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Abstract 

In this thesis, time-dependent boundary conditions are introduced to a creep based elasto-

viscoplastic (EVP) model, which can be used to predict soft soil deformations with 

vacuum consolidation. Use of vacuum-assisted prefabricated vertical drains (PVDs) is a 

relatively new method and is getting popularity in ground-improvement projects due to 

its ability to consolidate deep-buried soft clay layers in a comparatively short period. In 

numerical modelling of this technology, simple approximations (such as treating vacuum 

as an equivalent surcharge preloading or altering the mass permeability of soil) have been 

used in the literature to idealise the phenomena that occur around a vacuum-assisted PVD, 

which do not accurately represent the soft soil behaviour. Most numerical analyses 

reported are limited to short periods and analysed either the settlement or excess pore 

pressure (EPP) behaviour only. 

 

Conversely, in this thesis, vacuum-assisted PVD is modelled as a time-dependent 

boundary condition. It is shown that this method could be used to predict the ground 

deformational behaviour accurately. Especially after combining with an EVP model, the 

proposed method becomes a powerful tool to predict both short-term and long-term soft 

soil behaviours with vacuum-assisted PVDs. Time-dependent boundary conditions with 

the EVP model is implemented in the finite element code AFENA.  

 

Finite element analyses (FEA) of several case histories and laboratory experimental data 

have been used in this thesis to illustrate the improvements made in the predictability of 

the soft soil behaviour in the presence of vacuum. Both axisymmetric and plane strain 

(PS) FEA are carried out for a period of over three years for the Ballina test embankment 
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vacuum applied section. A non-linear creep function was calibrated and used to improve 

the accuracy of long-term predictions. FEA results are validated against field data and the 

improvements achieved by the use of the proposed method are highlighted in comparison 

to previously published FEA attempts. In PS conditions, the implications of unit cell 

width on the FEA results such as settlements, EPP and lateral deformations are 

demonstrated which would serve as a guide for predicting the ground performance in 

similar scenarios. 

 

Also, time-dependent boundary conditions are successfully used in this thesis to capture 

the stoppage, removal and re-application of vacuum to model practical scenarios such as 

construction control, vacuum pump breakdowns and recoveries. It is illustrated that 

numerical instabilities can occur when changing boundary conditions or else can 

converge misleadingly to a wrong solution. The term, vacuum surcharge ratio (VSR) is 

introduced and used as an indication of possible numerical instability. Furthermore, an 

effective algorithm is proposed and applied to obtain accurate solution when a numerical 

instability occurs. FEA and validations are carried out against published laboratory results 

to illustrate the improvements, both with and without the proposed algorithm. An 

interesting, case history from Singapore where vacuum is applied only to a sandwiched 

clay layer along with a vacuum pump breakdown and recovery is also analysed with the 

proposed methodology.  

 

Later in the thesis, the implication of vacuum suction distribution along the depth in a 

PVD is discussed. It is shown that vacuum distribution can have complex shapes rather 

than a constant value or a linear reduction with depth. However, the linear reduction with 

depth has been the widespread assumption adopted in the literature due to its simplicity 
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in incorporating into closed-form solutions. Conversely, it is shown that vacuum 

distribution can have complex shapes (which are close to elliptical), especially when the 

PVDs are made with improved geosynthetic technology such as capped-PVDs (CPVDs). 

It is shown that linear or non-linear nodal constraining can be used as a convenient method 

to model such complex yet practically realistic vacuum distributions encountered in 

vacuum-assisted PVDs. The method is first validated against laboratory experimental 

data and subsequently a case history from Japan was also analysed and validated in which 

a non-linear vacuum reduction with depth was reported. 

  



 

vi 

 

Table of Contents 
 

Acknowledgement ............................................................................................................ i 

Abstract….... ................................................................................................................... iii 

List of Tables ................................................................................................................. xii 

List of Figures ............................................................................................................... xiv 

List of Abbreviations .................................................................................................... xx 

List of Symbols ............................................................................................................. xxi 

List of relevant publications ...................................................................................... xxiv 

Chapter 1 : Introduction............................................................................................. 1 

1.1 General ............................................................................................................... 1 

1.2 Major contributions ............................................................................................ 3 

1.3 Thesis outline ..................................................................................................... 5 

Chapter 2 : Literature review .................................................................................... 8 

2.1 General ............................................................................................................... 8 

2.2 Role of vertical drains in ground improvement.................................................. 9 

2.2.1 Influence zone or the equivalent diameter of the unit cell ........................ 10 

2.2.2 Equivalent well diameter .......................................................................... 11 

2.2.3 Smear zone ................................................................................................ 13 

2.2.4 Drain discharge capacity ........................................................................... 15 

2.3 Ground improvement with vacuum consolidation ........................................... 15 



 

vii 

 

2.3.1 Combination of vacuum and surcharge as a ground improvement method .. 

  ................................................................................................................... 16 

2.3.2 Understanding the mechanism in vacuum consolidation .......................... 17 

2.3.3 Membrane method .................................................................................... 20 

2.3.4 Membrane-less method ............................................................................. 21 

2.4 Finite element numerical modelling of vacuum preloading ............................. 22 

2.4.1 Treating vacuum as an equal vertical stress .............................................. 22 

2.4.2 Calculating an equivalent permeability value considering the effect of PVD 

and vacuum ............................................................................................................. 23 

2.4.3 Modelling vacuum as a change in EPP ..................................................... 23 

2.5 Analytical methods for modelling vacuum consolidation ................................ 24 

2.6 Soil models for numerical modelling of vacuum consolidation ....................... 26 

2.6.1 Modified Cam-clay model ........................................................................ 27 

2.6.2 Elastic viscoplastic models ....................................................................... 28 

2.7 Vacuum distribution ......................................................................................... 32 

2.8 Modelling lateral deformations in vacuum consolidation ................................ 36 

2.9 Modelling application and removal of vacuum ................................................ 39 

2.10 Limitations and disadvantages of vacuum preloading .................................. 39 

2.11 Main research gaps in the literature .............................................................. 41 

2.12 Summary ....................................................................................................... 42 

Chapter 3: EVP model with time-dependent boundary conditions for vacuum 

consolidation .................................................................................................................. 44 



 

viii 

 

3.1 General ............................................................................................................. 44 

3.2 Importance of time-dependent boundary conditions for vacuum consolidation .. 

  .......................................................................................................................... 44 

3.3 EVP model with time dependant boundary conditions .................................... 46 

3.3.1 Defining reference and loading surfaces ................................................... 47 

3.3.2 Strain rate tensors ...................................................................................... 48 

3.3.3 Deriving an expression for  .................................................................... 50 

3.4 Numerically modelling Cα ................................................................................ 53 

3.5 FE implementation ........................................................................................... 55 

3.5.1 Viscoplastic strain increments .................................................................. 56 

3.5.2 FE formulation for coupled analysis ......................................................... 57 

3.6 Soil response with time-dependent boundary conditions ................................. 63 

3.6.1 Simulating the EPP response with time-dependent boundary conditions . 63 

3.6.2 Verification against laboratory data .......................................................... 67 

3.7 Summary .......................................................................................................... 72 

Chapter 4: Unit cell analysis of Ballina embankment using EVP model .............. 74 

4.1 General ............................................................................................................. 74 

4.2 Challenges in understanding soil behaviour ..................................................... 77 

4.3 Unit cell idealisation ......................................................................................... 77 

4.4 Embankment construction and vacuum application ......................................... 80 

4.5 Determination of input parameters ................................................................... 80 



 

ix 

 

4.5.1 Determination of secondary compression index (Cα)............................... 82 

4.5.2 Modelling permeability characteristics ..................................................... 84 

4.5.3 Determining the shape parameter (R) ....................................................... 85 

4.6 Finite element implementation ......................................................................... 86 

4.6.1 Boundary conditions, FE mesh and material properties ........................... 86 

4.6.2 Large-strain option and nodal position updates ........................................ 89 

 Synthesis of finite element simulation results .................................................. 90 

 Comparison of settlements with different locations ......................................... 93 

 Influence of vacuum intensity .......................................................................... 94 

 Summary ....................................................................................................... 97 

Chapter 5 : Plane strain modelling of Ballina embankment ............................... 101 

5.1 General ........................................................................................................... 101 

5.2 PS conversion of the EVP model ................................................................... 102 

5.3 PS matching procedure ................................................................................... 104 

5.4 Modelling the smear zone .............................................................................. 106 

5.5 Effect of changing the PS unit width .............................................................. 107 

5.6 Predicting and verifying lateral deformations ................................................ 108 

5.7 Assessing the stability of the embankment .................................................... 109 

5.8 Parameters for PS conversion ......................................................................... 110 

5.9 Foundation and fill material parameters ......................................................... 113 

5.10 FE implementation, mesh and boundary conditions ................................... 114 



 

x 

 

5.11 Results and synthesis .................................................................................. 115 

5.11.1 Settlements and EPP ............................................................................... 115 

5.11.2 Lateral deformations with varying unit cell width .................................. 119 

5.11.3 Empirical method in predicting maximum lateral displacements ........... 119 

5.11.4 Results of the stability analysis ............................................................... 123 

5.12 Summary ..................................................................................................... 125 

Chapter 6: Application and removal of vacuum ................................................... 127 

6.1 General ........................................................................................................... 127 

6.2 Implications of the duration of vacuum application ....................................... 128 

6.3 Validating the EVP response on application and removal of vacuum and 

surcharge against experimental data ......................................................................... 135 

6.3.1 Correction for the EPP ............................................................................ 135 

6.3.2 Correcting volumetric strain in the swelling phase ................................. 138 

6.3.3 Modelling the consolidation response with corrections .......................... 138 

6.4 Field trial on reclamation site in Singapore.................................................... 146 

6.4.1 Selection of material properties .............................................................. 147 

6.4.2 Vacuum application and embankment construction ............................... 149 

6.4.3 Synthesis of FEA results for the case history ......................................... 151 

6.5 Summary ........................................................................................................ 154 

Chapter 7 : Vacuum distribution and its effects ...................................................... 156 

 General ........................................................................................................... 156 



 

xi 

 

 Modelling the vacuum distribution ................................................................ 157 

 Validation against laboratory data .................................................................. 160 

 Sensitivity Analysis on vacuum distribution .................................................. 166 

 Analysis of a case history ............................................................................... 169 

7.5.1 Vacuum distribution and boundary conditions ....................................... 170 

7.5.2 Settlement responses of different vacuum distributions ......................... 173 

 Summary ........................................................................................................ 175 

Chapter 8: Summary, conclusions and recommendations ................................... 177 

8.1 Summary ........................................................................................................ 177 

8.2 Conclusions .................................................................................................... 179 

8.3 Recommendations for future research ............................................................ 182 

Appendices… ............................................................................................................... 183 

Appendix–A: Summary of kh/ks and rs/rw ratios reported in literature ..................... 183 

Appendix–B: A summary some of the recent vacuum consolidation projects with their 

salient properties ....................................................................................................... 185 

Appendix–C: Elastic moduli tensor .......................................................................... 187 

References… ................................................................................................................ 188 

 

 

 

 

  



 

xii 

 

List of Tables 

Table 2-1: Expressions for the equivalent drain diameter. ............................................. 12 

Table 3-1: Adopted properties for HKMD clay .............................................................. 63 

Table 3-2: Summary of cases simulated with varying boundary conditions. ................. 65 

Table 3-3: Summary of the clay properties from the SBIA project. ............................... 67 

Table 4-1: Adopted PVD and unit cell properties for the case study ............................. 79 

Table 4-2 : Secondary compression values adopted for the simulation .......................... 83 

Table 4-3 : Soil Profile for FE modelling (modified from Indraratna et al., 2012) ........ 89 

Table 4-4: Summary of cases analysed ........................................................................... 90 

Table 4-5: Bottom level of the soft clay layer at each settlement plate location ............ 94 

Table 4-6: Cases and their descriptions for variation in vacuum intensity ..................... 95 

Table 5-1: Input values for PS matching ...................................................................... 111 

Table 5-2: Comparison of matching methods. .............................................................. 112 

Table 5-3: Material properties for the PS analysis. ....................................................... 113 

Table 6-1: Test details for the sensitivity analysis. ....................................................... 129 

Table 6-2: Soil parameters adopted for the sensitivity analysis. ................................... 130 

Table 6-3: Kaolin clay properties (modified from Kianfar et al. 2013) ........................ 139 



 

xiii 

 

Table 6-4: Properties of the unit cell ............................................................................. 148 

Table 6-5: Material properties for the FEA................................................................... 149 

Table 7-1: Details of experiments ................................................................................. 161 

Table 7-2: Properties of Moruya clay adopted for the FEA.......................................... 164 

Table 7-3: Properties of clay adopted for the sensitivity analysis ................................ 167 

Table 7-4: PVD properties adopted for the case study. ................................................ 171 

Table 7-5: EVP material parameters adopted for the FE analysis. ............................... 171 

 

Table A- 1: Summary of kh/ks and rs/rw ratios reported in literature. ............................ 183 

Table A- 2: Summary of rs/rw ratio reported in literature. ............................................ 184 

 

Table B- 1: A summary some of the recent vacuum consolidation projects with their 

salient properties. .......................................................................................................... 185 

 

 

 

  



 

xiv 

 

List of Figures 

Figure 2-1: Example of a circular drain (modified from López-Acosta et al. 2019). ..... 13 

Figure 2-2: Normal distribution of the kh/ks ratio and rs/rw ratio reported in the literature 

(plotted from the data in Appendix–A). .......................................................................... 14 

Figure 2-3: Mechanism of vacuum consolidation(modified from Mohamedelhassan and 

Shang 2002). ................................................................................................................... 18 

Figure 2-4: Generic pattern of EPP dissipation and effective stress development in 

vacuum consolidation. .................................................................................................... 19 

Figure 2-5: Vacuum-assisted PVDs, (a)Membrane method and, (b) membrane-less 

method (from Kianfar 2013). .......................................................................................... 21 

Figure 2-6: Average OCR after removing fill loading and vacuum + fill loading (from 

Kianfar et al. 2015). ........................................................................................................ 26 

Figure 2-7: Yield curves for Cam-Clay and MCC in p'- q space. .................................. 28 

Figure 2-8: Delayed compression concept by Bjerrum (1967). ...................................... 29 

Figure 2-9: (a) Measured and (b) analytically modelling of linear reduction in vacuum 

consolidation (after Indraratna et al. 2005a). .................................................................. 33 

Figure 2-10: Illustration of vacuum pressure distribution in two-layer system (from Chai 

et al. 2006)....................................................................................................................... 34 

Figure 2-11: Evolvement of vacuum distribution against time and depth reported from a 

case study (from Chen et al. 2019). ................................................................................ 34 

https://unsw-my.sharepoint.com/personal/z5077229_ad_unsw_edu_au/Documents/UNSW-2019-S2/Poorna-Kumarage-z5077229-PhD-Thesis-Materials/00-Revised%20thesis/v32-5077229%20KUMARAGE,Poorna-Thesis-revised.docx#_Toc31113766
https://unsw-my.sharepoint.com/personal/z5077229_ad_unsw_edu_au/Documents/UNSW-2019-S2/Poorna-Kumarage-z5077229-PhD-Thesis-Materials/00-Revised%20thesis/v32-5077229%20KUMARAGE,Poorna-Thesis-revised.docx#_Toc31113766


 

xv 

 

Figure 2-12: Elliptical shape vacuum distribution in two-way drainage system (from Chai 

et el. 2010). ...................................................................................................................... 35 

Figure 2-13: (a)-Outward lateral displacements with embankment surcharge and (b)-

inward lateral displacements and surface cracking with vacuum suction (modified from 

Nguyen et al. 2017). ........................................................................................................ 37 

Figure 2-14: Example of surface cracking due to vacuum (modified from López-Acosta 

et al. 2019). ...................................................................................................................... 37 

Figure 3-1: Illustration of the normal and reference consolidation lines in the e-ln(p) 

space. ............................................................................................................................... 52 

Figure 3-2: Visual 3D presentation of the creep function. .............................................. 55 

Figure 3-3: EPP and settlement with different boundary condition changes. ................. 66 

Figure 3-4: FE mesh with boundary conditions to simulate laboratory experiments of 

Saowapakpiboon et al. (2011). ........................................................................................ 69 

Figure 3-5: Settlement and EPP response against experimental data (experimental data 

obtained from Saowapakpiboon et al. 2011)................................................................... 70 

Figure 4-1: Clay types along the pacific highway (modified from Higgins 2016). ........ 76 

Figure 4-2: Instrumentation locations of the Ballina test embankment (modified from 

Parsa-Pajouh et al., 2014)................................................................................................ 76 

Figure 4-3: Calculation of equivalent radius (re) of the unit cell. ................................... 78 

Figure 4-4 : Schematic diagram of the unit cell. ............................................................. 79 



 

xvi 

 

Figure 4-5 : Variation of embankment thickness at different times and settlement plate 

(SP) locations. ................................................................................................................. 81 

Figure 4-6: Foundation soil profile in Ballina bypass (modified from Indraratna et al., 

2012). .............................................................................................................................. 81 

Figure 4-7 : Variation of Cα with effective vertical stress at different depths (after Pineda 

et al., 2016)...................................................................................................................... 83 

Figure 4-8 : Variation of Cα in accordance with the calibrated non-linear creep function 

(from Kumarage and Gnanendran 2019b). ..................................................................... 84 

Figure 4-9 : Variation in permeability with void ratio (modified from Pineda et al. 2016).

 ......................................................................................................................................... 85 

Figure 4-10 : (a) FE mesh for the unit cell analysis, (b) six-node element and respective 

DOFs (modified from Kumarage and Gnanendran 2017). ............................................. 87 

Figure 4-11 : Field measurements vs. FEM simulations; (a) Settlements at SP11; (b) EPP 

at P3-C (at 4.8 m depth). ................................................................................................. 92 

Figure 4-12 : (a) Comparison of settlements at different locations with the creep function, 

(b) SP locations of SP1, SP7 and SP11. .......................................................................... 95 

Figure 4-13: Influence of vacuum intensity towards settlements and EPP..................... 99 

Figure 5-1: Layout of instrumentation (modified from Kelly and Wong, 2009). ......... 104 

Figure 5-2: η and 𝑘𝑝𝑙 ∗ 𝑘𝑎𝑥 vs the Unit cell width (2B). ............................................. 112 



 

xvii 

 

Figure 5-3: Sample FE mesh used for the analysis when B = 1 (Kumarage and 

Gnanendran 2019a). ...................................................................................................... 114 

Figure 5-4: Comparison of axisymmetric vs PS FEA. .................................................. 117 

Figure 5-5: Settlement profile with the distance from the embankment centreline. ..... 118 

Figure 5-6: Lateral displacements at I6 location; (a)-Comparison with field data; (b) - 

Effect of B for lateral displacement predictions. ........................................................... 120 

Figure 5-7: Predicted maximum lateral displacements. ................................................ 122 

Figure 5-8: Plot of yh against Sf. .................................................................................... 124 

Figure 6-1: FE mesh for the sensitivity analysis. .......................................................... 130 

Figure 6-2: Effect on vacuum duration: (a) Vertical Strain %; (b) Excess pore pressure.

 ....................................................................................................................................... 132 

Figure 6-3: Mean effective stress inside the unit cell (a) after one day; (b) after 25 days; 

(c) after 50 days (d) after 75 days (e) after 100 days (f) after 2000 days. ..................... 134 

Figure 6-4: Solution algorithm to improve FEA results upon removing vacuum and 

surcharge. ...................................................................................................................... 137 

Figure 6-5: 150 mm Rowe cell (modified from Kianfar et al. 2015). ........................... 139 

Figure 6-6: FE mesh adopted to model the Rowe cell. ................................................. 140 

Figure 6-7: Excess pore pressure responses of the tests upon removing vacuum and 

surcharge (after Kumarage and Gnanendran 2018a). ................................................... 144 

https://unsw-my.sharepoint.com/personal/z5077229_ad_unsw_edu_au/Documents/UNSW-2019-S2/Poorna-Kumarage-z5077229-PhD-Thesis-Materials/00-Revised%20thesis/v32-5077229%20KUMARAGE,Poorna-Thesis-revised.docx#_Toc31113800
https://unsw-my.sharepoint.com/personal/z5077229_ad_unsw_edu_au/Documents/UNSW-2019-S2/Poorna-Kumarage-z5077229-PhD-Thesis-Materials/00-Revised%20thesis/v32-5077229%20KUMARAGE,Poorna-Thesis-revised.docx#_Toc31113807
https://unsw-my.sharepoint.com/personal/z5077229_ad_unsw_edu_au/Documents/UNSW-2019-S2/Poorna-Kumarage-z5077229-PhD-Thesis-Materials/00-Revised%20thesis/v32-5077229%20KUMARAGE,Poorna-Thesis-revised.docx#_Toc31113807
https://unsw-my.sharepoint.com/personal/z5077229_ad_unsw_edu_au/Documents/UNSW-2019-S2/Poorna-Kumarage-z5077229-PhD-Thesis-Materials/00-Revised%20thesis/v32-5077229%20KUMARAGE,Poorna-Thesis-revised.docx#_Toc31113808
https://unsw-my.sharepoint.com/personal/z5077229_ad_unsw_edu_au/Documents/UNSW-2019-S2/Poorna-Kumarage-z5077229-PhD-Thesis-Materials/00-Revised%20thesis/v32-5077229%20KUMARAGE,Poorna-Thesis-revised.docx#_Toc31113808


 

xviii 

 

Figure 6-8: Axial strain over time with vacuum application and removal. .................. 145 

Figure 6-9: A sample CPVD used in the project (modified from Lam et al. 2018). .... 147 

Figure 6-10: Instrumentation of the field trial site: (a) the cross-section; and (b) the plan 

view (modified from Lam et al. 2018). ......................................................................... 148 

Figure 6-11: Unit cell* with boundary conditions for vacuum application (part of the FE 

mesh is also shown). ..................................................................................................... 151 

Figure 6-12: Comparison of settlements and EPP1 with field data. .............................. 153 

Figure 7-1: Vacuum distributions with depth (a, b, c); PVD with Cap (d); Unit cell (e).

 ....................................................................................................................................... 158 

Figure 7-2: Consolidation cell and adopted FE mesh with EPP and vacuum measuring 

locations (modified from Geng et al. 2012). ................................................................. 162 

Figure 7-3: Measured (by Geng et al. 2012) and adopted functions (in this study) for 

vacuum distribution....................................................................................................... 163 

Figure 7-4: Comparison of EPP values from FEA against laboratory data1. ................ 165 

Figure 7-5: (a) The unit cell and (b) different vacuum distributions for the sensitivity 

analysis. ......................................................................................................................... 166 

Figure 7-6: Strain percentage with different vacuum distributions (modified from 

Kumarage and Gnanendran 2018b). ............................................................................. 168 

Figure 7-7: (a) Plan view of the site; (b) Soil strata and the CPVD (modified from Chai 

et al. 2010)..................................................................................................................... 170 



 

xix 

 

Figure 7-8: CPVD-unit cell with boundary conditions for the case study. ................... 172 

Figure 7-9: Different possible vacuum distributions. ................................................... 174 

Figure 7-10: Settlement with time from FEA results. ................................................... 175 

 

 

  



 

xx 

 

List of Abbreviations 

 

1-D  One dimensional 

2-D  Two dimensional 

3-D  Three dimensional 

CPVD  Capped prefabricated vertical drains 

CSL  Critical state line 

EOP  End of primary (consolidation) 

EPP  Excess pore pressure 

EVP  Elasto-viscoplastic 

FEA  Finite element analysis 

FEM  Finite element method 

HKMD Hong-Kong Marine Deposit 

MCC  Modified Cam-Clay 

MNRM Modified Newton-Raphson method 

NCI  National computer infrastructure  

NRM  Newton-Raphson method 

NSW  New South Wales 

OCR  Over-consolidation ratio 

PVD  Prefabricated vertical drains 

VSR  Vacuum surcharge ratio  



 

xxi 

 

List of Symbols 

Δa,δa Virtual nodal displacement vector 

Δb Nodal EPP vector 

2B Unit cell width 

B Half unit cell width 

c Cohesion 

Cα Secondary compression 

Cα0 Secondary compression measured in 1-D 

Cα-max Maximum value of Cα 

Cc Compression index 

Ck Coefficient for the variation of permeability with void ratio 

Cs Re-compression index 

ch Coefficient of consolidation (vertical) 

cv Coefficient of consolidation (horizontal) 

De Equivalent diameter of the PVD 

E Young’s module 

e Void ratio 

e0 Initial void ratio 

ecs Void Ratio at the CSL when 1p =    

eN Void Ratio at the normal consolidation line when 1p =   

er Reference void ratio  

e  Void ratio at the reference time ( t ) 

 F Overstress function 

 f Loading surface 

f   Reference surface 

K Hydraulic conductivity matrix 

K0 Coefficient of lateral earth pressure at rest 

k,kw Permeability 

kv Permeability in the vertical direction 

kh Permeability in the horizontal direction 

ks Permeability in the smear zone 

khs Horizontal permeability in the smear zone 

kvs Vertical permeability in the smear zone 

kax Axisymmetric permeability 

kps PS permeability 

k11 Permeability in the x-direction 

k33 Permeability in the z-direction 

M Slope of the CSL 



 

xxii 

 

m Slope of log Cα-log OCR plot 

m* Slope of the log Cα-log e plot 

Ns Shape function 

N Constant for the creep function 

n1, n2, n3 Constants 

p Mean stress 

p' Effective mean stress 

pL Intersection of the f surface with positive p' axis 

pc Pre-consolidation pressure 

0p  Intersection of the f  surface with positive p' axis 

pv, pvac Vacuum suction 

q Deviatoric stress 

qw Discharge rate of a PVD 

R Shape parameter 

 re Equivalent radius of the unit cell 

S PVD spacing  

rw Unit weight of water 

rs Radius of the smear zone 

Δt Time increment 

t  Reference time 

Th Time factor for consolidation analysis 

u EPP 

Uh Degree of consolidation in radial direction 

Uv Degree of consolidation in vertical direction 

 α Creep coefficient in the natural log scale 

 κ Re-compression index in the natural log scale 

 λ Compression index in the natural log scale 

 γsat Saturated unit weight 

 γw Unit weight of the water 

 η Conversion factor of permeability from axisymmetric to PS 

 ε Strain 

  Strain rate 

v  Volumetric strain 

vp

v  Viscoplastic volumetric strain rate 

 εver Vertical strain 

 εh Horizontal strain 

 ν Poisson's ratio 

 σ Stress 

 σv Vertical stress 

 σh Horizontal stress 



 

xxiii 

 

 σvac Stress due to vacuum 

 σs Stress due to surcharge 

  Rate sensitivity function 

  



 

xxiv 

 

List of relevant publications 

Kumarage, P.I., and Gnanendran, C.T. 2019b. Long-term performance predictions in 

ground improvements with vacuum assisted Prefabricated Vertical Drains. 

Geotextiles and Geomembranes, 47(2): 95–103. Elsevier. 

doi:10.1016/j.geotexmem.2018.11.002. [Based on Chapter 3 and 4]. 

 

Kumarage, P.I., and Gnanendran, C.T. 2019c. Plane strain analysis of an embankment 

with vacuum-assisted PVDs using an elasto-viscoplastic model. Submitted for the 

Computers and Geotechnics Journal. Manuscript No. COGE-D-19-01019. [Based on 

Chapter 4 and 5]. 

 

Kumarage, P.I., and Gnanendran, C.T. 2017. Viscoplastic behaviour of soft soil in 

vacuum consolidation. In Proceedings of the 70th Canadian Geotechnical 

Conference. Canadian Geotechnical Society (CGS), Ottawa, Canada. [Based on 

Chapter 3 and 4]. 

 

Kumarage, P.I., and Gnanendran, C.T. 2018b. Numerical modelling of vacuum suction 

distribution and its effects in ground improvement with PVD vacuum consolidation. 

In Proceedings of the 11th International Conference on Geosynthetics. Seoul, Korea. 

[Based on Chapter 7]. 

 

Kumarage, P.I., and Gnanendran, C.T. 2018a. Creep based viscoplastic numerical 

modelling of soil deformations in vacuum application and removal. In Proceedings 



 

xxv 

 

of the 71st Canadian Geotechnical Conference. Edmonton, AB, Canada. [Based on 

Chapter 6]. 

 

Kumarage, P.I., and Gnanendran, C.T. 2019d. Predicting deformations in vacuum 

assisted ground improvements using an elasto-viscoplastic numerical model. 

Accepted for the Proceedings of the XVI Panamerican Conference on Soil 

Mechanics and Geotechnical Engineering. Cancún, México. [Based on Chapter 6]. 

 

Kumarage, P.I., and Gnanendran, C.T. 2019a. Plane strain viscoplastic modelling in 

vacuum consolidation. In Proceedings of the 17th African Regional Conference on 

Soil Mechanics and Geotechnical Engineering. Cape Town, South Africa. [Based on 

Chapter 4 and 5]. 

 

 

 

 

 

 

 

  





Chapter 1: Introduction 

1 

 

Chapter 1 : Introduction 

1.1 General 

Rapid urbanisation has moved construction works towards areas that are not readily 

suitable for such development. As marshy lands, river floodplains and shallow ocean are 

being used to create additional usable land mass, one significant problem engineers face 

in improving these grounds is the underlying soft clay. These soft clays are often 

characterised by its low shear strength (typically below 25 kPa), high compressibility and 

often found with high water content (Flodin and Broms 1981). Due to these undesirable 

properties, these soils are not readily suitable to be used to build structures on them. The 

process and technique to convert these unsuitable ground conditions to safe and usable 

platform to build structures on them, is commonly referred to as ground improvement.    

 

Prefabricated vertical drains (PVDs) were often regarded as a successful method of 

ground improvement to treat foundations with saturated soft clays. Essentially these 

drains make shorter paths for the excess pore pressure (EPP) to dissipate during soil 

consolidation, thereby greatly reducing the time for consolidation. Hence, using PVDs in 

building embankments like geo-structures for ground improvements has gained 

popularity in the last three decades.  

 

Conversely, first experiment to use atmospheric pressure for ground improvement was  

carried out by Kjellman (1952). This technique is now commonly referred as vacuum 

consolidation. Combining vacuum with PVDs can further accelerate the consolidation 

process. This system can be called as vacuum-assisted PVDs. Using vacuum-assisted 



Chapter 1: Introduction 

2 

 

PVDs can be beneficial in a number of ways, as it reduces the time required for ground 

improvement, lowers costs due to using less embankment fill material, reduces lateral 

displacements and limits the use of eco-unfriendly heavy machinery. These factors will 

be reviewed further in Chapter 2).  

 

Although several laboratory results and field projects have been reported in the literature 

having assessed vacuum-assisted PVDs, no collective agreement exists between the 

research community regarding the numerical modelling of this technology. Throughout 

the early 2000s research activities were mainly focused on understanding the mechanism 

of vacuum consolidation through laboratory and field experiments. Differing opinions 

between Mohamedelhassan and Shang (2002) and Chai et al. (2005b) encapsulate the 

dissension on vacuum consolidation and its efficiency compared to surcharge loading of 

the same magnitude. Evidently, it appears that the accuracy of numerical modelling was 

of less concern in those years. Throughout the last two decades, several models including 

closed-form solutions, elastic models and elasto-plastic models have been tested used to 

numerical simulattions. However, since vacuum consolidation is used for soft clays, it 

remains a question as to whether these models are the best solutions in this context. 

Particularly since soft clay, can exhibit time-dependent phenomena such as creep, a creep-

based model would be a better choice. This approach unfolds the possibility of carrying 

out predictions for several years, which constitutes a major concern in ground 

improvements with soft clay.  

 

There is a number of ways to numerically simulate vacuum-assisted PVDs using the finite 

element method (FEM) (reviewed in Chapter 2). As identified, most of these methods 

lack accuracy; and either focus on settlements or EPP only. Also, they are typically built 
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for very simple, idealised scenarios and do not serve to numerically simulate the practical 

and complex situations that arise in actual ground-improvement projects, such as a change 

in vacuum suction intensity with time and depth, vacuum pump breakdowns and long-

term effects such as creep among other phenomena. Another recent improvement in the 

geosynthetic technology is the use of capped-PVDs (Chai et al. 2008). This system 

permits each PVD to be connected to the vacuum line directly and thereby transport 

vacuum suction to a greater depth with minimum loss. Yet, modelling of these state-of-

art technologies has not been sufficiently explored.  

 

As such, the research carried out in this thesis is focused on the numerical modelling of 

vacuum-assisted PVDs. Time-dependent boundary conditions have been introduced to a 

creep-based EVP model to numerically simulate practical ground improvement projects. 

This is a unique combination to the geo-technical engineering field with comparatively 

limited existing research reported.   

1.2 Major contributions 

This thesis offers the following major contributions to the literature:  

 

(i) An EVP model with time-dependent boundary conditions is developed for the 

purpose of analysing and predicting the behaviour of soft clays stabilised using 

vacuum consolidation. The model can be used to predict both short and long-term 

soft soil consolidation with vacuum. An EVP model with time-dependent boundary 

conditions for vacuum consolidation is a unique, useful and powerful combination. 

The model is implemented in a FE program AFENA (Carter and Balaam 1995), 
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through a newly written subroutine which can be called upon to change the 

boundary conditions as necessary. 

 

(ii) The Ballina test embankment (Kelly and Wong 2009) in New South Wales, 

Australia is analysed using the axisymmetric unit cell idealisation for a duration of 

three years for the first time. The first year of the embankment is relatively easy and 

has been a popular topic among researchers (Kelly et al. 2018); but the long-term 

behaviours had not been given reasonable attention. Historically, achieving good 

FEA predictions for both settlement and EPP has posted a significant challenge but 

was achieved in the research work reported in this thesis. Predictions are compared 

with previous modelling attempts to illustrate the improvements made. Importance 

of a non-linear creep model in the relative to vacuum consolidation is illustrated 

and the influence of the vacuum intensity for the said project is also analysed. 

 

(iii) Vacuum consolidation is investigated in plane strain (PS) idealisation. The results 

obtained from the axisymmetric FEA of the Ballina embankment are compared in 

PS conditions and the influence of unit cell width is illustrated relative to the 

vacuum consolidation, which is expected to provide useful guidance for similar 

FEA works. Lateral displacement profiles are also compared with field data, and 

embankment stability is discussed for the total project duration for the first time. 

 

(iv) Numerical instability in vacuum application and removal as a boundary value 

modification has not been thoroughly discussed in the literature. Repercussions of 

numerical non-convergence are illustrated. Vacuum surcharge ratio (VSR) is 

introduced as an indicator to pre-determine numerical instabilities. A simple yet 
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effective algoritm is proposed for the iteration process to converge to the correct 

solution. Validation of such proposed methods are also carried out. 

 

(v) The intensity of vacuum suction can reduce with the depth along the PVD, 

especially for long drains (i.e. >10 m). This reduction can be linear or non-linear 

depending on the soil strata being treated. As such, the implications of the non-

linear reduction of vacuum intensity are discussed using FEA. Moreover, a 

convenient method to model such non-linearity using nodal-constraining is 

proposed and validated. 

1.3 Thesis outline 

The thesis consists of eight chapters. Following this chapter, 

 

Chapter 2 carries out a comprehensive review of the literature related to soft soil 

consolidation. Literature related to the use of vacuum suction as a ground improvement 

method is given an emphasis. Different numerical methods adopted in literature to model 

vacuum-assisted PVDs are thoroughly reviewed. Next, 

 

Chapter 3 introduces time-dependent boundary conditions to an EVP model. FE 

implementation of the model with said boundary conditions are implemented in AFENA 

numerical algorithm and the formulation of the coupled analysis is presented. Basic 

illustrations on settlement and EPP behaviour using the developed methodology is also 

presented.   
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The Ballina test embankment is analysed in Chapter 4 using the axisymmetric unit cell 

idealisation and the developed EVP model. Settlements and EPP measurements are 

compared against field data, along with an analysis of settlement behaviour in different 

places along the embankment centreline. Influence of a fine-tuned non-linear creep 

function and the intensity of vacuum towards FEA results are illustrated.  

 

Chapter 5 then presents PS modelling of the Ballina embankment. Since the unit cell 

idealisation (assumed in Chapter 4) limits the analysis only to the centreline of the 

embankment, PS analysis is carried out to analyse the effects such as the influence of unit 

cell width, lateral displacement and embankment stability. Conversion procedure is 

presented and FEA are compared against field data and axisymmetric FEA results 

obtained from Chapter 4.  

 

Chapter 6 discusses numerical modelling of the application and removal of vacuum. Due 

to sudden changes in the boundary conditions, numerical instability can occur and thus, 

result in either non-convergence or convergence to an erroneous value. These instances 

are presented, numerical treatments for such cases are proposed and validated in this 

chapter. 

 

Chapter 7 follows to discuss vacuum distributions and their effects. It can be cumbersome 

to implement time-dependent boundary conditions with different vacuum distributions, 

so a convenient FE implementation is proposed and validated in this chapter to model 

complex, yet practical vacuum distributions. The implications of said vacuum reductions 

(both linear and non-linear) are also illustrated.   
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Finally, Chapter 8 summarises the research work carried out in this thesis. Conclusions 

are drawn and some recommendations for future works are also proposed. 

 

Regarding the supplementary material, 

 

Appendix A presents details of rs/rw and ks/kh ratios adopted by researchers in various 

PVD-related numerical modelling tasks.  

 

Appendix B presents a summary of recent vacuum-assisted ground-improvement projects 

carried out globally, with their references and salient features included.  

 

Appendix C sets out the elastic moduli tensor. 
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Chapter 2 : Literature review 

2.1 General 

Currently, about 40% of the world population living in coastal areas (UN 2017). 

According to the Australian Bureau of Statistics, this figure was more than double in 

Australia in 2001, with approximately 85% of the population living within 50 kilometres 

of the coastline in 2001 and increasing approximately 1-2% each year (Australian Bureau 

of Statistics 2001). With increasing population comes added infrastructure such as roads 

and railways, built to accommodate for change in coastal areas. However, some of these 

regions are not readily suitable for constructions. In particular, soft marine clay soils, 

which are predominant in most parts along the coast, have high compressibility 

characteristics and low shear strength. Thus, these soils need to be improved before 

starting any constructions. In civil and geotechnical engineering, this practice is 

commonly known as ground-improvement.  

 

Various techniques have been developed to improve soft soil foundations, some of which 

include, soil mixing, stone columns, sand drains and wick drains. Vertical drains provide 

an easy, shorter path for any excess water to drain out during ground-improvement thus, 

accelerating the consolidation process. In particular, PVDs provide a more economical 

way of creating a drainage path to dissipate EPP. In the 1950s, these were made of 

cardboard but nowadays they are being created from composite plastics and fibres. As 

PVDs were and remain easier to install and are comparatively inexpensive compared to 

sand drains, they entirely replaced the latter within a decade following their introduction. 
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Kjellman (1952) first utilised the atmospheric pressure for ground-improvement by 

applying a vacuum suction on the ground surface using a geosynthetic sealing layer and 

a vacuum pump. Although the technique had a sound theoretical background, it could not 

be implemented in practice successfully due to the unavailability of proper geosynthetic 

materials. In addition, due to poor sealing material, air leakages were a common 

observation. Even by early 2000, there were differing opinions regarding the 

effectiveness of the vacuum-consolidation method compared to preloading and 

surcharging. Research conducted throughout those years mainly focused on effectiveness 

and in understanding soil behaviour in the presence of vacuum, rather than the accuracy 

of the numerical modelling of the method. 

 

As such, this chapter comprehensively reviews the method of ground-improvement using 

vacuum-assisted PVDs. Since vacuum is essentially applied through these drains, their 

characteristics are also reviewed. Likewise, numerical modelling of this vacuum-assisted 

PVD method and soil models available to perform such modelling are also reviewed.     

2.2 Role of vertical drains in ground improvement 

Soft clays have very low permeability generally in the order of 10-4 m/s to 10-10 m/s. If 

the ground being improved has only one drainage surface at ground level, excess pore 

water must travel vertically from deep clay layers to the ground surface to dissipate. This 

may take several months or years depending on the depth of the ground being improved.  

 

Installing PVDs provides a shorter horizontal path for excess water to dissipate. In 

addition, horizontal permeability in undisturbed soil can generally be several times higher 
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than vertical permeability. Hence, facilitating horizontal dissipation of excess water can 

greatly enhance the speed of consolidation.  

 

Barron (1948) introduced the theory of radial consolidation, such that total consolidation 

at a given time is can be calculated as in Eqn. (2.1), 

 

 .v hU U U=    (2.1) 

 

where, U is the total degree of consolidation, Uv is the degree of consolidation in the 

vertical direction and Uh is the degree of consolidation in horizontal (radial) direction. 

Employing PVDs introduces few more parameters such as, equivalent radius, smear zone, 

and the discharge capacity of the drain, among others.  

2.2.1 Influence zone or the equivalent diameter of the unit cell 

PVDs are installed either in a square or triangular pattern. When a unit cell is concerned, 

an influence zone or equivalent diameter can be identified for each drain. This can be 

achieved by considering the area influenced by an individual PVD. For a square pattern, 

it can be shown that the equivalent diameter can be calculated as per Eqn. (2.2), and the 

triangular pattern follows Eqn. (2.3): 

 

 
2

De S


=   (2.2) 

 

 
2 3

De S


=   (2.3) 
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where, De is the equivalent diameter of the unit cell and S is the actual PVD spacing in 

the ground. This is commonly expressed approximately as De = 1.13S and De = 1.05S for 

square and triangular patterns respectively.  

 

In most ground-improvement projects, square pattern is adopted due to the convenience 

in layout (Chu and Yan 2005b, Karunawardena and Nithiwana 2009, Kelly and Wong 

2009, Indraratna et al. 2011, Sun et al. 2018). Conversely, triangular pattern provides a 

more uniform effect of PVDs to the entire foundation soil being improved (Bamunawita 

2004), despite their limited application (such as Saowapakpiboon et al. 2010, López-

Acosta et al. 2019) in the industry. 

2.2.2 Equivalent well diameter 

PVDs are generally rectangular in shape. For convenience in modelling, this is converted 

to an equivalent circular shape. If the height and width of the PVD are a and b 

respectively, the equivalent diameter of the drain can be expressed according to Eqn. (2.4)

as a function of a and b such that: 

 

 ( ),wd f a b=   (2.4) 

 

where, dw is the equivalent well diameter of the drain. In the literature, well radius (rw) is 

also commonly referred to where / 2w wr d= . Table 2-1 summarises the methods reported 

in literature to quantify dw. 

 

Additionally to the methods summarised in Table 2-1 , Pradhan et al. (1993) proposed an 

expression considering the net flow around a soil cylinder. However, it has not been a 
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popular method due to complexity. Huang et al. (2016) suggested to use an elliptical 

approximation to model PVDs, rather than approximating a rectangular PVD to a circular 

one. However, owing to the complexity of the formulation and failing to provide  

significantly different results from those of simpler methods such as of Long and Covo 

(1994), the elliptical assumption is not commonly used. 

 

Table 2-1: Expressions for the equivalent drain diameter. 

Expression for dw Reference 

2(a+b)/π Hansbo (1979) 

4ab    Fellenius and Castonguay (1985) 

0.5(a+b) Rixner et al. (1986) 

0.5a + 0.7b Long and Covo (1994) 

0.45b Abuel-Naga and Bouazza (2009) 

 

One exception of this formulation regards the use of circular drains (Indraratna et al. 

2012b). In these instances, there is no need to consider an equivalent dw, as the diameter 

of the circular drain itself can be considered as dw. Figure 2-1 illustrates an example of a 

circular drain recently reported. 
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Figure 2-1: Example of a circular drain (modified from López-Acosta et al. 2019). 

 

2.2.3 Smear zone 

Smear zone denotes the area surrounding the immediate vicinity of the PVD that is 

disturbed upon installation. A mandrel is used to drive PVDs to foundation soil and the 

amount of disturbance inflicted can vary due to the size and shape of the mandrel. 

Generally, this smear zone can be represented as a ratio to the diameter of the PVD 

(s = ds/dw). According to literature (Hird and Moseley 2000a, Parsa-Pajouh et al. 2014) 

this ratio varies significantly from 1 to 7.  

 

Understanding certain characteristics in this zone are essential for successful modelling 

of soil behaviour. First is the reduced permeability in the smear zone (khs) which can also 

be represented as a ratio to the undisturbed soil permeability (kh) as khs/ kh. Second is the 

ratio of horizontal permeability to vertical permeability (khs/kvs) inside the smear zone 
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which is less frequently used as the ratio can be assumed as 1, as the smear zone primarily 

composed of remoulded clay, thus such distinction between the two permeabilities may 

not be necessary and could be assumed equal. The next important characteristic is the 

extent of the smear zone, which is often expressed as rs/rw, where rs is the radius of the 

smear zone and rw = dw/2. 

 

An intensive literature review was carried out for the ks/kh and rs/rw ratios as these 

represent two important factors for the modelling works presented in this thesis. The 

results of the statistical analysis are presented in the form of a normal distribution (see 

Figure 2-2), and the raw data collected from the literature review are provided in 

Appendix–A. 

 

 

Synthesis of the reported values reveals that the extent of the smear zone and its 

permeability vary widely. Rounded off to a whole number, the mean values are rs/rw = 3 

Figure 2-2: Normal distribution of the kh/ks ratio and rs/rw ratio reported in the 

literature (plotted from the data in Appendix–A). 
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and kh/ks = 5. Due to uncertainty of these factors, some trial and error appears unavoidable 

when quantifying these parameters in numerical modelling.  

2.2.4 Drain discharge capacity 

The capacity of a PVD to discharge water depends primarily on its effective size,  

geometry and the material being used (Rixner et al. 1986, Holtz et al. 1991). Generally, 

the discharge capacity (qw) will vary from 50 – 1500 m3/year. Whether this property 

should be considered depends on how the drain performs over time. In numerical 

modelling for ground-improvement with PVDs, it is commonly argued among 

researchers that as long as the discharge capacity exceeds 100–150 m3/year, the drain is 

sufficiently less resistant, and the effect of discharge capacity can be safely ignored. 

Notably, Chai et al. (2001) suggested that qw = 100 m3/year can be adopted if no data are 

available, whereas  Indraratna and Redana (2000) have demonstrated how well-resistance 

can become significant, especially if qw < 40-60 m3/year. 

 

Futher, Hansbo (1979) recommended that the permeability of the PVD filter must be at 

least 100 times higher than the clay being treated. Chai and Miura (1999) reported results 

listing various factors that affect the PVD behaviour, including the discharge capacity.  

2.3 Ground improvement with vacuum consolidation 

The principle behind vacuum consolidation is to reduce the pore pressure within the soil 

and thereby use the atmospheric pressure to exert stress on the ground. This was 

experimentally conducted by Kjellman (1952). Main limitation was the air leaks 

encountered during the operation of vacuum suction. This limited the use of vacuum-

consolidation technology as a successful ground-improvement method. Around early 
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2000, the method was brought back to attention since the method had the potential of 

being a successful ground-improvement method with the developments made in 

geosynthetic technology. Three factors can be identified as responsible for its recent surge 

in popularity: 

(i) development of geosynthetic technology, which reduced air leakages and enabled 

vacuum suction to be applied effectively to the ground, 

(ii) increasing need of land requirements for human settlements and infrastructure, 

which led policymakers to select area that were not readily suitable for such 

application; this includes lands with deeply buried clay layers, which are extremely 

time consuming to be consolidated only with conventional PVDs, 

(iii) increasing cost of fill materials and the cost of surcharge application and removal. 

 

2.3.1 Combination of vacuum and surcharge as a ground improvement method 

Generally, in a ground-improvement project, vacuum is not applied alone. Instead it is 

combined with surcharge using an embankment. This combination is preferred over the 

former due to a few reasons as follows. 

 

First, there is an upper limit for vacuum intensity that can be successfully applied to the 

ground. Theoretically, this is equal to the atmospheric pressure (101.3 kPa), but 

practically soil desaturation occurs at around 80–90 kPa vacuum intensity (Cognon et al. 

1994, Leong et al. 2000). Thus, throughout all previous ground-improvement projects, 

vacuum suction has been limited to this upper limit (Kelly et al. 2008, Karunawardena 

and Nithiwana 2009, Indraratna et al. 2011, 2012a).  
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This represents a significant limitation, and implies that vacuum consolidation cannot 

eliminate the need of an embankment preloading, hence why vacuum suction is routinely 

combined with an embankment construction in almost all ground-improvement projects. 

Although this can be uniquely identified as the vacuum-surcharge method, in the context 

of ground-improvements, ‘vacuum-consolidation’ generally suggests that vacuum is 

being applied using PVDs and surcharge by an embankment. 

 

Three distinct advantages of the vacuum-surcharge combination can be identified as 

follows: 

(i) Combination of vacuum and embankment can impose greater stress on foundation 

soil than vacuum alone.  

(ii) Vacuum tends to form inward lateral deformations (This will be reviewed later in 

Section 2.8), which can lead to cracking of the ground surface and shallow depths 

(Chai et al. 2005a, López-Acosta et al. 2019). Conversely, surcharge results in 

outward lateral displacements. Thus, combining vacuum with surcharging, inward-

lateral displacements can be compensated with outward-lateral displacements, 

consequently minimising net lateral displacements. 

(iii)  In the case of an embankment construction is necessary, embankment construction 

can be carried out at a faster rate than conventional PVD alone due to the rapid 

dissipation of EPP and soil stabilisation due to vacuum.  

2.3.2 Understanding the mechanism in vacuum consolidation 

Several analogies have been proposed in the literature to understand the mechanism 

involved in vacuum consolidation. The easiest involves a one-dimensional (1D) 

perspective of the process.  Mohamedelhassan and Shang (2002) idealised vacuum and 
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surcharge by the principal of superposition as the simple summation of the two. Figure 

2-3 is an illustration of the method.   

 

 

Figure 2-3: Mechanism of vacuum consolidation(modified from Mohamedelhassan and 

Shang 2002). 

 

Another analogy can be described as follows: let us employ a total stress change of Δp to 

the system. Without vacuum suction, the change in EPP (Δu) would momentarily be Δp 

and would dissipate depending on the boundary conditions and permeability of the soil, 

and eventually will become Δu = 0. In vacuum consolidation for the same stress change, 

the initial EPP would be Δu = Δp - pvac where pvac is the vacuum suction. Over the time, 

EPP of the system will be equal to pvac.  

 

To illustrate the above concept, generic graphs for EPP dissipation can be illustrated as 

follows. In Figure 2-4, pv is the vacuum suction; for comparison p0 = p1 + pv has been 

assumed. 
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Figure 2-4: Generic pattern of EPP dissipation and effective stress development in 

vacuum consolidation. 

 

With current knowledge, the generic graphs in Figure 2-4 have been challenged. It has 

been reported that EPP dissipation is faster in vacuum consolidation compared to 

surcharge alone, in that greater effective stress can be transferred thus, achieving higher 

over-consolidation ratio (OCR) than a surcharge of the same magnitude (Indraratna et al. 

2013, Kianfar et al. 2015). 

 

In the literature, researchers have shown differences in stress paths from conventional 

preloading. Notably, Robinson et al. (2012) suggested the following expressions in 

Eqn. (2.5) and Eqn. (2.6) for vertical and horizontal effective stresses (i.e. 
v  , h  ) 

respectively. 
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v o vac   = +   (2.5) 

 

 ( )0h vo vacK   = +   (2.6) 

 

where, 0 h vK   = . However, Robinson et al. (2012) validated their results only for 

deformations and not for EPP.    

 

When considering the practical application of vacuum for foundation soil in a ground-

improvement project, two methods can be identified, namely: the membrane method and 

the membrane-less method. 

 

2.3.3 Membrane method 

In the membrane method, an airtight sheet or membrane is placed on the ground surface 

and vacuum is applied below the membrane (Figure 2-5[a]). Vacuum suction then travels 

along the PVDs to reach deeper levels in the ground. Domestic (Australian) examples of 

ground-improvement using this method include the port of Brisbane in Queensland and 

the Ballina bypass in New South Wales. Generally, high-density polyethylene is used as 

the membrane. 

 

The main challenge in membrane method is to overcome the air leaks. Hence, to make 

the membrane airtight, it is very common to make a trench and flood the boundaries of 

the membrane with bentonite slurry.   
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2.3.4 Membrane-less method 

In the membrane-less method, vacuum suction is applied to individual PVD and use 

clayey soil as the sealing layer (Figure 2-5[b]). This method is also known as the Capped-

PVD or CPVD method, since vacuum lines are connected to each drain using a 

geosynthetic cap (Chai et al. 2010). One key advantage resides in its ability to minimise 

air leaks since each PVD acts independently. However, compared to the membrane 

method, an intensive amount of piping connections must be made, which can be relatively 

costly. 

 

 

Figure 2-5: Vacuum-assisted PVDs, (a)Membrane method and, (b) membrane-less 

method (from Kianfar 2013).  
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This method has been used when the treated area is susceptible to flooding or changes in 

water table, resulting the treated area being inundated. In addition, if the foundation soil 

has sand layers, piping should be extended to pass these layers and apply the vacuum 

directly to the clay layer (e.g. Lam et al. 2018). 

2.4 Finite element numerical modelling of vacuum preloading 

In FE modelling of vacuum consolidation, four distinct methods can be found in the 

literature. They are: 

(i) treating vacuum as an equal vertical stress, 

(ii) calculating an equivalent permeability value considering the effect of PVDs and 

vacuum; 

(iii) defining a pseudo water table for the PVDs beneath the foundation so that it imposes 

additional stress around the selected area (e.g. PLAXIS 2016), 

(iv) considering vacuum as a change in EPP. 

2.4.1 Treating vacuum as an equal vertical stress 

Treating the vacuum in this sense likely represents the simplest method in modelling its 

effects. In this method, vacuum suction is treated as an equal vertical stress on the ground 

surface. Mohamedelhasan and Shang (2002) claimed that equivalent vertical stress could 

be used to predict both settlement and EPP in vacuum preloading. Conversely, 

Bamunawita (2004) and Indraratna et al. (2004) emphasised that although reasonable 

settlement predictions were possible using this approach, accurate calculation of EPP was 

not possible, and often some mathematical treatment would be necessary to correct the 

resulting EPP values. Nonetheless, they reported that the overall rate of EPP dissipation 

was similar for practical purposes. 
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This method could not explain a number of observations including the different lateral 

displacements, cracking of the edges in improved ground with vacuum (Chai et al. 2005a, 

López-Acosta et al. 2019), the accelerated degree of consolidation than that using an 

equivalent surcharge (Kianfar et al. 2015) and different degrees of consolidation at 

different depths due to vacuum suction reduction (Indraratna et al. 2012b).  

2.4.2 Calculating an equivalent permeability value considering the effect of PVD 

and vacuum 

Chai et al. (2001) introduced a relatively simple method to approximate ground behaviour 

by calculating an equivalent permeability of soil due to PVDs. In this method, modelling 

of PVDs is not necessary which is highly convenient for a large structure such as an 

embankment. Later, Chai et al. (2006) extended this technique to incorporate vacuum 

suction, making possible predictions for ground settlements with vacuum-assisted PVDs.  

2.4.3 Modelling vacuum as a change in EPP 

In the membrane method, the ground surface is subjected to vacuum suction. To model 

this in FEA, EPP of the ground surface can be set to respective vacuum value (e.g. 

Saowapakpiboon et al. 2011). However, since vacuum is commonly applied for grounds 

where PVDs have been installed, it is arguable that this vacuum could be transported 

beneath the ground surface along the vertical drains. This idea was confirmed with 

laboratory and field experiments (Tang and Shang 2000, Chu et al. 2000, Chen et al. 

2019). The EPP along each line in FE mesh to represent a PVD can also be modelled as 

a drainage line by setting EPP to zero.     
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2.5 Analytical methods for modelling vacuum consolidation 

It is beyond the scope of this thesis to develop a rigorous analytical formulation for 

vacuum consolidation. Owing to changing boundary conditions in vacuum consolidation, 

such derivation is far less practical. That said, some analytical methods exist as 

convenient approximations. These are referred to as such (i.e. approximations even 

though they are analytical models) because they do not necessarily represent the 

conditions (e.g. stress path) to which soil elements are subjected, with changing boundary 

conditions. 

 

One closed form solution is to use the Terzaghi's theory of one-dimensional 

consolidation, assuming that vacuum act as additional vertical stress on the material 

surface (Mohamedelhassan and Shang 2002). As a continuation of this method, Barron 

(1948) consolidation formulation for radial consolidation can also be adopted when PVDs 

are employed. Chen et al. (2019) claimed that using the 1D idealisation (Eqn. (2.7) ), the 

calculated settlements can deviate as much as 26%.  

 

 0

0 0

log
1

c
p

C H
S

e

 



  + 
=  

+  
  (2.7) 

 

where, Cc is the compression index, H is the height of the soil layer, 0   and   represent 

the current and change in vertical effective stress and 0e  is the initial void ratio. 

Historically, researchers (e.g. Mohamedelhassan and Shang 2002, Chai et al. 2005b, 

Robinson et al. 2012) have discussed and expressed differing opinions about the use of 

1D idealisation for vacuum consolidation. The main limitations concerned the EPP values 

that resulted from these methods are obviously wrong as further confirmed by 
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Bamunawita (2004). Conversely, focusing on EPP dissipation Indraratna et al. (2005a) 

proposed an analytical solution for a single vertical drain as in Eqn. (2.8), 
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1 18
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  (2.8) 

 

where, u is the average EPP, σ1 is the vertical stress, po-ax is the vacuum intensity, k1 is 

the factor for reduction in vacuum along the depth of the drain and Th-ax is the time factor. 

Recent research has proven that this observation is only partially correct. For example, 

Kianfar et al. (2015) showed that higher amount of effective stress can be transferred to 

the soil skeleton using a combination of vacuum and fill surcharge, rather than the 

equivalent surcharge alone and thereby after removing the induced stresses, vacuum 

treated soil reach a higher OCR (Figure 2-6). Although the reason for this is still unclear, 

it could be due to the higher kh in in-situ ground conditions than kv thus, with vacuum 

suction, horizontal water flaw dominate in a greater extent than PVDs alone, resulting 

quicker EPP dissipation, transferring the stress to the soil skeleton. 

 

Indraratna et al. (2005b) proposed a rigorous analytical solution for soil consolidation 

with vacuum-assisted PVDs. One key benefit of this formulation is, it permitted users to 

apply a linear vacuum reduction along the PVD depth. Similarly, Geng et al. (2012) 

proposed analytical solutions for both membrane and membrane-less systems. Zhou et al. 

(2017) made further improvements by introducing consolidation of a multi-layer soil 

system under surcharge combined with vacuum.  
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Figure 2-6: Average OCR after removing fill loading and vacuum + fill loading (from 

Kianfar et al. 2015). 

 

The primary disadvantage of applying analytical solutions for vacuum-assisted PVDs 

regard the inherent limitation that they are all formulated for fixed and simple boundary 

conditions that do not represent actual field conditions. Analytical models based on the 

principle of superposition lack the accuracy in EPP predictions. Hence, in modelling 

vacuum-assisted PVDs, numerical methods such as FEA are more popular and preferred. 

2.6 Soil models for numerical modelling of vacuum consolidation 

Vacuum consolidation is adopted mainly for thick, soft clay layers. As soft soil undergoes 

a significant amount of plastic deformation before failure, elastic or elastic-perfectly 

plastic models are not an option modelling vacuum consolidation, despite their 

application in some researchers’ models.   

  

In selecting or developing a soil model, it is crucial that decisions are made according to 

the accuracy, simplicity and validity of the model throughout different phases in the 

selected materials’ behaviour (e.g. elastic, plastic and creep, among others). With the 
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development of critical-state soil mechanics, Cam-clay (CC) and modified Cam-clay 

(MCC) was introduced (discussed in section 2.6.1) to represent the soft clay behaviour 

and gained significant popularity. 

2.6.1 Modified Cam-clay model 

The original CC model was proposed by Roscoe and Schofield (1963) and later modified 

by Roscoe and Burland (1968) to produce a version now commonly known as MCC. Both 

models assume a linear relationship between the void ratio (e) and logarithm of the mean 

effective stress. Notably, their mathematical formations appear similar except for the 

shape of the yield surface (see Figure 2-7). Undoubtedly, MCC is the most widely used 

soft soil model of the last two decades. In early 2000, when most modelling attempts on 

vacuum consolidation began, many researchers experimented with simple elastic models 

before and moved towards critical state models such as MCC in mid-2000. Some 

improvements were made upon introducing different yield curves along the dry side, 

introducing anisotropy and de-structuring. In the recent past a number of research has 

been reported using MCC to model vacuum-assisted PVDs (e.g. Bamunawita 2004, 

Indraratna et al. 2004, 2011, 2012a, Chai et al. 2006, Saowapakpiboon et al. 2011, Lam 

et al. 2015, Deng et al. 2017). 

 

One significant drawback in MCC is the inability to model long-term deformations in soft 

clays. Since vacuum consolidation is often used for thick soft clay deposits which exhibit 

time-dependent phenomena such as creep, a more suitable model is necessary. 
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Figure 2-7: Yield curves for Cam-Clay and MCC in p'- q space. 

 

2.6.2 Elastic viscoplastic models 

EVP models take the viscous behaviour of soil into account. Although different 

categorisations can be adopted, for the work in this thesis, such models can be broadly  

categorised into two classes: rate-based models and creep based models (Gnanendran et 

al. 2006). As the name implies, rate-based models focused more on the rate-dependency 

of material, whereas creep-based models focus on creep behaviour. The literature review 

primarily explored the latter since the formulation adopted in this thesis follow a creep-

based approach. 

 

Based on Bjerrums’ (1967) concept of delayed compression (Figure 2-8), a series of 

development can be identified in EVP modelling by Yin and others (Yin and Graham 

1989, 1994, 1999, Yin et al. 2002). The three main criticisms about these formulations 

were the so-called equivalent-time concept lagging a physical meaning, complexity of the 

models resulted by deviating from the conventional parameters (e.g. λ/ν, κ/v etc.) and the 
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creep strain approaching infinity as time passes, which does not make physical sense. 

Although Yin et al. (2002) introduced a non-linear creep function to rectify this 

limitation, the model was too complex with the need of 10 material parameters.  

 

Conversely, Kutter and Sathialingam (1992) proposed a new EVP model likewise based 

on Bjerrum’s (1967) concept of delayed compression and Perzyna’s (1963) formulation 

of viscoplasticity on the MCC framework. Creep-based EVP models use secondary 

compression (Cα) as the input parameter to represent the viscous behaviour of soil. The 

fact that Cα being able to be obtained relatively easily and having empirical formulae, 

such as the ratio of compression index (Cc) to Cα (Mesri and Godlewski 1977) has 

increased the popularity of these models. Kutter and Sathialingam (1992) used a constant 

value for the Cα which was later pointed out as a limitation by Karim et al. (2010). Yin et 

al. (2002) also faced the same problem of using a constant value for Cα, so it is worth 

reviewing the possible options to incorporate Cα  in to EVP models. 

 

 

Figure 2-8: Delayed compression concept by Bjerrum (1967). 
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2.6.2.1 Incorporating secondary compression into EVP modelling 

Secondary compression as a fixed ratio to compression index (Cα/Cc) proposed by Mesri 

et al. (1997) has gained popularity among researchers due to its simplistic approach. As 

the time duration is long-term (e.g. spanning several years), it is arguable whether this 

fixed ratio would actually be suitable. Other than the abovementioned approach, several 

methods can be found in the literature to model Cα. These can be summarised as follows. 

 

Gao et al.(2006) proposed a creep function with a relationship to OCR and 1D creep 

compression (Cα0) as in Eqn. (2.9); 

 

 ( )0

m
C C OCR 

−
=   (2.9) 

 

where, m is the slope of log Cα - log OCR plot. 

 

Meanwhile, Alonso et al. (2000), Karim et al. (2010, 2011), presented non-linear creep 

functions using OCR and Cα0, generally in the form of Eqn. (2.10): 
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where, Cα-max is the maximum value of Cα at the time of yielding begins and b1 is a fitting 

constant. Wu et al. (2013) later proposed and validated a creep function based on the 

change in void ratio, as in Eqn. (2.11): 
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where, m* is the slope of log Cα - log e. 

 

Islam and Gnanendran (2017) adopted a creep function analogous to Nash (2001), which 

they validated against laboratory and field data and can be expressed as in Eqn. (2.12):  
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Islam and Gnanendran (2017) defined pi and pi-1 as the creep inclusive pre-consolidation 

pressure at two consecutive time steps while the given material is hardening.  

 

2.6.2.2 Secondary consolidation in the presence of vacuum suction. 

To date, no evidence has proven a difference in Cα in the presence of vacuum. However, 

in synthesising the literature, it is possible to create an indirect relationship between these 

two variables. Since vacuum consolidation can yield higher OCR (Kianfar et al. 2015), 

which is linked to Cα such as through Eqn. (2.9) and (2.10), it can be argued that the 

vacuum consolidation can actually reduce Cα and thus reduce the long-term creep 

settlements. That said, still there remains limited experimental evidence (e.g. 

Karunawardena and Nithiwana 2009, Kosaka et al. 2016) to confirm this argument.  
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2.7 Vacuum distribution 

When dealing with long PVDs, a certain amount of vacuum loss can occur along the drain 

for several reasons. Generally, sandwiched sand layers, imperfections of the PVD system 

and generation of surface cracks are noted as the main causes (Sun et al. 2017, López-

Acosta et al. 2019).  

 

Both for membrane and membrane-less methods, vacuum suction may not penetrate 

equally to the full depth of the PVD. Several researchers have reported vacuum suction 

getting lost along the depth of the drain in both laboratory experiments and in field cases  

(e.g. Indraratna et al. 2004, Chai et al. 2006, 2008). This was noted both from low strain 

rate at deeper depths such as that reported by Indraratna et al. (2012) and inferred from 

changes in soil index properties after vacuum consolidation (e.g. Chu et al. 2000). Such 

observations encouraged further study of this phenomenon. 

 

Recent developments in geosynthetic technology (such as CPVDs) have allowed vacuum 

suction to be applied to individual PVDs, resulting in more effective vacuum application. 

Despite this progression, a certain percentage of vacuum loss is still inevitable. 

 

In the modelling of vacuum suction, a constant vacuum along the PVD was adopted due 

to convenience. Later, with experimental evidence (e.g. Chu et al. 2000, Indraratna et al. 

2004), linear decay of vacuum loss was applied as a reasonable approximation (Figure 

2-9[a–b]).  

 

Chai et al. (2006) proposed a method to quantify vacuum distribution for a partially 

penetrated PVD system in a layered soil mass (Figure 2-10), using the relative 
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permeability of each soil layer. The relationship between the parameters was proposed as 

in Eqn. (2.13): 
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where, kv1 and kv2 are the permebilities of the each soil layer, pvo is the vacuum at the 

grouns surface and pv1 is the vacuum at the interface of the two soil layers, H is the total 

thicknes of the foundation soil and H1 is the depth improved by PVDs. Chen et al. (2019) 

later reported a comprehensive observation on the evolvement of vacuum distribution 

with time in a ground-improvement project. This is illustrated in Figure 2-11(a–b). 

 

 

Figure 2-9: (a) Measured and (b) analytically modelling of linear reduction in vacuum 

consolidation (after Indraratna et al. 2005a). 
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Figure 2-10: Illustration of vacuum pressure distribution in two-layer system (from Chai 

et al. 2006). 

 

 

 

Figure 2-11: Evolvement of vacuum distribution against time and depth reported from a 

case study (from Chen et al. 2019). 
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However, in CPVDs the geosynthetic cap is buried by the sealing layer, and vacuum starts 

from a few metres below the ground surface (Chai et al. 2010). This makes vacuum 

distribution somewhat complex in shape. Also, partially penetrated PVDs in a high 

permeable layer at the bottom of a clay deposit can contribute to producing complex 

vacuum distributions along the depth of the PVD. Chai et al. (2010) simplified these types 

of elliptical vacuum distributions to a three zone linear variation in which the vacuum 

increases from the ground surface to its maximum value, then maintains a constant along 

the PVD and start diminishing from the end of the PVD to the drained bottom surface as 

shown in Figure 2-12. 

 

 

Figure 2-12: Elliptical shape vacuum distribution in two-way drainage system (from 

Chai et al. 2010). 

 

Chai et al. (2010) also proposed a function to quantify Δh1 and Δh1 as shown in Eqn. 

(2.14), 



Chapter 2: Literature review 

36 

 

 

21 3

0
1.36 1.5

nn n

e h h v

s

D k k k
h h

k

    
 =      

    
  (2.14) 

 

where, Δh0, n1, n2 and n3 are constants. With a series of FE simulations, Chai et al. (2010) 

offered average values for the above constants as 1.0, 0.45 and –0.65 respectively. 

2.8 Modelling lateral deformations in vacuum consolidation 

Lateral deformations are measured in the field through geodetic landmark on the earth 

surface, using pipe strain gauges, and by employing inclinometers and extensometers in 

boreholes etc. 

 

Due to the embankment load, foundation soil tends to move laterally outwards. Applying 

a vacuum introduces negative pressure along the PVD, which may help to compensate 

for any outward lateral displacement. However, in shallow depth, due to low vertical 

stress and high inward lateral stress by vacuum, soil tends to deform laterally inwards. 

That said, the term ‘shallow’ itself within this context requires further explanation. 

 

When Mohamedelhassan and Shang (2002) reported that vacuum suction can produce  

identical results to surcharge pressure, they did not consider lateral deformations since 

the study was limited to 1D conditions. However, Chai et al. (2005b) claimed that vacuum 

suction can only reach 80% of the final settlement compared to a surcharge of the same 

magnitude. They continues noting cracking of the earth’s surface when vacuum suction 

is applied (Figure 2-13[a–b]). Recently this finding was echoed in López-Acosta et 

al. (2019) wherein the same observation was noted in a field experiment (see Figure 

2-14).   
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Figure 2-13: (a)-Outward lateral displacements with embankment surcharge and (b)-

inward lateral displacements and surface cracking with vacuum suction (modified from 

Nguyen et al. 2017). 

 

 

Figure 2-14: Example of surface cracking due to vacuum (modified from López-Acosta 

et al. 2019). 
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Contradictory opinions between Mohamedelhassan and Shang (2002) and Chai et al. 

(2005b) were later clarified by Chai et al.(2005a) by defining the condition to actuate 

inward lateral deformations in vacuum consolidation as in Eqn. (2.15): 
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where, Δσvac is the vacuum intensity at and beyond which it violates the K0 condition and 

actuates inward lateral deformations.  

 

Still, there is a significant level of uncertainty in calculating lateral displacements in 

vacuum consolidation. The rationale behind most approximations is the creation of a ratio 

between horizontal displacements to vertical displacements. 

 

Extending the method by Poulos and Davis (1974), Robinson et al. (2012) proposed a 

lateral strain factor (LF) as in Eqn.(2.16): 
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where, h  and v  are horizontal and vertical strains respectively, α1 = 1 represents 

isotropic consolidation and α1 = K0 represents K0 consolidation, and   is Poisson’s ratio. 

It was claimed that α1 = 0.62 can predict lateral displacements well. However, their 
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validation was limited to lateral displacements sonly and did not present other results such 

as EPP and vertical displacements. 

2.9 Modelling application and removal of vacuum 

Very limited discussion is available on modelling the deformation of soil upon application 

and removal of vacuum. Chai et al. (2005a) mentioned that volumetric strain needs some 

correction in the presence of vacuum and proposed these adjustments as a multiplication 

factor. 

 

Kianfar et al. (2015) carried out laboratory experiments on EPP and deformation analysis 

on application and subsequent removal on vacuum. Despite this, numerical simulations 

were not carried out, and the researchers instead recommended it for future research work. 

In discussing this phenomenon, it must be highlighted that the magnitude of the vacuum 

suction must be significantly higher compared to the surcharge (if surcharge is applied) 

to qualify for further research. In the case of high surcharge and relatively smaller vacuum 

suction, researchers may not experience difficulties in numerical modelling–hence why 

this phenomenon has not typically drawn much research attention. Nonetheless, with the 

development of geosynthetic technology, higher vacuum intensities can be applied, a 

factor particularly relevant when used in laboratory environments where higher vacuum 

intensity compared to surcharge is a common occurrence.  

2.10 Limitations and disadvantages of vacuum preloading 

Vacuum suction alone may not be sufficient to consolidate the ground. If preliminary 

calculation shows a vacuum of 100 kPa or more is necessary for the target settlement, it 

is practically impossible to consolidate the ground with vacuum suction alone. This is 
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primarily because attempts to apply a vacuum at a greater intensity than the atmospheric 

pressure will induce cracks and result in less settlements compared to surcharge 

preloading. This limitation has been experimentally shown in the literature (e.g. Chu and 

Yan 2005a, Zhou et al. 2017). In practice, where more than 80 kPa of suction is necessary, 

it is preferred to combine vacuum with conventional preloading. From resent vacuum 

consolidation projects (shown in Appendix B) it confirms that most projects used a 

vacuum intensity in the rage of 60–70 kPa to avoid this problem. 

 

When a membrane is used as a sealing layer, the effectiveness of the method mainly 

depends on the air tightness of the membrane. Vacuum losses have been reported in 

several ground-improvement cases (e.g. Karunawardena and Nithiwana 2009, López-

Acosta et al. 2019). Notably, Karunawardena and Nithiwana (2009) reported significant 

(about 80%) vacuum loss due to air leaks which hindered the effectiveness of the ground-

improvement process. 

 

Vacuum pump breakdowns and electrical downtimes (among other factors) can also 

affect the consolidation process. While the vacuum pumps are running, some manned 

observation must also be placed. Hence, the process can be interrupted various times 

throughout the year (e.g. during long holiday seasons). These disturbances have also been 

reported in literature (e.g. Chai et al. 2006, Lam et al. 2018) and can be identified as a 

limitation in vacuum consolidation technique. 

 

Although exact cost figures are not readily available, it is generally accepted that the 

CPVD method is comparatively costlier than the membrane vacuum method. Extensive 

tubing in the former method can be cumbersome and slow to implement.   
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2.11 Main research gaps in the literature 

The primary research gaps identified in the current literature can be pointed out as 

follows: 

 

(i) Extremely limited numerical modelling that considering long-term (more than 

one year) deformation predictions have been published relative to vacuum 

consolidation. 

 

(ii) Elasto-plastic models limit the duration of predictability for a relatively short 

term. Since vacuum consolidation accelerates the consolidation process, 

settlements without significant change in EPP dissipation can be observed, and 

modelling such instances (e.g. creep) have not been sufficiently explored in the 

literature. 

 

(iii) Despite numerous previous research attempts, predicting both EPP and 

settlement are still challenging, especially when long-term ground performance 

is concerned. Sustained EPP is a common observation in ground-improvement 

cases histories with deep buried soft clays. Mere modification or fine-tuning 

input parameters would not effectively produce accurate settlement and EPP 

predictions,  as evident from Kelly et al. (2008) and Kelly and Wong (2009). 

 

(iv) EVP models have been identified and suggested as a potential improvement for 

modelling accuracy in vacuum consolidation (e.g. Parsa-Pajouh et al. 2014). 

However, limited research has evaluated its success. Yin (2015) has also 
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suggested carrying out additional studies using EVP models for vacuum 

consolidation.  

 

(v) Numerical modelling with significant changes in vacuum suction intensity 

compared to surcharge is challenging to numerically simulate. Although Kianfar 

et al. (2015) completed experimental work, they did not carry out numerical 

simulations. Instead they recommended to carryout numerical modelling of 

vacuum application and removal to fill the gaps in the literature. 

 

(vi) Numerical modelling and implications of rather complex yet practical vacuum 

distributions have not been sufficiently explored.  

2.12 Summary   

This chapter critically discussed the relevant literature for the work presented in this 

thesis. First, it appears that vacuum application in a ground-improvement project is often 

carried out using two methods: the membrane and membrane-less method. The former is 

relatively easy to implement, but susceptible to air leakages, while the latter utilises 

extensive tubing, with less susceptibility to leakages. When dealing with highly 

permeable sand layers or if the ground being treated has the possibility being inundated, 

membrane-less method again proves more suitable.  

 

Several numerical methods have been adopted to model vacuum consolidation. 

Advantages and disadvantages of these each method were discussed. Approaches such as 

treating vacuum application as additional vertical stress, lacks the accuracy of predicting 

EPP and lateral displacements. During the last few decades, most research has focused 
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on understanding the mechanisms involved in vacuum consolidation through laboratory 

and field cases, rather than on increasing the accuracy of numerical modelling.  

 

It was identified, although soil responses upon application and removal vacuum in large 

magnitudes are available, the numerical modelling of the same has not been carried out 

in the literature. 

 

Although vacuum consolidation is implemented for soft clays that can exhibit long-term 

settlement behaviours such as creep, almost all analyses related to vacuum consolidation 

are limited to elastic or elasto-plastic models, which are not suitable for predicting long-

term ground performance. This is a clear contradiction and a research gap that must be 

explored in detail within the context of vacuum assisted PVDs. Several similar research 

gaps were also identified and pointed out in this literature review.   

 

Upon identified the above research gaps, in the next chapter (Chapter 3) introduces a 

creep-based EVP model with time-dependent boundary conditions. This includes basic 

illustration on its potential to model vacuum consolidation. The model is then extensively 

applied in later chapters to address the persisting research gaps.   
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Chapter 3: EVP model with time-dependent boundary conditions for 

vacuum consolidation1 

3.1 General 

The boundary condition for conventional PVDs is typically modelled as a drained 

boundary. In a coupled analysis, this can be achieved by setting the respective degree of 

freedom (DOF) representing the EPP of the nodes along the PVD-soil interface to zero. 

Generally, this is a set boundary condition which prevails from the start to the end of an 

analysis. Importantly, such simplicity no longer exists in soil consolidation with vacuum-

assisted PVDs. Hence, in this chapter proposes an EVP model with time-dependent 

boundary conditions. FE implementation is discussed and basic validation is also 

illustrated. 

3.2 Importance of time-dependent boundary conditions for vacuum consolidation 

Vacuum suction is applied through a vacuum pump and will not invariably prevail from 

the start to the finish in a ground-improvement project. As such, the same should be 

followed in numerical analysis. The vacuum application cannot be started until the main 

tasks of ground preparation are completed. This necessitates working platform, fully 

laying of all the tubing (if membrane-less vacuum-consolidation method is used), 

 
1 Material discussed in this chapter form part of the following publications: 

 

Kumarage, P.I., and Gnanendran, C.T. 2019b. Long-term performance predictions in ground 

improvements with vacuum assisted Prefabricated Vertical Drains. Geotextiles and Geomembranes, 

47(2): 95–103. Elsevier. doi:10.1016/j.geotexmem.2018.11.002. 

 

Kumarage, P.I., and Gnanendran, C.T. 2017. Viscoplastic behaviour of soft soil in vacuum 

consolidation. In Proceedings of the 70th Canadian Geotechnical Conference. Canadian 

Geotechnical Society (CGS), Ottawa, Canada. 
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trenches and sealing membrane (if membrane method is used). Generally, the vacuum 

pump is started soon after the embankment building commences.  

 

Switching the vacuum pump on and off during long holiday periods and changing vacuum 

intensity over time are evident in most ground-improvement projects. Notably, vacuum 

consolidation project in Saga, Japan (Chai et al. 2006) provides a classic example of  

variable vacuum applications. Here, a vacuum pump was in operation only during the 

daytime from November to late December 2003. From January to March 2004, the pump 

was in operation 24 hours each day, sparking a mechanical failure from 31 January to 4 

February. Similarly, the ground-improvement project reported in Lam et al. (2018) also 

noted a vacuum-pump failure(numerical simulation of this project is carried out in this 

thesis and discussed in Chapter 6).  

 

Further, vacuum leaks can occur at many locations depending on the vacuum- 

consolidation technology being used. In the membrane method, leaks mainly occur at the 

sealing membrane, whereas the connection lines are most vulnerable in the membrane-

less set-up. Even after vacuum suction reaches the PVD, significant vacuum loss can 

occur along the depth of the drain due to sandwiched sand layers or imperfections in the 

drain core.  

 

Together, these examples prove that researchers should not solely perceive vacuum 

application as a constant value with time. It instead should be treated as a function of both 

time and depth. Thus, the boundary condition representing the vacuum application should 

also be considered as a time-dependent boundary condition. This approach helps in 

following the actual stress path the soil will likely undergo in vacuum consolidation.  
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It is important to highlight the differences in the approach undertaken in the literature. 

For example, Mesri and Khan (2012) simulated vacuum consolidation by modifying EPP 

as in the Eqn. (3.1): 

 

 v vu p = +   (3.1) 

 

where, vp  is the absolute value of vacuum intensity applied to the ground and v  is 

the change in total vertical stress. In this approach, the solution for settlement and EPP is 

obtained as if the soil had been subjected to a fill load equivalent to v vp + . In case of 

instantaneous stress application, the initial EPP just after the application of vacuum and 

surcharge will be equal to v vp + . A correction is necessary to obtain the actual EPP. 

The approach undertaken in this thesis is different to the above, and is described in the 

following Section 3.3. 

3.3 EVP model with time dependant boundary conditions 

Let each node in the FE mesh have three DOFs. The first and second DOFs can be set at 

the users’ preference (Typically the former denotes x-displacement and the latter is the y-

displacement). The boundary condition for the third DOF (i.e. the EPP) for the nodes 

along the PVD-soil interface is defined in Eqn. (3.2): 

 

 ( , )vacu p t z=   (3.2) 

 

where, u is the EPP and p
vac

(t,z) denotes vacuum function.  
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Meanwhile, the mean effective stress ( p ) is conventionally defined as the difference 

between the total mean stress (p) and the EPP (u), (i.e. p p u = − ). Unlike in conventional 

preloading with PVDs, p  is presented as in Eqn. (3.3): 

                                                           

 
( )vacp p

p
p u

− −
 = 

−
  (3.3) 

 

where, p is the total mean stress and p  has two conditions as illustrated in Eqn. (3.3). At 

the PVD-soil boundary interface, there exists no EPP. Instead, the EPP values are equal 

to the respective vacuum suction at that particular time and depth. In the rest of the soil 

skeleton, p  is calculated as usual–that is as the difference between the total mean stress 

and the EPP.   

3.3.1 Defining reference and loading surfaces 

The reference surface and loading surface can be introduced in Eqn. (3.4) and Eqn. (3.5) 

respectively: 

 

 

2

2

0

q
f p p p

M

 
= − +  
 

  (3.4) 

 

 

2

2

L

q
f p p p

M

 
= − +  
 

  (3.5) 
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where, �̅�′ and 𝑝′ are the mean effective stresses in 𝑓 and 𝑓 respectively, 𝑞 and 𝑞 are their 

corresponding deviatoric stresses. Meanwhile, 0p  and Lp represent the intersection of the 

𝑓 and 𝑓 surfaces with the positive p  axis, and M is the slope of the critical state line 

(CSL). 

 

To calculate plastic (or viscoplastic) strains, a plastic potential function ( f̂ ) needs to be 

defined. For the research carried out in this thesis, the associated-flow rule (AFR) was 

instead assumed. Thus, it is considered that f̂ f . 

 

Another possibility in defining 𝑓 ̅and f is to modify Eqn. (3.4) and (3.5) to incorporate a 

shape parameter (R). However, as previous research (e.g. Islam 2014, Islam and 

Gnanendran 2017) has shown R typically carries values very close to two, where 

incorporating R = 2 reduces the unnecessary complexities in the model. For this, a cross-

check is carried out in Chapter 4 to calculate R, and to confirm whether R ≈ 2 in the 

respective clay being used for the analysis.    

3.3.2 Strain rate tensors 

In the general stress space, the total strain rate tensor (
ij ) is assumed to be consisted of 

two components: the elastic strain rate tensor (
e

ij ) and viscoplastic strain rate tensor (
vp

ij

), as in Eqn. (3.6): 

 

 
e vp

ij ij ij  = +   (3.6) 
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e

ij  is calculated according to Hooke’s law as in Eqn. (3.7), 

 

 e

ij ijkl klC  =   (3.7) 

  

where, kl   is the effective stress rate tensor and Cijkl is the elastic moduli tensor (given in 

Appendix–C). 

 

Adopting Perzyna’s (1963) formulation, the viscoplastic strain rate ( vp

ij ) can be defined 

using Eqn. (3.8), 

 

 

( )

( ) : 0
( )

0 : 0

vp

ij

ij

f
F

F F
F

F

f f
F

f

 






=




= 



−
=

  (3.8) 

 

where,   is the rate sensitivity function, F is the overstress function and 
ij   is the 

effective stress tensor.  

 

As in Eqn. (3.8), if 𝑓 < 𝑓 ̅ , then F = 0 and material behaves elastically. If  𝑓 > 𝑓 ̅

viscoplastic deformations will subsequently actuate. In this instance, F is quantified as 

the normal distance between 𝑓 and 𝑓 ̅and the direction of the strain rate is determined by 

ijf   . However, this procedure inherently makes the assumption of AFR. 
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With the same stipulated conditions for F, in triaxial stress space, the viscoplastic 

volumetric strain rate ( vp

v ) can be defined by modifying the Eqn. (3.8) as,  

 

 ( )vp

v

f
F

p
 


=


  (3.9) 

 

where, p  is the mean effective stress as calculated in Eqn. (3.3). 

3.3.3 Deriving an expression for    

According to Bjerrum’s (1967) delayed concept, Cα can be defined as in Eqn. (3.10), 

 

 
log log

e e
C

t t


−
=

−
  (3.10) 

 

where, t  is the reference time and e  is the void ratio at the reference time. 

 

By substituting ln(10)C = and with subsequent re-arrangement, Eqn. (3.11) can be 

obtained:  

 

 
t e e

t 

− 
=  
 

  (3.11) 

 

Differentiating Eqn. (3.11) with respect to time (t) and further re-arrangement obtains 

Eqn. (3.12): 
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 exp
de e e

dt t





− 
= −  

 
  (3.12) 

 

Consider a clay sample is at point A (see Figure 3-1) at a reference time of t  with a 

reference void ratio of e . Due to creep, within a t  duration, void ratio reduces from 

e  to e. Consequently, the pre-consolidation pressure apparently increases from Lp  to 

0p . Using Figure 3-1, expressions for �̅� and e can be conveyed as in Eqn. (3.13) and 

(3.14) respectively: 

 

 ln ln L
N L

p
e e p

p
 

 
= − +  

 
  (3.13) 

 

 0
0ln lnN

p
e e p

p
 

 
= − +  

 
  (3.14) 

 

where, Ne  is the void ratio in the normal consolidation line (  line) at 1p = , λ and κ 

denote the compression and re-compression indices respectively according to the 

conventional theory of critical-state soil mechanics. 

 

Combining Eqn. (3.13) and (3.14) consequently obtains Eqn. (3.15):  

 

 ( )
0

ln Lp
e e

p
 

 
− = −  

 
  (3.15) 

 

From the definition of viscoplasticity, Eqn. (3.16) contends the following: 
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( )0

1

1

vp

v

de

dt e
 = −

+
  (3.16) 

 

 

 

Figure 3-1: Illustration of the normal and reference consolidation lines in the e-ln(p) 

space. 

 

Further by substituting Eqn. (3.12) to (3.16), Eqn. (3.17) is obtained:  

 

 
( )0

exp
1

vp

v

e e

t e






− 
=  

+  
  (3.17) 

 

Substituting Eqn. (3.15) to Eqn. (3.17) an expression for vp

v  can be obtained as in 

Eqn. (3.18): 
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( )0 01

vp L
v

p

t e p

 




−

 
=  

+  
  (3.18) 

 

Meanwhile, rearranging Eqn. (3.9)   can be expressed as, 

 

 
vp

v

f

p


 =

 
  

  (3.19) 

 

Now, combining Eqn. (3.18) and Eqn. (3.19), an expression for   can be obtained as in 

Eqn. (3.20): 

 

 
0

0

Lp

pf
t

p

 






−

 
=  

   
  

  (3.20) 

  

where, ( )0 01 e = + . 

3.4 Numerically modelling Cα 

As shown in Eqn. (3.10), Cα is often treated as a constant and related to natural logarithm 

scale, where a change in void ratio of e e−  occurs at a time interval of t t−  under 

constant effective stress. When predicting the long-term deformational behaviour of soft 

clay, the assumption of  a constant Cα value can provide misleading results (Yin 1999, 

Karim et al. 2010). Moreover, in vacuum consolidation, stresses in the soil element can 
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significantly change upon application and removal of vacuum. There are several ways of 

modelling a linear or non-linear change in Cα, as discussed in Chapter 2. Consequently, 

in this thesis Cα in vacuum consolidation has been modelled using the following 

Eqn. (3.21): 

 

 ( )max 0 LC C EXP N p p −  = − −    (3.21) 

 

where, Cα-max is the maximum value of Cα generally at the time yielding commencement, 

and N is a numerical constant. Eqn. (3.21) is analogous to the function proposed in Karim 

et al. (2010); however, the two constants Cα-max and N were modified to match the 

particular clay type. Parameter 0 Lp p−  can be considered as a measure of the extent creep 

has occurred (Karim et al. 2010) and is a helpful measure in long-term EVP modelling. 

To determine Cα-max and N it is necessary to conduct long-term consolidation tests at 

different vertical stresses. These stresses should be chosen such that they cover the entire 

stress range the clay is expected to undergo in the field. Cα determined from each test can 

then be plotted against 0 Lp p−  to determine Cα-max and N. Generally, Cα-max is observed 

as the material commence yielding i.e. when 0 0Lp p− = . Relevant experimental data 

were used to calibrate the above function in the subsequent FEA reported in this thesis. 

 

In numerical implementation, Eqn. (3.21) also proposes that researchers question an 

outcome if 0 0Lp p−  . Indeed, this would result in creep values even higher than the set 

maximum, hence prompting the necessity of error trapping in the numerical coding of 

this equation. However, 0 0Lp p−   condition also implies that 𝑓 < 𝑓,̅ thus F = 0 and 
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consequently the material will behave elastically; hence the value of the Cα is immaterial. 

As such, in the FE code, it was defined as maxC C −=  when 0 0Lp p−  .  

 

Figure 3-2 is a visual illustration of the creep function in Eqn. (3.21) within a reasonable 

range. However, with specific data, this 3D surface can be deduced to a line.   

 

 

Figure 3-2: Visual 3D presentation of the creep function. 

 

3.5 FE implementation 

The model was implemented in modified version of AFENA (Carter and Balaam 1995, 

Islam 2014). Importantly, the said version of the AFENA program could not simulate 

vacuum consolidation.  
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3.5.1 Viscoplastic strain increments 

For a time increment, 
1n nt t t+ = − , the viscoplastic strain rate increment vp

n  can be 

defined as in Eqn. (3.22): 

 

 ( ) 11vp vp vp

n n d n d nt     +
  =  − +    (3.22) 

 

where, d  is a constant, 
d = 0 and 

d = 1 represent fully explicit and fully implicit Euler 

time integration schemes. There is no restriction in using any value as 0 1d  ; however, 

to make the integration scheme unconditionally stable, 
d  ≥ 0.5 can be adopted. As such, 

d = 0.5 is used throughout this thesis.  

 

The term 
1

vp

n +
 (at the time step 𝑛 + 1) can be calculated using the Taylor series expansion 

as in Eqn. (3.23); 

 
( ) ( )

2 32 3

1 2 3
.......

2! 3!

vp vp vp
n nvp vp n n n

n n n

   
  

  
+

   
= +  + + +

  
  (3.23) 

 

Ignoring the higher order terms Eqn. (3.23) can be approximated as, 

 

 1

vp
vp vp n
n n n


  


+


= + 


  (3.24) 

 

Substituting Eqn. (3.24) in Eqn. (3.22), the following (Eqn. (3.25)) can be obtained,  
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vp

vp vp n
n n n dt


   



 
 =  +  

 
  (3.25) 

 

3.5.2 FE formulation for coupled analysis  

Since soil consolidation essentially involves a hydro mechanism (with or without 

vacuum), a coupled analysis is inevitable. Thus, Biot-type coupled solution is formulated 

for the vacuum consolidation analysis. 

 

To satisfy the equilibrium condition it requires, 

 

 

0

0

0

xyx w xz
x

y xyw xz
y
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z

u
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u
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u
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+ + + + =

   

  
+ + + + =

   

 
+ + + + =

   

  (3.26) 

 

where, x ,
y  and z  are the components of the bulk unit weight of the soil acting in the 

x, y and z coordinate directions respectively.  

 

The constitutive relationship can be expressed as in Eqn. (3.27):  

 

     D  =    (3.27) 

 

where, [D] is the material matrix for the EVP model. 
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For continuity, Eqn. (3.28) must be satisfied: 

 

 
yx vz

vv v
Q

x y z t

 
+ + − =

   
  (3.28) 

 

where, x , 
y and z  are the velocities of the pore fluid in their respective coordinate 

directions and Q is the inflow or outflow from the system. 

 

By application of the principle of virtual work to the equilibrium equation and the 

continuity equation, the following relationship in Eqn. (3.29) can be obtained: 

 

 

           

       

T T T

w

v v v

T T

b

v s

dV dV U dV

F dV d T dS

    

 

 =  + 

=  + 

  

 
  (3.29) 

 

where,  is the virtual strain vector,   and   are the incremental total and effective 

stress vectors respectively, wU  is the incremental pore water pressure vector, δd is the 

virtual displacement vector, Fb is the incremental body force vector and ∆T is the applied 

surface load incremental vector. 

 

A shape function (Ns) can be used to vary the displacements within a finite element as, 

 

     sd N a =   (3.30) 

 



Chapter 3: EVP model with time-dependent boundary conditions for vacuum 

consolidation  

59 

 

where, δa is the virtual nodal displacement vector. 

 

Likewise, variation in pore pressure can be obtained by Eqn. (3.31): 

 

     w su N b =   (3.31) 

 

where, δb is the nodal EPP vector. Throughout this thesis, the same Ns was used for 

both the displacements and pore pressure variations within the element. 

 

Corresponding strains within the element are obtained by, 

 

     sB a =   (3.32) 

 

where [Bs] is the strain-nodal displacement transformation matrix.  

 

The incremental volumetric strain vector (δν) is calculated as in Eqn. (3.33): 

 

       
T

sv m B a =   (3.33) 

 

where, the vector {m}T is defined as, 

 

    1 1 1 0
T

m =   (3.34) 

  

Eqn. (3.29) can now be written by substituting Eqn. (3.30), (3.31), (3.32) and (3.33) as, 
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       eK a L b F   + =     (3.35) 

where, 

    
Te e

s s

v

K B D B dV   =      (3.36) 

 

       
T

s s

v

L B m N dV=    (3.37) 

 

            
T T

s b s vp

v s v

F N F dV N T dS dV =  +  +      (3.38) 

 

and σvp is the viscoplastic relaxation stress vector, which is defined as, 

 

      
T vp vp

vp sB D t   =     (3.39) 

 

where, vp vp

nD t=   . 

Applying the principle of virtual work to the 2D continuity equation gives, 

 

   ( )
2 2

3311

2 2

11 33

0w w s

w wvol

U k U Vk
b d vol

r x r x t


   
+ + = 

   
   (3.40) 

 

where, k11 and k33 are the hydraulic conductivities in the x and z directions respectively, 

and Vs is the seepage velocity. 
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The EPP gradient can be defined as in Eqn. (3.41): 

 

   11

33

w

s

w

U

x
E b

U

x



 
 
  =
 
 
 

  (3.41) 

 

here, [Es] is the matrix containing the values obtained by differentiating the [Ns] with 

respect to x11 and x33.  

 

Now from Eqn. (3.41), the Eqn. (3.42) is presented: 

 

  
 

     
T T

k s n

s

d a
L b N V dA

dt
− =    (3.42) 

where, 

       
T

s s

v

L B m N dV=    (3.43) 

 

     
1

( )
T

k s s

wvol

E K E d vol
r

 =    (3.44) 

 

and Vn is the prescribed boundary seepage velocity,  K  is the hydraulic conductivity 

matrix, given as,  

   11

33

0

0

k
K

k

 
=  
 

  (3.45) 
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After integrating Eqn. (3.42), the following can be obtained, 

 

 

    ( ) ( )  ( ) 

  ( ) ( )  ( ) 

1 1

1 1

1

1

T

k

T

s n n

s

L a b t b t t

N V t V t t t dA

   

 

 − − + +  = 

 − + +   
  (3.46) 

 

where, β is a constant that defines how b varies during the defined time interval (Δt). As 

previous literature (e.g. Booker and Small 1975, Britto and Gunn 1987) suggest to use 

β  ≥ 0.5 to ensure the integration scheme remains stable. For the analyses carried out in 

this thesis 1 =  is adopted. It was noted that the same value has been used by Britto and 

Gunn (1987) and this having 1 =  simplifies Eqn. (3.46) as: 

 

              
T T

k k n s

s

L a t b t b L V t t tdA F  −   =  + +  =    (3.47) 

 

Now, the fully coupled FE formulation can be obtained as in Eqn. (3.48): 

 

 
   

 

 

 

 

 
e

T

sk

K L a F

b FL t

      
=     

 −       

  (3.48) 

 

where  eK  is the element stiffness matrix. 
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3.6 Soil response with time-dependent boundary conditions 

3.6.1 Simulating the EPP response with time-dependent boundary conditions 

For a basic illustration of time-dependent boundary conditions and their respective EPP 

response, a FE simulation with a unit cell was carried out with the properties of soft Hong 

Kong marine deposit (HKMD) clay. Although no preference given, the primary reason 

for choosing HKMD clay lies is due to its well-established properties (presented in Table 

3-1) which are readily available in the published literature (e.g. Yin and Zhu 1999, Yin et 

al. 2002). 

 

 

Table 3-1: Adopted properties1 for HKMD clay. 

Property Value Property Value 

  0.1983 t   1.0 

  0.0451 Mc 1.265 

cs  31.50 
Ne   2.18 

  0.3 R2 2.0 

C   0.0106 kv 6.10E-08 cm/sec 

1These properties were adopted from Yin et al. (2002); 2Value of the shape parameter (R=2) was 

assumed. 

 

 

The unit cell dimensions were 0.95 m in height and 0.02 m in radius which is close to the 

dimensions of a large consolidation cell reported in the literature (e.g. Indraratna and 

Redana 1998, Indraratna et al. 2004). The vertical drain assumed to run the full depth (i.e. 

0.95 m) at the middle of the unit cell. Six-noded triangular elements were used in the 
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analysis, each node having three degrees of freedom per node. To represent the drain, the 

third degree of freedom of the elements along the axisymmetric boundary of the unit cell 

was modified. More details of the boundary value modification are given in Chapter 4, 

Section 4.6.1. 

 

Four cases are presented for comparison. Case (i) is the simplest form with no vacuum 

applied. In this example, the third DOF of the nodes representing the PVD soil-boundary 

is set to zero and remains unchanged throughout the analysis. Conversely, Case (ii) sees  

–70 kPa of vacuum applied to the same nodes, which neither change over time. Numerical 

modelling of these scenarios are rather simple since the boundary condition is fixed with 

time. Figure 3-3(a) shows the EPP behaviour in these two cases.  

 

Importantly, the second case (Case (ii)) is only practicable for numerically simulating 

laboratory experiments. In this scenario, vacuum can be applied for the total duration of 

the experiment (e.g. Saowapakpiboon et al. 2011). However, in most (if not all) ground- 

improvement projects, vacuum is applied after the main works of the ground preparation 

is completed and may not be applied with a fixed intensity. Simulation of these instances 

with time-dependent boundary conditions are illustrated as follows. 

 

In Cases (iii) and (iv) vacuum was applied and removed during the total simulated time 

across 100 days. In Case (iii) vacuum was introduced at 10 days and removed at 60 days, 

while Case (iv) this occurred at 20 and 80 days respectively. In all of the above cases a 

surcharge of 100 kPa was maintained at the top most surface of the unit cell. For 

simplicity, characteristics of the unit cell (such as smear zone) are not considered and 



Chapter 3: EVP model with time-dependent boundary conditions for vacuum 

consolidation  

65 

 

more details are given in Section 3.6.2. A summary of simulated cases is given in Table 

3-2. 

 

Table 3-2: Summary of cases simulated with varying boundary conditions. 

Case Vacuum application on (day) Vacuum removed on (day) 

Case (i) No vacuum applied 

Case (ii) Constant –70 kPa vacuum applied 

Case (iii) 10 60 

Case (iv) 20 80 

 

From the FE simulation result (presented in Figure 3-3(a)), in Case (i), the EPP reduced 

from 100 kPa to zero, which is the set boundary condition to simulate conventional PVD. 

Similarly, in Case (ii) the solution converges to the applied vacuum of –70 kPa. EPP 

dissipation in Cases (iii) and (iv) significantly speeds up upon start of the vacuum 

application and reach the applied vacuum value of -70 kPa. Upon removing vacuum at 

60 days and 80 days in these cases respectively, EPP reaches its natural stable value of 

zero.   

 

The settlement pattern is also corresponding to the EPP dissipation as expected indicating 

the successful implementation of the coupled analysis with variable boundary conditions. 

Vacuum application contributes to reach a given settlement target in a shorter duration 

than the conventional methods without vacuum.  
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Figure 3-3: EPP and settlement with different boundary condition changes. 
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3.6.2 Verification against laboratory data 

This section aims to compare the responses of the EVP model presented in this chapter 

against experimental results reported in Saowapakpiboon et al. (2011). It is not the aim 

of this section to back analyse and match the FEA predictions to the near perfection. 

Instead, this section primarily aims to illustrate basic behaviour of the model including 

its capability in practical application to vacuum consolidation and obtain a basic idea 

about what parameters chiefly influences the FEA results.  

 

The soil samples used in this study has been obtained from site located at the Second 

Bangkok International Airport (SBIA) project in Thailand. The soft clay samples have 

been collected at 3.0 – 4.0 m depth. Salient properties of the clay are shown in Table 3-3. 

Evidently, some of the properties were adopted from Saowapakpiboon et al. (2011), and 

some were assumed and varied in the FEA. 

 

Table 3-3: Summary of the clay properties from the SBIA project. 

Property Value Property Value 

λ 0.569 
cp  (kPa) 50 

κ 0.055    0.3 

M 0.80 γsat (kN/m3) 14.70  

e0 2.29 k (m/day) 6.3E-05 

1Cα 0.0393 to 0.0786 2kh/ks 1–3 

                 1,2 These values were assumed and varied in the FEA.   

 

Saowapakpiboon et al. (2011) proposed to numerically simulate the system using a 

negative stress at the top of the soil sample. However, as discussed in Chapter 2, vacuum 

suction travels through the PVD, thus in this FE model, both the top and the PVD-soil 
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interface were kept as vacuum-applied boundaries. Both the FE mesh and the boundary 

conditions are presented in Figure 3-4.   

 

Analysis was conducted looking into three key aspects. First is the vacuum intensity, 

which was varied from –40 kPa to –60 kPa since the experimental data revealed that the 

intended vacuum operates at –50 kPa. Second is the effect of the kh/ks ratio, for which 

values from 1 to 3 were adopted. Meanwhile, the third aspect concerned the effect of Cα. 

As no data were available to confirm the value of Cα, lowest and highest Cα/Cc ratios 

defined by Mesri and Godlewski (1977) were adopted. 

 

Results of the numerical simulation are given in Figure 3-5. The input data were not fine-

tuned to match the experimental results since such an attempt would jeopardise the 

intention of the analysis. However, it is clear that the FEA model with appropriate 

boundary modification gives results within an acceptable range.  

 

The influence of each parameter mentioned above is illustrated in the Figure 3-5. In terms 

of permeability kh/ks = 2 seems the better option to match the settlement curve and 

simultaneously allow some under-prediction for EPP. For this set of curves Cα = 0.0655 

has been adopted (representing the Cα /Cc = 0.05, the typical upper bound) since this is 

soft clay. When the kh/ks ratio is subsequently changed from 1 to 3, a maximum difference 

of ~12% for settlements and ~52% for EPP can be observed.  

 

Although the experimental information states that –50 kPa vacuum intensity was used, 

pvac values of –40 kPa and –60 kPa were simulated to observe the FEA numerical model’s 
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sensitivity to vacuum intensity. As discovered the vacuum intensity is a variable with 

significant influence. 

 

 

 

Figure 3-4: FE mesh with boundary conditions to simulate laboratory experiments of 

Saowapakpiboon et al. (2011). 
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Figure 3-5: Settlement and EPP response against experimental data (experimental data 

obtained from Saowapakpiboon et al. 2011). 
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At this scale and time frame, Cα has negligible influence. As such using the approximation 

(Mesri and Godlewski 1977) values applicable to Cα/Cc = 0.03; 0.05 and 0.06 are plotted. 

It is understood that Cα/Cc = 0.06 is out of the range proposed by Mesri and Godlewski 

(1977). As seen from results, the best matching FEA results for settlements are obtained 

by Cα = 0.0786 (representing Cα/Cc = 0.06). This proposes a possibility of surpassing the 

typical Cα/Cc ratio. More detailed investigation on this matter is discussed in Chapter 4. 

 

As discussed in the literature review (Chapter 2), to date limited data is available to model 

the reduction of Cα in the presence of vacuum. However, the formulation carried out in 

this thesis includes a variable Cα which is governed by the change in apparent creep 

inclusive pre-consolidation pressure. Hence, the formulation readily facilitates to model 

the reduction in Cα by fitting the characteristic curve to Eqn. 3.21. However, due to 

limited availability of field data a case study on this matter is not discussed. 

  

In all of the above examples, care has been taken to converge the solution accurately by 

reducing the vacuum surcharge ratio (VSR) which will be defined in Chapter 6 as it was 

discovered when VSR ≥ 0.5, numerical instability can occur in application and removal 

of vacuum. This convergence problem is also discussed and addressed in Chapter 6 of the 

thesis. 

 

There is a practical upper limit for the magnitude of the vacuum suction that can be 

applied in ground improvements. The atmospheric pressure is about 101.3 kPa. Hence, 

theoretically this value can be considered as the upper limit for vacuum application. As 

suction eventually surpasses 90 kPa, unsaturation can occur as detected in many field and 



Chapter 3: EVP model with time-dependent boundary conditions for vacuum 

consolidation  

72 

 

laboratory cases. With this upper level, ground-improvement project reaching VSR ≥ 0.5 

condition at the time of removing vacuum is unlikely to occur. However, as will clarify 

in this thesis, numerical instabilities can occur in modelling laboratory experiments, 

hence this constitutes an essential element in effective geotechnical analysis. 

3.7  Summary 

This chapter introduced time-dependent boundary conditions to a creep-based EVP 

model. The said boundary conditions were intended to be applied to the third DOF of the 

nodes along the line representing the vacuum-assisted PVD. This enables the model to be 

used in the context of vacuum consolidation. Options available in incorporating Cα to the 

model was also discussed with a 3D illustration of a creep surface. FE formulation of the 

coupled analysis was also discussed. The basic EPP response due to time-dependent 

boundary conditions were demonstrated using HKMD clay as an example.  

 

The model was then used to numerically simulate both EPP and settlement response with 

vacuum suction in the laboratory based environment reported by Saowapakpiboon et al. 

(2011). Analysis revealed a good agreement against laboratory experimental results, and 

vacuum intensity, kh/ks ratio were identified as significantly influencing factors.   

 

With the FEA carried out in this chapter it can be concluded that time-dependent 

boundary conditions can be successfully implemented into an EVP model to simulate 

vacuum suction for soft soil stabilisation cases.  

  

Overall, the cases discussed in this chapter are rather limited. The analysis time was 

relatively short and simple. Hence, the model and the corresponding techniques are 
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applied in a case study in the next chapter (Chapter 4) for an actual ground-improvement 

case history. The numerical instability and their treatments are subsequently addressed in 

Chapter 6.
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Chapter 4: Unit cell analysis of Ballina embankment using EVP 

model2 

4.1 General 

The Ballina bypass was constructed as part of the Pacific Highway upgrade project to 

reduce the traffic congestion near Ballina, New South Wales. Along the Pacific Highway, 

several types of clay were found to contain varying properties, most of which were from 

river flood plains. The area of Ballina is in the flood plans of Richmond River, where the 

deepest and softest soil is available (Figure 4-1). In this sense, the project brought with it 

some unique challenges in constructing the bypass and likewise marks the reported first 

case in which vacuum consolidation has been applied for a ground-improvement project 

in Australia. 

 

This chapter illustrates application of the EVP model described in Chapter 3 for an actual 

ground-improvement project. Time-dependent boundary conditions have been used to 

numerically simulate vacuum application, and the foundation soil has been modelled 

using said coupled EVP model. Considering the long-term analysis, creep behaviour has 

been awarded special attention. Both the large-strain option and nodal updating was 

enabled and its importance is demonstrated. To highlight the improvements made, 

 
2 Material discussed in this chapter form part of the following publications: 

 

Kumarage, P.I., and Gnanendran, C.T. 2019b. Long-term performance predictions in ground 

improvements with vacuum assisted Prefabricated Vertical Drains. Geotextiles and Geomembranes, 

47(2): 95–103. Elsevier. doi:10.1016/j.geotexmem.2018.11.002. 

 

Kumarage, P.I., and Gnanendran, C.T. 2017. Viscoplastic behaviour of soft soil in vacuum 

consolidation. In Proceedings of the 70th Canadian Geotechnical Conference. Canadian 

Geotechnical Society (CGS), Ottawa, Canada. 
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comparisons were drawn with previous research attempts. To illustrate the precision of 

the methodology applied, settlement behaviours have been compared in different 

locations along the centreline of the embankment. 

 

An investigation of the site revealed that the area consists of soft soil layers of up to 25 m 

thickness, and the liquid limit and plastic limit varying between 60–80% and 30–40% 

respectively (Kelly and Wong 2009). Soil mixing, stone columns, displacement auger 

piles, piled embankment were some of the potential methods that could be used to 

improve the ground. However, it was assessed that those soil-improvement methods were 

too expensive to treat such deep clay layers. On the other hand, conventional wick drains 

would be too slow to consolidate the clay to an acceptable level within a reasonable 

construction period. Consequently, vacuum assisted PVD consolidation was identified as 

the most suitable method to improve the clay foundation.  

 

Since this attempt marks the first time vacuum-assisted PVDs have been used in a ground-

improvement project in Australia, an instrumented trial embankment was constructed to 

investigate its effectiveness. Figure 4-2 is a schematic illustration of the instrumented 

embankment, which was divided into two sections A and B. To compare the performance 

of the vacuum-assisted PVDs, Section B had the vacuum suction applied and Section A 

had conventional PVDs without vacuum.  
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Figure 4-1: Clay types along the pacific highway (modified from Higgins 2016). 

 

 

 

 

Figure 4-2: Instrumentation locations of the Ballina test embankment (modified from 

Parsa-Pajouh et al., 2014). 
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4.2 Challenges in understanding soil behaviour  

Field data from piezometers in this project have reported sustained EPP despite the long 

duration vacuum application. Several other studies in ground-improvement projects have 

also reported this trend of EPP being sustained in deep clay layers (e.g. Kabbaj et al. 1988, 

Rowe and Li 2002). Secondary compression has often been highlighted as a possible 

reason, though with respect to vacuum consolidation, neither detailed investigations nor 

modelling attempts have been carried out with an EVP model. Notably, Kelly and Wong 

(2009) attempted to back-calculate the compression index (Cc) to match both settlement 

and EPP and reported it is not successful. Hence predicting both settlements and EPP for 

the entire 1,200 day project duration has been a significant challenge for researchers. 

In the Newcastle symposium (Kelly et al. 2018) for the behaviour prediction of 

embankment on soft soil, some 20 research groups competed to predict and back-analyse 

the ground deformation in the Ballina embankment. However, the symposium mainly 

focused on Section A of the embankment where vacuum-assisted PVDs were not used. 

Few researchers who have attempted to predict the performance of  Section B (e.g. Khan 

2010, Indraratna et al. 2012b, Parsa-Pajouh et al. 2014), did not continue their predictions 

for the entire monitoring period of 1,200 days and failed to consider viscous behaviour of 

the soil, despite its evidence. As such, this chapter will address these challenges and create 

new knowledge to close the aforementioned gaps in the research. 

4.3 Unit cell idealisation 

The mechanism in consolidation with PVDs is essentially axisymmetric. Hence, unit cells 

can be considered as a viable option to model consolidation settlements. In this project, 

circular PVDs were installed in a square pattern. Hence, a making calculation to 

determine the well radius (rw) is unnecessary (as reviewed in Chapter 2). It was reported 
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that rw = 17 mm (Kelly and Wong 2009, Indraratna et al. 2012b, Mesri and Khan 2012, 

Parsa-Pajouh et al. 2014). Meanwhile the equivalent radius (re) can be calculated 

considering the area covered by each PVD as per Eqn. (4.1) and (4.2). 

 

Given that S = 1 (Table 4-1), the calculated re was re = 0.5642 m. Table 4-1 summarises 

the properties of the PVD and unit cell adopted for the analysis.  

 

Regarding the smear zone, since there is no promising way for estimation, a certain 

amount of trial and error was necessary. For this analysis rs/rw = 4 and kh/ks = 2 were 

adopted.  

 

 

 

Figure 4-3: Calculation of equivalent radius (re) of the unit cell. 
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Figure 4-4 : Schematic diagram of the unit cell. 

 

 

Table 4-1: Adopted PVD and unit cell properties for the case study. 

Property Value 

Well radius (rw) 0.0170 m 

PVD spacing 1 m 

PVD installation pattern Square 

PVD length 20 m 

Equivalent radius (re) 0.5642 m 

kh/ks 2 

rs/rw 4 
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4.4 Embankment construction and vacuum application 

There were several steps involved in the embankment construction near SP11. First was 

the placement of the 1.5 m thick sand layer which facilitated as a working platform for 

the remainder of construction. Next, PVDs were installed in a square pattern with a 

spacing of 1 m. Installation over the entire area took approximately one week. After 

placing the vacuum membrane, the embankment was constructed up to 2 m thickness. 

Approximately 115 days from construction commencement, the vacuum pump was 

started. A vacuum suction of –70 kPa was expected to be transferred along the PVDs to 

the soil foundation. In the first main embankment construction stage, a 6.5 m-thick filling 

was laid in 109 days while the vacuum pumps were running. This was followed by the 

consolidation stage with vacuum suction applied until the vacuum pump switched off 

after 400 days. The second construction stage ran from Day 750 to Day 1,050 during 

which the embankment was raised up to 14 m thickness, as illustrated in Figure 4-5. This 

phase was completed without vacuum suction. Field settlement data were available up to 

1,200 days until which analysis was also done. Figure 4-5 illustrates the embankment 

construction history over time near SP11 and likewise the embankment construction 

history near SP7 is also plotted in the same figure. Following the determination of input 

parameters, FE results of the analysis on these locations are discussed in Section 4.7 and 

4.8 subsequently. 

4.5 Determination of input parameters 

Figure 4-6 illustrates the basic soil parameters of the clay foundation. For the analysis in 

this chapter, the foundation soil was divided into four layers based on the yield profile 

with depth. The linear reduction of 
cp  is a readily available option in AFENA which was 

used to model 
cp  according to the reported values.   
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Determination of the secondary compression index (Cα), permeability and shape 

parameter are described in the following sections. 

 

 

Figure 4-5 : Variation of embankment thickness at different times and settlement plate 

(SP) locations. 

 

 

 

Figure 4-6: Foundation soil profile in Ballina bypass (modified from Indraratna et al., 

2012). 



Chapter 4: Unit cell analysis of Ballina embankment using EVP model 

82 

 

4.5.1 Determination of secondary compression index (Cα) 

The Cα/Cc ratio proposed by Mesri and Godlewski (1977) is one of the easiest 

approximations that can be adopted to determine the Cα. For most soft clays, this ratio 

falls within the range of 0.04 ± 0.01. Using this ratio, the calculated maximum and 

minimum values of Cα are 0.0656 and 0.0332, respectively. Another cross-check could 

be made since Kelly et al. (2008) reported the creep ratio, = ( )0/ 1C e + ,  as 0.015 for 

the entire depth of the clay. Assuming 
0e  ≈ 2.8 it can be calculated that, Cα = 0.057; thus 

placing the value in between the previously calculated range of 0.0332 ≤ Cα ≤ 0.0656.  

 

However, with the laboratory experiments carried out by Pineda et al. (2016), it is evident 

that Cα reached almost 0.09 as yielding begins (Figure 4-7). Although this maximum 

value is beyond the above calculated range of the Cα/Cc ratio, the minimum reported value 

of Cα was 0.04 which remains within the said range. This significant variation in Cα was 

not noticed by almost all researchers who worked with Ballina clay and attempted to 

model the embankment’s deformations. For this analysis, the variability of Cα was 

modelled using the Eqn. (3.6) discussed in Chapter 3. Cα-max was set at 0.09, representing 

the maximum value for Cα as yielding starts (i.e. 
0 Lp p−  = 0).  

 

Table 4-2 contains the values used for the creep function mentioned in Eqn. (3.6), and 

Figure 4-7 illustrates the creep function against the other approximations discussed.  In 

modelling the embankment behaviour, three cases were considered. In Case A, the 

developed variable creep function was used, in Case B and Case C, constant creep values 

were set to represent the calculated upper and lower bounds of the creep values (i.e. 

Cα = 0.0656 and Cα = 0.0332).  
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Table 4-2 : Secondary compression values adopted for the simulation. 

Soil Layer Cα α=Cα/ln(10) Cα-max N 

0.0 to 0.5 m 0.0563 0.02445 

0.09 0.004 
0.5 to 4.0 m 0.0563 0.02445 

4.0 to 15 m 0.0561 0.02436 

15 to 25 m 0.0464 0.02015 

 

 

 

 

Figure 4-7 : Variation of Cα with effective vertical stress at different depths (after 

Pineda et al., 2016). 
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Figure 4-8 : Variation of Cα in accordance with the calibrated non-linear creep function 

(from Kumarage and Gnanendran 2019b). 

4.5.2 Modelling permeability characteristics 

Variation in permeability with void ratio can influence the rate of EPP dissipation. 

Particularly when the duration of an analysis is long-term, such variation for soft clays 

with high water content is not negligible. Figure 4-9 illustrates the variations in 

permeability with void ratio for the Ballina clay. The laboratory experiments conducted 

by Pineda et al. (2016) confirms that this variation is significant.  

 

Permeability characteristics were subsequently modelled using the relationship proposed 

by Tavenas et al. (1983) as per Eqn. (4.3). 
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where kr is the permeability at the reference void ratio of er. The slope of the line indicated 

in Figure 4-9 was calculated as 1.125; hence, the value Ck = 1.125 was adopted for the 

analysis. 

 

Figure 4-9 : Variation in permeability with void ratio (modified from Pineda et al. 

2016). 

4.5.3 Determining the shape parameter (R) 

Implications of the shape parameter (R) and proposed methods for its determination were 

previously discussed by Dafalias and Herrmann (1986), Islam (2014) and Islam and 

Gnanendran (2017). Generally, the shape parameter can have a value close to two, with 

a higher value deeming the yield surface flatter, and vice versa. To determine R in this 

chapter, the undrained stress path from laboratory experiments by Pineda et al. (2016) on 

Ballina clay, from approximately 10 m depth was used. This was coupled with the 

expression in Eqn. (4.4), as proposed by Dafalias and Herrmann (1986) to calculate R. 
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By following the undrained stress path, the average value of R was calculated as 

R = 2.015. The values determined at different points in the undrained stress path had 

deviations of no more than 10% of the average value. Hence, the value of R = 2 was 

adopted in the EVP model and the analysis reported in this chapter. 

 

It is worth noting that, approximating the shape parameter to two (i.e. R = 2) greatly 

decreases the modelling complexity, as the yield surface reduces to a single ellipse. Also, 

it is justifiable to use a single ellipse when the soil is not predominantly behaving within 

the over-consolidated range.  

 

4.6 Finite element implementation 

4.6.1 Boundary conditions, FE mesh and material properties 

As illustrated in Chapter 3, the UNSW, Canberra modified version (Islam and 

Gnanendran 2017) of the FE numerical algorithm AFENA (Carter and Balaam 1995) did 

not have the ability to simulate vacuum consolidation. Hence, the said algorithm was 

further modified (as described in Chapter 3) by introducing time-dependent boundary 

conditions to implement vacuum consolidation. This time-dependent boundary condition 

to represent the vacuum was applied to the 3rd DOF for the nodes along the symmetrical 

axis of the unit cell (Figure 4-10) for the entire PVD length (e.g. 20 m for SP11 location). 

The written subroutine was called to start, stop or to change the intensity of the vacuum 



Chapter 4: Unit cell analysis of Ballina embankment using EVP model 

87 

 

application during the consolidation period. Generally, boundary conditions can only be 

invoked at the start of an analysis in AFENA; however, the newly introduced subroutine 

eliminated this restriction by enabling the subroutine can be called at any time within the 

solution algorithm to change boundary conditions. 

 

 

Figure 4-10 : (a) FE mesh for the unit cell analysis, (b) six-node element and respective 

DOFs (modified from Kumarage and Gnanendran 2017). 

*z is the height of the unit cell depending on the embankment location. 

 

Embankment construction was simulated by means of an equivalent vertical stress in the 

unit cell (Figure 4-10).  In calculating the equivalent vertical stress, the average density 
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of the fill material was taken as 20 kN/m3. A vacuum suction of –70 kPa was also applied 

at the axisymmetric PVD boundary only for the corresponding vacuum-application 

period. When the vacuum is switched ‘off’, unit cell represents a conventional PVD while 

the vacuum is switched on, the boundary condition is altered as necessary.   

 

Unit cell analysis was performed for the location with the highest clay thickness (i.e. SP11 

in Figure 4-2) using the presented numerical approach to predict the surface settlement 

and EPPs beneath the mid-section of the embankment. The entire soil column (e.g. 25m 

in SP11) was analysed although the PVD was assumed to be 20 m of length. These results 

were compared with the field monitoring data. It is worth noting that, unlike previous 

numerical studies (e.g. Khan 2010, Indraratna et al. 2012b, Parsa-Pajouh et al. 2014), 

special attention has been given to the viscous behaviour of soft clay by incorporating the 

secondary compression in the clay using the EVP model. Moreover, predictions and 

comparisons against field were made up to 1,200 days, which allows validation of the 

model for predicting both short-term and long-term behaviour.  

   

The layout of the instruments to monitor the settlements and pore water pressures in the 

Ballina embankment project is shown in Figure 4-2. The Cam-clay equivalent properties 

of the soil layers adopted for the analysis are presented in Table 4-3.These parameters 

along with the variation of permeability and developed creep function as discussed in the 

previous sections were used as input parameters for numerical modelling to predict the 

settlement of the embankment and the EPP that developed in the soft clay foundation.  
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Table 4-3 : Soil Profile for FE modelling1 (modified from Indraratna et al., 2012). 

Depth (m) λ κ e0 sat  (kN/m3) kh (10-10 m/s) OCR 

  0.0 -   0.5 0.57 0.057 2.75 14.0 10.0 2.0 

  0.5 -   4.0 0.57 0.057 2.75 14.0 10.0 1.8 

  4.0 - 15.0 0.57 0.057 2.74 14.5 10.0 1.7 

15.0 - 25.0 0.48 0.048 2.09 15.0 3.3 1.1 

1PVD length was assumed to be 20 m for the SP11 location, but the consolidation of the entire 25 m depth 

was modelled and analysed. 

4.6.2 Large-strain option and nodal position updates 

Since this analysis was carried out for a duration of more than three years on a foundation 

composed of soft soil, significantly large settlements could be expected. Analysis on non-

vacuumed section (Section A) from different research groups (e.g. Amavasai et al. 2018, 

Chan et al. 2018, Indraratna et al. 2018a, Chai et al. 2018, Gong and Chok 2018) have 

revealed the development of a 1.5 m settlement by the first year of the project. Assuming 

a total clay thickness of 25 m (conservatively), this is a 6% vertical strain. Previous 

research on large-strain vs. small strain FEA (e.g. Hu et al. 2014) have shown deviations 

in predictions when the total strain percentage becomes larger than ~5–10%. With 

vacuum application, higher embankment thickness and long-term analysis, strain 

percentage is expected to significantly exceed Section A. Hence the large-strain option in 

AFENA was decidedly activated. 

 

When settlements are large in nature, it is often necessary to carryout corrections for 

hydrostatic pressure and EPP calculations. By updating the nodal positions, these manual 

corrections can be avoided. Hence after each time increment, nodal positions were 

updated for the entire analysis period. However, to illustrate the implications that follow 
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from this option, a separate case (Case D) was run with variable creep index without the 

large-strain option. Table 4-4 provides a summary of the all the cases analysed and their 

descriptions. 

 

Table 4-4: Summary of cases analysed. 

Case Description 

Case A Developed variable creep function is used. 

Case B 

A constant creep value to represent the calculated upper bound is 

used (i.e. Cα = 0.0656). 

Case C 

A constant creep value to represent the calculated lower bound is 

used (i.e. Cα = 0.0332). 

Case D Similar to Case A except the large-strain option is switched ‘off’. 

 

 Synthesis of finite element simulation results  

Figure 4-11(a) illustrates the FE numerical predictions against the field measured 

settlement data at location SP11. Evidently, the predictions with a variable creep function 

(Case A) have strong agreement with the measured field settlement data. Further, all four 

cases have reasonably good predictions up to 200 days, but this changes around 400 days 

when Case A and Case B still correspond with the measured values while Case C 

underestimates the settlements by 9.86%. By this time, Case D shows gross 

overestimation of the settlements, which continues throughout the analysis period. As 

such differences between each case are largely visible when the analysis period exceeds 

400 days. At 1,200 days, Case A still shows strong agreement with the field settlement 

data with a marginal error of 0.79%. Meanwhile, Case B overestimates the total 
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settlement approximately by 5.41% while Case C, does so by 7.15%. Previous settlement 

predictions, (e.g. Parsa-Pajouh et al. 2014), also corresponds well with the field settlement 

data measurements but the prediction has been carried out only up to about 400 days.  

 

The following observations can be made upon comparing the EPP predictions with the 

field data in Figure 4-11(b). Throughout the 100 to 200-day period, the analysis 

predictions from Case A and Case B follow the field data closely. From 200–300 days, 

all three cases over estimated the EPP up to 18%. Conversely, predictions made by  

previous researchers showed much larger over prediction (e.g. difference as high as ~ 

400% reported in Parsa-Pajouh et al., 2014) compared to the field measurements. After 

the end of the second construction phase (i.e. after 1,050 days), dissipation of EPP in the 

field was slower than the analysis predictions. Notably, Case A, with the variable creep 

function, predicted almost similar results as Case B in the initial phase and very close 

results to that of Case C towards the end (i.e. ~ 1200 days). This indicates that the variable 

creep function was reaching its upper and lower bounds respectively. However, 

differences in overall predictions made with each case were generally in the range of 15% 

to 18%. Interestingly, the EPP predictions from Case D are far more noteworthy than 

expected. In the first 200 days, the predictions generally match the field data, as expected 

due to limited strain. However, after 200 days the peak EPP value is significantly 

overestimated by Case D. This trend continues in the vacuum-consolidation period and 

even after the vacuum pump is switched ‘off’ around 400 days. Yet as the time elapsed 

the amount of overestimation begins to reduce and the EPP predictions tally the field data 

around 800 days and provides reasonably good predictions up to 1,200 days.   
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Figure 4-11 : Field measurements vs. FEM simulations; (a) Settlements at SP11; (b) 

EPP at P3-C (at 4.8 m depth). 
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Meanwhile, the highest EPP values were recorded at the end of each embankment 

construction phase. In the first phase, 6.5 m-thick fill was added in 109 days, which is 

equivalent to 130 kPa; on top of that, there was prevailing EPP of approximately 50 kPa 

just prior to commencement of this phase. However, due to the vacuum application, the 

maximum EPP did not exceed 130 kPa. This can be identified as a characteristic in 

vacuum consolidation where the total stress of soil can be increased without elevating the 

EPP by the same magnitude. The extended EVP model with modified boundary 

conditions, proposed in this thesis appears to capture this phenomenon well. Overall, it 

appears that significant improvement has been achieved in the predictions of settlement 

and EPP behaviour in contrast to previous modelling attempts.   

 Comparison of settlements at different locations 

Since Case A provides better predictions than Cases B and C, the approach used for the 

former was used to predict the settlements at SP1 and SP7 locations in the embankment. 

This was mainly to provide a better understanding of settlement behaviour at other 

locations where the thickness of the soft clay foundation was different.  

 

Just like SP11, SP7 was also in the vacuum applied area (i.e. Section B). However, the 

thickness of the soft clay foundation soil near the latter was about 15 m (Table 4-5).  

History of embankment construction in each of these locations are illustrated in Figure 

4-5. In predicting the settlement at SP7 location, only the first three soil layers illustrated 

in Table 4-3 were applicable due to low clay thickness. Nonetheless the same soil 

parameters of SP11 (presented in Table 4-3) including permeability provided satisfactory 

results for SP7.  
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Meanwhile, SP1 location was situated in the Section A of the embankment where 

conventional PVDs (no vacuum applied) were used and the clay thickness was 

approximately 7 m (Table 4-5). Simulation of conventional PVDs is relatively simple. 

Nodes in the FE mesh, which represent the PVDs should be fixed with a boundary 

condition for the respective DOF. Unlike in vacuum consolidation, this boundary remains 

constant throughout the analysis. 

 

Table 4-5: Bottom level of the soft clay layer at each settlement plate location. 

Settlement plate SP1/SP2 SP7/SP8 SP11/SP12 

Bottom level of the soft clay layer 6.7 14.7 24.7 

 

As illustrated in Figure 4-12(a), settlement in SP7 is significantly different from SP11. 

The main reason for this disparity could be from the dissimilar thickness of the soft clay 

foundation in these two locations and the difference in embankment height (see Figure 

4-5). It also appears that in SP1 and SP7 locations, the settlements have almost ceased. 

However, in SP11 it is interesting to note that, despite long-duration vacuum application, 

settlements appear to continue even after 1,200 days and the proposed analysis method 

seems capturing this behaviour well. 

 Influence of vacuum intensity 

As reviewed in Chapter 2, vacuum intensity can vary widely. To gain insight into its 

influence a sensitivity analysis was carried out. Details of the variation in vacuum 

intensity are presented are presented in Table 4-6. 
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Figure 4-12 : (a) Comparison of settlements at different locations with the creep 

function, (b) SP locations of SP1, SP7 and SP11. 

 

Table 4-6: Cases and their descriptions for variation in vacuum intensity. 

Case Description 

Case E 20% higher vacuum intensity (~84 kPa) 

Case F 20% lower vacuum intensity (~56 kPa) 

Case G 50% lower vacuum intensity (~35 kPa) 

Case H No vacuum 
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It is important to clarify why cases with 50% greater or even more vacuum intensities 

were not considered. Basically, such an increment from 70 kPa (which is the original 

designed vacuum intensity) would result a vacuum intensity of 105 kPa, which exceeds 

the atmospheric pressure (~101 kPa). No ground-improvement project would use such 

high vacuum intensity for the reasons discussed in Chapter 2. However, there is no 

problem in using lower vacuum suctions, in fact it is worth considering such cases since 

air leaks are common in vacuum projects. In Case I, a non-vacuum case is also considered 

to represent conventional wick drains. 

 

Figure 4-13 presents the results of the analysis. For this field case it can be observed from 

the figure that vacuum intensity has the greatest effect for mid-term, rather than for long-

term prospects. This trend is especially applicable to settlements (Figure 4-13(a)) where 

it appears that settlements with different vacuum intensities eventually converged to reach 

almost equal values around 1,200 days. However, during the vacuum-application period, 

a significant difference in settlements can be observed. Around 300 days, vacuum 

application has achieved almost 25% more settlement than the non-vacuum case 

(Case H). The main reason for the settlement around 1,200 days to be similar is due the 

termination of vacuum pump around 400 days. For economic reasons, it is not practical 

to operate vacuum pumps for several years. However, as observed in the FE results, while 

the vacuum pump is in operation (say around 300 days), vacuum intensity has major 

influence (up to 25% more settlement than no vacuum case) towards achieving faster 

consolidation in short duration. 
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In terms of EPP (Figure 4-13(b)), Case H (with no vacuum) always had higher values 

than all other cases. Unlike in the settlements, EPP values presents noticeable differences 

between each case (E, F, G and H) even at 1,200 days.  

 

The designed vacuum intensity of –70 kPa for this field case appears to be the optimum 

choice, as a 20% increase did not yield significantly better results, and any vacuum value 

higher than that appears practically impossible. Conversely, smaller vacuum intensities 

such as Case G are less effective. This analysis confirms the observations made in 

Chapter 2, Appendix A), that is in past ground-improvement projects the recommended 

vacuum intensity lies within the range of 60–80 kPa. However, a proper sensitive analysis 

is still required to find the optimum vacuum intensity depending on the respective soil 

foundation in each individual condition.       

 Summary 

The creep-based EVP model with the time-dependent boundary conditions described in 

Chapter 3 was applied in this chapter to numerically simulate vacuum assisted PVD 

consolidation in the Ballina test embankment. The model was first validated by 

comparing the settlements and EPP at the SP11 location where 25 m thick soft clay layer 

was available. Second, the settlement predictions were compared at two other locations, 

with different foundation soft clay thickness.   

 

It can be concluded that the analysis method involving an EVP model with the presented 

time-dependent boundary conditions presented is capable of predicting both short-term 

and long-term deformational behaviours under vacuum application. Creep characteristics 

of Ballina clay were captured by an exponential creep function rather than a constant Cα 
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value which led to improved predictions. This chapter both illustrated and emphasised 

the importance of utilising such variable creep function in modelling long-term vacuum- 

consolidation projects.  

 

Ground settlements were also significantly different at the three locations considered in 

the embankment, primarily due to differences in initial clay thickness. At SP11, despite 

long-duration vacuum application, the settlements seemingly persist even after 1,200 

days. The rate of settlement at 1200 days is still high which demands better and faster 

methods of ground-improvement in such cases where the thickness soft clay is high. 

Predictions regarding both settlement and EPP in this location appear reasonable, thus 

confirming the applicability of the model and proper selection of input parameters. 

 

This chapter also illustrated the large-strain option is a vital choice in analysis similar 

cases with large settlements. In this case both settlements and EPP predictions without 

the large-strain option were acceptable before 200 days, but the former was grossly 

overestimated thereafter. EPP values were initially overvalued throughout the 200–800-

day period but eventually became close to field data as time passes. Hence the most error 

occurred for settlement predictions rather than for EPP relative to deciding on the large-

strain option. 
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Figure 4-13: Influence of vacuum intensity towards settlements and EPP. 
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Influence of vacuum intensity for a long-term project was also outlined in this chapter. 

As discovered the optimum value of vacuum intensity for a ground-improvement project 

largely depends on a given foundation soil properties. For the conditions prevailed in the 

Ballina case study, –70 kPa appears to be an optimum choice. With the comparison to 

conventional drains with no vacuum applied, acceleration of the consolidation process 

with vacuum is made clear with a maximum difference of 25% noted in terms of the 

settlements.  

 

Finally, as this chapter explored only the unit cell analysis, which carries some inherit 

limitations in terms of the scope of the analysis. For example, lateral displacements and 

total settlement profile across the embankment cannot be evaluated. As such, the next 

chapter (Chapter 5) addresses these limitations by converting the unit cell model to a 

plane-strain model that enables a full-scale embankment analysis.   
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Chapter 5 : Plane strain modelling of Ballina embankment3  

5.1 General 

In this chapter the axisymmetric unit cell idealisation is converted to a plane strain (PS) 

model to analyse the Ballina vacuum consolidation project introduced in Chapter 4. 

Axisymmetric unit cell would be more representative model to idealise the physical 

phenomena occurring around a PVD. The size of the FE mesh associated with such a 

model is rather small ensuring the computational productivity. However, this convenience 

in unit cell modelling comes with a significant cost to a researcher or a design engineer 

due to its’ inherit limitations. Unit cell analysis only permits to analyse settlements and 

EPP, but provides no idea about lateral deformations, embankment stability. Thus, unit 

cell analysis is often used to predict the behaviour near the centreline of the embankment 

where lateral displacements are small or nil. Also, the analysis limits to one PVD location 

at a time which would not provide a broadscale understanding about the deformational 

behaviour of the whole embankment. Due to these limitations, some researchers have 

used 3D models to predict and back analyse embankments (e.g. Indraratna et al. 2018b, 

Müthing et al. 2018, Tschuchnigg and Schweiger 2018). This is a very expensive option 

in terms of computational resources and time, since such analysis requires excessive 

amount of cubic elements, which intern demands significant computational power and 

 
3 Material discussed in this chapter form part of the following publications: 

 

Kumarage, P.I., and Gnanendran, C.T. 2019c. Plane strain analysis of an embankment with vacuum-

assisted PVDs using an elasto-viscoplastic model. Submitted for the Computers and Geotechnics 

Journal. Manuscript No. COGE-D-19-01019. 

 

Kumarage, P.I., and Gnanendran, C.T. 2019a. Plane strain viscoplastic modelling in vacuum 

consolidation. In Proceedings of the 17th African Regional Conference on Soil Mechanics and 

Geotechnical Engineering. Cape Town, South Africa. 
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analysis time. At the same time, literature has shown that without some extensive set of 

foundation soil data, 3D modelling of structures like embankments will not yield 

significantly accurate results (Indraratna et al. 2012a, Kelly et al. 2018). Even though 

some benefits can be achieved, they generally out-weighs the computationally intensive 

effort and cost. Thus, 2D PS model can be considered as a proper balance between the 

computational costs and benefits. 

 

PS unit cell width is a main uncertainty in the axisymmetric to PS conversion process. In 

this chapter the cross section of the Ballina embankment at SP11 location (discussed in 

Chapter 4) is modelled using the converted EVP PS model. Then the FE results of the PS 

model is compared with its axisymmetric case. Settlement profile across the embankment 

and lateral displacements are also discussed taking the advantage of the full-scale 

embankment model.   

5.2 PS conversion of the EVP model 

There are several methods to convert an axisymmetric unit cell to an equivalent PS model. 

These are commonly known as matching procedures. Hird et al. (1992) proposed three 

matching techniques called permeability matching, geometry matching and combined 

matching. These methods require the PVD and the surrounding soil to be modelled as a 

PS unit cell. Either the permeability of the unit cell, the spacing between each PVD (i.e. 

the spacing between unit cells) or both should be varied. Conversely, Lin et al. (2000) 

proposed a simpler method to convert the axisymmetric condition to PS. Rezania et al. 

(2017) showed the Lin et al. (2000) method has a significant limitation since the method 

requires the actual drain spacing (in the field) to be close to the equivalent PS drain 

spacing (in the FE mesh) for the results to be accurate. When PS drain spacing becomes 
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larger than the actual spacing in the field, settlements are highly overestimated. Chai et 

al.(2001) proposed an even simpler method to approximate the settlements by calculating 

an equivalent permeability for the entire soil mass considering the effect of PVDs as well. 

In this approach, explicit modelling of each PVD was not necessary. 

 

Extremely limited analysis have been reported in the literature concerning the long-term 

deformational behaviour of vacuum consolidation using PS models. As pointed out, the 

main uncertainty in the matching technique proposed by Hird et al. (1992) is the unit cell 

width. In the presence of vacuum suction, the effect of changing unit cell width on 

settlements, EPP and lateral displacements in PS compared to axisymmetric cases is not 

well understood and has not been investigated.  

 

In this chapter, the matching technique proposed by Hird et al. (1992) is used along with 

the EVP model (discussed in Chapters 3 and 4) in the context of vacuum consolidation. 

Ballina test embankment (Kelly and Wong 2009), Australia is back analysed using the 

EVP PS model and the settlements, EPP, lateral deformations and embankment stability 

is discussed for a period of over three years with varying unit cell widths. Although FEA 

for the embankment for the same duration was carried out in Chapter 4, it discussed only 

the axisymmetric unit cell analysis and did not comment on lateral displacements and 

embankment stability in PS conditions. Several other research groups also have carried 

out FEA to understand the soft soil behaviour in this particular case history (e.g. 

Amavasai et al. 2018, Gong and Chok 2018, Indraratna et al. 2018b). However, they all 

considered only Section A, the non-vacuum section of the embankment (Figure 5-1). 

Even then, the back analysed FEA results of Indraratna et al.(2018b) had significant 

overestimation in settlements. To the best of the knowledge, PS modelling of Section B 



Chapter 5: Plane strain modelling of Ballina embankment 

104 

 

for a total duration of 1,200 days period has not been carried out before. Hence this case 

history was chosen as an ideal candidate to study the PS conversion procedure in the 

presence of vacuum-assisted PVDs. PS FEA results were compared with the equivalent 

axisymmetric results obtained from Chapter 4 and field data. Lateral displacement profile 

was compared with field data and verified. It is also illustrated that maximum lateral 

displacements can be predicted approximately using an empirical method. Based on the 

horizontal and vertical displacements at two critical inclinometer locations, the 

embankment stability is also discussed.  

 

 

 

Figure 5-1: Layout of instrumentation (modified from Kelly and Wong, 2009). 

 

5.3 PS matching procedure 

Out of the three matching approaches proposed by Hird et al. (1992), combined matching 

permits to change the PS unit cell width with appropriate changes to the permeability of 
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the foundation soil. Thus in this chapter, combined matching was selected to gain insight 

into the influence of the FE mesh.  

 

According to Hird et al. (1992), the combined matching approach can be summarised as 

follows: Neglecting the well resistance, for the average degree of consolidation ( ) to be 

matched at every time and every depth it requires, 

 

 pl axU U=   (5.1) 

 

where, subscript pl and ax denote PS and axisymmetric conditions respectively. From 

Hansbo (1981), 

 

    ( )1 exp 8 hU T = − −                   (5.2) 

 

where, Th is the time factor for radial drainage such that, 24h h eT C r= ; Ch is the coefficient 

of consolidation and re is the equivalent radius of the unit cell. Neglecting well resistance, 

( )ln ( ) ln( ) 3 4sn s k k s = + − , where e wn r r=  and /s ws r r= ; rw and rs are the radii of 

the well and the smear zone respectively, k is the permeability of the intact (undisturbed) 

zone in the unit cell, ks is the permeability of the smear zone. Hird et al. (1992) proposed 

the following equation for combined matching: 
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where, 2B is the drain spacing or unit cell width in PS condition (hence B is the half unit 

cell width), kpl and kax are the permeability in the axisymmetric and PS conditions 

respectively. From Eqn. (5.3), geometric matching can be obtained by substituting 

kpl = kax , whereas permeability matching can be obtained by substituting B = R. 

 

In combined matching, once B is decided using Eqn. (5.3), and other parameters are 

determined, a ratio between kpl and kax can be determined as in Eqn. (5.4), 

 

 pl axk k=   (5.4) 

 

where,  is the conversion ratio of permeability from axisymmetric to PS.  

5.4 Modelling the smear zone 

There are few options to model the smear zone in PS condition. First and the most obvious 

method would be to explicitly dedicate elements with reduced permeability to represent 

the smear zone (e.g. Indraratna and Redana 2000, Parsa-Pajouh et al. 2014). In this 

approach, to represent the smear zone it requires to introduce small elements in the FE 

mesh adjacent to the PVD centreline, which in-tern make the FE mesh denser. Defining 

new material types for these elements would also be required. Hence explicit modelling 

of smear zone would result in long analysis time and less computational efficiency. 

Conversely, a simple and conveniently applicable equivalent-permeability is calculated 

in this chapter, considering both smear and intact zone parameters, such that: 
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* 0k k





 
=  
 

  (5.5) 

 

where, k* is equivalent permeability of the soil with the effect of smear zone and  is 

without the effect of smear zone and it can be written as,   
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  (5.6) 

 

combining Eqn. (5.4) and (5.5), the following can be obtained, 

 

 
* 0
pl axk k






 
=  
 

  (5.7) 

 

where, kpl
*

 is the equivalent PS permeability with the effect of smear zone. 

5.5 Effect of changing the PS unit width 

The ratio η in Eqn. (5.4) changes with the defined PS unit cell width (2B) and other 

parameters in Eqn. (5.3). With respect to vacuum consolidation, extremely limited 

discussion is available in the literature regarding the effect of 2B towards the FE results. 

In this chapter B = 1, B = 2 and B = 4 values were adopted, and 
* /pl axk k  ratios are 

calculated for each half unit cell width (B) values. These values were chosen to represent 

the most commonly adopted values reported in literature by the research community in 

PS modelling. After determining input parameters, a graph was produced in a later section 

0



Chapter 5: Plane strain modelling of Ballina embankment 

108 

 

(Section 5.8) to illustrate the variability of 
* /pl axk k  vs 2B. These ratios were then used in 

the PS model to determine the equivalent PS permeability. 

5.6 Predicting and verifying lateral deformations 

After analysing several case studies, Chai et al. (2013) proposed the following Eqn. (5.8) 

to predict the likely range of the lateral deformations in vacuum consolidation projects. 

 

 0.05 0.168NLD RLS= +   (5.8) 

 

where, NLD and RLS are defined as in Eqn. (5.9) and (5.10) respectively,  

 

 nm

f

NLD
S


=   (5.9) 

 

 n

u

p
RLS

s
=   (5.10) 

 

where, Sf is the ground surface settlement under the centre of the embankment and su is 

the representative undrained shear strength of the subsoil. δnm in Eqn. (5.9) and pn in Eqn. 

(5.10) are defined in Eqn. (5.11) and (5.12), 

 

 
nm mo mi  = −   (5.11) 

 

 ( )n em vac emp p p p U= − +   (5.12) 
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where, δmo and δmi  are the maximum outward and inward lateral displacements 

respectively. pem and pvac are the stress induced by the embankment construction and 

vacuum application respectively. U is the average degree of consolidation of the PVD-

improved zone at the end of the embankment construction period.  

 

After the FE mesh deforms with time, horizontal deformations were plotted with depth. 

NLD and RLS values were also calculated from Eqns. (5.9) – (5.12) and plotted against 

the range calculated by the above empirical method. It is important to note that Chai et 

al. (2013) used field measurements to validate the proposed method. Conversely, in this 

chapter, readings such as Sf were obtained using the FEA results with the EVP model and 

both fled data and FEA results were plotted in the NLD–RLS space. 

 

Importantly, to investigate the accuracy of the FEA predictions further, the complete 

lateral displacement profile was plotted and compared against field data. Furthermore, 

the influence of 2B towards the lateral displacements are also illustrated using the lateral 

displacement profiles.  

5.7 Assessing the stability of the embankment 

Plotting maximum lateral displacements against vertical settlement vs time is one way of 

assessing the stability of an embankment. A function can be suggested to represent such 

curve as in Eqn. (5.13), 

 

 ( )h vy f S=   (5.13) 
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where, yh is the maximum lateral displacement and Sv is the vertical settlement at the 

embankment centreline. If the above curve is approximated to a straight line with a slope 

of m1 such that, 

 

 1
h

v

y
m

S


=


  (5.14) 

 

Tavenas and Leroueil (1980) suggested that when m1 reaches 1.0 it would reflect 

undrained distortion of the clay foundation, while ratio of 0.15 to 0.2 indicates a low risk 

of instability. 

 

Maximum lateral displacements of two inclinometer locations (I6 and I4 in Figure 5-1) 

was plotted as per the above approach to assess the stability of the embankment. 

 

5.8 Parameters for PS conversion 

The project used circular PVDs with a diameter of 34 mm and was installed at a spacing 

of 1.0 m (Kelly and Wong 2009, Indraratna et al. 2012b). With this information, re was 

calculated approximately as 0.56 m (Table 5-1). B = 1 was chosen as a starting point to 

achieve a balance between computational efficiency and accuracy. 

 

Data in Table 5-1 refers to the characteristics of the PVD in the project. From the values 

in Table 5-1, the value of 
0   was calculated as 0.67. Using Eqn.(5.3) for B = 1, 

  = 0.506 can be calculated. Then the 𝑘𝑝𝑙
∗ 𝑘𝑎𝑥⁄  ratio was calculated as per the Eqn.(5.7). 

Thus, the correlation of 𝑘𝑝𝑙
∗  to 𝑘𝑎𝑥 (including the effect of smear zone) was determined 
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as 𝑘𝑝𝑙
∗  = 0.34 𝑘𝑎𝑥  which was used for the analysis. This procedure can be repeated for 

each desired 2B value and the appropriate 𝑘𝑝𝑙
∗ 𝑘𝑎𝑥⁄  ratio can be calculated. Figure 5-2 

presents results of such repetitive calculations in the plot of η and 𝑘𝑝𝑙
∗ 𝑘𝑎𝑥⁄  vs 2B; the 

shaded area in the figure is the reduction of PS permeability due to the effect of the smear 

zone. Additionally, Table 5-2 presents the results of permeability matching and geometric 

matching and combined matching when B = 1. 

 

Table 5-1: Input values for PS matching. 

Parameter Value 

re 0.56 m 

n 33.19 

s 4 

k/ks 2 
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Figure 5-2: η and 𝑘𝑝𝑙
∗ 𝑘𝑎𝑥⁄  vs the Unit cell width (2B). 

 

Table 5-2: Comparison of matching methods. 

Matching method Resultant Ratio Value 

Geometry Matching B/R B/R = 2.495 

Permeability Matching kpl/kax kpl/kax = 0.161  

Combined Matching kpl/kax (for a given Let B/R 

value) 

When B=1; kpl/kax = 0.506 

 



Chapter 5: Plane strain modelling of Ballina embankment 

113 

 

5.9 Foundation and fill material parameters 

Foundation soil was modelled with the PS equivalent EVP model mentioned in Chapter 3. 

Determination of critical state soil parameters and creep characteristics were well 

described in Chapter 4 is not repeated here. Summary of material properties are presented 

in Table 5-3. Permeability values of the foundation soil layers in Table 5-3 were converted 

to respective PS permeability by the previously discussed conversion method. 

 

Fill materials were modelled as an elasto-plastic Mohr-Coulomb continuum. This was 

done intentionally to reduce the modelling complexity. With the previous experiences in 

modelling vacuum consolidation, modelling fill material as Biot type coupled Cam-clay 

or equivalent model can lead to numerical instability in vacuum consolidation. This 

happens primarily in the layers adjacent to the ground surface where the vertical effective 

stress is lesser than the vacuum suction. Since elasto-plastic Mohr-Coulomb type model 

has only two DOFs per node in the mesh, analysis becomes simpler without any 

significant effect on the accuracy of the results.  

 

Table 5-3: Material properties for the PS analysis. 

 Depth (m) λ κ e0 
γsat 

(kN/m3) 

kh 

(10-10 m/s) 

OCR 

Fill material c = 5.0 kPa,  = 35.0, γ= 19.0 kN/m3, ν = 0.3, K = 750, β = 0.5 

S
o
ft

 S
o
il

 

0.0–0.5 0.57 0.057 2.75 14.0 10.0 2.0 

0.5–4.0 0.57 0.057 2.75 14.0 10.0 1.8 

4.0–15.0 0.57 0.057 2.74 14.5 10.0 1.7 

15.0–25.0 0.48 0.048 2.09 15.0 3.3 1.1 

   *K and β are material data for stress-dependent stiffness characterisation  (Janbu 1963). 
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5.10 FE implementation, mesh and boundary conditions 

Six-noded triangular elements were used for the FE mesh, each node having three DOFs 

in the foundation soil. For the fill materials, six-noded triangular elements with two DOFs 

were used. Figure 5-3 is a sample of the FE mesh adopted while B = 1.  In this PS analysis, 

the location for EPP monitoring was chosen to represent the field location. Field data 

were captured from the P3-C location at -4.8 m depth (Kelly and Wong 2009), thus a 

node at the same depth and at the mid location between two consecutive drains was 

selected and the same rational was adopted when changing the unit cell width. 

 

 

 

Figure 5-3: Sample FE mesh used for the analysis when B = 1 (Kumarage and 

Gnanendran 2019a). 

 

As discussed Chapter 4, in the unit cell analysis, stress on the foundation soil was 

modelled as a traction. However, in the PS model, the actual filling was done by 

generating the FE mesh with the embankment fill. The embankment fill material at the 

start of the analysis is disabled (i.e. excavated or removed) and re-enabled (i.e. turned on 
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or filled) gradually in the correct sequence to represent the embankment construction. The 

FEA numerical algorithm AFENA (Carter and Balaam 1995) used for this analysis has 

readily implementable functions to perform these operations. 

 

In general, FEA with the EVP models needs smaller time steps compared to Cam-Clay 

equivalent models (Gnanendran et al. 2006). In vacuum consolidation, this requirement 

was very particular. For example, in this Ballina embankment PS analysis, a time step of 

0.1 day made the solution diverge, while 0.01 day time increment was sufficient for the 

convergence with an error less than 10-8. 

5.11 Results and synthesis 

5.11.1 Settlements and EPP 

Figure 5-4 presents the comparison between axisymmetric unit cell and PS FEA 

predictions of settlement (Figure 5-4-a) and EPP (Figure 5-4-b) against field data. 

Axisymmetric FEA results were adopted from Chapter 4. According to literature, when 

Hird et al. (1992) matching techniques are used, the average EPP in PS FEA is generally 

less than that of the corresponding axisymmetric case. From Figure 5-4-b, it is clear that 

the above result holds true for vacuum consolidation as well. The deviations reported by 

Hird et al. (1992) without vacuum are around 7–10% of the axisymmetric case. In this PS 

analysis with vacuum suction, the maximum differences are around 20%. Hence, it can 

be observed that the magnitude of the deviation, in EPP predicted by FEA is higher in 

vacuum consolidation.  However, when vacuum is switched off, the axisymmetric and PS 

EPP predictions get closer as time passes. When PS unit cell width is increased, EPP 

values are reduced. This can be specifically observed at the peak EPP values around 200 
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days. Highest value can be observed from the axisymmetric analysis result and observed 

peak value is reduced with increasing unit cell width. This may not be intuitive since 

larger B value increases the drainage length which retards the EPP being dissipated. 

However, as per Figure 5-2, due to the non-linear correlation between 𝑘𝑝𝑙
∗ 𝑘𝑎𝑥⁄  and 2B, 

higher B values quadratically increase the 𝑘𝑝𝑙
∗ 𝑘𝑎𝑥⁄  ratio facilitating faster EPP 

dissipation. Thus, larger B values result faster EPP dissipation and consequently result 

smaller EPP values. 

 

From Figure 5-4(a), it can be observed that PS FEA underpredicts settlements than the 

axisymmetric unit cell FEA during the 150–250 days period. From 250–900 days 

predictions from both FEA are almost equal. From 1000 days onwards, PS FEA 

overpredicts settlements. This could be due to the faster EPP dissipation in the PS FEA 

resulting more effective stress being transferred to the foundation soil. Also, it is 

interesting to note that settlements are almost not affected by the change of PS unit cell 

width. For practical purposes, predictions of settlements from all B = 1, B = 2 and B = 4 

can be considered as equal. 

 

In overall, the axisymmetric unit cell FEA is more accurate than the PS FEA solution for 

EPP. The main reason for this can be the natural phenomena in dissipating EPP occurring 

around a PVD is closer to axisymmetric than PS, and the unit cell is better representation 

in FE numerical modelling of EPP dissipation. 
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Figure 5-4: Comparison of axisymmetric vs PS FEA. 
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Figure 5-5 shows the settlement profile across the embankment. Although no 

comprehensive set of field data was available to validate FEA results, still the Figure 5-5 

provides valuable insight about the deformation behaviour of the embankment. As 

expected, maximum settlement is observed at the embankment centreline. Settlements are 

reduced as moving away from the centreline and becomes near zero at approximately 35–

40 m away from the centreline. As time passes some heaving can be observed beyond the 

embankment toe. This heave is highest at 65 m from the embankment centreline and is 

around 1 m. About half of the total settlement observed at 1,200 days occurred by the first 

300 days. This is due to the embankment construction and vacuum application. The next 

50% of the total settlement occur in a span of 900 days.  

 

 

 

Figure 5-5: Settlement profile with the distance from the embankment centreline. 

 



Chapter 5: Plane strain modelling of Ballina embankment 

119 

 

5.11.2 Lateral deformations with varying unit cell width 

Figure 5-6(a) compares the lateral displacements at I6 location against field data. 

Predictions are plotted for B = 1 and B = 2 cases at 750 days. For the deeper soil layers 

(i.e. 15 – 25 m), predictions with both B = 1 and B = 2 match well with the field data. For 

5 – 15 m depth range, results with B = 1 are more accurate than of B = 2. FEA results 

from both B = 1 and B = 2 indicate maximum lateral displacements in the 0–5 m depth 

where field data indicate the same in 5–10 m depth.  

 

The field data in Figure 5-6(a) shows a shear plane developing between 10 – 15 m of 

depth of the foundation soil. Kelly and Wong (2009) have also confirmed this 

observation. It is interesting to observe a significant reduction in lateral displacement 

occurs across this depth according to FEA prediction as well (especially when B = 1). 

This significant change in lateral displacement can be inferred as a possible development 

of a shear plane. However, according to FEA results, the reduction is not as rapid as field 

data indicate.     

 

Figure 5-6(b) illustrates the effect of B towards lateral displacements at different time 

durations. The plots have been made at 300, 750 and 1,200 days. From all three plots it 

can be seen that, as the B value is increased from 1 to 2, FEA predict lesser lateral 

displacements.  

5.11.3 Empirical method in predicting maximum lateral displacements 

The method is applied for the case history being discussed in this chapter to gain further 

insight towards lateral displacements. As the horizontal deformations in the Ballina 
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embankment foundation soil predicted from PS FEA at different times were already 

plotted with depth, they are compared against the method proposed by Chai et al. (2013). 

 

 

 

 

Figure 5-6: Lateral displacements at I6 location; (a)-Comparison with field data; (b) - 

Effect of B for lateral displacement predictions. 

 

 

 



Chapter 5: Plane strain modelling of Ballina embankment 

121 

 

NLD and RLS values were calculated from Eqns. (5.9) – (5.12) and plotted against the 

range calculated by the above empirical method. Figure 5-7 illustrates the likely range of 

maximum lateral displacements. The continuous line in the middle is the Eqn. (5.8), 

which was proposed by Chai et al. (2013). Other two lines are its mirror images with an 

offset of 0.05 on the y-axis. I2 and I3 locations of the same embankment were studied by 

Chai et al. (2013) and their plots have been made in the same figure. In this chapter, both 

FEA predicted values and field data of I4 and I6 locations are plotted in Figure 5-7 against 

x = RLS vs y = NLD axes. This was done to position the maximum lateral displacement 

simulated by FEA for the I4 and I6 locations in the RLS, NLD space and cross-check the 

same against field data. 

 

Generally, both field data and FEA results fall to a close range in Figure 5-7. Mirror lines 

with the 0.05 offset seem to sandwich all data, with the exception of field data and FEA 

results in the I4 location are marginally less than the proposed range. It appears that as 

increasing RLS (increasing vacuum suction compared to undrained material strength) the 

net lateral displacement (NLD) tends to reduce. This is a well-known benefit of vacuum 

application as vacuum tends to reduce outward lateral displacement caused by 

embankment construction and result low net lateral displacement. 

 

Figure 5-6(b) carries the lateral displacement plot against time when B = 1 and B = 2. 

However, the benefit of vacuum application can be more clearly seen in Figure 5-7, where 

net lateral displacements are plotted in several inclinometer locations. In the presence of 

vacuum, despite of the soil foundation thickness, the net lateral displacements are 

constrained to a narrow region in the LND–RLS space. Specially provided the clay 

thickness of corresponding to I6 location is almost twice of I3 (i.e. 24.7 m and 14.7 m 
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respectively; please refer to the Table 4-5 in Chapter 4) only marginal increment in NLDs 

are measured and the same was confirmed in FEA results. 

 

Although the RLS, NLD space provides a convenient way of approximating maximum 

lateral displacement, there are few limitations in this method which are worth to note. The 

lateral deformations can only be analysed in certain points in time during the project. For 

example, Sf should be determined after the embankment construction and pem should be 

determined at the end of the vacuum application. 

 

 

 

Figure 5-7: Predicted maximum lateral displacements. 
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In this Ballina embankment project, the first stage of embankment construction finished 

in 225 days where Sf was measured, and vacuum application ceased around 400 days 

where pem was measured. In determining su, it was  approximated as Ladd (1991) 

proposed; 

 

 1( )n

u vs S OCR=   (5.15) 

 

where S1 and n are material constants. Ladd (1991) proposed the appropriate range for S1 

and n as, 0.162 < S < 0.25 and 0.75 < n < 1, also described the procedure to obtain the 

same. In this chapter, by the end of vacuum application, it was assumed OCR = 1 and in 

such context, the value n is not significant and was assumed as n = 1 as well. Since there 

was no data to confirm the value of S1, an average value of S1 = 0.206 was chosen.    

5.11.4 Results of the stability analysis  

Figure 5-8 presents the plot of maximum lateral displacement against the embankment 

centreline settlement in two locations (I6 and I4). For I6 location, a straight line is drawn 

according to the field data (L-1 in Figure 5-8). As per the straight line drawn, m1 = 0.18 

was obtained. However, since FEA results have overestimated the lateral displacements, 

m1 = 0.22 was observed for the trend line drawn for FEA results at I6. Both field data and 

FEA results have not indicated a potential embankment failure. For the I4 location, 0.07 

and 0.05 values were obtained for m1 in FEA results and field data respectively. This was 

a better agreement between the field and FEA data than the I6 location. As per the value 

of m1 obtained, both I4 and I6 locations are stable. Field reports and related literature also 

did not report any embankment instability; hence the results obtained from FEA seems 

acceptable. 
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It is important to understand the difference between Figure 5-7 and Figure 5-8. Although 

they apparently looking at lateral deformations against vertical (or some invariants of it), 

the calculations are significantly different, and two figures serve for two different 

purposes.  Figure 5-7 compares the FEA predictions against the likely range of maximum 

lateral displacements and has been used as an empirical method to confirm the FEA 

predictions made in this chapter. The vertical deformation and lateral deformation 

measurements are not necessarily measured at the same time. Figure 5-8 is used to assess 

the stability of the embankment where lateral deformations are plotted against the vertical 

deformations at a given instant. 

 

 

Figure 5-8: Plot of yh against Sf. 
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5.12 Summary 

In this chapter, the axisymmetric unit cell was converted to an equivalent PS model in the 

context of a ground improvement project with vacuum-assisted PVDs. Foundation soil 

was modelled using an EVP model with time-dependent boundary conditions to represent 

the start and termination of vacuum application. Smear zone was captured by an 

equivalent mass permeability calculation in the model. Using the Hird et al. (1992) 

combined matching approach, unit cell width was changed to investigate its effects.  

 

It was observed that changing the unit cell width has a negligible effect on settlement 

predictions for either short or long-term. There is a slight increase in the rate of EPP 

dissipation with increased B value which results in lesser EPP values, especially at its 

peaks.  

 

In terms of lateral displacements, it was illustrated that the unit cell width has a direct 

influence on lateral displacements. Increasing unit cell width in the FE mesh reduces the 

overall lateral displacement predictions. Comparison of lateral displacement profile 

revealed that predictions at deeper (15 – 25 m) levels had good agreement with field data. 

Generally, FEA predictions over predicted the lateral displacements at shallow depths. 

Foundation soil had an identifiable shear plane according to the field data. Although it 

was not obvious in FEA results, there were some supporting evidence for this shear plane 

development from the changes (reduction) in lateral displacements closer to this depth. 

Maximum lateral displacements were reasonably well predicted and they compared well 

against field data. Although the empirical method proposed by Chai et al. (2013), to 

predict the maximum lateral displacement has few limitations, yet it was confirmed that 

the method could be a useful tool in predicting lateral displacements.  
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Embankment stability was analysed at two inclinometer locations and determined to be 

high according to Tavenas and Leroueil (1980) method. 
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Chapter 6: Application and removal of vacuum4  

6.1 General 

The duration of the vacuum application is a common problem encountered by 

geotechnical engineers in vacuum consolidation projects. It is generally considered that a 

vacuum application with a longer duration can reduce the post-construction settlements. 

Kosaka et al.’s (2016) field observations on applying vacuum to reduce secondary 

compression confirm this idea. However, the duration of the vacuum application is often 

bounded by economic factors such as the costs of running the vacuum pump and labour 

costs. Additionally, technical problems (e.g. accidental termination of the vacuum pump) 

and administration problems (e.g. long holidays) may disturb the vacuum application 

process. These practical problems not only limit the duration of the vacuum application 

but also require that vacuum be stopped and re-applied. Thus, it is crucial that the 

implications of repetitive vacuum application and removal be investigated.  

 

The main aims of this chapter are to: 

(i) Illustrate the effects of the duration of vacuum application on long-term 

consolidation and creep; 

(ii) Examine the effects of the application and subsequent removal of vacuum; 

 
4 Material discussed in this chapter form part of the following publications: 

 

Kumarage, P.I., and Gnanendran, C.T. 2018a. Creep based viscoplastic numerical modelling of soil 

deformations in vacuum application and removal. In Proceedings of the 71st Canadian Geotechnical 

Conference. Edmonton, AB, Canada. 

 

Kumarage, P.I., and Gnanendran, C.T. 2019d. Predicting deformations in vacuum assisted ground 

improvements using an elasto-viscoplastic numerical model. Accepted for the Proceedings of the 

XVI Panamerican Conference on Soil Mechanics and Geotechnical Engineering. Cancún, México. 
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(iii) Highlight and find possible solutions for numerical instabilities in modelling such 

activities; 

(iv) Discuss the practical applications such as accidental termination and recovery of 

vacuum pumps, using a relevant case history. 

 

6.2 Implications of the duration of vacuum application 

This section discusses the results of a sensitivity analysis that was numerically simulated 

to examine the implications of vacuum duration. In the sensitivity analysis, the duration 

of the vacuum application was varied and the EVP response of soft soil was simulated. A 

FEA was undertaken using the unit cell idealisation and the soft soil properties of Ballina 

clay (see discussion in Chapter 4) were used. Five scenarios were simulated with varying 

vacuum durations (see Table 6-1). A no-vacuum case (Test -1) was considered to enable 

comparisons to be drawn. At the end of each respective vacuum application period, 

vacuum was terminated, and the soil was expected to respond as it would with a 

conventional PVD.  

 

 

 

Table 6-2 sets out the soil parameters used in the analysis. These parameters reflect the 

attributes of Ballina clay, at approximately at 10 m in depth and were adopted from 

Pineda et al. (2016). A unit cell (with a height of 10 m and a radius of 0.5 m) was 

discretised with six-noded triangular elements for the FE mesh. Smear zone was not 
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considered since the primary objective of the analysis is to illustrate the implication of 

the vacuum duration and not to back analyse field data.  

 

The axisymmetric FE mesh adopted for the sensitivity analysis is illustrated in Figure 6-1. 

A vertical stress of 70 kPa was applied to the topmost elements of the mesh and a vacuum 

intensity of the same magnitude was applied to the axisymmetric boundary as discussed 

in Chapter 3 and Chapter 4. This vertical stress was chosen to exceed the cp  reported for 

the clay sample to allow the material to undergo plastic deformations. A vacuum intensity 

of the same magnitude was used ensure the vacuum surcharge ratio (VSR) would satisfy 

the condition VSR = 0.5 so that numerical instabilities can be minimised (more details 

about the VSR ratio and numerical instabilities are discussed later in this chapter). 

Settlements over the time were monitored at the surface of the mesh and the EPP was 

monitored at the outer most element at the mid-depth (i.e. 5 m). This location was chosen 

as it indicates the halfway point between the drains in the field and thus shows the 

maximum change in EPP.  

 

Table 6-1: Test details for the sensitivity analysis. 

Test No. Vacuum duration (Days) 

1 No Vacuum 

2 50 

3 100 

4 150 

5 200 
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Table 6-2: Soil parameters adopted for the sensitivity analysis. 

 

 

 

 

 

 

 

 

 

 

Figure 6-1: FE mesh for the sensitivity analysis. 

 

Parameter Value 

M 1.5148 

λ 0.525 

κ 0.0525 

e0 2.80 

Cα 0.057 

kh(m/s)*10-10 9.38 

p’c (kPa) 60 
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Figure 6-2(a) and (b) present the FEA results of the respective settlement and EPP 

responses with varying vacuum durations. Figure 6-2(a) shows that by 800 days, EPP had 

almost dissipated in all five tests. In relation to Test-1 (i.e. the no-vacuum test), it took 

approximately 800 days to dissipate EPP completely. Conversely, other tests (with 

vacuum) achieved the same result much more quickly; for example, in Test-5, the 

application of vacuum accelerated the process and reduced the EPP to zero in 

approximately 100 days. After approximately 800 days, at which time there was no 

significant EPP, and vacuum was switched off, the settlements were primarily governed 

by secondary compression. 
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Figure 6-2: Effect on vacuum duration: (a) Vertical Strain %; (b) Excess pore pressure. 

 

The slope of the time-strain curve after 800 days provides insight into the secondary 

compression that occurs in this duration. It is clear that by applying vacuum for an 

extended period, the slope of the time-strain curve reduces significantly. The reduction in 

the secondary compression is significant when vacuum continues to be applied until EPP 

becomes negative. Soil swelling can also be observed at this stage. The application of 

vacuum for a sufficient duration can bring the soil to an over-consolidated state and thus 
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reduce the coefficient of secondary compression. Fukazawa et al. (1994) also discussed 

the reduction of the coefficient of secondary compression with the over-consolidation 

ratio (OCR), however their discussion was limited to conventional soil improvements. 

Conversely, the soil rebound observed in Test-4 and 5 in Figure 6-2(a) is an indication 

that the over-consolidated soil swelling upon vacuum being removed. 

 

Generally, it is convenient to first monitor the EPP and then the settlements, as the 

engineer can identify the time at which EPP becomes zero. The sensitivity analysis 

showed that running the vacuum pump after EPP becomes zero causes the soil to swell 

when vacuum suction is removed. Thus, it is vital to observe the EPP and run the vacuum 

pump until the desired degree of consolidation (based on EPP) or OCR is achieved, to 

reduce long-term post-construction settlements. As sensitivity analysis also showed, 

bringing the soil to an over-consolidated state by applying vacuum can significantly 

reduce the creep deformations. 

 

Figure 6-3 presents the mean effective stress inside the unit cell at different times for 

Test – 3. Since all tests were conducted using the same surcharge (70kPa) and same 

vacuum (–70 kPa) there was no preference in selecting a particular test to this illustration. 

Figure 6-3(a), at one day shows the stress just before vacuum application. Figure 6-3(b) 

to (e) is while the vacuum is applied. These figures show the significant increment in 

effective stress during vacuum application. The stress distribution pattern is largely 

vertical (could be seen from the colour pattern) and increase towards the drain, ensuring 

the vacuum is applied at the axisymmetric boundary. OCR calculated at the end of each 

test (i.e. 2000 days) are 1.70, 1.78, 1.84, 1.95, 2.04. This confirms that longer vacuum 

duration results in higher OCR. 
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Figure 6-3: Mean effective stress inside the unit cell (a) after one day; (b) after 25 

days; (c) after 50 days (d) after 75 days (e) after 100 days (f) after 2000 days. 



Chapter 6: Application and removal of vacuum 

135 

 

The exercise undertaken in this part of the study was merely a simulation; thus it is 

essential that the EVP model prediction be validated against experimental results upon 

the application and removal of vacuum. Further, in this study, vacuum intensity was kept 

at a reasonable level and no fluctuations in surcharge were made to avoid solution 

divergence. The next section uses experimental data with higher fluctuations of vacuum 

and surcharge to validate the EVP model predictions. The term VSR is also introduced to 

quantify the intensity of vacuum compared to surcharge.  

6.3 Validating the EVP response on application and removal of vacuum and 

surcharge against experimental data 

The FEA solution converged in the previous section; however, the results needed to be 

validated to confirm that the correct solution has been found. In the case of a vacuum 

intensity change or surcharge change that is close or beyond VSR = 0.5, a separate 

solution algorithm was used in this validation to improve the accuracy of the FEA 

solution. In a non-linear FEA, the main challenge may not be the solution convergence. 

As Zienkiewicz and Taylor (1996) stated, in a non-linear FEA, the solution achieved is 

not necessarily the solution sought. In this section, solution convergence and the accuracy 

obtained are illustrated with and without the additional steps incorporated to ensure the 

solution convergence and improved accuracy.  

6.3.1 Correction for the EPP 

An iterative process was adopted to improve the accuracy in the EPP prediction upon the 

removal of vacuum and surcharge. Readers might be questioning why this problem did 

not occur with the FEA conducted in other previous chapters (e.g. Chapter 4). To answer 

this question, two terms must be introduced: first is the total apparent stress, which is the 
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absolute sum occurred by surcharge (
surp ) and vacuum (

vacp ), and second is the vacuum 

surcharge ratio (VSR) which can be expressed as in Eqn. (6.1). 

 

 vac

sur vac

P
VSR

P P


=

+
  (6.1) 

 

Large vacuum fluctuations ( vacp ) such as the termination and re-application of vacuum 

(where VSR ≥ 0.5), can result in either divergence or converge to a wrong solution. In 

this section, an algorithm (see Figure 6-4) was adopted to improve the FEA results in such 

cases. 

 

As Figure 6-4 shows, after a predefined time increment, a loop (i.e. the inner loop) was 

run to ensure the convergence before the next time increment. In this inner loop, the 

stiffness matrix was remade and is analogous to the Newton-Raphson iteration.  
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Convergence 

achieved? 

Change vacuum (i.e. boundary condition) 

Define time increment 

Start the loop 

Add time increment 

Start the internal loop for convergence 

Solve equations and display nodal variables 

Close the internal loop for convergence 

Display nodal variables 

Close the outer loop 

Yes 

No 

Figure 6-4: Solution algorithm to improve FEA results upon removing 

vacuum and surcharge. 
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6.3.2 Correcting volumetric strain in the swelling phase 

To improve the predictions in the swelling phase, in this chapter, volumetric deformations 

during swelling were multiplied by a correction factor β, such that: 

 

 *

v v  =    (6.2) 

 

where, *

v  is the corrected volumetric strain, v  is the volumetric strain during swelling 

and β is the correction factor during swelling. 

6.3.3 Modelling the consolidation response with corrections 

The consolidation response of Kaolin clay reported by Kianfar et al. (2015) was used to 

validate the proposed methodology. Table 6-3 sets out the properties of the clay adopted 

for the validation. 

 

As Kianfar et al. (2015) reported, the apparatus was a modified Rowe cell (150 mm in 

diameter) and vacuum was applied through a 14.5 mm diameter drain, which was casted 

at the centre of the consolidation cell (see Figure 6-5).  

 

In the FEA, the boundary of the soil-drain interface was modified to simulate vacuum 

suction (as discussed in Chapters 3 and 4). The mesh discretisation for the Rowe cell is 

presented in Figure 6-6. Only half of the cell was modelled due to symmetry. As discussed 

in previous chapters (e.g. Chapter 4) six-noded triangular elements were used with each 

node having three DOFs. Three tests were validated in this chapter, each with a surcharge 

and vacuum of 50 kPa and both of them were removed at different instances during the 

total analysis period of 144 hours. 
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Table 6-3: Kaolin clay properties (modified from Kianfar et al. 2013). 

Property Value 

Slope of the consolidation line : λ 0.17 

Slope of the swelling line : κ 0.03 

𝑒𝑁
1  1.85 

Friction angle: φ’  270 

Slope of the critical state line: M 1.07 

Secondary compression: Cα (Assumed)2 0.0117 

1Void ratio in normal consolidation line at 𝑝′ = 1 

2Assumed that Cα/Cc = 0.03 which represents the lowest ratio proposed by Mesri and Godlewski (1977). 

 

 

 

Figure 6-5: 150 mm Rowe cell (modified from Kianfar et al. 2015). 
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Figure 6-6: FE mesh adopted to model the Rowe cell. 

 

Details of the tests are as follows: 

• Test A: Surcharge (50 kPa) and vacuum (50 kPa) applied. Vacuum removed after 8 

hours and surcharge removed after 72 hours; 

• Test B: Surcharge (50 kPa) and vacuum (50 kPa) applied. Vacuum removed after 10 

hours and surcharge removed after 72 hours; and 

• Test C: Surcharge (50 kPa) and Vacuum (50 kPa) applied. Vacuum removed after 12 

hours and surcharge removed after 72 hours.   

 

All three tests ran up to 144 hours. Their EPP responses and strains are displayed in Figure 

6-7 and Figure 6-8, respectively. EPP was monitored at the bottom of the Rowe cell at 

the location RR = 0.48. Where RR is defined as: 

 

 
1

w

w

r r
RR

R r

−
=

−
  (6.3) 
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where, r is the radius from the centre for the EPP measuring location, rw is the radius of 

the vertical drain and R1 is the radius of the cell.  

 

Given RR = 0.48, rw = 7.25 mm and R1 = 75 mm, r was calculated as r = 39.77 mm. 

Considering r ≈ 40 mm, this corresponds to the third EPP measuring location in the 

experimental setup (see Figure 6-5). In the FEA, the nearest node in the FE mesh to the 

calculated radii (r) was selected to measure the EPP. 

 

Figure 6-7 shows the EPP response upon removing vacuum and surcharge. Due to 

convergence problems, accurate predictions upon removing vacuum and surcharge were 

difficult to obtain. The original (unimproved) FEA results are illustrated by dashed lines 

in Figure 6-7(a), (b) and (c). To improve the FEA results, the solution algorithm proposed 

in Figure 6-4 was adopted and the improved FEA results are illustrated by the continuous 

line in Figure 6-7. 

 

When vacuum was removed, an uplift of the EPP values were observed in all three tests. 

If the analysis is run without the improved algorithm (as mentioned above), the EVP 

model will fail to successfully represent the soil behaviour. However, with the improved 

method, such uplift is correctly represented in the FEA. A magnifier was plotted during 

the vacuum removal state for Test B, to make this improvement clearly visible. 

 

The next discrepancy arose when the surcharge was removed at 72 hours. None of the 

three tests had any EPP present by this time. According to the experimental data, the 

removal of the 50 kPa surcharge resulted in an EPP of approximately –25 kPa. The EVP 

model grossly overestimated this value by 60%, projecting an EPP value of 
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approximately –40 kPa. With a time step of 0.01 hr the solution would not converge at 

all, thus as the first step, time-stepping was reduced to 0.001 hr per step to converge the 

iteration. However, as illustrated by the unimproved FEA, this resulted in a gross 

overestimation. To correct this, in the improved solution, surcharge removal was done 

within a duration of 1 hour (not instantaneously) and the algorithm presented in Figure 

6-4 was applied. With the above mentioned collective numerical treatment, the solution 

converged accurately to match the experimental data. However, as the boundary 

conditions could not be changed instantaneously, a slight offset in FEA predictions 

against experimental data are evident as Figure 6-7(b) shows (a magnification was drawn 

for clarity).  

 

As Figure 6-8 shows, a longer duration of vacuum application results in larger 

settlements. In each of the 8 hr, 10 hr and 12 hr vacuum applications (undertaken in Tests 

A, B and C respectively), it resulted in approximately 7%, 7.5% and 8% axial strain at 

the time of vacuum removal. FEA predictions during the vacuum application period and 

until the removal of surcharge were agreeable with the modified algorithm. However, 

vertical strain predictions of soil swelling after removing surcharge, was over-estimated 

approximately by 1% of the axial strain. In laboratory experiments, this could be due to 

the sidewall friction. However, careful investigations of this phenomenon have revealed 

that provided that the friction and experimental errors are small, predictions of final 

settlements and swelling will still be challenging in vacuum consolidation (Chai et al. 

2005, Wu et al. 2016). 
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The correction applied in the swelling phase significantly improved the prediction as 

illustrated by Figure 6-8. However, as the applied vacuum duration increased, more 

deviations arose against the experimental data.   

 

The correction factor β, in this case, was approximately 0.82. This had a close agreement 

with the minimum correction proposed by Chai et al. (2005) of 0.80 for the axisymmetric 

condition. As Figure 6-8 shows, deviations mainly appears during the instantaneous 

swelling phase. Once the swelling phase is over (e.g. after 100 hours), FEA predictions 

can be closely matched with the experimental data with a correction.  

 

This validation shows that solution divergence mainly occurred due to either a sudden 

change in the boundary conditions (such as removal of vacuum) or rapid and significant 

change in stress (such as removal of the surcharge at 72 hrs). In all of the above analysis, 

around 10 iterations (in the inner loop of Figure 6-4) were sufficient to converge the 

solution accurately.   

 



Chapter 6: Application and removal of vacuum 

144 

 

 

Figure 6-7: Excess pore pressure responses of the tests upon removing vacuum and 

surcharge (after Kumarage and Gnanendran 2018a). 
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Figure 6-8: Axial strain over time with vacuum application and removal. 
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6.4 Field trial on reclamation site in Singapore 

Singapore is a country with a very limited landmass. Land reclamation has been adopted 

as the key strategy of Singapore to increase its landmass since 1970s (Chu and Guo 2016, 

Lam et al. 2018). The main challenges in this process have been the scarcity of fill 

material and the movement of the reclamation works towards deeper water. In recent 

reclamation projects, dredged clay slurries have been used as a substitute for the granular 

fill materials. Improving these soft clays to increase their shear strength and to reduce the 

post-construction settlements presents a significant challenge. Due to near-zero shear 

strength at the start of the project, the use of fill surcharges with PVDs have proven 

difficult. Consequently, vacuum consolidation with capped PVDs (Chai et al. 2008) or 

membrane-less vacuum consolidation method (as it is commonly known) was selected as 

an economical method for ground improvement in these reclamation projects. Figure 6-9 

displays a sample of the CPVD used in this project. 

 

The reclamation site discussed in this chapter had three distinguishable soil layers (Lam 

et al. 2018). The soft clay layer had been sandwiched between a silty sand layer placed in 

2001 at the top and a siltstone layer at the bottom. The thickness of these layers varied 

significantly over the treated trial area of 100 m by 50 m (see Figure 6-10[a]). Figure 

6-10(b) shows the instrumentation of the reclamation site. The BH-1 location was 

selected for the analysis reported in this chapter since it had the highest thickness of soft 

clay and was in the mid-section of the treated area. 
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Figure 6-9: A sample CPVD used in the project (modified from Lam et al. 2018). 

 

6.4.1 Selection of material properties   

The Cα value for the soft clay layer was approximated using the ratio proposed by Mesri 

and Godlewski (1977) and the maximum and minimum values were calculated as 0.031 

and 0.019, respectively. An average permeability of 3×10-10 m/s was adopted for the soft 

clay layer. In determining the properties of the unit cell, the procedure explained in 

previous chapters (e.g. Chapter 4) was adopted and has not been set out again in this 

chapter. Table 6-4 displays the unit cell properties adopted for the analysis. Biot type 

Mohr-Coulomb consolidation elements were used for the top and bottom sandy layers. 

 

 



Chapter 6: Application and removal of vacuum 

148 

 

 

Figure 6-10: Instrumentation of the field trial site: (a) the cross-section; and (b) the plan 

view (modified from Lam et al. 2018). 

 

 

Table 6-4: Properties of the unit cell. 

Property Value 

PVD Spacing 1 m 

PVD installation pattern Triangular 

rw  0.03 m 

rs 0.12 m 

re 0.525 m 
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Table 6-5: Material properties for the FEA. 

Material Depth (m) M κ λ e0 γsat k (m/s) OCR 

Silty Sand 0 to 5 E=10,000 ; v=0.3 ; φ'=32 17.0 1.2E-08 1.0 

Soft Clay 5  to 21 1.113 0.034 0.27 1.9 15.4 3.0E-10 1.0 

Silt Stone 21  to 28.3 E=10,000 ; v=0.3 ; φ'=32 15.8 9.3E-08 2.0 

 

The top silty sand layer (as mentioned above) was laid in 2011; however, there was no 

data to confirm the degree of consolidation that the soft clay layer (lying underneath) had 

undergone thus far due to this layer. For convenience in modelling, it was assumed that 

the primary consolidation had finished and thus no EPP exists in the soft clay due to the 

weight of the top silty layer. 

 

The modified version of AFENA for vacuum consolidation (see description in Chapter 

3) was used in the analysis. The EVP model (described in Chapter 3) was used to model 

the sandwiched soft clay layer.  

6.4.2 Vacuum application and embankment construction 

Vacuum suction was applied four weeks prior to the commencement of embankment 

filling. The embankment was raised to 2.5 m in height in 25 days. The density of the 

filling material was 20 kN/m3; thus the total stress acted upon the foundation soil was 

50 kPa. Vacuum intensity of the same magnitude (–50 kPa) was applied. In the unit cell 

analysis, stress due to fill material was applied as a traction to the surface of the unit cell, 

and the vacuum was applied using the method introduced in Chapter 3.  
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The vacuum pump was not stable between 80–150 days. As mentioned above, the 

modified AFENA program has the capability to switch vacuum on and off and to adjust 

the intensity of vacuum as necessary. Thus this capability was used to call the relevant 

subroutine in the program to switch off (and back on) the vacuum in the respective time 

period. 

 

The switching on and off of the vacuum pump creates an immediate change in the 

boundary condition which that can result in numerical instability. To ensure convergence, 

either very small time steps (0.001 days) or a few iterations using Newton-Rapson method 

was necessary (see description in Section 6.3).  

 

Another important aspect of the vacuum application was that the CPVDs were installed 

in such a way that vacuum was applied only to the sandwiched soft clay layer. This was 

achieved by extending the high-density polyethylene (HDPE) tube connected to the PVD 

(see Figure 6-9) throughout the topmost sandy layer and stopping the bottom of the PVD 

at the end of the clay layer. In the FEA, careful steps were undertaken to accurately 

represent this condition. Simple methods proposed in the literature to model vacuum 

consolidation such as treating vacuum as equivalent vertical stress or modifying mass 

permeability of the soil could not be applied in this scenario. Figure 6-11 shows the unit 

cell, part of the FE mesh (only part was incorporated due to the denseness of the mesh) 

and its respective boundary conditions that were used to accurately represent the situation.  
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Figure 6-11: Unit cell* with boundary conditions for vacuum application (part of the FE 

mesh is also shown). 

*Not drawn to scale. 

 

6.4.3 Synthesis of FEA results for the case history 

Figure 6-12 compares the field data to the FEA predictions of settlement and EPP. The 

settlement data are from the BH-1 location where the highest clay thickness was found 

and the EPP data came from PP5 location near the BH-1 location. As Figure 6-12(a) 

shows, the numerical model appears to capture the soil settlement behaviour well. 

Notably, the retardation of settlements can be observed from 80–150 days due to the 

vacuum pump failure. The settlements were accelerated once the vacuum pump is 

recovered. In the 200–250 days period, the FEA under-predicted the settlements. This 
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could be due to the unavailability of data concerning the variability of Cα. It appears that 

the Cα value assumed for the analysis (of Cα = 0.019) was an underestimation of the actual 

value. This value represents the maximum value of the ratio / 0.04 0.01cC C =  ; thus 

there was no reason to assume a value beyond the proposed range by Mesri and 

Godlewski (1977) without confirmed field data.   

 

The EPP predictions showed some deviations from the field measurements (see Figure 

6-12[b]). The increase in EPP due to embankment construction was not so obvious. This 

could be due to the high permeable sandy soil layers that exist above and below the soft 

clay layer. Additionally, there were some fluctuations in the field data around day 170. 

Reports showed that the area had some rainfall during the ground improvement project, 

however, data concerning the fluctuations in the water table were not available (Lam et 

al. 2018) and thus could not be incorporated in the model. This change in the water table 

could be another reason for the deviation. The increase in EPP due to vacuum pump 

failure was observed in both in the field data and FEA predictions during 80–150 days.  

 

Given the number of uncertainties and challenges, the settlement and EPP predictions 

from the FEA using the EVP model appear reasonably good. 
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Figure 6-12: Comparison of settlements and EPP1 with field data. 

1EPP was measured at PP5 location at -21m depth. 
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6.5 Summary 

In this chapter, the application and removal of vacuum and its effects were discussed. A 

sensitivity analysis was undertaken to illustrate the effects of vacuum removal time on 

soft soil deformation. The results for both sensitivity analysis and laboratory experimental 

data validation showed that the application of vacuum suction until EPP is negative will 

result in soil re-bounce. The sensitivity analysis also showed that bringing soil to an over-

consolidated state drastically reduce long-term creep settlements.   

 

The experimental results of the vacuum application and removal were also validated in 

this chapter. Solution divergence is a common problem in the removal and re-application 

of vacuum and surcharge. When the EVP model was applied without any correction, the 

results deviated greatly from the laboratory data. It was necessary to give careful attention 

to the time duration where boundary conditions are changed to achieve convergence. 

Even though the convergence was achieved with reduced time-stepping, it showed that 

the solution achieved may not necessarily be the solution sought. A solution algorithm 

with iterations analogous to NRM used and it was shown that the predictions in EPP 

values were greatly improved with the proposed algorithm. A correction factor was also 

proposed and validated for soil expansion upon removing surcharge. 

 

Finally, the knowledge acquired from the sensitivity analysis and by validating the 

experimental laboratory data were applied to a case history. The ground improvement 

case from Singapore, was an interesting and practical one that included a vacuum pump 

failure and recovery. Additionally, the CPVDs were used and vacuum was only applied 

to the sandwiched clay layer. Many uncertainties arose in relation to the field data. For 

example, Cα was approximated; however, it appears that this value could be higher than 
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the range proposed by Mesri and Godlewski (1977), but there were no material data to 

use a higher Cα. Apart from disparities in data gathers beyond 200 days, the settlement 

predictions showed a very good agreement with FEA results. The FEA captures the 

elevation of EPP upon vacuum pump breakdown very well. Some discrepancies between 

FEA and field EPP measurements were observed due to groundwater table fluctuations 

related to rainfall. Overall, despite some limitations in data, a reasonable outcome through 

FEA was achieved. 

 

In this chapter (and in the previous chapters) the vacuum distribution was assumed to be 

a constant along with the depth of the PVD; however, in certain field histories, a reduction 

of vacuum with depth has been reported. The next chapter (Chapter 7) discusses the 

reduction of vacuum with depth and its implications. 
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Chapter 7 : Vacuum distribution and its effects5  

 General 

As described in Chapter 2, both membrane and membrane-less methods could be 

susceptible to air leakages. Thus, vacuum suction may not penetrate equally to the full 

depth of the PVD. Imperfections in the PVD, power limitations in the vacuum pump or 

sandwiched sand layers can be main causes for such vacuum losses. Recent developments 

with geosynthetic technology such as developing CPVDs (Chai 2003, Chai et al. 2008) 

have allowed vacuum suction to be applied to individual PVDs resulting more effective 

vacuum application. However, certain percentage of vacuum loss is still inevitable. 

 

Reducing vacuum suction along the depth of PVDs both in laboratory experiments and 

in field cases have been reported in the literature (e.g. Chai et al. 2006, 2008; Indraratna 

et al. 2004). This was noted both from low strain rate at deeper depths such as that 

reported by Indraratna et al. (2012) and inferred from changes of soil index properties 

after vacuum consolidation (e.g. Chu et al. 2000). Observations such as these made the 

researchers to study this phenomenon further. 

 

In membrane-less system, vacuum lines are connected to each drain with a cap. This 

reduces the amount of vacuum loss at the shallow level ensuring the efficiency of the 

method. Conversely, membrane method relies on the performance of the sealing layer 

 
5 Material discussed in this chapter form part of the following publications: 

 

Kumarage, P.I., and Gnanendran, C.T. 2018b. Numerical modelling of vacuum suction distribution and 

its effects in ground improvement with PVD vacuum consolidation. In Proceedings of the 11th 

International Conference on Geosynthetics. Seoul, Korea. 
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alone to avoid leakages. Hence, apparently it can be argued that membrane method is 

more susceptible to leakages than the former. 

 

Due to the vacuum loss, a plot of vacuum intensity against the depth of the PVD can have 

different shapes. In this chapter this shape is referred as ‘the shape of the vacuum 

distribution’ or simply ‘vacuum distribution’. To date, there is no common agreement in 

literature to numerical model the vacuum distribution.  

 

The main aims of this chapter are to: 

(i) Illustrate different possible vacuum distributions and their implications to 

settlements and EPP; 

(ii) propose a convenient FE implementation to model such vacuum distributions; 

(iii) Validate the proposed method against laboratory and field data. 

 Modelling the vacuum distribution 

Vacuum suction within a unit cell (Figure 7-1[e]) can be generally written as a function 

of time (t) and depth (z) as in Eqn. (7.1), 

 

 max ( , )vac vp p f z t−=   (7.1) 

 

where, p
vac

 is the vacuum suction at a given time and depth, and p
v-max

 is the maximum 

vacuum value. The function f (z,t) defines the shape of the vacuum distribution such that 

multiplication by the pv-max gives the true distribution. Figure 7-1 shows other possible 

vacuum distributions such as no vacuum loss (Figure 7-1[c]), and distribution close to 

elliptical shape (Figure 7-1[a]) when CPVDs (Figure 7-1[d]) are used.  
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Figure 7-1: Vacuum distributions with depth (a, b, c); PVD with Cap (d); Unit cell (e). 

 

For a liner decay of vacuum loss, at a constant rate of k1 kPa per meter of depth, Eqn. (7.1) 

can be specified as in Eqn. (7.2), which is analogous to Indraratna et al. (2005) proposed 

method of linear decay in vacuum, 

 

 ( )max 11 1vac v

z
p p k

l
−

 
= − − 

 
  (7.2) 

 

where, l is the length of the PVD and z is the depth from the ground surface (see Figure 

7-1[e]). In FE implementation, the calculated negative values of vacuum suction can be 

fixed at the boundary of the PVD (i.e. soil PVD interface) as a negative EPP.  

 

Liu et al. (2019) extended the above Eqn. (7.2) by introducing time variable, such that as 

vacuum pump starts, the intensity of vacuum increase with time as in Eqn. (7.3), 
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max 11 1 1
k t

vac v

z
p p k e

l

−

−

 
= − − − 

 
  (7.3) 

  

where, k2 is the constant to depict the increase of vacuum with time. However, in actual 

field projects vacuum distribution may not be linear and the change of the vacuum 

intensity may not be smooth as an exponential curve, as assumed in Eqn. (7.3).  

 

Conversely, a more practical and convenient method can be proposed as follows. First 

the vacuum distribution need to be determined either using the field or laboratory data 

(such as piezometers or pore pressure transducers). In case of a preliminary analysis (or 

prediction) without vacuum data, a linear, or elliptical assumption can be adopted. Then 

for the nodes along the PVD soil interface, a link was defined for the respective DOF as 

in Eqn. (7.4).   

 

 ( )i ju f z=   (7.4) 

 

where, uij is the jth DOF of the ith node.  

 

Since the 1st and 2nd DOFs are generally assigned for the horizontal and vertical 

deformation, 3rd DOF was used in applying Eqn. (7.4), thus j = 3 was adopted. Rather 

than relying on a predefined vacuum intensity over time, such as Eqn. (7.3), the proposed 

method can switch ‘on’, ‘off’ or vary the vacuum intensity by calling the relevant 

subroutine. This helps to model practical scenarios such as vacuum pump breakdowns or 

vacuum termination due to administration reasons. Additionally, the method could be 
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used either as linear nodal constrain or non-linear nodal constrain as illustrated in 

following sections. 

 

Firstly, the method is validated against large-scale vacuum consolidation cell 

experimental results of Geng et al. (2012) performed on the clay from Moruya (300 km 

South to Sydney, Australia). The experimental procedure and properties of clay from 

Moruya area used for the experiments have been reported by Indraratna et al. (2004) and 

Geng et al. (2012).  Secondly, a sensitivity analysis is performed with a more general type 

of vacuum distributions. Finally, the method is applied to a case history with non-linear 

vacuum distributions. 

 Validation against laboratory data 

Data from two large-scale vacuum consolidation cell experimental results of Geng et al. 

(2012) are validated this section and the details of tests are displayed in Table 7-1. Both 

tests were continued for 40 days. Consolidation cell height was 850 mm with an internal 

diameter of 450 mm having a PVD installed at the centre through which vacuum was 

applied. Figure 7-2 illustrates the consolidation cell with the locations of EPP and vacuum 

measuring locations. Owing to the symmetry, only a half of the cell was modelled as an 

axisymmetric unit cell. The right-hand side half of the Figure 7-2 was overlapped with 

the adopted FE mesh. The VSR in SV1 and SV2 are 0.4 and 0.5 respectively; as such, 

appropriate algorithms were used to avoid numerical instabilities as discussed in 

Chapter 6. 
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Table 7-1: Details of experiments. 

Test Number Applied Vacuum 

suction (kPa) 

Applied Surcharge 

pressure (kPa) 

Preconsolidation 

Pressure (kPa) 

SV1 20 30 20 

SV2 40 30 20 

 

The vacuum distributions measured in two tests are illustrated in Figure 7-3. This 

distribution was approximated by a third order polynomial function as in Eqn. (7.5), 

 

 2 3

1 2 3 4vac
p a a h a h a h= + + +   (7.5) 

 

where, h is the height of the PVD, ai are respective constants. In FE implementation, uij 

was defined to satisfy the above polynomial function. Dimensions of the FE mesh adopted 

are R = 225 mm, rs = 100 mm and l = 850 mm to match the experimental setup (Figure 

7-2). 

 

Properties of Moruya clay used for the analysis are displayed in Table 7-2. Basic Cam-

clay parameters were adopted from (Indraratna et al. 2005a, Geng et al. 2012) reported 

values. Cα was assumed as per the ratio Cα/Cc = 0.03. 
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Figure 7-2: Consolidation cell and adopted FE mesh with EPP and vacuum measuring 

locations (modified from Geng et al. 2012). 
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Figure 7-3: Measured (by Geng et al. 2012) and adopted functions (in this study) for 

vacuum distribution. 
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Figure 7-4(a) presents the EPP results of the FEA with different vacuum distributions, 

and Figure 7-4(b) presents the settlement results. The continuous lines corresponds to the 

actual non-linear vacuum distributions in each SV1 and SV2 tests. Short and long dash 

lines correspond to the constant maximum and minimum vacuum intensities reported (i.e. 

–20 kPa and –16.5 kPa for SV1; –40 kPa and –34.5 kPa for SV2). As shown from both 

Figure 7-4 (a) and (b), for both SV1 and SV2 cases, the FEA model with the actual 

vacuum distribution has results best match for the experimental data. Constant vacuum 

with depth, representing higher and lower vacuum intensities have over predicted and 

under predicted EPP values respectively in both SV1 and SV2 tests.  

 

Table 7-2: Properties of Moruya clay adopted for the FEA. 

 

 

 

 

 

 

 

 

  

It is worth to re-emphasize the importance of time stepping in application of vacuum, for 

example without vacuum a time step of 0.01 days enough to converge the solution, but in 

activating vacuum suction this time step will diverge the solution. A time step of 0.001 

days was used for convergence.  

 

Parameter Value 

M 1.0358 

λ 0.236 

κ 0.023 

γsat (kN/m3) 18.1 

e0 4.0 

Cα 0.0163 

Kh (m/s) 15.72E-05 

cp (kPa) 20 
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Figure 7-4: Comparison of EPP values from FEA against laboratory data1. 

1Laboratory data are from Geng et al. (2012). 
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 Sensitivity Analysis on vacuum distribution 

The effect of the vacuum distribution with depth can be illustrated using a sensitivity 

analysis. The dimensions of the unit cell was changed to R = 0.5 m and l = 10 m for 

convenience (Figure 7-5). Soil parameters adopted are displayed in the Table 7-3. These 

parameters attribute to the soft soil in Ballina area reported by Pineda et al. (2016). 

 

 

 

Figure 7-5: (a) The unit cell and (b) different vacuum distributions for the sensitivity 

analysis. 
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Table 7-3: Properties of clay adopted for the sensitivity analysis. 

 

 

 

 

 

 

 

 

The maximum vacuum applied was –70 kPa and the surcharge applied was 70 kPa. The 

distributions of applied vacuum in each case are illustrated in Figure 7-5(b) (i), (ii) and 

(iii). The analysis was carried out for a period of 1,000 days. Apparently, vacuum 

distribution (i) imposes twice higher vacuum than distribution (ii), which intern results in 

larger settlement (In this case the ultimate settlement may not be obvious since Ballina 

clay shows very high compression and creep). However, when comparing the 

distributions (ii) and (iii), it may not be intuitive to infer which distribution imposes higher 

vacuum at the soil-PVD interface. In this case, it is more appropriate to integrate the 

vacuum distribution over the full depth for comparison. 

 

Figure 7-6 shows the settlement response (as strain %) for each vacuum distribution. After 

1000 days, distributions (i), (ii) and (iii) have resulted in overall surface strain of 20%, 

17.2% and 18.2% respectively. Vacuum distributions (ii) and (iii) have only 1% 

difference in the surface strain. Whether this is significant or not depends on the total 

thickness of the clay deposit. Since vacuum assisted PVDs are often used for the 

stabilisation of thick clay deposits (>10m), this strain can be significant. When comparing 

Parameter Value 

M 1.515 

λ 0.525 

κ 0.053 

e0 2.80 

Cα 0.057 

Kh (m/s)*10-10 9.38 

cp (kPa) 60 
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the settlements for the non-vacuum case with the full vacuum (distribution-i) case, the 

time duration to complete 90% of the primary consolidation with vacuum takes one third 

of the time of conventional method. This observation agrees with the results of other 

researchers (e.g. Lam et al. 2015; Saowapakpiboon et al. 2010). However, when long-

term effects are considered, the effectiveness of vacuum consolidation is much higher. 

The reason for the continuous settlements after ~500 days is due to the creep based 

viscoplastic model used for the sensitivity analysis and the validity of the creep model 

was discussed in Chapters 3, 4 and 5. 

 

 

Figure 7-6: Strain percentage with different vacuum distributions (modified from 

Kumarage and Gnanendran 2018b). 
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 Analysis of a case history 

A vacuum-applied test section of the reclamation project in Tokyo Bay in Japan (Chai et 

al. 2010) is analysed in this section with the proposed method. A plan view of the area is 

illustrated in the Figure 7-7. Since both Section A and B are almost identical, only one 

section (Section A) was studied.  

 

The area has three distinguishable soil layers. The top layer consists of reclaimed clayey 

silt, with a thickness of 12 m approximately. The second layer is soft clay of about 29 m 

thickness, which is underlain by a sand layer. Due to the presence of the bottom most 

sand layer, CPVDs are partially penetrated as shown in the sandwiched clay layer up to 

30m depth as shown in Figure 7-7. In the Section A, CPVDs had a cross-section of 

150 mm × 3 mm. They had been installed with a spacing of 2.0 m in a square pattern. As 

such, CPVD properties adopted for the analysis are set out in Table 7-4. Cam-clay 

equivalent soil parameters were available in literature (Chai et al. 2010). However, to 

apply the EVP model, Cα had to be assumed as shown in Table 7-5. Permeability values 

were set by back analysing the period before the vacuum application. These back analysed 

values were then used for the remaining period with vacuum application. 

 

The analysis was carried out for 400 days. There was a partial self-weight consolidation 

period of 165 days before vacuum application. During this period, the PVD-soil interface 

was treated as a simple drained boundary. A vacuum of 80–90 kPa was then applied and 

kept for 204 days.  
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7.5.1  Vacuum distribution and boundary conditions  

As Figure 7-8 shows, this case history has a unique setup from other cases analysed in 

this thesis. This uniqueness is brought with a CPVD installed in a two-way drainage 

system which creates the vacuum distribution and associated boundary conditions 

complex and interesting. 

  

The ground surface is a drained boundary, thus there exists no EPP or vacuum on the 

ground surface. Maximum vacuum can be expected at the cap location (where vacuum 

tube connects) of the PVD. Thereafter, vacuum may reduce with depth depending on the 

soil strata. Soft clay layer is under laid with a sand layer and this clay-sand interface acts 

as a drained boundary. Due to the same reason CPVD is partially penetrated to the clay 

layer to avoid vacuum loss. 

 

 

Figure 7-7: (a) Plan view of the site; (b) Soil strata and the CPVD (modified from Chai 

et al. 2010). 
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Table 7-4: PVD properties adopted for the case study. 

Parameter Value 

re (m) 1.13 

rw (m) 0.0375 

rs/rw 4 

kh/ks 2 

 

 

 

Table 7-5: EVP material parameters adopted for the FE analysis. 

Depth (m) λ κ e0 kv (m/s)×10-9 1Cα 

0-12 m 0.382 0.038 2.41 9.48 0.0352 

12–21 m 0.477 0.048 3.28 4.56 0.0440 

21–41 m 0.651 0.065 3.28 4.56 0.0600 

              1Asssumed based on Cα/Cc = 0.04 
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Figure 7-8: CPVD-unit cell with boundary conditions for the case study. 

 

As such, with this setup three scenarios can be adopted to model the vacuum distribution. 

Firstly, a constant vacuum throughout the length of the PVD would be the simplest 

approach; secondly, a linear vacuum loss which fully diminishes at the end of the PVD 

can be assumed. Firstly, a constant vacuum throughout the length of the PVD would be 

the simplest approach (Case–i); secondly, a linear vacuum loss which fully diminishes at 

the end of the PVD can be assumed (Case–ii). These two scenarios represent the two 

extreme ends of the spectrum as maximum and minimum vacuum distributions 

respectively.  

 

The actual vacuum distribution in a CPVD lies somewhere in between these two 

extreme cases. A non-linear vacuum distribution can be assumed and such cases are 
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evident as reviewed in Chapter 2 (Case–iii). Illustration of these three cases are shown 

in Figure 7-9. 

 

In the Figure 7-9, the maximum vacuum intensity of Case-(iii), reaches not at the PVD 

cap location, but Δh depth below. To quantify Δh the empirical Eqn. (7.6)  proposed by 

Chai et al. (2010) was used. 

 

 

0.451.7 0.65

1.0
1.36 1.5

e h v h

s

D k k k
h

k

−
    

 =     
     

  (7.6) 

 

According to the information in Table 7-4, Δh was calculated as 2.69. 

 

7.5.2 Settlement responses of different vacuum distributions 

FEA was carried out with each case (Cases–i, ii and iii) and was compared against field 

data. Firstly, Cases–(i) and (ii) were considered. As shown in Figure 7-10 Case–(i) and 

(ii) overestimate and underestimate settlements respectively. This suggest that actual 

vacuum distribution lies somewhere in between these cases.  Case – (iii) is a more realistic 

vacuum distribution when CPVDs are involved. As shown in FEA results this case gave 

better match for the field data.  

 

However, some over prediction can be observed as the analysis time elapses. This could 

be due to vacuum loss from the pump to the PVD location. To confirm this, pv-max at the 

PVD cap location was reduced to –70 kPa and same pattern for vacuum was adopted 
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(Case – iv in Figure 7-9). Consequently, Case–(iv) resulted the best match for reported 

settlement data. 

 

 

Figure 7-9: Different possible vacuum distributions. 
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Figure 7-10: Settlement with time from FEA results. 

 

 Summary 

Patterns of vacuum suction distribution and their implications on deformational and EPP 

behaviour (where applicable) were investigated using unit cell analyses in this chapter. It 

was shown that vacuum suction can be practically of a complex shape than a constant 

value or a linear reduction. FE modelling of such distributions can be challenging and the 

methods to perform the same is not consistent in literature. Consequently, the nodal 

constrain method was proposed in this chapter as a systematic and convenient method to 

model any complex vacuum distribution. Firstly, FEA was validated using the laboratory 

experiment data of Geng et al. (2012). Secondly, a sensitivity analysis was carried out 

with the properties of Ballina clay and the implications on vertical strain of different 
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assumed (yet realistic) vacuum distributions were illustrated. Finally, the proposed 

method was applied to a case history to predict the settlements with different vacuum 

distributions. 

 

In overall, by matching the actual vacuum distribution, the accuracy of FEA predictions 

can be improved. This was illustrated both in laboratory scale and in the field case as 

well. However, in the field case, the effect is significant than the former. In the sensitivity 

analysis, the effect of different vacuum distributions was discussed. When the surface 

settlement predictions of different vacuum distributions are compared, a maximum of 3% 

difference in overall strain was observed. In a thick clay deposit, this can be significant. 

However, the method of modelling vacuum reduction as a constant decay is still 

acceptable at least for preliminary investigation since the method is very easy to 

implement and only 1% different in strain was observed, which may not be significant 

for a shallow deposit or laboratory experiments.  
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Chapter 8: Summary, conclusions and recommendations 

8.1 Summary 

This research introduced an EVP model with time-dependent boundary conditions to 

numerically simulate vacuum-assisted PVDs. As highlighted, vacuum application can be 

idealised as a boundary value modification, which however may change with time and 

depth. Since vacuum assisted PVDs are used to improve foundation soils with thick soft 

clays, a numerical model which account for creep deformations is essential.  

 

First, Chapter 2 presented a comprehensive literature review that identified a clear 

research gap in the use of EVP models to numerically simulate ground improvements 

with vacuum-assisted PVDs, despite the rationality behind their use. Although some 

analytical models are available, their usage is strictly limited to straightforward scenarios, 

such as those involving a fixed vacuum for the total duration of the analysis. This can be 

for either constant or linear decay of vacuum distribution and have been developed based 

on elastic or elasto-plastic models. That said, numerical modelling of most practical 

possibilities such as variable vacuum intensities over time, vacuum distributions along 

the depth close to elliptical distributions were not suffitiently explored in the research.  

 

To address the aforementioned research gaps, the time-dependent boundary conditions 

were introduced to an EVP model in Chapter 3. A non-linear creep function was also 

used, and its behaviour was illustrated. Biot-type coupled model was implemented in the 

AFENA (Carter and Balaam 1995) numerical algorithm with a newly written subroutine 

that can be called to switch ‘on’ and ‘off’ or to change the vacuum intensity. EPP response 

with time-dependent vacuum applications was also illustrated using the properties of 
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HKMD clay. Further, the soil responses reported by Saowapakpiboon et al. (2011) were 

validated using the model and the developed methodology. 

 

In Chapter 4 an axisymmetric unit cell analysis of the Ballina test embankment was 

performed. FEA results were compared against the reported field data and alongside some 

previously published results, with the improvements duly highlighted. This chapter 

specifically addressed the research gaps pointed out by Kelly et al. (2018) on modelling 

the said embankment behaviour. The 3D creep surface (Chapter 3, Figure 3-2) was 

reduced to a non-linear creep function by calibrating according to the properties of Ballina 

clay and its effects within the context of vacuum consolidation were illustrated. The effect 

of vacuum intensity for this ground-improvement project was also discussed. 

 

PS FEA was subsequently carried out for the Ballina test embankment in Chapter 5. 

Settlements and EPP were compared with the axisymmetric solution obtained from FEA 

in Chapter 4. Lateral displacements were evaluated and compared against field data and 

the effect of unit cell width towards the settlements, EPP and lateral displacements were 

examined within the context of vacuum consolidation. Furthermore, simple methods to 

approximately estimate maximum lateral displacements and embankment stability were 

also carried out and evaluated.  

 

Vacuum application and removal remains an important area of research, with only a few 

attempts made to gain insight (e.g. Bamunawita 2004, Kianfar et al. 2015). As such, 

numerical modelling of vacuum application and its removal represent a clear gap in the 

research and it is filled with the work in this thesis. Laboratory experimental data by 

Kianfar et al. (2015) was used and FEA carried out. Numerical errors in convergence was 
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shown. Then, a simple yet effective algorithm was proposed and applied to converge the 

iteration process to the correct solution. A land reclamation case history in Singapore 

(Lam et al. 2018) which had a vacuum pump breakdown and recovery was modelled and 

ground response was validated.  

 

The effects of vacuum distribution were discussed in Chapter 7. Implications of the 

vacuum distribution were illustrated using a sensitivity analysis. It was also illustrated 

with published data that vacuum distribution can have complex shapes than a constant 

value or a linear reduction. Simple but effective FE method was proposed to model the 

variation of vacuum pressure with depth and validated against previously published 

laboratory and field data.  

 

8.2 Conclusions 

The adopted EVP model combined with time-dependent boundary conditions approach 

developed in this thesis can successfully model vacuum consolidation and, in particular, 

lead to better long-term EPP predictions than the FEA results previously reported (e.g. 

Parsa-Pajouh et al. 2014). 

 

Cα has a significant influence on settlement and EPP predictions even when the vacuum 

suction prevails. With the work carried out in Chapter 4, it can be concluded that for 

numerical simulations of long-term analysis (i.e. several years) creep function provides 

better results than a constant Cα. Although creep models were pointed out as a better 

option by several previous researchers (e.g. Parsa-Pajouh et al. 2014, Kelly et al. 2018) 

in modelling vacuum-assisted PVDs, long-term FEA was a research gap exited which has 

been filled with the research work of this thesis.  
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A vacuum intensity of |-70 kPa| appears to be the optimum value for the Ballina 

embankment project. It was identified that increasing the vacuum further has less effects 

(provided an upper bound of |-90 kPa| for practical reasons) and reducing the value less 

than |-70 kPa| significantly retard the consolidation process. 

 

In PS conditions with vacuum-assisted PVDs, increasing the unit cell width has almost 

no influence on settlements. However, EPP and lateral displacements are affected. With 

regard to vacuum assisted PVDs, very limited reporting has been made on the influence 

of PS unit cell width. With conventional PVDs (i.e. without vacuum) Karim (2011) has 

reported some trial and error was necessary to select appropriate PS unit cell width, but 

did not mention what these trials are for (i.e. whether to match settlements, EPP or lateral 

displacements), and any rational way of determining the same has not been made clear. 

As the selected unit cell width is increased in the PS analysis, predicted lateral 

displacements get reduced and EPP dissipation gets faster.    

 

Removing and reapplication of vacuum had not been adequately understood and 

modelled previously and this can prove both numerically challenging and often result in 

convergence issues. It can be concluded that, since vacuum and surcharge are commonly 

applied together, numerical instability occurs when the fluctuated vacuum intensity is 

comparatively significant to the latter. This significance can be quantified with the VSR 

ratio. Vacuum fluctuations with VSR ≥ 0.5 can lead to numerical instabilities. Several 

steps were taken to converge the solution to the correct answer, such as reducing the time 

stepping, introducing iterations (analogous to NRM by regenerating the stiffness matrix) 

in each time and carrying out boundary modification over a short period than an instant 
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change. These steps must be carried out in a logical order and such simple yet effective 

algorithm can solve the convergence issues and significantly increase the accuracy of the 

FEA predictions. 

 

Constraining the respective DOF of nodes along the boundary, through which vacuum 

suction is applied can serve as a simple but effective method to model vacuum 

distribution. Almost all the previous research has limited the modelling of vacuum 

distribution either to a constant vacuum or a linear reduction along the PVD. With the 

method illustrated in Chapter 7, any complex vacuum distribution, such as that in Chai et 

al. (2010) and Chen et al. (2019), can be conveniently modelled. When surface 

settlements are compared with different vacuum distributions, maximum difference of 

3% in vertical strain can result. Hence, whether the effect of vacuum distribution is 

significant or not largely depends on the total thickness of the soil being treated. For 

example, considering a 20 m thick foundation, a 3% strain would result up to 0.6 m 

difference in prediction.  

 

Although it was not the primary objective of this research to delve into optimising time 

stepping in FEA solution algorithms, it was repeatedly noted that large time steps often 

diverge the solution in modelling vacuum consolidation (e.g. see Chapters 5, 6 and 7). 

Since vacuum was modelled as a time-dependent boundary condition in this thesis, proper 

use of time stepping is essential. Even if a researcher models vacuum as a constant 

boundary condition, relatively small time steps should be used. It is understood that such 

words as ‘large’ and ‘small’ are not quantitative but relative. Hence, to ensure the 

convergence, a good rule of thumb to start with, would be to reduce the time stepping by 
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10-fold that would be used for a conventional consolidation analysis (i.e. without 

vacuum) when boundary conditions or vacuum intensities are changed. 

 

8.3 Recommendations for future research 

As this thesis covered only a creep-based EVP model, it is recommended that future 

research carries out numerical analysis with a rate-based EVP model as well. It may be 

useful to simulate the short-term rate effects of soft clay, even though the long-term would 

not be very accurate. Certainly, time-dependent boundary conditions must be introduced, 

and the model should be implemented in a FE program. 

 

As reviewed in Chapter 2, experiments have revealed that Ch in the presence of vacuum 

is higher than consolidation with PVD alone. Further, upon removal of the vacuum, 

materials experience a higher OCR than when an equivalent surcharge is solely used. That 

said, only limited research has been carried out in this regard (e.g. Kianfar et al. 2015), 

hence more laboratory experiments are recommended to better understand and quantify 

the effects of OCR with vacuum consolidation. 

 

The duration of most laboratory experiments are limited to the apparent EOP 

consolidation. In addition, most of them have been carryout with remoulded clay. Thus, 

vacuum consolidation experiments using undisturbed soil samples beyond the EOP 

consolidation is necessary to further improve the accuracy of long-term numerical 

simulations. 
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Appendices  

Appendix–A: Summary of kh/ks and rs/rw ratios reported in literature  

 

Table A- 1: Summary of kh/ks and rs/rw ratios reported in literature. 

Reference Reported kh/ks ratio 

Barron (1948) 3 

Hansbo (1981) 3 

Hansbo et al. (1981) 2 

Bergado et al. (1993) 2 to 10 

Hansbo (1997) 4 

Chai and Miura (1999) 9 to 10 

Sharma and Xiao (2000) 1.3 

Hird and Moseley (2000b) 3 

Indraratna et al. (2005b) 10 

Sathananthan et al. (2008) 1.1 to 1.6 

Eriksson et al. (2009) 3 

Indraratna et al. (2012a) 2 
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Table A- 2: Summary of rs/rw ratio reported in literature. 

Reference Reported rs/rw ratio 

Barron (1948) 1.5 

Hansbo (1981) 1.5 

Hansbo et al. (1981) 2 

Bergado et al. (1993) 2 

Hansbo (1997) 2 

Chai and Miura (1999) 2 to 4 

Sharma and Xiao (2000) 4 

Hird and Moseley (2000b) 1.5 

Indraratna et al. (2005b) 2 

Walker and Indraratna (2006) 8.4 

Sathananthan et al. (2008) 4 to 6 

Eriksson et al. (2009) 2 

Indraratna et al. (2012a) 2 

 

 

 

 



Appendices 

185 

 

Appendix–B: A summary some of the recent vacuum consolidation projects with their salient properties 

 

Table B- 1: A summary some of the recent vacuum consolidation projects with their salient properties. 

Title Location 

PVD installation 

pattern 

Drain spacing 

(m) 

Vacuum 

intensity (kPa) 

Reference 

Tianjin Port China Square 1.0 80 Chu and Yan (Chu and Yan 2005b) 

Ballina bypass Australia Square 1.2 70 Kelly et al. (2008) 

Southern expressway project Sri Lanka Square 1.0 50 Karunawardena & Nithiwana (2009) 

Suvarnabhumi Airport Thailand Triangular 0.85 60 Saowapakpiboon et al. (2010) 

Tokyo Bay Japan Square 2.0 80–90 Chai et al. (2010) 

Port of Brisbane Australia Square 1.2 60–75 Indraratna et al. (2011) 

Land reclamation site in 

Tianjin 

China Square 0.8 85–90 Sun et al. (2018) 
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Land reclamation site in 

Singapore 

Singapore Triangular 1.0 50 Lam et al. (2018) 

The new Mexico International 

Airport 

Mexico Triangular 1.2 70 López-Acosta et al. (2019) 
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Appendix–C: Elastic moduli tensor 

 

Elastic moduli tensor 
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