of the soil-cement 

samples can then be determined by the depth at which the deterioration curves 

meet the control curves. It can be seen from these figures that the deterioration 

curves of the samples exposed to 100% SW meet the control curves at the depths 

of 3.81, 4.78, 6.34 and 8.51 mm at the time of 58, 118, 208 and 388 days, 

respectively. These depths of deterioration are deemed to be the deterioration 

depths. 

Samples exposed to 200% SW demonstrated that the deterioration process occurs 

more quickly than in the case of 100% SW. Figs. 4.35 - 4.38 show that the 

deterioration curves of 200% SW samples are obviously below the control 

curves. Therefore, it is necessary to conduct more experiments to determine the 

deterioration depth of the soil-cement samples exposed to 200% SW. This issue 

will be discussed in chapter 5.  

 

Fig. 4.35. Deterioration depth at T1 (58 days) 
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Fig. 4.36. Deterioration depth at T3 (118 days) 

 

 

 

Fig. 4.37. Deterioration depth at T6 (208 days) 
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Fig. 4.38. Deterioration depth at T12 (388 days) 

4.4.1.2 TGA results 

TGA results at the depths of 2, 5 and 10 mm of the soil-cement samples are shown 

in Figs. 4.39 - 4.42. The depth of deterioration can be measured from the TGA 

results calculating the calcium consumption according to the Eqs. (3.4) - (3.6). It 

can be seen that the calcium consumption at the outer surface of the samples exposed 

to seawater is much lower than inside. The free portlandite (Ca(OH)2) mass loss 

between 400-500 oC can be used to calibrate the soil-cement column durability 

model. 

In terms of deterioration depths of the samples exposed to 100% SW, Figs. 4.39 - 

4.42 show that the TGA curves of these samples meet the control curves at the 

depths of 3.83, 4.65, 6.51 and 8.34 mm at the time of 58, 118, 208 and 388 days, 

respectively. These results are compared with the results from needle penetration 

tests in Table 4.32. It can be seen from Table 4.32 that the depths of deterioration 

of the soil-cement samples exposed to 100% SW obtained from the TGA analyses 

are similar with the results of the needle penetration tests. The mean values of these 

methods show low variations as the coefficient of variations are smaller than 2%. 
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Fig. 4.39. TGA results at T1 (58 days) 

 

Fig. 4.40. TGA results at T3 (118 days) 

 

Fig. 4.41. TGA results at T6 (208 days) 
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Fig. 4.42. TGA results at T12 (388 days) 

Table 4.32. Depths of deterioration 

Time (day) 
Depths of deterioration (mm) 

NPR results TGA results Mean values CV(%) 

58 (T1) 3.81 3.83 3.82 0.37 

118 (T3) 4.78 4.65 4.72 1.95 

208 (T6) 6.34 6.51 6.43 1.87 

388 (T12) 8.51 8.34 8.43 1.43 

4.4.1.3 Prediction of deterioration depth 

According to Ikegami et al. (2005) and Nishida et al. (2002), the deterioration 

progress is approximately linear with the logarithm time, and the deterioration 

depth is a function of square root of time. The deterioration depth of the soil-

cement columns is therefore determined as Eq. 2.19. 

In this study, the deterioration depths of the soil-cement samples exposed to 

seawater observed from the needle penetration resistance tests and TGA analyses 

are plotted in Fig. 4.43. It is clear that the depth of deterioration is similar with 

Ikegami et al. (2005) and Nishida et al. (2002), and the trend of deterioration can 

be expressed as: 
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0.45w t                 (R2 = 1)       (4.8) 

where R2: correlation coefficient which implies the fitting precision. 

In this research, the soil-cement samples were immersed in seawater after 28 days 

curing. Consequently, deterioration does not occur (w = 0) before t = 28 days. 

Therefore, Eq. (4.8) is applied for t > 28 days only. 

   

Fig. 4.43. Deterioration depth by time in the case of 100% SW  

4.4.2 Prediction of the long-term strength of the soil-cement columns 

In marine environments, two strength change processes can occur in the soil-

cement columns, included: the strength gain at the core portion of the columns and 

the degradation at the outer boundary as shown in Fig. 4.44. 

 

Fig. 4.44. Strength distribution in the soil-cement column 
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The total bearing capacity of the soil-cement columns, therefore, combines two 

parts: the strength gain distributed in the non-deteriorated portion and strength 

reduction in the deteriorated portion. Consequently, the total bearing capacity can 

be calculated as:  

2

0

 ( , ) 0.5 ( ) ( , )
4

w

u u

d
P q w t D w q x t dx


                 (4.9) 

where  

P: the total bearing capacity of the soil-cement column;  

qu(w,t): strength at the non-deteriorated portion of the column;  

qu(x,t): the strength of the deteriorated portion;  

D: the diameter of the column (mm);  

t: the age of the column (day);  

w: the depth of deterioration; and  

d: the diameter of non-deteriorated portion, d = D - 2w. 

Fig. 4.44 shows that qu(x,t) depends on three main parameters ( , ),uq w t  w and 

(0, )uq t . For ( , ),uq w t  the strength gain of the non-deteriorated part of the column 

depends on the composition and time. It is equal to the strength of the soil-cement 

column cured under the control condition as shown in Eq. (4.3). The deterioration 

depth, w, depends on the effects of seawater, composition and time. For the soil-

cement column exposed to 100% SW, the deterioration depth can be determined by 

Eq. (4.8). 

The strength at the surface of the samples exposed to seawater, (0, ),uq t  also 

depends on the effects of seawater, composition and the time. In this study, (0, ),uq t  
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could not be measured by the needle penetration test as the head of the needle is 

tiny and sharp. Therefore, the strength at 2 mm, which was converted from the 

measured NPR using Eq. (4.4) was used as (0, ).uq t  In addition, a ratio of strength 

at the surface of the deteriorated samples to the control samples, (0, ) / ( , ),u uq t q w t  

was used to determine the effects of seawater on the outer strength. The strength 

ratio of the soil-cement samples exposed to 100% SW obtained from Fig. 4.45 is 

expressed as: 

(0, )
1.522 - 0.152ln

( , )

u

u

q t
t

q w t
      (R2 = 0.98)            (4.10) 

Eq. (4.3) is substituted for the term in Eq. (4.10) to obtain the strength at the surface 

of the soil-cement columns: 

(0, ) (1.522-0.152ln ) (305.11 436.36ln )uq t t t               (R2 = 0.99)           (4.11) 

(0, ) 0 1.522-0.152ln 0 22318 days.uq t t t      

 

Fig. 4.45. Strength change at the near surface of the soil-cement column 
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portion can be expressed as a function of the logarithm of depth (lnx). Moreover, 

the boundary conditions of ( , )uq x t  obtained from Fig. 4.44 include: 

For x = 0, 

( , ) (0, )u uq x t q t                   (4.12) 

For x = w,  

( , ) ( , )u uq x t q w t                   (4.13) 

Then, the strength at the deteriorated positions of the samples is expressed as: 

( , ) - (0, )
( , ) ln (0, )

ln
u u

u u

q w t q t
q x t x q t

w
                 (4.14) 

The bearing capacity of deteriorated portion of the soil-cement column exposed to 

100% SW can be calculated as: 

If 22318 days,t    

2

0( - )[ ( ) ln - ( ) ( )]
( )

4 ln

u u u
u

w D w q t w q t q td
P q t

w





               (4.15) 

If 22318 days,t   

2 (0, )
( , )

4

(0, ) (0, )

( - )[ ( , ) ln - ( , ) ]
-

ln

( )( - )[ ( , ) ln ( ) ( , ) ln - ( , ) ]
     

ln

u

u

u u

u u

u u u

q td
q w t

q t q t

w D w q w t w q w t
P

w

L t D w q w t L t q w t w q w t

w











  
 (4.16) 

where (0, )uq t  is the absolute value of (0, )uq t  when 22318 days;t   and 

L(t) is the depth when ( , ) 0uq x t  . L(t) can be calculated by:  
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(0, ) .ln

(w, ) (0, )
( )

u

u u

q t w

q t q t
L t e


                             (4.17) 

 

Fig. 4.46. Strength change at the deteriorated portion 

Table 4.33. Strength change trend 

Time (day) qu(x,t) R2 

58 (T1) qu(x,58) = 0.0806ln(x) + 0.8563 0.86 

118 (T3) qu(x,118) = 0.1338ln(x) + 0.7367 0.90 

208 (T6) qu(x,208) = 0.1685ln(x) + 0.6346 0.92 

388 (T12) qu(x,388) = 0.2401ln(x) + 0.4486 0.98 

 

Fig. 4.47.  Strength distribution when t ≥ 228318 days  
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Model calibration 

Table 4.34 and Fig. 4.48 show the total bearing capacity of the soil-cement 

columns with a diameter of 54 mm determined by Eq. (4.15), in comparison with 

experimental results of the control samples and samples exposed to 100% SW. At 

58 days, the predicted bearing capacity of the control samples is 4757 N, higher 

than experimental results (4188 N); however, after that time the results calculated 

by the analysis models are very close to the experimental data. Therefore, this 

analysis model can be used to predict the strength gain of the non-deteriorated and 

deteriorated portion of the soil-cement columns. 

Table 4.34.  The comparison between prediction model and experimental results 

Time 

(day) 
w 

qu 

(kN/m2) 

Predicting model Experimental result 

P (N) 

(100% 

SW) 

P (N) 

(control 

samples) 

P (N) 

(100% 

SW) 

P (N) 

(control 

samples) 

58 3.43 2076.92 4147.48 4756.62 4247.23 4188.31 

108 4.68 2348.20 4422.47 5377.91 4510.97 5499.25 

218 6.64 2654.69 4562.40 6079.82 4544.29 5927.34 

388 8.86 2906.25 4508.04 6655.96 4659.60 6635.57 

 

Fig. 4.48. Total bearing capacity of the soil-cement columns (D = 54mm) 
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Model application  

Table 4.35 and Fig. 4.49 show the predicted bearing capacity of the columns 

exposed to seawater with the diameter of D = 0.3 m, 0.5 m and 0.7 m. It can be 

seen from Fig. 4.49 that that the deterioration rate increases when the column size 

decreases.  

To determine the level of deterioration, a loss ratio was calculated by dividing the 

reduction of bearing capacity of deteriorated columns to the total bearing capacity 

of non-deteriorated (control) columns. 

nd d
P

nd

P P
R

P


                   (4.18) 

where  

RP: the loss ratio;  

Pnd: the bearing capacity of the non-deteriorated (control) soil-cement 

column (kN); and 

Pd: the bearing capacity of the deteriorated soil-cement column (kN). 

Table 4.36 and Fig. 4.50 show the loss ratio of deteriorated columns with the 

diameters of D = 0.3 m, 0.5 m, and 0.7m. For the D = 0.7 m column, about 25% 

bearing capacity loses after 100 years, while the column with D = 0.3 m shows 

double the deterioration rate at the same period. It can be seen that the smaller 

columns show the faster deterioration rates. 

Table 4.35.  Model application 

Time 

(day) 

Total strength (kN) Control strength (kN) 

D = 0.3 m D = 0.5 m D = 0.7 m D = 0.3 m D = 0.5 m D = 0.7 m 

1 21.57 59.91 117.42 21.57 59.91 117.42 

7 81.59 226.63 444.20 81.59 226.63 444.20 
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14 102.97 286.02 560.60 102.97 286.02 560.60 

28 124.35 345.41 677.00 124.35 345.41 677.00 

73 149.63 420.36 827.88 153.90 427.51 837.92 

110 160.63 452.56 892.41 166.41 462.25 906.01 

219 178.36 505.78 1000.12 187.79 521.64 1022.41 

365 190.24 542.97 1076.63 203.55 565.41 1108.20 

548 198.71 570.81 1134.97 216.05 600.15 1176.29 

730 204.07 589.45 1174.76 224.93 624.79 1224.60 

913 207.80 603.14 1204.54 231.81 643.91 1262.07 

1095 210.54 613.77 1228.06 237.43 659.53 1292.69 

1825 216.46 640.40 1289.41 253.19 703.30 1378.47 

2555 218.70 654.90 1325.38 263.57 732.13 1434.97 

3650 219.38 667.05 1358.77 274.57 762.69 1494.87 

5475 217.71 676.05 1389.57 287.07 797.43 1562.96 

7300 214.77 678.82 1405.94 295.95 822.08 1611.27 

14600 201.10 670.60 1422.17 317.33 881.47 1727.67 

21900 188.85 654.42 1413.17 329.83 916.21 1795.76 

29200 179.10 637.27 1396.99 338.71 940.85 1844.07 

36500 170.72 620.65 1378.31 345.59 959.97 1881.55 

43800 163.83 604.95 1358.85 351.21 975.59 1912.16 

51100 158.20 590.25 1339.36 355.97 988.80 1938.05 

 

Table 4.36.  Strength loss rate 

Time 

(year) 

RP 

D = 0.3 m D = 0.5 m D = 0.7 m 

0.0 0.00 0.00 0.00 

0.1 0.00 0.00 0.00 

0.2 0.03 0.02 0.01 

0.3 0.03 0.02 0.02 

0.6 0.05 0.03 0.02 

1.0 0.07 0.04 0.03 
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1.5 0.08 0.05 0.04 

2.0 0.09 0.06 0.04 

2.5 0.10 0.06 0.05 

3.0 0.11 0.07 0.05 

5.0 0.15 0.09 0.06 

7.0 0.17 0.11 0.08 

10.0 0.20 0.13 0.09 

15.0 0.24 0.15 0.11 

20.0 0.27 0.17 0.13 

40.0 0.37 0.24 0.18 

60.0 0.43 0.29 0.21 

80.0 0.47 0.32 0.24 

100.0 0.51 0.35 0.27 

120.0 0.53 0.38 0.29 

140.0 0.56 0.40 0.31 

 

 

Fig. 4.49. Predicting bearing capacity of soil-cement columns exposed to 100% 

SW 
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Fig. 4.50. Strength loss of soil-cement columns exposed to 100% SW 

To evaluate the durability of the soil-cement columns used in a specific project 

(such as the rail project in Newcastle city, Australia), it is necessary to determine 

a required bearing capacity and an allowable bearing capacity of the soil-cement 

columns. The required bearing capacity is a designed capacity of the column to 

support the load. The allowable bearing capacity is a maximum pressure that may 

be applied with sufficient margin of safety against failure (Das, 2015). According 

to Kitazume and Terashi (2013), the required bearing capacity can be calculated 

as: 

2 28[ ] 2.5 [ ]
4

uP D q


                   (4.19) 

where  

[P]: the required bearing capacity of the soil-cement column (kN);  

28[ ]uq : the required unconfined compressive strength at 28 days, 28[ ]uq = 250 

kPa (NCIG, 2012). 
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The allowable bearing capacity can be calculated as: 

1
a

s

P P
F
                   (4.20) 

where  

Pa: the allowable bearing capacity of the soil-cement column (kN);  

α: the coefficient of effective width of the column (0.8 - 0.9);  

β: the reliability coefficient of overlapping (0.8 - 0.9);  

γ: the correction factor for strength variability, γ = 0.55; and 

Fs: the safety factor, Fs = 2. 

In Table 3.27 and Fig. 4.51, the ratios between the allowable bearing capacity and 

the required bearing capacity (Pa / [P]) show that within 45 years the allowable 

bearing capacity of the soil-cement columns is higher than the required bearing 

capacity (Pa / [P] > 1.0) in the case of D = 0.3 m. Nevertheless, after that period 

the structure can collapse because the bearing capacity of the column is lower than 

the required bearing capacity (Pa < [P]). Therefore, it is very important to consider 

the suitable size of the soil-cement columns in coastal areas. 

Table 4.37.  Durability of soil-cement columns 

Time 

(year) 

Pa / [P]  

D = 0.3 m D = 0.5 m D = 0.7 m 

0.0 0.11 0.10 0.11 

0.0 0.41 0.10 0.41 

0.0 0.52 0.52 0.52 

0.1 0.63 0.63 0.63 

0.2 0.75 0.76 0.77 

0.3 0.81 0.82 0.83 
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0.6 0.90 0.92 0.93 

1.0 0.96 0.99 1.00 

1.5 1.00 1.04 1.05 

2.0 1.03 1.07 1.09 

2.5 1.05 1.09 1.12 

3.0 1.06 1.11 1.14 

5.0 1.09 1.16 1.19 

7.0 1.10 1.19 1.23 

10.0 1.11 1.21 1.26 

15.0 1.10 1.23 1.29 

20.0 1.08 1.23 1.30 

40.0 1.01 1.22 1.32 

60.0 0.95 1.19 1.31 

80.0 0.90 1.16 1.29 

100.0 0.86 1.13 1.28 

120.0 0.83 1.10 1.26 

140.0 0.80 1.07 1.24 

 

Fig. 4.51. Durability of soil-cement columns 
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4.5 Conclusions 

In this study, experiments on the strength change of soil-cement columns were 

conducted by the uniaxial compression tests, needle penetration resistance tests, 

TGA, chemical and image analyses. In addition, a strength model was developed 

to predict the total strength change of the soil-cement columns exposed to 100% 

SW. It was found that: 

- The needle penetration resistance test is a suitable method to determine the 

deterioration depth of the soil-cement column. 

- At high sulphate concentrations, the deterioration process in the soil-cement 

column occurred faster with deeper penetration.  

- TGA analysis can be used to determine the amount calcium consumption in the 

hydration and pozzolanic reactions in the soil-cement column. The free portlandite 

(Ca(OH)2) mass loss between 400 - 500 oC can be used to calibrate the soil-cement 

column durability model. 

- The depth of deterioration of the soil-cement columns is a function of the square 

root of time. In this study, it is expressed as w = 0.45√𝑡 (t > 28 days).                                 

- In the study, the model can be used to predict the strength change of the non-

deteriorated as well as the deteriorated portion of the soil-cement columns exposed 

to synthetic seawater. 

- The deterioration of smaller diameter soil-cement columns displays a higher rate 

of strength loss. For example, the soil-cement columns with the diameter of 0.3 m 

exposed to seawater may collapse (Pa < [P]) after 45 years. So, it is necessary to 

consider the suitable size of the soil-cement columns in coastal areas.  
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CHAPTER 5. DETERIORATION IN HIGH SULPHATE 

ENVIRONMENTS 

5.1 Experimental procedure 

Experimental results of the soil-cement samples presented in chapter 4 indicated 

that in high sulphate concentration solutions, the deterioration in the soil-cement 

samples occurs faster and deeper. However, it is necessary to conduct more 

experiments to evaluate the relationship between high sulphate concentrations and 

deterioration levels. To address this issue, fifty-five extra soil-cement samples 

were prepared for the tests at sulphate concentrations up to ten times the 

concentration of normal seawater. The samples making method was presented in 

chapter 3, and the experimental matrix is shown in Table 5.1. 

Table 5.1. Specimens and testing time matrix 

Time Control 100% SW 200% SW 500% SW 1000%SW 

T0.5 (42 days) G1:21-25 G2:21-25 G3:21-25 G4:1-5 G5:1-5 

T1 (58 days) G1:1-5 G2:1-5 G3:1-5 G4:6-10 G5:6-10 

T3 (118 days) G1:6-10 G2:6-10 G3:6-10 G4:11-15 G5:11-15 

T6 (208 days) G1:11-15 G2:11-15 G3:11-15 G4:16-20 G5:16-20 

 *Note: G1, G2 and G3 (1-15) were tested in chapter 4. 

where 

T0.5: the test conducted at 42 days; 

T1: the test conducted at 58 days; 

T3: the test conducted at 118 days; 

T6: the test conducted at 208 days. 

These samples followed the same testing process as shown in chapter 4. After 28 
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days curing, the soil-cement samples were immersed in various (up to ten times) 

seawater concentrations, namely 100%, 200%, 500% and 1000% SW. The needle 

penetration resistance and the uniaxial compression tests were conducted at the 

time of 42 days (T0.5), 58 days (T1), 118 days (T3) and 208 days (T6) (as shown 

in Fig. 3.6). In high sulphate environments, the destruction process of the soil-

cement samples begins rapidly, therefore, the T0.5 samples were chosen to observe 

the early deterioration process. For each test, about five samples were conducted, 

and a mean value and a coefficient of variation (CV) of them were presented in the 

following tables. The purpose of this section is to measure the strength change in 

high sulphate environment, hence, it was not necessary to conduct the TGA, 

chemical and image analyses.  

5.2 Experimental results and evaluation 

5.2.1 Deterioration at T0.5 (42 days) 

Table 5.2 shows the results of mean values of the samples and the coefficient of 

variations of the needle penetration resistance tests at T0.5. These results are plotted 

in Fig. 5.1 showed the strength distribution in the samples.  

Table 5.2. Needle penetration resistance test at T0.5 (42 days) 

Exposure 

condition 

2 mm 5 mm 10 mm 

qu (kN/m2) CV(%) qu (kN/m2) CV(%) qu (kN/m2) CV(%) 

G1-control 2064.56 3.3 2011.95 1.6 2017.99 1.7 

G2-100% SW 1866.40 4.1 2125.00 2.9 2149.35 1.4 

G3-200% SW 1073.76 5.6 1492.60 2.8 1949.63 1.9 

G4-500% SW 299.55 3.8 667.25 1.0 1735.50 1.8 

G5-1000% SW 23.04 5.0 54.40 3.5 453.37 3.9 

For the samples exposed to 500% and 1000% SW, the deterioration at the surface 

of the samples (2 mm) is very strong leading to the decrease of strength from 2065 

kN/m2 in the control samples to around 300 and 23 kN/m2, respectively at T0.5 (42 

days). At the 10 mm position, the strengths of the samples exposed to 100% and 
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200% SW are not different, fluctuating from 1950 to 2150 kN/m2. However, that 

value decreases significantly to 450 kN/m2 in the case of 1000% SW. So, the effects 

of high sulphate environments are considerable at the surface of the soil-cement 

samples over a short period of time. 

 

Fig. 5.1. Strength distribution at T0.5 (42 days) 

5.2.2 Deterioration at T1 (58 days) 

For the needle penetration resistance results at T1, Table 5.3 and Fig 5.2 show the 

results of the control, 100% and 200% SW samples obtained in chapter 4, and the 

results of the samples exposed to 500% and 1000% SW.  

Table 5.3. Needle penetration resistance test at T1 (58 days) 

Exposure 

condition 

2 mm 5 mm 10 mm 

qu (kN/m2) CV(%) qu (kN/m2) CV(%) qu (kN/m2) CV(%) 

G1-control 2016.18 4.2 2091.00 3.2 2218.77 1.3 

G2-100% SW 1891.75 3.7 2137.75 2.1 2155.76 0.6 

G3-200% SW 1167.46 3.1 1464.83 3.9 1857.43 4.3 

G4-500% SW 258.53 5.0 435.20 6.0 1174.80 4.0 

G5-1000% SW 0.00 0.0 32.30 7.2 380.21 4.8 
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In the presence of high seawater concentrations (1000%), the outer surface of the 

samples (2 mm) were destroyed totally, and the strength at further depth positions 

reduced significantly. For the samples exposed to 500% SW, the strength at 5 mm 

and 10 mm decrease considerably from 700 and 1700 kN/m2 at T0.5 to around 400 

and 1200 kN/m2 at T1, respectively. So, the soil-cement samples lose a significant 

strength after short periods immersed in high sulphate concentration solutions. 

 

Fig. 5.2. Strength distribution at T1 (58 days) 

5.2.3 Deterioration at T3 (118 days) 

Table 5.4 and Fig. 5.3 show the needle penetration resistance results of the samples 

exposed to various sulphate concentrations. 

Table 5.4. Needle penetration resistance test at T3 (118 days) 

Exposure 

condition 

2 mm 5 mm 10 mm 

qu (kN/m2) CV(%) qu (kN/m2) CV(%) qu (kN/m2) CV(%) 

G1-control 2416.82 4.2 2416.55 2.4 2461.74 0.9 

G2-100% SW 1961.45 6.9 2402.31 1.7 2468.01 0.8 

G3-200% SW 1212.59 2.0 1531.06 3.5 2081.27 1.5 

G4-500% SW 161.29 7.1 318.75 2.1 1005.52 2.5 

G5-1000% SW 0.00 0.0 25.50 11.8 181.56 3.3 
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The deterioration process at T3 follows the same trend at T1. For the samples 

exposed to 500% and 1000% SW, the deterioration toward the centre increases. 

The strengths at 5 and 10 mm of the samples exposed to 500% SW decrease to 320 

and 1000 kN/m2, while these values are approximately 0 in the case of 1000% SW. 

 

Fig. 5.3. Strength distribution at T3 (118 days) 

5.2.4 Deterioration at T6 (208 days) 

The needle penetration resistance results at the T6 show that the outer surface of 

the samples exposed 1000% SW were destroyed totally (qu = 0). In the case of 

500% SW, it can be seen from Table 5.5 and Fig. 5.4 that the effects of sulphate 

are stronger and deeper with the strength at 10 mm decreasing to < 500 kN/m2. 

Table 5.5. Needle penetration resistance test at T6 (208 days) 

Exposure 

condition 

2 mm 5 mm 10 mm 

qu (kN/m2) CV(%) qu (kN/m2) CV(%) qu (kN/m2) CV(%) 

G1-control 2610.43 5.9 2665.60 3.5 2706.85 1.8 

G2-100% SW 1974.70 3.5 2557.65 1.5 2689.22 2.0 

G3-200% SW 1076.06 5.5 1552.10 4.6 2156.29 1.4 

G4-500% SW 18.43 34.2 73.95 6.6 491.28 4.1 

G5-1000% SW 0.00 0.0 0.00 0.0 0.00 0.0 
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Fig. 5.4. Strength distribution at T6 (208 days) 

5.3 Discussion 

The change in the physical appearance of soil-cement samples exposed to high 

sulphate concentration solutions is shown in Figs. 5.5 and 5.6. It is clear that the 

outer surface of these samples changes significantly over time, and the effects of 

high sulphate concentrations on the soil-cement samples are considerable. In 

1000% SW, the outer layer of the soil-cement column is totally destroyed at T3 

(118 days) and T6 (208 days) leading to the decrease of sample diameter and 

density. 

 

Fig. 5.5. Soil-cement samples exposed to 500% SW 
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Fig. 5.6. Soil-cement samples exposed to 1000% SW 

(from left to right: 42, 58, 118 and 208 days) 

The needle penetration resistance results of all samples are plotted in Figs. 5.7 - 

5.9 (the needle penetration resistance curves in the case of the control condition, 

100% and 200% SW are presented in chapter 4 are also included). In Fig. 5.9, the 

value of needle penetration resistance force of the soil-cement samples exposed to 

1000% SW from 0-10 mm is considered as zero because the surface of these 

samples is destroyed due to the effects of very high sulphate environment. 

 

Fig. 5.7. Needle penetration resistance results at T1 (58 days) 
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Fig. 5.8. Needle penetration resistance results at T3 (118 days) 

 

Fig. 5.9. Needle penetration resistance results at T6 (208 days) 
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control curve, so it is impossible to determine the depth of deterioration by the 

needle penetration resistance results. Therefore, an equivalent diameter method 

(Cui et al., 2014) was applied to measure the deterioration depths of the samples 

exposed to high sulphate concentrations as a function of time. Based on the 

equivalent strength principle, the bearing capacity of the deteriorated column 

(diameter D) equals that of the non-deteriorated column (equivalent diameter d) 

(see Fig. 5.10). In this method, a hypothesis is applied that the strength of material 

within the equivalent deterioration area (Leq.) is considered to be zero. The total 

compression force (Ptt) (Table 5.6) obtained from the compression test of the 

regular column (D) equals the resistance force of the column with the equivalent 

diameter (d). This method was applied in the research of Cui et al. (2014). 

 

Fig. 5.10. Equivalent diameter method 

From Cui et al. (2014): 
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and 

.eqD L d            (5.2) 

where  

equivalent deterioration

depth Leq.

deterioration

depth (w)

=

D

d

Ptt



-110- 

Ptt: the total compression force obtained from the UCS test (kN); 

D: the diameter of sample (mm); 

 d: the equivalent diameter (mm); 

 Leq: the equivalent deterioration depth (mm) (that value is different with the 

deterioration depth (w) used in chapter 4); 

 qu: the unconfined compressive strength in the non-deteriorated portion 

(kN/m2). 

Table 5.6. Total compression force 

Time 

(day) 

Compression force (kN) 

control 100% SW 200% SW 500% SW 1000% SW 

42 (T0.5) 4.3032 4.2114 3.6205 3.5961 1.6955 

58 (T1) 4.7952 4.2960 3.6290 2.9100 1.0263 

118 (T3) 5.8948 4.5617 4.0953 2.2983 0.6549 

208 (T6) 6.0270 4.5954 4.4285 1.6693 0.0706 

388 (T12) 6.7102 4.8800 4.3330 / / 

The results shown in Table 5.7 and Table 5.8 are the equivalent diameter and 

equivalent deterioration depth calculated from Eqs. (5.1) and (5.2). 

Table 5.7. Equivalent diameter of the deteriorated samples 

Time (day) 
Equivalent diameter (mm) 

100% SW 200% SW 500% SW 1000% SW 

42 (T0.5) 52.71 50.61 48.71 33.44 

58 (T1) 50.99 46.86 41.96 24.92 

118 (T3) 49.02 46.45 34.79 18.57 

208 (T6) 46.59 45.74 28.80 7.20 

388 (T12) 45.88 43.23 / / 
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Table 5.8. Equivalent deterioration depth of the samples 

Time (day) 
Equivalent deterioration depth (mm) 

100% SW 200% SW 500% SW 1000% SW 

42 (T0.5) 0.65 1.70 2.65 10.28 

58 (T1) 1.51 3.57 6.02 14.54 

118 (T3) 2.49 3.78 9.60 17.71 

208 (T6) 3.70 4.13 12.60 23.40 

388 (T12) 4.06 5.38 / / 

As mentioned in chapter 4, the trend of deterioration depth (w) can be expressed 

as Eq. (4.8). In this case, the trends of equivalent deterioration depths (Leq) 

obtained from Fig. 5.11 are: 

Leq
100% = 0.23√𝑡          (R2 = 1)       (5.3) 

Leq
200% = 0.35√𝑡          (R2 = 0.94)       (5.4) 

Leq
500% = 0.79√𝑡          (R2 = 1)       (5.5) 

Leq
1000% = 1.65√𝑡         (R2 = 0.98)       (5.6) 

where  

Leq: the equivalent deterioration depth (mm);  

t: the time (day); and  

R2: correlation coefficient. 

The soil-cement samples were immersed in seawater after 28 days curing. So, 

before t = 28, the penetration depth Leq = 0. Therefore, Eqs. (5.3) - (5.6) are applied 

for t > 28 days only. 
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Fig. 5.11. Equivalent deterioration depths 

5.4 Equivalent deterioration depth prediction model 

Eqs. (5.3) - (5.6) show that the equivalent deterioration depth of soil-cement 

samples is a function of the square of time (t). So, the equivalent deterioration 

depth at the high sulphate environments can be expressed as: 

Leq
M = f(M)√𝑡         (5.7) 

where   

M: the sulphate environment (%); 

Leq
M: the equivalent deterioration depth (mm);  

f(M): the factor depended on the sulphate environment. 

In the research, f(M) were determined by a fitting method based on the experiment 

results. The values of f(M) at 100%, 200%, 500% and 1000% SW obtained from 

Eqs. (5.3) - (5.6) are plotted in Fig. 5.12. It is clear that f(M) has a linear 

relationship with the sulphate environment (M).  

Therefore,   

f(M)=0.1644M             (R2 = 1)       (5.8) 
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So, 

0.1644M

eqL M t          (5.9) 

Eqs. (5.2), (5.9) and (4.3) are added into Eq. (5.1). The total bearing capacity of 

soil-cement columns in high sulphate environments could be determined as:  

2( -0.1644 )
(305.11 436.36ln( ))

4

M

tt

D M t
P t


               (5.10) 

where   

Ptt
M: the total bearing capacity of soil-cement column in the sulphate 

environment of M (%); 

D: the diameter of column (mm); and 

t: the age of column (day). 

 

Fig. 5.12.  Relationship between factor f(M) and sulphate environment (M)  

Model application 

Eq. (5.10) was applied to calculate the bearing capacity of the soil-cement column 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

0% 400% 800% 1200%

L
e
q
/s

q
rt

(t
)

Sulphate environment

                            

fitting curve 

sw sw sw sw 



-114- 

with D = 0.5 m in various sulphate environments. Table 5.9 and Fig. 5.13 show 

the strength change of the column exposed to 100%, 200%, 500% and 1000% SW. 

It is clear that the strength of the soil-cement column exposed to high sulphate 

(seawater) concentrations decreases significantly in a short time. Especially, in 

very high sulphate concentration solution (10 times as the sulphate concentration 

in normal seawater), the column will be destroyed totally (P = 0) within 60 years.  

Fig. 5.14 shows the strength loss of the columns as a function of time and sulphate 

concentration. The strength loss ratio was calculated by dividing the strength 

reduction of deteriorated columns to the total strength of non-deteriorated columns. 

The figure shows that the soil-cement column loses about 50% of strength after 120 

years exposed to 200% SW. In 500% and 1000% SW, the columns lose the same 

strength in only 25 and 5 years, respectively. This finding has significant 

implications to stabilised soil in high sulphate environments such as acid sulphate 

soil which makes up approximate 95,000 km2 of Australian coastline (EPA, 2007). 

Table 5.9. Total bearing capacity of soil-cement column (D = 0.5 m) in high 

sulphate environments 

Time  

(year) 
Control 

100% 

SW 

200% 

SW 

500% 

SW 

1000% 

SW 

0.00 57.06 57.06 57.06 57.06 57.06 

0.02 224.41 224.41 224.41 224.41 224.41 

0.04 284.02 284.02 284.02 284.02 284.02 

0.08 343.63 342.13 340.31 333.95 321.70 

0.20 426.04 420.96 417.34 404.74 380.66 

0.30 460.91 453.58 448.81 432.19 400.61 

0.60 520.52 507.84 500.25 473.99 424.72 

1.00 564.45 546.13 535.56 499.20 431.81 

1.50 599.33 575.14 561.47 514.68 429.10 

2.00 624.07 594.78 578.42 522.66 421.83 

2.50 643.26 609.38 590.60 526.85 412.75 

3.00 658.94 620.83 599.84 528.81 402.91 
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5.00 702.87 650.26 621.69 526.23 362.62 

7.00 731.81 667.03 632.18 516.92 325.12 

10.00 762.48 682.00 639.13 499.27 275.72 

15.00 797.35 694.76 640.77 468.12 208.75 

20.00 822.09 700.51 637.17 438.10 156.34 

40.00 881.70 700.18 608.47 336.84 36.15 

60.00 916.57 688.40 575.89 259.66 0.50 

80.00 941.31 673.72 544.54 199.10 0.00 

100.00 960.50 658.23 515.12 150.75 0.00 

120.00 976.18 642.69 487.65 111.89 0.00 

140.00 989.44 627.39 461.98 80.69 0.00 

160.00 1000.93 612.46 437.92 55.88 0.00 

180.00 1011.05 597.96 415.32 36.48 0.00 

200.00 1020.12 583.89 394.05 21.79 0.00 

250.00 1039.31 550.58 345.85 2.14 0.00 

 

Fig. 5.13. Total bearing capacity of soil-cement columns in high sulphate 

environments (D = 0.5 m) 
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Fig. 5.14. Strength loss rate (D = 0.5 m) 

As an example, if the required bearing capacity of the soil-cement column is the 

same as that of the Newcastle Flyover project, [P] = 122.72 kN (D = 0.5 m), the 

stability of the column can be calculated and plotted in Fig. 5.15. In the case of 

100% SW exposure, the column with the diameter 0.5 m can stand with the attack 
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scenario fresh seawater flushing which would not occur naturally). For higher 

sulphate environment (500% and 1000% SW), the column with D = 0.5 m does 
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chapter 2, marine clay could contain 18 mg sulfur/kg dry soil (Rajasekaran, 1994; 
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column or apply other methods to ensure that it can withstand the attacks of 

sulphate on its structural integrity. 

 

Fig. 5.15. Durability of the soil-cement columns in high sulphate environments 
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CHAPTER 6. CONCLUSIONS 

6.1 Conclusions 

In this study, experiments on the strength changes in stabilised soil-cement 

columns were conducted by several experimental methods included uniaxial 

compression tests, needle penetration resistances tests, thermogravimetric 

analyses, chemical and image analyses. Generally, these test methods gave overall 

results that were not different from each other. In addition, the strength prediction 

model was developed for the total strength change of the soil-cement columns in 

coastal areas.  

The needle penetration resistance has a linear relationship with the unconfined 

compressive strength, therefore, the strength distribution of the samples can be 

observed by the needle penetration resistance tests. It is also a suitable method to 

determine the deterioration depth of the soil-cement column exposed to 100% 

SW. 

TGA analysis can be used to determine the extent of calcium consumption in 

comparison to the control samples, which reflects the deterioration level in the soil-

cement columns over time. The relationship between the deterioration and the extent 

of calcium consumption can be used to evaluate the durability of the soil-cement 

columns exposed to seawater. 

Experimental results show that the effects of seawater (sulphate) are significant on 

the outer surface strength development. For the samples exposed to seawater, 

inhibition of the portlandite and formation of gypsum and ettringite are the main 

reason leading to the destruction of soil-cement samples. Moreover, the 

deterioration is strong at the surface and develops inward with the time.  

At higher seawater concentrations, the deterioration occurs faster and deeper. The 

strength of the samples exposed to high sulphate concentrations decrease 
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significantly in a short time span and eventually they were totally destroyed. In 

addition, the extent of calcium consumption is irrespective of depth and 

concentration of seawater. 

The UCS test results of the control samples showed that the strength of the soil-

cement samples is linear with the logarithm of time and 305.11 436.36ln( )uq t 

. This relationship can be used to predict the long-term strength of the soil-cement 

columns. 

The depth of deterioration of the soil-cement columns (with C = 120kg/m3) 

exposed to 100% SW can be predicted based on the experimental data from the 

needle penetration resistance tests and TGA analyses. 

In the study, the model can be used to predict the strength change of the non-

deteriorated as well as the deteriorated portion of the soil-cement columns exposed 

to synthetic seawater. The total bearing capacity these columns can be calculated 

by Eqs. (4.15) and (4.16). 

The model shows that the deterioration of smaller diameter soil-cement columns 

occurs faster with a higher rate of strength loss. In marine or acid sulphate 

environments, the foundation structure can collapse due to the effects of sulphate if 

the diameter of the soil-cement column is not large enough. For instance, the soil-

cement columns with D = 0.3 m could collapse (Pa < [P]) after 45 years in the worst 

case scenario of continued flushing with fresh seawater. So, it is necessary to 

consider the suitable size of the soil-cement column in coastal areas to increase the 

safety of the structure and minimise the cost of future repair and maintenance.  

The experiments on the effects of high sulphate concentrations show that in a very 

short period of time, the depths of deterioration of the samples immersed in high 

concentration seawater are much deeper than others. The total bearing capacity of 

soil-cement column in high sulphate concentrations could be determined by Eq. 

(5.10). At higher sulphate environments (500% and 1000% SW), the column with 
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D = 0.5 m does not meet the strength requirement of the structure (Pa  < [P]), 

especially, the column exposed to 1000% SW could be destroyed totally (P = 0) 

within 60 years. Therefore, it is necessary to increase the diameter of the column 

or apply other methods to ensure that it can stand with the attacks of the high 

sulphate environments. 

6.2 Limitations and possible development trends 

In the research, the soil-cement samples were immersed in seawater to determine 

the long-term strength. Therefore, the results could apply in constructions in 

coastal areas under that attack of seawater. For the inland constructions, it is 

necessary to study the concentration of sulphate in the ground water to determine 

it on the soil-cement columns. 

The soil collected from the rail site was stored in 8 containers at room temperature. 

The testing process lasted several months so the natural water content of the soil 

could decrease leading to unexpected changes in the characteristics of the soil-

cement samples. To obtain the best testing results, the soil should be stored in the 

moisture room to remain as close to the natural properties of the soil as possible. 

The soil-cement samples were made by the Japanese standard, which was shown 

in chapter 3. However, some variations could occur during the samples preparation 

process like heterogeneity of material and diameter of samples. To deal with the 

problem, a lot of soil-cement samples was created (more than 100 samples), then 

only 65 samples having the similar density ( = 1.90-1.91 g/cm3) were chosen for 

the experiment.  

The soil-cement samples made by a mould need to be cured in the standard 

condition to reach the initial strength. In the research, all samples were cured over 

28 days before removed from the mould and exposed to seawater. In the real 

situation, the soil-cement columns would contact the seawater as soon as the 
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mixing process begins. Therefore, it is better if the soil-cement samples are created 

as per the practical site installation. 

The needle penetration resistance test is a suitable method to measure the 

deterioration depths of the soil-cement column. In the study, a small needle with 

the diameter of 0.75 mm was used to penetrate into the sample; hence, it is 

impossible to measure the resistance of the soil-cement samples at the deep 

positions (> 10 mm). To observe the strength distribution at deeper positions, a 

bigger and stronger needle should be considered.  

The prediction model applied in the study was developed from early test results. 

In some cases, the fitting curve method was applied to find the trend of 

deterioration. That method could lead to some variations in the results of the model 

although the correlation coefficients of the fitting curves were very high and the 

result of the model was calibrated by the experiment results.  

The TGA analysis was used to determine the extent of calcium consumption which 

reflects the level of deterioration of the soil-cement columns. The relationship 

between the deterioration and the extent of calcium consumption can be used to 

calibrate the durability of the soil-cement columns model. 

The study results can be applied to evaluate a durability of the soil-cement column 

in the coastal environment.  In Newcastle city, for example, this study could be used 

to evaluate the effect of seawater on the soil-cement column and its durability under 

the attack of seawater. 
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APPENDIX I: Uniaxial compression tests and needle penetration resistance tests (Part 1) 

 

Unconfined Compressive Strength (UCS)  
Needle penetration 

resistance (N) 
Strength distribution (kN/m2) 

Day Sample 
Time 

(day) 
W (%) 

d  

(mm) 

h 

(mm) 

G     

(g) 
   

(g/cm3) 
F (N) 

Strength 

(kN/m2) 

Disp. 

(mm) 
2 mm 5 mm 10 mm 2 mm 5 mm 10 mm 

12/11/14 

G0-1 28 34.00 53.50 109.30 469.00 1.91 3830.00 1684.78 1.51 42.00 66.70 81.70 4838.82 2834.75 2181.39 

G0-2 28 34.00 53.50 106.80 457.40 1.91 3970.00 1746.37 1.21 16.30 43.20 69.20 1877.92 1836.00 1847.64 

G0-3 28 34.00 53.50 107.00 459.12 1.91 3762.90 1655.27 1.35 18.20 46.00 68.50 2096.82 1955.00 1828.95 

G0-4 28 34.00 53.50 109.60 467.10 1.90 3680.00 1618.80 1.32 17.90 45.90 69.20 2062.26 1950.75 1847.64 

G0-5 28 34.00 53.50 107.20 459.05 1.90 4070.00 1790.36 1.35 17.30 47.10 71.00 1993.13 2001.75 1895.70 

Average          1702.70  17.43 45.55 69.48 2007.53 1935.88 1854.98 

CV (%)          3.6  4.2 3.21 1.3 4.2 3.21 1.3 

1/16/15 

G1-1 58 34.00 53.50 106.90 456.64 1.90 4924.80 2166.38 1.62 18.50 50.50 79.50 2131.39 2146.25 2122.65 

G1-2 58 34.00 53.50 107.47 456.77 1.89 4795.20 2109.37 1.47 17.10 49.50 80.30 1970.09 2103.75 2144.01 

G1-3 58 34.00 53.50 108.94 466.20 1.90 4628.70 2036.13 1.31 18.80 50.20 81.20 2165.95 2133.50 2168.04 

G1-4 58 34.00 53.50 108.80 465.51 1.90 4778.70 2102.11 1.42 18.40 50.30 80.90 2119.86 2137.75 2158.70 

G1-5 58 34.00 53.50 108.94 466.20 1.90 4787.10 2105.80 1.38 17.80 49.90 79.80 2050.74 2120.75 2130.66 

Average          2103.96  18.12 50.08 80.33 2087.61 2128.40 2144.81 

CV (%)         3.1  5.0 1.0 1.1 5.0 1.0 1.1 

1/10/15 
G2-1 58 34.00 53.80 109.40 471.01 1.89 4620.00 2032.30 1.32 15.70 49.50 81.20 1808.80 2103.75 2168.04 

G2-2 58 34.00 53.80 108.80 469.51 1.90 4460.00 1961.92 1.42 16.30 50.80 81.30 1877.92 2159.00 2170.71 
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G2-3 58 34.00 53.80 110.36 477.46 1.90 4362.00 1918.81 1.38 17.00 49.20 80.50 1958.57 2091.00 2149.35 

G2-4 58 34.00 53.80 106.24 459.70 1.90 4295.00 1889.33 1.36 16.00 50.20 80.10 1843.36 2133.50 2138.67 

G2-5 58 34.00 53.80 108.28 468.73 1.90 4296.00 1889.77 1.27 17.10 51.80 80.60 1970.09 2201.50 2152.02 

Average          1938.43  16.42 50.30 80.74 1891.75 2137.75 2155.76 

CV (%)         3.1  3.7 2.1 0.6 3.7 2.1 0.6 

1/10/15 

G3-1 58 34.00 54.07 111.33 484.08 1.89 3629.00 1596.37 1.71 10.40 35.30 72.50 1198.18 1500.25 1935.75 

G3-2 58 34.00 53.95 110.98 484.86 1.91 3496.00 1537.86 2.15 10.30 35.60 70.20 1186.66 1513.00 1874.34 

G3-3 58 34.00 54.12 110.06 481.90 1.90 3464.00 1523.78 2.09 9.80 35.20 65.20 1129.06 1496.00 1740.84 

G3-4 58 34.00 54.25 108.45 476.23 1.90 3497.00 1538.30 1.76 9.90 33.60 68.80 1140.58 1428.00 1836.96 

G3-5 58 34.00 54.13 110.03 478.72 1.89 3430.00 1508.83 1.72 9.70 32.50 66.00 1117.54 1381.25 1762.20 

Average          1547.68  10.13 34.47 69.57 1167.46 1464.83 1857.43 

CV (%)         2.1  3.1 3.9 4.3 3.1 3.9 4.3 

3/17/15 

G1-6 118 34.00 53.81 109.43 469.98 1.89 5561.10 2446.28 1.52 21.20 57.60 93.30 2442.45 2448.00 2491.11 

G1-7 118 34.00 53.80 107.61 463.79 1.90 5328.00 2343.74 1.41 20.40 57.20 92.20 2350.28 2431.00 2461.74 

G1-8 118 34.00 53.74 105.36 455.80 1.91 5261.40 2314.45 1.47 20.01 56.44 91.40 2305.35 2398.70 2440.38 

G1-9 118 34.00 53.75 103.25 444.52 1.90 5428.40 2387.91 1.25 22.30 56.20 91.90 2569.18 2388.50 2453.73 

G1-10 118 34.00 53.71 110.44 475.83 1.90 5894.80 2593.07 1.43 20.81 59.70 93.10 2397.5 2537.25 2485.77 

Average          2417.09  20.98 56.86 92.20 2416.82 2416.55 2461.74 

CV (%)         4.6  4.2 2.4 0.9 4.2 2.4 0.9 

3/17/15 

G2-6 118 34.00 53.85 106.17 460.56 1.90 4628.40 2035.99 2.21 17.20 56.20 93.24 1981.61 2388.50 2489.51 

G2-7 118 34.00 53.92 109.82 478.57 1.91 4761.40 2094.50 2.35 17.30 57.60 92.60 1993.13 2448.00 2472.42 

G2-8 118 34.00 53.65 106.43 460.28 1.91 4550.20 2001.59 2.10 15.40 55.40 91.50 1774.23 2354.50 2443.05 



-136- 

G2-9 118 34.00 53.68 101.77 440.62 1.91 4628.50 2036.04 2.03 18.20 56.90 92.40 2096.82 2418.25 2467.08 

G2-10 118 34.00 53.95 104.48 455.68 1.91 4561.70 2006.65 1.81 0.00 0.00 0.00 0.00 0.00 0.00 

Average          2034.96  17.03 56.53 92.44 1961.45 2402.31 2468.01 

CV (%)         1.8  6.9 1.7 0.8 6.9 1.7 0.8 

3/17/15 

G3-6 118 34.00 54.03 107.81 471.12 1.91 3894.80 1713.29 2.45 10.50 36.70 77.80 1209.71 1559.75 2077.26 

G3-7 118 34.00 54.07 110.81 485.88 1.91 4095.30 1801.49 2.01 10.60 35.90 78.50 1221.23 1525.75 2095.95 

G3-8 118 34.00 54.09 109.13 480.21 1.91 4101.30 1804.13 2.42 10.90 34.20 76.20 1255.79 1453.50 2034.54 

G3-9 118 34.00 54.00 109.47 477.57 1.90 3828.00 1683.90 1.98 0.00 0.00 0.00 0.00 0.00 0.00 

G3-10 118 34.00 54.00 106.47 465.47 1.91 4030.00 1772.76 2.06 10.10 37.30 79.30 1163.62 1585.25 2117.31 

Average          1755.11  10.53 36.03 77.95 1212.59 1531.06 2081.27 

CV (%)         3.1  2.0 3.5 1.5 2.0 3.5 1.5 

6/14/15 

G1-11 208 34.00 53.81 106.22 457.86 1.90 6193.50 2724.47 1.47 21.30 64.80 102.10 2453.97 2754.00 2726.07 

G1-12 208 34.00 53.81 105.03 455.30 1.91 6226.60 2739.03 1.50 22.40 62.30 103.20 2580.70 2647.75 2755.44 

G1-13 208 34.00 53.81 105.36 456.36 1.90 6027.00 2651.23 1.45 21.50 64.20 98.60 2477.02 2728.50 2632.62 

G1-14 208 34.00 53.81 106.32 459.94 1.90 6194.00 2724.69 1.23 24.19 63.10 100.40 2786.93 2681.75 2680.68 

G1-15 208 34.00 53.81 102.20 442.29 1.90 5994.00 2636.71 1.30 23.90 59.20 102.60 2753.52 2516.00 2739.42 

Average          2695.22  22.66 62.72 101.38 2610.43 2665.60 2706.85 

CV (%)         1.8  5.9 3.5 1.8 5.9 3.5 1.8 

6/14/15 

G2-11 208 34.00 53.85 100.04 432.30 1.90 4495.50 1977.53 1.20 17.2 60.6 101.0 1981.61 2575.50 2696.70 

G2-12 208 34.00 53.92 106.56 461.50 1.90 4595.40 2021.48 1.25 16.1 60.2 97.5 1854.88 2558.50 2603.25 

G2-13 208 34.00 53.65 104.20 449.14 1.91 5061.60 2226.55 1.25 17.5 61.4 100.5 2016.18 2609.50 2683.35 

G2-14 208 34.00 53.68 106.69 460.79 1.91 4496.00 1977.75 1.18 17.6 59.2 102.2 2027.70 2516.00 2728.74 
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G2-15 208 34.00 53.95 107.09 465.18 1.90 5195.00 2285.24 1.10 17.3 59.5 102.4 1993.13 2528.75 2734.08 

Average          2097.71  17.2 60.6 101.0 1981.61 2575.50 2696.70 

CV (%)         7.0  3.5 1.5 2.0 3.5 1.5 2.0 

6/14/15 

G3-11 208 34.00 54.03 107.19 467.00 1.90 4495.20 1977.40 1.60 9.60 37.90 79.50 1106.02 1610.75 2122.65 

G3-12 208 34.00 54.07 106.30 462.00 1.89 4395.20 1933.41 1.63 9.80 38.20 80.10 1129.06 1623.50 2138.67 

G3-13 208 34.00 54.09 106.97 467.00 1.90 4428.50 1948.06 1.81 8.60 35.40 82.40 990.81 1504.50 2200.08 

G3-14 208 34.00 54.00 109.05 473.00 1.89 4495.20 1977.40 1.76 9.70 36.90 80.60 1117.54 1568.25 2152.02 

G3-15 208 34.00 54.00 107.40 465.00 1.89 4361.70 1918.67 1.60 9.00 34.20 81.20 1036.89 1453.50 2168.04 

Average          1950.99  9.34 36.52 80.76 1076.06 1552.10 2156.29 

CV (%)         1.3  5.5 4.6 1.4 5.5 4.6 1.4 

2/12/16 

G1-16 388 34.00 53.80 105.90 459.60 1.91 6760.00 2973.67 1.22 25.30 70.20 110.50 2914.81 2983.50 2950.35 

G1-17 388 34.00 53.80 106.20 459.40 1.90 6825.20 3002.35 1.26 25.10 69.50 111.60 2891.77 2953.75 2979.72 

G1-18 388 34.00 53.80 106.80 460.20 1.90 6720.00 2956.07 1.25 26.80 69.40 112.20 3087.63 2949.50 2995.74 

G1-19 388 34.00 53.80 108.50 469.20 1.90 6493.00 2856.22 1.61 24.50 68.20 110.12 2822.65 2898.50 2940.20 

G1-20 388 34.00 53.80 106.50 460.80 1.90 6752.80 2970.50 1.28 25.30 70.10 113.40 2914.81 2979.25 3027.78 

Average          2951.76  25.40 69.48 111.56 2926.33 2952.90 2978.76 

CV (%)         1.9  3.3 1.1 1.2 3.3 1.1 1.2 

2/12/16 

G2-16 388 34.00 53.80 114.50 489.20 1.88 4820.00 2120.28 1.66 14.50 59.30 110.10 1670.55 2520.25 2939.67 

G2-17 388 34.00 53.80 110.50 477.70 1.90 4712.00 2072.77 1.85 15.20 57.60 110.60 1751.19 2448.00 2953.02 

G2-18 388 34.00 53.80 108.00 462.80 1.89 4925.00 2166.47 1.72 16.10 60.40 98.20 1854.88 2567.00 2621.94 

G2-19 388 34.00 53.80 112.10 485.20 1.90 4919.00 2163.83 1.52 15.70 61.20 111.50 1808.80 2601.00 2977.05 

G2-20 388 34.00 53.80 111.50 482.10 1.90 5024.00 2210.01 1.86 15.40 63.40 112.40 1774.23 2694.50 3001.08 
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Average          2146.67  15.38 60.38 108.56 1771.93 2566.15 2898.55 

CV (%)         2.4  3.9 3.6 5.4 3.9 3.6 5.4 

2/12/16 

G3-16 388 34.00 53.80 105.00 453.80 1.90 4219.00 1855.90 1.85 7.50 37.50 81.20 864.08 1593.75 2168.04 

G3-17 388 34.00 53.80 109.00 473.50 1.91 4413.00 1941.24 1.92 7.40 34.60 82.10 852.55 1470.50 2192.07 

G3-18 388 34.00 53.80 108.50 466.10 1.89 4512.00 1984.79 2.01 7.50 37.20 83.40 864.08 1581.00 2226.78 

G3-19 388 34.00 53.80 111.50 482.20 1.90 4160.00 1829.95 1.73 7.20 32.10 79.80 829.51 1364.25 2130.66 

G3-20 388 34.00 53.80 107.90 465.60 1.90 4361.00 1918.37 2.15 7.10 35.60 80.50 817.99 1513.00 2149.35 

Average         1906.05  7.34 35.40 81.40 845.64 1504.50 2173.38 

CV (%)          3.3  2.5 6.2 1.7 2.5 6.2 1.7 

Where 

Note: all italicized data was disregarded for analysis. 

G0:1-5: group of samples using for the test at T0;   

G1:1-20: group of samples cured in sealed condition; 

G2:1-20: group of samples cured in 100% seawater; 

G3:1-20: group of samples cured in 200% seawater; 

Average: a mean value of sample; 
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CV (%): the coefficient of variation; 

F (N): the needle resistance force;     

G (g): the weight of the sample;       

Disp. (mm): the displacement of the sample; 

W (%): initial water content of soil;   

d (mm): the diameter of the samples; 

h (mm): the height of the sample; 

 (g/cm3): the density of the sample. 
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APPENDIX II: Uniaxial compression tests and needle penetration resistance tests (Part 2) 

Unconfined Compressive Strength (UCS) test 
Needle penetration 

resistance (N) 
Strength distribution (kN/m2) 

Day Sample 
Time 

(day) 

d  

(mm) 

h   

(mm) 

G      

(g) 
         

(g/cm3) 

F        

(N) 

Strength 

(kN/m2) 

Disp. 

(mm) 
2 mm 5 mm 10 mm 2 mm 5 mm 10 mm 

10/22/15 

G1.21 42 53.80 108.10 465.80 1.90 3695.90 1625.79 1.45 18.10 46.80 76.10 2085.30 1989.00 2031.87 

G1.22 42 53.80 109.20 472.50 1.90 3865.70 1700.49 1.61 17.20 48.20 76.70 1981.61 2048.50 2047.89 

G1.23 42 53.80 105.80 457.20 1.90 3687.50 1622.10 1.58 18.60 47.20 76.40 2142.91 2006.00 2039.88 

G1.24 42 53.80 110.50 476.20 1.90 3582.80 1576.04 1.42 17.40 46.50 73.60 2004.65 1976.25 1965.12 

G1.25 42 53.80 106.50 460.80 1.90 3558.10 1565.18 1.47 18.30 48.00 75.10 2108.34 2040.00 2005.17 

Average        3678.00 1617.92  17.92 47.34 75.58 2064.56 2011.95 2017.99 

CV (%)        3.3  3.3 1.6 1.7 3.3 1.6 1.7 

10/22/15 

G2.21 42 53.80 105.80 456.20 1.90 4321.20 1900.86 1.47 16.20 50.40 80.30 1866.40 2142.00 2144.01 

G2.22 42 53.80 108.60 470.20 1.90 4133.00 1818.07 1.41 15.60 52.00 81.10 1797.28 2210.00 2165.37 

G2.23 42 53.80 107.50 465.10 1.90 4631.50 2037.36 1.45 16.40 50.10 78.60 1889.44 2129.25 2098.62 

G2.24 42 53.80 110.10 478.00 1.91 4258.00 1873.06 1.52 17.20 48.00 81.50 1981.61 2040.00 2176.05 

G2.25 42 53.80 109.40 472.50 1.90 4151.30 1826.12 1.43 15.60 49.50 81.00 1797.28 2103.75 2162.70 

Average        4299.00 1891.09  16.20 50.00 80.50 1866.40 2125.00 2149.35 

CV (%)        4.7  4.1 2.9 1.4 4.1 2.9 1.4 

10/22/15 

G3.21 42 53.80 110.20 475.60 1.90 3650.10 1605.65 1.62 10.10 35.40 73.40 1163.62 1504.50 1959.78 

G3.22 42 53.80 108.60 469.50 1.90 3542.30 1558.23 1.52 9.00 36.60 73.30 1036.89 1555.50 1957.11 

G3.23 42 53.80 105.30 457.00 1.91 3457.20 1520.79 1.71 9.60 34.50 75.00 1106.02 1466.25 2002.50 
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G3.24 42 53.80 107.90 466.20 1.90 3739.40 1644.93 1.65 9.10 34.00 71.40 1048.41 1445.00 1906.38 

G3.25 42 53.80 110.40 474.60 1.89 3656.00 1608.24 1.59 8.80 35.10 72.00 1013.85 1491.75 1922.40 

Average        3609.00 1587.57  9.32 35.12 73.02 1073.76 1492.60 1949.63 

CV (%)        3.0  5.6 2.8 1.9 5.6 2.8 1.9 

10/22/15 

G500.1 42 53.80 104.70 452.13 1.90 3529.00 1552.38 2.50 2.60 15.50 65.00 299.55 658.75 1735.50 

G500.2 42 53.80 107.50 461.54 1.89 3663.03 1611.34 2.54 2.70 15.70 65.20 311.07 667.25 1740.84 

G500.3 42 53.80 108.30 468.05 1.90 3596.40 1582.03 2.60 2.70 15.80 66.00 311.07 671.50 1762.20 

G500.4 42 53.80 108.50 469.15 1.90 3607.63 1586.97 2.51 2.50 15.90 65.80 288.03 675.75 1756.86 

G500.5 42 53.80 106.20 459.26 1.90 3584.60 1576.84 2.68 2.50 15.60 63.00 288.03 663.00 1682.10 

Average        3596.10 1581.90  2.70 15.7 65.4 299.55 667.25 1735.50 

CV (%)        1.3  3.8 1.0 1.8 3.8 1.0 1.8 

10/22/15 

G1000.1 42 51.10 104.50 401.25 1.87 1789.20 872.42 3.90 0.20 1.30 17.10 23.04 55.25 456.57 

G1000.2 42 51.30 106.50 409.21 1.86 1632.40 789.77 4.00 0.30 1.20 16.00 34.56 51.00 427.20 

G1000.3 42 50.90 101.50 387.45 1.88 1677.00 824.15 3.60 0.10 1.30 16.80 11.52 55.25 448.56 

G1000.4 43 50.60 104.80 394.05 1.87 1691.20 841.02 3.86 0.30 1.30 17.80 34.56 55.25 475.26 

G1000.5 44 51.20 105.20 404.50 1.87 1688.30 820.01 4.25 0.10 1.30 17.20 11.52 55.25 459.24 

Average        1695.60 829.50  0.2 1.3 17.0 23.04 54.40 453.37 

CV (%)        3.7  50 3.5 3.9 50 3.5 3.9 

11/6/15 

G500.6 58 53.80 106.20 458.15 1.90 2628.00 1156.03 2.71 2.20 9.20 42.30 253.46 391.00 1049.31 

G500.7 58 53.80 105.50 453.42 1.89 3100.00 1363.66 2.65 2.30 10.20 44.80 264.98 433.50 1196.16 

G500.8 58 53.80 109.40 470.52 1.89 2940.20 1293.37 2.68 2.40 10.50 45.20 276.50 446.25 1286.94 

G500.9 58 53.80 108.60 467.35 1.89 2981.50 1311.54 2.61 2.22 10.50 45.80 255.77 446.25 1222.86 
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G500.10 58 53.80 107.30 461.24 1.89 2900.10 1275.73 2.70 2.10 10.80 41.90 241.94 459.00 1118.73 

Average        2910.00 1280.10  2.24 10.24 44.00 258.53 435.20 1174.80 

CV (%)        6.0  5.0 6.0 4.0 5.0 6.0 4.0 

11/6/15 

G1000.6 58 49.20 100.50 352.10 1.84 1089.20 572.91 3.50 0.00 0.80 14.30 0.00 34.00 381.81 

G1000.7 58 49.70 98.20 351.25 1.84 985.40 507.94 3.70 0.00 0.80 13.60 0.00 34.00 363.12 

G1000.8 58 48.80 96.50 334.47 1.85 1018.30 544.44 3.80 0.00 0.70 15.00 0.00 29.75 400.50 

G1000.9 58 49.50 98.50 351.14 1.85 997.80 518.49 3.60 0.00 0.70 14.80 0.00 29.75 395.16 

G1000.10 58 49.30 97.60 343.50 1.84 1041.50 545.60 3.80 0.00 0.80 13.50 0.00 34.00 360.45 

Average        1026.40 537.90  0.00 0.76 14.24 0.00 32.30 380.21 

CV (%)        4.7  0.0 7.2 4.8 0.0 7.2 4.8 

1/8/16 

G500.11 118 52.50 104.70 430.13 1.90 2200.00 1068.55 2.60 1.40 7.30 36.50 161.29 310.25 974.55 

G500.12 118 51.90 105.90 422.54 1.89 2364.71 1148.55 2.76 1.30 7.50 37.50 149.77 318.75 1001.25 

G500.13 118 53.10 109.30 460.10 1.90 2331.00 1132.17 2.80 1.50 7.70 39.00 172.82 327.25 1041.30 

G500.14 118 52.60 110.40 455.20 1.90 2305.83 1119.95 2.85 1.50 7.60 38.00 172.82 323.00 1014.60 

G500.15 118 53.30 106.70 451.24 1.90 2290.12 1112.32 2.79 1.30 7.40 37.30 149.77 314.50 995.91 

Average        2298.30 1116.30  1.40 7.50 37.66 161.29 318.75 1005.52 

CV (%)        2.7  7.1 2.1 2.5 7.1 2.1 2.5 

1/8/16 

G1000.11 118 46.20 90.30 272.50 1.80 668.00 398.48 4.10 0.00 0.60 6.50 0.00 25.50 173.55 

G1000.12 118 45.70 92.50 273.40 1.80 689.50 420.35 3.50 0.00 0.60 7.10 0.00 25.50 189.57 

G1000.13 118 44.80 94.20 268.60 1.81 582.90 369.78 3.60 0.00 0.70 6.90 0.00 29.75 184.23 

G1000.14 118 45.20 91.50 265.20 1.81 671.80 418.67 3.80 0.00 0.60 6.80 0.00 25.50 181.56 

G1000.15 118 44.70 92.80 262.50 1.80 662.50 422.16 3.90 0.00 0.50 6.70 0.00 21.25 178.89 
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Average        654.90 405.90  0.00 0.60 6.80 0.00 25.50 181.56 

CV (%)        5.5  0.00 11.8 3.3 0.00 11.8 3.3 

4/8/16 

G500.16 208 50.60 104.70 400.13 1.90 1657.40 805.00 2.60 0.20 1.70 18.50 23.04 72.25 493.95 

G500.17 208 51.20 106.50 417.54 1.90 1676.80 814.43 2.76 0.10 1.90 17.70 11.52 80.75 472.59 

G500.18 208 51.40 107.30 422.05 1.90 1686.00 818.89 2.80 0.20 1.60 19.60 23.04 68.00 523.32 

G500.19 208 50.80 105.30 405.10 1.90 1665.15 808.77 2.68 0.20 1.70 18.40 23.04 72.25 491.28 

G500.20 208 51.10 108.50 420.20 1.89 1661.30 806.90 2.81 0.10 1.80 17.80 11.52 76.50 475.26 

Average        1669.33 810.80  0.16 1.74 18.40 18.43 73.95 491.28 

CV (%)        0.7  34.2 6.6 4.1 34.2 6.6 4.1 

4/8/16 

G1000.15 208 32.00 71.90 102.20 1.77 73.10 90.89 4.51 0.00 0.00 0.00 0.00 0.00 0.00 

G1000.16 208 32.30 68.40 98.50 1.76 68.30 83.35 4.50 0.00 0.00 0.00 0.00 0.00 0.00 

G1000.17 208 30.20 72.30 91.80 1.77 70.20 98.00 4.60 0.00 0.00 0.00 0.00 0.00 0.00 

G1000.18 208 31.50 71.00 97.40 1.76 71.40 91.62 5.60 0.00 0.00 0.00 0.00 0.00 0.00 

G1000.19 208 31.60 71.50 98.60 1.76 70.20 89.51 6.60 0.00 0.00 0.00 0.00 0.00 0.00 

Average       70.64 90.70  0.00 0.00 0.00 0.00 0.00 0.00 

CV (%)         5.8  0.00 0.00 0.00 0.00 0.00 0.00 
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APPENDIX III: TGA curves 
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APPENDIX IV: TGA results 

Speci

men 

Depth 

 h 

(mm) 

Time 

ML 

(CH)   

(%) 

CH 

(free)   

(%) 

ML 

(CO2)   

(% )   

CH 

(carbona

-tion)  

(%) 

CH 

(cal.)   

(%) 

CH  

(cal. 

consumption)  

(%) 

G0.1 

2 

T0 

1.0372 4.2692 1.6837 3.5105 65 57.2203 

5 1.1057 4.5512 1.7595 3.6686 65 56.7803 

10 1.0325 4.2499 1.6264 3.3910 65 57.3591 

G1.1 

2 

T1 

control 

1.0005 4.1182 1.5736 3.2810 65 57.6009 

5 1.0068 4.1441 1.6728 3.4878 65 57.3681 

10 1.0428 4.2923 1.8345 3.8249 65 56.8828 

G2.1 

2 
T1  

100% 

SW 

1.2759 5.2517 1.8313 3.8183 65 55.9300 

5 0.9707 3.9955 1.3503 2.8154 65 58.1891 

10 1.0079 4.1486 1.1843 2.4693 65 58.3821 

G3.1 

2 
T1  

200% 

SW 

1.5317 6.3046 2.1786 4.5424 65 54.1530 

5 1.2390 5.0999 2.0708 4.3176 65 55.5825 

10 1.1228 4.6216 1.2702 2.6484 65 57.7301 

G1.2 

 

2 
T1 

control 

(Repeat) 

1.0072 4.1457 1.5737 3.2812 65 57.5731 

5 1.0057 4.1396 1.6095 3.3558 65 57.5046 

10 1.0425 4.2910 1.8264 3.8080 65 56.9009 

G2.2 

 

2 T1  

100% 

SW 

(Repeat) 

1.2224 5.0315 1.8574 3.8727 65 56.0958 

5 0.9851 4.0548 1.3452 2.8047 65 58.1405 

10 1.0025 4.1264 1.1909 2.4830 65 58.3906 

G3.2 

 

2 T1  

200% 

SW 

(Repeat) 

1.5450 6.3594 2.1703 4.5251 65 54.1155 

5 1.2388 5.0992 2.0815 4.3399 65 55.5609 

10 1.1220 4.6183 1.2750 2.6584 65 57.7233 

G1.8 

2 

T3  

control 

1.1175 4.5998 1.4998 3.1271 65 57.2732 

5 1.0202 4.1993 1.6115 3.3600 65 57.4408 

10 1.0997 4.5265 1.5732 3.2801 65 57.1934 

G2.6 

2 
T3  

100% 

SW 

1.4139 5.8198 1.7589 3.6673 65 55.5129 

5 0.9464 3.8955 1.6684 3.4786 65 57.6259 

10 1.0737 4.4195 1.3855 2.8888 65 57.6918 

G3.7 

2 
T3  

200% 

SW 

1.5293 6.2948 2.0891 4.3558 65 54.3495 

5 1.2521 5.1538 2.0710 4.3180 65 55.5282 

10 1.1310 4.6553 1.1442 2.3857 65 57.9590 

G1.11 
2 T6 

control 

1.0105 4.1593 1.7553 3.6598 65 57.1809 

5 1.0291 4.2359 1.5836 3.3018 65 57.4623 
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10 1.0402 4.2816 1.5473 3.2261 65 57.4923 

G2.13 

2 
T6  

100% 

SW 

1.4065 5.7893 2.2183 4.6252 65 54.5855 

5 1.1244 4.6282 1.6094 3.3556 65 57.0162 

10 1.1067 4.5553 1.1466 2.3907 65 58.0540 

G3.14 

2 
T6  

200% 

SW 

1.4414 5.9330 2.9532 6.1574 65 52.9096 

5 1.2161 5.0056 2.7234 5.6783 65 54.3161 

10 1.0725 4.4145 0.5947 1.2399 65 59.3455 

G1.16 

15 

T12  

control 

1.0911 4.4911 1.5845 3.3037 65 57.2052 

2 1.1204 4.6117 1.3235 2.7595 65 57.6288 

5 1.0151 4.1783 1.3563 2.8279 65 57.9939 

G2.16 

10 
T12 

100% 

SW 

1.2504 5.1468 2.6969 5.6230 65 54.2302 

15 1.1364 4.6775 1.7000 3.5445 65 56.7780 

2 1.1238 4.6257 0.9890 2.0621 65 58.3122 

G3.16 

5 
T12 

200% 

SW 

1.1978 4.9303 3.5043 7.3065 65 52.7633 

10 1.2719 5.2353 2.6826 5.5932 65 54.1715 

2 1.1168 4.5969 0.9226 1.9236 65 58.4795 
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APPENDIX V: Chemical analysis results 

Samples 
G0  

1.2   

G0  

1.5   

 G1 

1.2   

G1  

1.5   

G2  

2.2   

G2  

2.5   

 G3 

1.2   

G3  

1.5   

 G1 

13.2   

 G1 

13.5   

 G2 

12.2   

 G2 

12.5   

 G3 

14.2   

 G3 

14.5   

original 

soil    

METALS                               

Silver (mg/kg) 0.11 0.08 0.09 0.07 0.06 0.07 0.07 0.07 0.17 0.11 0.13 0.09 0.12 0.09 0.04 

Arsenic (mg/kg) 6.17 6.06 5.86 5.70 5.71 6.93 6.62 5.90 6.13 5.16 4.90 6.59 6.84 5.49 5.25 

Lead (mg/kg) 6.14 6.20 6.28 6.14 5.59 6.49 5.97 6.30 6.69 6.41 7.51 7.17 7.11 6.58 4.34 

Cadmium (mg/kg) 0.08 0.08 0.08 0.08 0.09 0.08 0.11 0.08 0.17 0.10 0.10 0.19 0.11 0.14 0.03 

Chromium (mg/kg) 32.36 30.15 31.19 38.35 28.45 31.76 28.82 31.21 34.11 30.95 33.46 30.84 29.10 28.83 18.39 

Copper (mg/kg) 12.01 11.52 14.77 11.43 10.68 11.38 10.37 11.36 10.14 15.72 23.48 19.05 23.52 15.02 8.42 

Manganese (mg/kg) 174.49 180.92 178.75 187.01 163.47 195.14 168.79 190.71 230.71 206.35 206.89 197.79 187.92 186.19 107.15 

Nickel (mg/kg) 19.35 17.27 16.59 22.41 14.58 17.74 14.16 15.63 16.39 18.01 19.49 19.01 15.37 16.10 14.54 

Selenium (mg/kg) 0.65 0.57 0.29 0.36 0.21 0.38 0.55 0.89 0.24 0.25 0.25 0.67 0.75 0.33 0.46 

Zinc (mg/kg) 34.91 34.51 35.80 35.60 32.19 36.30 32.31 34.42 41.59 37.27 64.06 42.95 53.92 47.17 31.07 

Mercury (mg/kg) 0.15 0.04 0.03 0.04 0.03 0.04 0.04 0.03 0.10 0.08 0.08 0.09 0.14 0.12 0.02 

Iron (%) 1.71 1.66 1.65 1.79 1.55 1.98 1.83 1.82 1.84 1.72 1.94 1.99 1.81 1.83 1.71 

Aluminum (%) 1.15 1.15 1.12 1.23 1.07 1.28 1.15 1.24 1.37 1.28 1.38 1.38 1.26 1.26 1.00 

Boron (mg/kg) 9.20 10.11 9.09 11.25 8.90 10.16 7.60 10.08 9.60 7.45 12.62 9.98 13.97 12.51 8.48 

Silicon (mg/kg) 3000 1738 3446 3087 3178 2957 2459 2841 7562 6775 6063 4827 4328 5500 367 

Vanadium (mg/kg) 30.36 30.32 30.60 32.65 28.08 34.24 32.36 33.08 33.63 32.24 34.82 34.90 28.10 30.67 24.93 

Cobalt (mg/kg) 9.91 9.60 10.40 10.51 8.99 10.75 8.34 9.11 11.35 10.29 10.58 10.32 10.60 9.86 10.71 
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Molybdenum (mg/kg) 1.81 1.56 1.46 1.69 1.19 1.56 1.54 1.74 1.62 1.45 1.71 1.72 1.57 1.50 0.57 

Barium (mg/kg) 25.04 24.93 24.43 25.49 21.73 26.20 23.64 24.06 32.91 29.74 30.34 28.43 25.57 25.05 10.90 

Calcium (mg/kg) 39426 39813 42674 47377 41985 45167 35853 46226 46769 44461 40959 43288 36334 40777 4351 

Magnesium (mg/kg) 2349 2359 2402 2611 2539 2648 6071 3113 2925 2667 5354 3759 6404 4768 2532 

Potassium (mg/kg) 1895 1819 1774 2011 1659 1902 1746 1878 2188 2119 2224 2418 2303 2462 1561 

Sodium (mg/kg) 1285 1218 1253 1368 3532 3717 6647 6604 1561 1370 4072 4411 8255 7317 1522 

Phosphorus (mg/kg) 256 238 240 263 216 266 222 235 183 185 213 241 187 201 184 

 

Notes: 
 

1. ppm = mg/kg dried sample 
 

2. All results as dry weight DW - samples were dried at 60oC for 48hrs prior to crushing and analysis. 

3. Methods from Rayment and Lyons, Soil Chemical Methods - Australia 

4. Metals analysed by ICP-MS (Inductively Coupled Plasma - Mass Spectrometry)  
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APPENDIX VI: Strength prediction model application 

D = 0.3 m 

Time 

(year) 
w (mm) 

qu 

(kN/m2) 

P 

(deterioration) 

(kN) 

P                        

(non-deterioration) 

(kN) 

0.00 0.00 305.11 21.57 21.57 

0.00 0.00 1154.23 81.59 81.59 

0.00 0.00 1456.69 102.97 102.97 

0.10 0.00 1759.15 124.35 124.35 

0.20 3.84 2177.29 149.63 153.90 

0.30 4.71 2354.22 160.63 166.41 

0.60 6.66 2656.69 178.36 187.79 

1.00 8.60 2879.59 190.24 203.55 

1.50 10.53 3056.52 198.71 216.05 

2.00 12.16 3182.05 204.07 224.93 

2.50 13.59 3279.42 207.80 231.81 

3.00 14.89 3358.98 210.54 237.43 

5.00 19.22 3581.88 216.46 253.19 

7.00 22.75 3728.71 218.70 263.57 

10.00 27.19 3884.35 219.38 274.57 

15.00 33.30 4061.27 217.71 287.07 

20.00 38.45 4186.81 214.77 295.95 

40.00 54.37 4489.27 201.10 317.33 

60.00 66.59 4666.20 188.85 329.83 

80.00 76.90 4791.73 179.10 338.71 

100.00 85.97 4889.10 170.72 345.59 

120.00 94.18 4968.66 163.83 351.21 

140.00 101.72 5035.92 158.20 355.97 

160.00 108.75 5094.19 153.66 360.09 

180.00 115.34 5145.59 150.07 363.72 

200.00 121.58 5191.56 147.33 366.97 

250.00 135.93 5288.93 143.58 373.85 
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D = 0.5 m 

Time 

(year) 
w (mm) 

qu 

(kN/m2) 

P 

(deterioration) 

(kN) 

P                        

(non-deterioration) 

(kN) 

0.0 0.000 305.11 59.91 59.91 

0.0 0.000 1154.23 226.63 226.63 

0.0 0.000 1456.69 286.02 286.02 

0.1 0.000 1759.15 345.41 345.41 

0.2 3.845 2177.29 420.36 427.51 

0.3 4.709 2354.22 452.56 462.25 

0.6 6.659 2656.69 505.78 521.64 

1.0 8.597 2879.59 542.97 565.41 

1.5 10.53 3056.52 570.81 600.15 

2.0 12.16 3182.05 589.45 624.79 

2.5 13.59 3279.42 603.14 643.91 

3.0 14.89 3358.98 613.77 659.53 

5.0 19.22 3581.88 640.40 703.30 

7.0 22.75 3728.71 654.90 732.13 

10.0 27.19 3884.35 667.05 762.69 

15.0 33.30 4061.27 676.05 797.43 

20.0 38.45 4186.81 678.82 822.08 

40.0 54.37 4489.27 670.60 881.47 

60.0 66.59 4666.20 654.42 916.21 

80.0 76.90 4791.73 637.27 940.85 

100.0 85.97 4889.10 620.65 959.97 

120.0 94.18 4968.66 604.95 975.59 

140.0 101.72 5035.92 590.25 988.80 

160.0 108.75 5094.19 576.55 1000.24 

180.0 115.34 5145.59 563.80 1010.33 

200.00 121.58 5191.56 551.93 1019.36 

250.00 135.93 5288.93 525.72 1038.48 
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D = 0.7 m 

Time 

(year) 
w (mm) 

qu 

(kN/m2) 

P 

(deterioration) 

(kN) 

P                         

(non-deterioration) 

(kN) 

0.0 0.000 305.11 117.42 117.42 

0.0 0.000 1154.23 444.20 444.20 

0.0 0.000 1456.69 560.60 560.60 

0.1 0.000 1759.15 677.00 677.00 

0.2 3.845 2177.29 827.88 837.92 

0.3 4.709 2354.22 892.41 906.01 

0.6 6.659 2656.69 1000.12 1022.41 

1.0 8.597 2879.59 1076.63 1108.20 

1.5 10.53 3056.52 1134.97 1176.29 

2.0 12.16 3182.05 1174.76 1224.60 

2.5 13.59 3279.42 1204.54 1262.07 

3.0 14.89 3358.98 1228.06 1292.69 

5.0 19.22 3581.88 1289.41 1378.47 

7.0 22.75 3728.71 1325.38 1434.97 

10.0 27.19 3884.35 1358.77 1494.87 

15.0 33.30 4061.27 1389.57 1562.96 

20.0 38.45 4186.81 1405.94 1611.27 

40.0 54.37 4489.27 1422.17 1727.67 

60.0 66.59 4666.20 1413.17 1795.76 

80.0 76.90 4791.73 1396.99 1844.07 

100.0 85.97 4889.10 1378.31 1881.55 

120.0 94.18 4968.66 1358.85 1912.16 

140.0 101.72 5035.92 1339.36 1938.05 

160.0 108.75 5094.19 1320.21 1960.47 

180.0 115.34 5145.59 1301.54 1980.25 

200.00 121.58 5191.56 1283.47 1997.95 

250.00 135.93 5288.93 1240.97 2035.42 

 


